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We report the results of a theoretical study of neutral and anioni©,Aln = 6—8) and an experimental
investigation of AJOgH,~ clusters, focusing on their structural and electronic properties. Our results, based
on density functional calculations, reveal that sequential oxidation gbsAhduces significant structural
changes in the cluster configurations in which grmn@lecule tends to replace an O atom. The neutrgDAI

(n = 6—8) clusters are found to be in doublet electronic states, with a planar to three-dimensional close-
packed structure being most stable. The triplet state is found to be the optimum electronic state for the ground
state of anionic A0, (n = 6—8). The clusters showed an energetic preference for a twisted-pair rhombic
structure, although fon = 6 and 8, a planar hexagonal structure was only 0.16 eV higher in energy. It is also
shown that the strength of the oxygeoxygen bond dominates the preferred fragmentation path for both
neutral and anionic clusters. The hydration behavior of a6 cluster AbOgH,~ was examined experimentally

using an ion trap-secondary ion mass spectrometer under vacuum conditions, and the gas-phase clusters
were shown to add three .8 molecules. Since ¥D addition is consistent with the presence of
under-coordinated metals in oxide clusters, the experimental resuit=foé was consistent with the planar
hexagonal structure, which contained three under-coordinated Al sites.

I. Introduction spectrum suggests a complete transfer of valence electrons from
. . . . Al to O in the cluster. Additionally, calculations based on the
Aluminum oxide, Al raditionally referr lumin ’ )

uminum oxide, AOs, traditionally referred to as alumina, electron propagator methbdor Al;Os and AkOs™ find that

is a very important ceramic material that has many technological . . .
applications. Its great usefulness as a ceramic material restsDyson orbitals associated with the lowest electron detachment

primarily on its extreme hardness (15 Gpa), high melting point energies are dominated ipfunctions on terminal oxygens in

(2327 K), and low electrical conductivity (1& S/m at 20°C). thf;clustfr. ¢ trv studi ducted by G Id
It has a wide range of applications, from electronics, optics, ecent mass spectrometry studies conducted by Lroenewo

biomedical, and mechanical engineering to catalyst support. In ano! co_—workers showed that aIgmma clusters were folrmed by
the bulk AbOs, bonding interactions are chiefly ionicThe projectile bpmbardment of alumina surfaces using an ion trap-
valance electrons of aluminum (i.e.23g!) are transferred to secondary lon Mass spectrometer (_IT-SIM%-‘})?The approach
oxygen, thus producing closed shelFAland G ions whose could not provide any direct insight into the electronic structure
electrostatic interactions are primarily responsible for alumina’s of the clusters formed, but it did shovy that the reactivity with
cohesive energy. Clusters of aluminum oxide have, conse- respect to bD and H_>.S cogld be readily StUd'eO.l' The result§
quently, been studied both theoretically and experimentally to of the reactivity studies might be correlated with structure if

better understand the relationship between structure and bonding}htla sarr1ne systems We(;e studied. . . he eff f
between aluminum and oxygen. n the present study, we now investigate the effect o

In AlOn clusters’® for a given m, transformation from sequen_tial oxidation of Apf’ on st_ructural and electronic
metallic to ionic bonding was observed with increasmg\s properties of the oxygen-rich alumina clusters. We focus on

an example of hypermetalated speciessOAwas considered neutral and anionic ADr, (n = 6-8) clusters and report here

for theoretical calculations® Quantum mechanical calculations their eqyiliprium properties, ir)cluding qonfiggratipnal param-
on neutral and anionic AD, (n < 5) have shown how structure eters, binding and fragmentation energies, vibrational frequen-

reflects ionic bonding and localization of electrons on aluminum cies, h|ghest occupied _molecular orbital (HOM{]x)Wes_t .
atoms®~1! There have been many experimental stidiesf unoccupied molecular orbital (LUMO) gap, and electron affinity
small aluminum-oxygen clusters, including a systematic pho- (EA)- It is noted that none of the previous experimental and
toelectron spectroscopy study ofs@~ (n = 0—5). Wu et al® theoretical studies considereds@} for n = 5. Therefore, the

reported that the sequential oxidation ofAs led to a higher work presented here provides new results and insight into the

value of the electron affinity. For ADs—, the photoelectron structure and bonding of &0, (n = 6—8), enabling us to assess
both size and charge dependence of the structural properties at

* Permanent Address: Department of Physics, H. P. T. Arts and R. y. the same level of theory. We also present experimental results
K. Science College, Nasik, India. describing the extent of hydration observed fos@H,~ species
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that are formed in the gas-phase atmosphere of the IT-SIMS, sputtered AlO,H, ions were then trapped in the IT-SIMS,
which will enable reactivity to be discussed in the context of where they subsequently reacted with the gasea@ H
the computational structural possibilities. The IT-SIMS was based on a modified Varian Saturn 2000
The rest of the paper is organized as follows. In section Il, ITMS (Walnut Creek, CA) previously described in the
we give a brief description of the computational and experi- literaturel®-21 The instrument was equipped with a Re@ri-
mental methods used in this work. The results are presentedmary ion beam that is more efficient for sputtering cluster ions
and discussed in section Ill, and in section IV we give the into the gas phase relative to atomic particle bombarditetit.
summary of the results of this work. The ReQ™ ion gun was operated at 7.0 keV, at a primary ion
. . . current of~1200 pA. The typical ionization time for generating
Il. Computational and Experimental Details AlLO/H,~ was 200 ms. Secondary ions sputtered from the sample
A. Computational Details. The electronic structure calcula-  syrface were focused into the ion trap using a small cylindrical
tions were performed on neutral and negativeOyl(n = 6—38) electrostatic lens, which also served to mitigate charge buildup
clusters in the framework of density functional theory (DFT) on the bombarded sample surf&éeDuring the ionization
using the Gaussian 98 program suit@otal energy calculation period, the reactant ions of interest ¢8kH,~ and AkO/H,")
of a given cluster configuration was performed using the hybrid were isolated using selected ion stordgeyhich resulted in
B3LYP exchange and correlation functional with the 6-31G**  gjection of unwanted ions on the basis of their mass-dependent
(i.e. 6-31G(d,p)) basis set for Al and O in this study. The motional frequencies. Isolated ions were then allowed to react
geometry optimizations on symmetry-constrained multidimen- with H,0 during a specified reaction time @0 s) that was
sional potential energy surfaces were achieved with a gradientsystematically controlled. The ion trap was operated at a low
norm smaller than 1@ hartree/bohr and an energy convergence mass cutoff of 55 during the ionization time period. During
of 1078 hartree. Different Spin mUItlleCltleS for the giVen cluster the isolation and reaction time periodS, the low mass cut off
configuration were considered as well. Since neutragjOpl was set at aj, value of 0.7. Finally, the ionic reactants and
clusters have an odd number of valence electrons and anionicproducts were scanned out of the &pr detection. A diagram
Al3O, clusters have an even number of valence electrons, of the instrument can be found in a previous paier.
doublet/quartet and singlet/triplet spin states were considered
for neutral and anionic clusters, respectively. For the lowest !ll. Results and Discussion
energy cluster configuration, the vibrational frequencies under  A. Structural Properties. Several planar and nonplanar
harmonic approximation were also computed to assess theconfigurations of neutral and anionic 88, Al307, and AkOg
stability of the cluster configuration. clusters were considered for the symmetry-constrained geometry
To benchmark the modeling elements (e.g. basis sets) of theoptimization. Figure 1 presents a schematic picture of the
present study, we began with thes@k cluster, which was the  different isomers considered in this study for®@é. The choice

focus of a previous electronic structure study by NMeat et of each of these isomers was partially based on the previous
al.” They performed DFT and QCISD calculations on neutral DFT study of AgOs,” Al304,° and S§0s.28

and anionic AlOs using the 6-311+G(2d) basis set for Al and Some of the low-energy structures obtained from DFT
O atoms. The calculated results of Magz et af find a calculations for both neutral and anionic:8, (n = 6—8)

nonplanar basket-like structure to be the ground state of neutralclusters are given in Figures-2 with the energies relative to
Al30s. For anionic A§Os, they predict a planar windowpane the most stable isomer. The ground state of neutrg@Ddprefers
structure to be the ground state. On the other hand, the resultsa planar hexagonal structure; this motif is also seen in the low-
of the photoelectron studysuggest either a kite or an open energy neutral AO; and AkOg structures, although in these
windowpane configuration for the ground state of the neutral cases addition of more O atoms results in O above and below
Al3Os cluster. In the present study, the predicted ground-state the plane of the AlO; hexagon. As the molecule becomes more
configurations for neutral and anionic #&)s are in agreement  oxidized, undistorted trigonal planar Al atoms are converted to
with those predicted by the DFT/QCSID stublifhough we use  tetrahedral geometry. In the negatively charged state, clusters
the 6-31G(d,p) basis set for Al and O atoms. It is to be noted are found to prefer configurations where Al and O atoms form
here that the same B3LYP-DFT functional was used in both twisted-pair rhombus structures. We note here that the ground
theoretical studies. state of the neutral clusters is doublet, while that of anionic
B. Experimental Details. Hydration studies were performed  clusters is triplet.
using an ion trap-secondary ion mass spectrometer (IT-SIMS)  Al30g. Several initial configurations of ADg are considered
that has been described previously and has been used irfor DFT calculations (Figure 1). The lowest energy configuration
numerous reactivity studié$:'31518 Briefly, Al O,H, cluster is identified as a hexagonal plandt,| symmetry) geometry
ions are generated by bombarding the surface of alumina with with a doublet spin state and is schematically shown in Figure.
an energetic molecular ion beam. The cluster ions are subse-2. It consists of a six-membered ring with three aluminum and
quently mass selected and then allowed to react with gaseoughree oxygen atoms. Three exocyclic oxygen atoms are attached
neutrals within the instrument. Finally, the reaction product ions with three Al atoms at apex positions. In this structure, the three
are scanned out and detected. The IT-SIMS base pressure waél atoms are surrounded by the six O atoms, which is the most
typically 2 x 108 Torr, and a variable leak valve was used to favorable arrangement from a simple electrostatic consideration.
admit ~3 x 1077 Torr H,O for hydration studies. After the  In the ring,Ra—o (i.e. AI-O bond distance) is about 1.71 A,
H,O was admitted, He bath gas needed for trajectory damping while the bond distance of Al to the exocyclic oxygen is about
in the IT was added, so that the total pressure was 706 1.75 A. We note here thaRa—o in the AIO molecule is
Torr. The relative partial pressures were monitored with an reported®to be 1.67 A. The energy difference between doublet
Inficon residual gas analyzer connected to the vacuum manifold. and quartet spin states for the lowest energy configuration is
The gas-phase £DyH,~ ions were produced from powdered calculated to be 0.36 eV.
aluminum (oxy) hydroxide (synthetically prepared by D. A. The next lowest energy structure for neutraj@d is higher
Cummings, INEEL). XRD analyses confirmed the prepared in energy by about 0.73 eV than the ground state. This three-
sample as a mixture of Gibbsite and Bayerite (Al(@H)The dimensional (3D) structure can be viewed as a distorted
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Figure 1. Schematic representation of different isomers considered in this studyd#0g. Aluminum and oxygen atoms are represented by large
and small filled circles, respectively.

windowpane structure predicted for #8)s,” where one of the  tions are nonplanar structures containingu@its and are about
Al atoms is coordinated by four oxygen neighboring atoms. It 1.55-1.58 eV higher in energy. Herda-o remains least
also shows the presence of an @it with Ro—o of 1.56 A. affected by the addition of an electron.

Above this energy level, a competition between two-dimensional  Al;O-. Addition of one oxygen to the neutral &g cluster
(2D) and three-dimensional structures for the stable oxygen- leads to a 3D configuration wit@,, symmetry (Figure 3). The
rich clusters starts to emerge. The next isomer, which is 0.89 resulting configuration can be viewed as apudit attached to
eV higher than the ground state, is formed by addition of the Al;Os via an Al atom withRa—o of 1.86 A. In the Q unit,
sixth oxygen atom to the neutral ground-state (basket-like) struc- Ry_q is 1.37 A, indicating the presence of a stronger@bond
ture of AlOs.” It also shows the presence of an @nit with in the cluster. The calculated doubtauartet splitting is 0.36
Ro_o of 1.53 A, Finally, a structure similar to the ground-state eV. The next isomer is a nonplanar twisted-pais@J rhombus
structure of SjOg?® is predicted to be 1.32 eV higher in energy. structure with terminating O atom at one end and amft at
Here, two AbO> rhombuses share a central Al atom, forming a the other. It is 1.31 eV higher in energy and bears a strong

twisted-pair rhombus structure wifRy o of about 1.75 A. resemblance to the ground state of the anionigAktructure.
The addition of an electron to 4Ds affects the configuration The other nonplanar configurations, as shown in Figure 3, are

symmetry of the lowest lying structure of neutral;@®k. For about 1.6 and 1.96 eV higher in energy.

anionic AkOs, the most stable configuration is a triplet For anionic AkO;, a nonplanar twisted-pair rhombus structure

nonplanar configuration withC; symmetry. It consists of a s the lowest energy structure. Here, the singlet configuration
twisted pair of AbO, rhombuses sharing a central Al atom lies approximately 1.72 eV above the triplet configuration. There
(Figure 2). The calculated singtetriplet splitting is 1.55 eV. are two more triplet configurations that are 0.14 and 0.32 eV
There is a very small change Ra—o in the anionic cluster higher in energy, respectively, in which three Al and three O
relative to that in the neutral cluster. The second most stable atoms form a distorted ringlike structure. Somewhat higher in
isomer bears a strong resemblance to the ground state of theenergy (1.06 eV), there is a planar structure, similar to the
neutral configuration witlC,, symmetry and is predicted to be  ground state of AlOs. All the isomers of A}O;~ considered
0.16 eV higher in energy. The next low-lying singlet configura- here contain an ©unit with Ro—o of about 1.4-1.6 A.
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Figure 2. Some of the lowest energy configurations of neutral and anioni©AEnNergy difference is in eV. Aluminum and oxygen atoms are
represented by large and small filled circles, respectively.

Al3O0g. In Al30g, a six-membered ring with two bound,O  similar to that in the bulk alumina. This is based on the
units is the lowest energy structure in which one of the terminal assumption of the complete charge transfer of the Al valence
O atom of neutral AJO; structure (Figure 4) is replaced by an electrons to oxygen atoms leading to*Alnd G~ ions in the
additional Q. The doublet and quartet spin states are found to cluster. One can therefore conclude thatg@y~ emulates a
be nearly degenerate for this cluster configuration. As shown complete oxide clustér.For the neutral AJOs cluster, the
in Figure 4, the twisted-pair rhombus structure lays 1.40 eV predicted ground state is a basket-like configuration in which

above the ground state. In the @nit, Ro—o is about 1.4 A, 3-fold coordination of Al atoms is achieved by sharing of two
suggesting the formation of an,@olecule. We may therefore  oxygen atoms by two Al atoms. Starting from this configuration,
view the ground state of ADg as Q—Alz04,—0,. one can then suggest the ground state ofOAlto be the

In anionic AkQg, there are two stable triplet structures with ~ configuration in which Al atoms are fully 3-fold coordinated
an energy difference of 0.16 eV. The most stable configuration without sharing O atoms. This is what has been predicted by
has the twisted-pair rnombus structure, while the next lowest DFT calculations for the ground state of neutrak@d in the
structure resembles the neutral ground state. A stable singletpresent study (Figure 2).
state was found, but it was 2.59 eV higher in energy than the  Once the total valency of the oxygen atoms exceeds that of
lowest triplet state (Figure 4). the Al atoms, the cluster becomes electron deficient for the

Al30, (n = 0-5) clusters have previously been the subject charge transfer to occur between Al and O atoms and shows
of the photoelectron experimehthat allowed observation of  preference for the formation of G0 bonds. In other words,
the evolution of chemical bonding in sequential oxidation of an G unitis expected to replace an oxygen atom in the oxygen-
Al30y clusters starting from Al It was further argued that  excess alumina clusters. In the present study, the predicted
chemical bonding in anionic ADs cluster is expected to be ground states for the neutral #&); and AkOg consist of the
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Figure 3. Some of the lowest energy configurations of neutral and anioni©AEnergy difference is in eV. Aluminum and oxygen atoms are
represented by large and small filled circles, respectively.

structures with an @unit, as shown in Figures 3 and 4. This is In the bulk ALO3, ga and o are calculated to be-1.13 e
further reinforced by Mulliken population analysis of both and —0.75 e, respectivel§2 On the other hand, the DFT
neutral and anionic clusters, as discussed below. calculations findga; and go to be +0.52 e and—0.52 e

B. Mulliken Population Analysis. Mulliken population (respectively) in the AIO molecule. It therefore appears thaat
analysis is commonly used to identify qualitative trends in the in neutral AkOg, Al307, and AkOg clusters have reached the
atomic charges and chemical bonding, though it does dependbulk limit of the Mulliken charge.
on the choice of basis sets used in electronic structure calcula- For anionic clusters, however, the predicted ground state
tions. In neutral alumina clusters considered here, the chargeneither shows a preference for the close-packed (basket-like)
associated with the Al atomsl) is about 1.04 e and remains  structures nor shows a preference for the closed-shell electronic
the same for Al surrounded by either three O atoms (4D4) configurations. The singlettriplet splitting in the anionic
or four O atoms (in AdOg). On the other hand, the Mulliken  clusters comes out to be about 1.6 eV, with the triplet being
charge for O @o) depends on its coordination in the cluster. lower in energy. This is in contrast to the results fog@d-,

The bridging O atom shared by two Al atoms has a charge of where the singlet spin state is preferred, though the ground-
—0.70 e, while the terminating O atom has a charge-6f34 state configuration is different from that in the neutral state.
e. When the terminating O atom is replaced by the@lecule Assuming that AlOs™ is completely ionic, the available closed-
(e.g. AkOg), the charge associated with each O atom in the shell orbitals are no longer enough to sustain the consumption
molecule is—0.17 e, indicating an equal sharing of charge by of electrons of the additional O atom in#&s~. Thus, higher
two O atoms in the molecule. A similar trenddg andgo has spin multiplicity that forms an open-shell system is favored for
been observed in the negatively chargegdOil and AkOg higher oxygen content clusters. This is further reflected in the
clusters. ground-state configuration, where Al atoms prefer a linear struc-
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Figure 4. Some of the lowest energy configurations of neutral and anioni©AEnergy difference is in eV. Aluminum and oxygen atoms are
represented by large and small filled circles, respectively.

ture instead of a trigonal planar geometry. This may facilitate excess alumina clusters (e.g.38~), however, the O atoms
the formation of additional chemical bonds and further orbital are expected to play a relatively larger role in sharing the extra

hybridization to form stable anionic cluster configurations. electron. The degree of sharing of the added electron by O atoms
The structural motif of the ground state of anionic clusters is would therefore be expected to influence in the determination

predicted to be the twisted-pair rhombus, i.e., tweQhlunits of the ground state of anionic oxygen-rich alumina clusters.

linked via a single Al atom, and the ground state changes from Figure 5 displaysjs andgo of two low-lying isomers of the

a planar to nonplanar configuration in going froms®@§~ to neutral and anionic ADs cluster. Accordingly, the added

Al3Og~. However, we also note the presence of low-lying electron mainly resides on the terminal O atoms in the planar

hexagonal isomers for both the 885~ and AkOg~ systems, hexagonalC,, configuration, while both Al and O atoms

each being only 0.16 eV above the ground-state structure approximately equally share the added electron in the twisted-
(Figures 2 and 4). Curiously, the &)~ anion, an analogous  pair rhombus structure. This difference in the charge distribution
triplet structure ofCs symmetry, was 1.06 eV higher in energy. is further confirmed by Mulliken population analysis of neutral
Instead, a highly condenség) structure was calculated to be and anionic A}O; and AkOg clusters (not shown).
0.14 eV above the ground state. C. Stability. The stability of neutral alumina clusters with
Mulliken charges of anionic clusters appear to provide a clue respect to their fragmentation into atoms and molecules will be
in explaining their preference for the twisted-pair rhombus considered here. We will use the total energy of the most stable
structures over the basket (3D) structures. When we add anisomers of AjOs, Al307, and AkOg to calculate the binding
electron to neutral alumina clusters, the extra electron is expectedand fragmentation energies. The binding energy is defined as
to localize mainly on Al atoms, in accordance with chemical the energy required to dissociate the cluster into atoms. All
intuition. This is what we have foudeifor Al;O3~, where the clusters seem to be very stable from a binding energy consid-
extra electron is mainly shared by Al atoms, changjnagrom eration. The values for the binding energy/atom are 4.21, 4.16,
+0.74 e t0+0.37 e upon addition of the electron. In the oxygen- and 4.11 eV for AdOs, Al3O7, and AkOs, respectively. Since
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Figure 6. Vibrational frequency spectra of neutral and anionigGhl
(n = 6-8).

TABLE 2: Vertical and Adiabatic Electron Affinity (eV) for
Al3O, (n = 6—8) Clusters

-0.40
electron affinity
0.78 - - )
system vertical adiabatic
.73 .73 Al30s™ 5.04 3.56
Al3O7~ 4.96 3.44
L.13 Als0g~ 4.88 3.32

- 472 .
07 p.52 0.73 .78 Al 30 further provides a proof that an,@olecule has replaced
.52 ) ) - an O atom in A}O; and AkOg. The vibrational frequencies of
. anionic clusters also show features similar to those found in
0,40
the neutral clusters.
E. Electronic Properties. For the lowest energy isomers of
Al30g, Al307, and AgOg, the HOMO-LUMO gap values are
Arion 11 Anien I 3.65, 3.67, and 3.72 eV, respectively. For a series gDAl
Figure 5. Schematic representation of Mulliken charges in neutral and one expects the electronic structure of theQ\l clusters to
anionic AkOe. become increasingly simple, because the valence electrons of
TABLE 1: Fragmentation Energies (eV) for Al:O, Al are sequentlally transferred to the O atoms. This is what we
(n = 6-8) Clusters: have observed in the calculated values of the HOCMOMO

gap of the clusters considered here. The values are large and

system n=6 n=r n=8 are representative of the insulating character of the bulk alumina.
ﬁ:sgn—’if\'g ni o 3;-33 41-;36 42-5% It is to be noted here that the experimental band gap of the
3Un 7 Al3Un-1 . . . . .
Al30,— Al:0y 2+ O, 1.95 213 bullk fhluml'qn"’t‘ |5|8.Z ev. t et ons. th
AlOL — AlOn 1 +0 3.83 351 351 n the photoelectron spectroscopy experiments on anions, the
Al;O0, — AlsOh s + O, 3.62 1.94 1.61 electron affinity of the corresponding neutral cluster is estimated

by photodetachment of the electron from the ground-state
geometry of the anion. So, to have a realistic comparison
between our calculated values and experimental data, we define
the binding energy/atom for ADs is calculated to be 4.28 eV, the vertical electron affinity (EA) of these clusters as the energy
sequential oxidation of alumina clusters appears to decrease theidifference between the anionic and neutral clusters, both at the
stability slightly. The fragmentation channels considered here optimized geometry of the anionic cluster (i.e. EAE(q=0)
involve either an O atom or an@olecule (Table 1). Although ~ — E(g=—1), whereE is the total energy of the cluster ands
both neutral and anionic clusters show preference for the the charge of the cluster). Following this definition, the
fragmentation via an ©molecule, they appear to be stable calculated electron affinity can also be termed as:trtical
against fragmentation. electron detachment energ®n the other hand, adiabatic EA

D. Vibrational Frequencies. To assess the stability of the values reflect the relaxation effects on the configuration after
ground state of neutral and anionic clusters, the vibrational the removal of an electron. The vertical and adiabatic electron
frequencies were calculated and analyzed. Figure 6 shows theaffinities (EA) for the alumina clusters are computed and given
frequency spectrum of neutral and anionig®{ (n = 6—8) in Table 2.
clusters in which the frequencies ranging from 52 to 1000%cm Both vertical and adiabatic values of the EA show a small
correspond to the movements of-AD bonds. The frequencies  variation with the sequential oxidation of the alumina clusters
of these clusters are expected to be similar to each other, becauseonsidered here. These values are higher than the calculated

aThe first fragmentation reaction corresponds to the binding energy.

of their structural similarity. For AO; and AkOg, however, value of 2.21 eV for the AIO molecule. The higher EA values
two distinct frequencies appear at about 420 and 1146'cm for the oxygen-rich alumina clusters are expected and are a
corresponding to movements of the—O bond in the @ manifestation of the dominance of the oxygen orbitals in forming

molecule. That the ©0 frequency signature is not present in  the HOMOSs of neutral and anionic clusters. We are not aware
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Figure 7. Difference charge-density\p, surfaces for the lowest energy
structure of AYOs (upper) and AJO; (lower). The charge densities have
been given for 0.01 electron/au respectively.

of any experimental or theoretical values of the electron affinity
of Al30s, Al30;, and AkOg. We note here that the photoelectron
experiments on ADs~ measured values of 5.21 and 4.92 eV
for the vertical and adiabatic electron affinity, respectively. The
calculated electron affinity increases froms®@k to Al3Os, but
after that it appears to slowly decrease.

It is convenient to investigate the bonding characteristic of a
given cluster by examining the difference charge density
represented by\p, Ap = psci — Psuperimpose Where, pscr is the
self-consistent density amduperimposdS the superimposed atomic
charge density.

The isodensity surfaces for difference charge density gDAI
and AkO; are shown in Figure 7. The surfaces are plotted for
the 2D AkOs; hexagonal plane. The difference charge density
plots clearly show the ionic character of the-AD bond in these
clusters. The bridging O atoms indicate the polarization of the
electron density perpendicular to the-AD bond, while the

Gowtham et al.

spectrometry). In the SIMS spectrum of Al(OHand other
aluminum oxides, series of cluster ions are formed from
bombardment of the surface. One of the more abundant series
has the general formula &D,.Hn—1~, and the three Al members
have the formula AlOsH,~ (M/z 179). The experimental SIMS
employs a quadrupole ion trap mass spectrometer such that ion
lifetimes are long enough to enable the reactivity of the
molecules to be examined, particularly if reagent neutral
molecules are added to the gas-phase atmosphere.

The formation of A}OgH,~ afforded the opportunity to assess
reactivity, which might allow correlation with ADs~ structures
generated using DFT. Obviously, the presence of two H atoms
in the experimental system could result in a perturbation of the
relative energies calculated for #~; yet, if H atoms were
merely used to satisfy the unoccupied valence of the pendant
O atoms (Chart 1), then the twisted-pair rhombus and the planar
hexagonal structures would still be expected to be energetically
competitive. However, the reactivity of the two putative
structures would be expected to be significantly different: The
planar hexagonal isomer of &D¢H,~ contains three under-
coordinated Al atoms that would be expected to behave as Lewis
acids, where as the twisted-pair rhombus contains only two.
Previous studies had shown that@}H,~ and ALO,H,~ could
be examined via their reactivity with wat&r.

CHART 1
Al;OgHy Al;OM, Al;OgHg" Al;OgHs"
miz 179 miz 197 miz 215 miz 233
o] HO OH HO OH HO OH
A Y4 4 e
oo oo ~o~ N0 ~o""No
HO WO, | HO | |
| All\ l > A > A__A
A A H
Ho” N0 Son HoT o7 on MR o7 Yon ey o N

IH HQ OH HO OH
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When ALOgH>~ (m/z 179) was isolated in the IT-SIMS and
then allowed to react with gaseous,® (Figure 8), three
sequential hydration reactions were observed, formin@A,~
(m/z 197), AOgHg~ (MVz 215), and AfOgHg~ (MVz 233). The
reaction sequence proceeded to completion, formifg233
only, but no evidence was observed for addition of a fourth
H>O molecule under our conditions. The result strongly supports
the planar hexagonal structure: here, addition gDkb almost
certainly dissociative, and thus, addition of eaci®©Hnolecule
would require the presence of an under-coordinated Al atom.
Ab initio calculations by our group on AD.Hp,"*? and by
Wittbrodt on ALOs supported dissociative adsorpti(although
for the larger A§O1» cluster molecular adsorption was competi-
tive3l).

electron density of the terminal O atoms tend to polarize along  An alternative explanation might be that the twisted-pair

the Al=0 bond. A distinct feature in the isodensity surface of

rhombus undergoes ring opening upogCHaddition, enabling

Al307 appears, showing the replacement of a terminal O atom a partially linear structure that would accommodate a thi® H

by a terminal @ molecule; in this case, no electron density

without necessitating a trigonal bipyramidal configuration for

appears adjacent to the topmost Al atom, because the O atomg\l. In fact, we have recently observed slow addition of a third
attached there are located above and below the hexagonal planed,0 to rhombic AbO4H~, which would require just such a ring

F. Experimental Results. Al3O,~ cluster anions could be

opening, and some ring opening is likely occurring in the

formed in the gas phase by bombarding alumina surfaces usinghydration of AkOs~ (see below). However, if this type of
energetic (keV) ions as projectiles (i.e., secondary ion mass process were prevalent in the twisted-pair rhombig#istem,
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Figure 8. Anion IT-SIMS spectra for isolated iomVz 179 hydration
reaction of AkOsH.~ + H,O showing the addition of three ;B
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clusters. The calculated results show that 3D geometries are
preferred over planar ones for neutral clusters. For anionic
clusters, twisted-pair rhombus geometries are favored over the
closed-packed ones, possibly due to delocalized distribution of
the extra electron with a triplet spin state. The higher EA values
for these oxygen-rich alumina clusters are the manifestation of
the dominance of the oxygen orbitals in forming the HOMOs
of anionic clusters. Both neutral and anionic clusters are stable
against fragmentation via O atom op @olecule.

The existence of two competitive &g~ structures provides
guidance for interpreting hydration behavior of 3@kH,~
generated experimentally in an ion trap-secondary ion mass
spectrometer. ADgH,~ undergoes three sequential hydration
reactions, which supports a structure containing three under-
coordinated Lewis acid sites, consistent with the triplet planar
hexagonal structure calculated for@k~, which was only 0.16
eV above the lowest energy structure (the twisted-pair rhombus).
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