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Abstract. We report a combined experimental and computational investigation of small Al,O,, species
(n <20, m < 12), produced in a laser vaporization cluster source. The oxygen content in the clusters
was tuned by varying the oxygen concentration in the carrier gas. lonization energies are bracketed using
different ionizing photon energies in the energy range between 5.37 and 7.89 eV. Among the singly doped
Al,O species, Al30 and Al;50 are found to have relatively low ionization energies, which can be related
to the magic character of the corresponding cations. Peculiarly low ionization energies also are observed
for specific oxygen rich species (m > 1), suggesting the formation of ionically bound subunits. The struc-
tures and ionization energies of singly doped Al,O%" (n = 1—7) clusters were determined using density

functional theory (B3LYP/6-311+G(d)).

PACS. 36.40.Cg Electronic and magnetic properties of clusters — 36.40.Mr Spectroscopy and geometrical
structure of clusters — 31.15.Ew Density-functional theory

1 Introduction

Aluminum oxide is employed in material science in numer-
ous protective coatings, ceramic materials, minerals, and
oxide surfaces that serve as catalysts or their substrates.
Although size significantly affects the characteristics of
bulk aluminum oxide, small clusters are useful models to
understand its structure and bonding as well as the role
of defect sites on surfaces or the physics and chemistry of
the oxide surfaces in general, as their small size allows for
accurate computational studies [1-17]. Oxygen doped alu-
minum clusters also are possible “superatom” candidates
having tailored chemical properties [18].

Pure aluminum clusters have well been characterized
by numerous experimental and high level theoretical stud-
ies [19-27]. Aluminum, the smallest metallic trivalent ele-
ment, offers the possibility to alter the number of delocal-
ized electrons in clusters compared to mono- and divalent
elements. Like the clusters of the heavier trivalent main
group metals such as In and T1 [28,29], optimum delocal-
ization of the three (3523p!) valence electrons per Al atom
over the entire cluster volume gives rise to “magic num-
bers” in the size dependent properties of aluminum clus-
ters, that correspond to electronic shell closures [19,20].
Not only the electronic structure, but also the close-packed
geometry of aluminum clusters is important [21]. For ex-
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ample, icosahedral (Ij,) structures are found to be either
the most stable or low-lying isomers of Alj3 as well as
its ions [23,25,27,30,31]. From Als5 on a transition to fec
cuboctahedral (O},) lattice structures occurs [22—-24].

Increasing oxygen content in doped aluminum clus-
ters, structural or geometric effects will govern the ob-
served size-dependent properties (ionization energy, elec-
tron affinity, stability) because of an increased number
of ionic bonds. Related studies on partly oxidized metal
clusters showed segregation between ionically bound and
metallic units [32-40], but despite of this, shell struc-
tures still can be observed. In a threshold photoionization
study of (monovalent) cesium oxide clusters, peculiarly
high ionization energy values were found for Cs,;2,0,
species with z = 8,18, 34,58,92, ... sizes that correspond
to magic numbers resulting from a simple spherical shell
model [35]. Most probably, segregation occurs between an
ionically bound Css,,O,, unit and a shell of z surrounding
Cs atoms, which leads to the unexpected spherically sym-
metric potential well in which z delocalized valence elec-
trons are moving. In oxygen or carbon doped lithium clus-
ters electronic shell closings could be identified in the size
dependent pattern of the ionization energies [32-34,41].
A unimolecular evaporation study of lithium rich Li, H;",
cluster ions indicates a clear separation between a metal-
lic Li,_,,, part and an insulating (LiH),, part [38]. In the
case of (divalent) barium oxide clusters there is evidence
for segregation between a (BaO)s or (BaO)s core and a
metallic Ba,, shell [39,40].
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In this paper, we report on the production, stability
and ionization energy of oxygen doped aluminum clus-
ters. These are produced in a laser vaporization cluster
source. Different oxygen concentrations in the carrier gas
were used to tune the amount of oxygen in the clusters.
The ionization energy of a large number of Al,O,, clus-
ters (n < 20, m < 12) is bracketed using different ionizing
photon energies in the energy range between 5.37 eV and
7.89 eV. The small singly doped Al,, O clusters (n = 1-7)
are investigated in more detail by performing density func-
tional theory (DFT) calculations and by comparing with
calculated In, O species studied earlier [42]. We focus on
Al7;0O and Al;50, in order to explain their relatively low
ionization energy values observed.

2 Production of binary Al,O,, clusters

The cluster beam setup and the laser vaporization source
have been described in detail [43]. The metal vapor formed
through laser ablation of a rectangular aluminum target
in the cluster source is entrained in a pulsed flow of He
carrier gas. After the initial cluster aggregation, the mix-
ture of atoms, clusters, and inert gas is expanded into
a vacuum. This expansion reduces the temperature and
stops further cluster formation. The central part of the
cluster-gas beam, selected by a skimmer, enters the ex-
traction region of a reflectron time-of-flight (RTOF) mass
spectrometer, where laser light can ionize neutral clus-
ters. The resulting cationic clusters are accelerated into
the spectrometer and registered mass selectively by a dual
microchannel plate detector. Our pure metal clusters were
produced using a pure metallic target and 99.9999% He
carrier gas combined with an effective gas filter. Only a
limited number of oxygen doped species were formed un-
der these conditions. Clusters with higher oxygen contents
were obtained by introducing oxygen into the carrier gas.
This technique already has been used, e.g., for the study
of oxygen doped cesium [35] and barium [39,40] clusters.
We probed different He carrier gas mixtures, containing
0 to 10% Og, to tune the degree of oxygen doping in the
aluminum clusters. Besides the expected increase in oxy-
gen/aluminum ratio in the produced Al,,O,, species (rep-
resentative mass spectra can be found in the Supplemen-
tary Online Material), the mass abundance spectra for
the most oxygen rich carrier gases feature peculiar sta-
bility patterns (Fig. 1). Using the 0.2% O3 in 99.8% He
mixture (Fig. la), the most abundant species are built
up of (AlO) units, i.e. the aluminum atoms are in the
+1II oxidation state. The following sequences are observed:
[(AlO),Al3] T, [(AlO),, Alx]T, [(AlO), Al]t, showing a clear
odd-even behavior with maxima for n even, odd, and even
respectively, and (AlO);", [(AlO),O]", showing no clear
odd-even pattern. Using the even more oxygen rich car-
rier gas containing 90% He (99.9999% purity) and 10% O»
(99.9995% purity), the most abundant species are build
up of (Al;O3) and (AlO) units (Fig. 1b), i.e. the alu-
minum atoms are in +IIT and +II oxidation states, respec-
tively. Analysis of the mass spectrum indicates that the
main peaks correspond to [(AlaO3)., (Al10),]" sequences
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Fig. 1. (a) Mass abundance spectrum of cationic oxygen
doped aluminum clusters produced using a mixture of 0.2% Os
in 99.8% He as a carrier gas. The following series are con-
nected by lines: [(AlO),Als]" (n > 2), [(AlO),Al]" (n > 3),
[(A10),Al]" (n > 3), showing a clear odd-even behavior
with maxima for n even, odd, and even, respectively, and
(AlIO)} (n > 4), [(Al0),O]t (n > 4), showing no clear odd-
even pattern. (b) Mass abundance spectrum of cationic oxy-
gen doped aluminum clusters produced using a mixture of
10% Oz in 90% He as a carrier gas. The peaks correspond-
ing to [(Al203)m (A1O),]" (m > 1; n = 1-5) are connected by
lines. No odd-even pattern is present.

(m > 1; n = 1-6) (Fig. 1b). The latter sequences do not
show any odd-even variation in their abundance.

The formation of [(MO),M]* species previously has
been observed for gallium oxide cations in a stability and
reactivity study of group 13 metal oxides produced from
sputtering and laser vaporization of pressed metal oxide
powders [9]. In the same study, for Al and In, the prin-
cipal ion series observed correspond to [(M2Os3), MO]*
and [(M203),,M205]". The latter are similar to the series
that we observe using our carrier gas mixture containing
10% O4. AlO-(AlxO3),, species, produced from laser abla-
tion of an aluminum target in a 1-10% Os in argon mix-
ture, have been reported in experimental infrared REMPI
studies [16,17].

3 lonization energy bracketing of Al,O,,
1<n<20,1<m<12)

The ionization energies (IE) of Al,O,, (1 < n < 20,
1 < m < 12) clusters were determined from a series of
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Fig. 2. Mass abundance spectra of Al,O,, clusters (n < 20,
m < 4) at different ionizing photon energies. Low IE values
are observed for the AlsO and Al;50 “magic clusters”. The un-
labeled species that appear in the 5.56 eV and 5.61 €V spectra
correspond to bare Al,, clusters.

mass abundance spectra. These were measured at differ-
ent photon energies ranging from 5.37 eV to 7.89 eV, using
a tunable optical parametric oscillator laser system cover-
ing a wavelength range down to 220 nm (laser photon en-
ergy of about 5.63 eV) as well as two excimer lasers having
193 nm (6.43 eV) and 157 nm (7.89 V) fixed wavelengths.
The IE values correspond to the onset of ionization. In
the wavelength range above 220 nm (5.63 eV) mass spectra
were recorded in 1 nm steps up to 231 nm (5.37 eV). The
I E uncertainty is estimated to be of the order of 0.1 eV. If
no signal is detected for a cluster in the mass spectrum us-
ing the highest tunable ionizing photon energy (5.63 eV),
but a clear signal is observed in the fixed 6.43 eV spec-
trum, the I'E lies between 5.63 and 6.43 eV. If only the
fixed 7.89 eV spectrum reveals a clear signal, the IE lies
between 6.43 and 7.89 eV. Figure 2 shows mass abundance
spectra of oxygen doped aluminum clusters produced us-
ing He (99.995% purity) carrier gas after low fluence laser
ionization at different photon energies in the 5.37 eV to
7.89 eV range. These measurements bracket the ioniza-
tion energies of the Al, O,, clusters (n <20, m < 4). The
same measurement performed for species produced using
He (99.999% purity) carrier gas give identical results, but
are limited to fewer Al,,O,, clusters (n < 20, m < 2). Ion-
ization energies of the more oxygen-rich species (Al,O,,
clusters with n <16 and m <12, and 1 <n—m < 7) are
bracketed by measurements on oxygen doped aluminum
clusters produced using an 0.2% Os in 99.8% He mixture
as a carrier gas. Selected mass spectra taken at different
ionization photon energies are shown in Figure 3.
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Fig. 3. Mass abundance spectra of Al,O,, clusters (n < 20,
3 < m < 12) at different photon energies. Al,O,, clusters
with low I E’s are identified by (n,m) in the spectra where the
ionization onset is observed.

Table 1 lists the ionization energies of the smaller
singly oxygen-doped Al,O (n = 1-10,15) clusters and
the more oxygen rich species with IE’s below the high-
est available tunable photon energy (see the Supplemen-
tary Online Material for the complete data set). The
“~6.43 eV” notation indicates the observation of a tiny
signal (onset of ionization) at that energy along with a
prominent signal in the 7.89 eV mass spectrum. Al3O
and Al;50 have low [E’s among the singly doped Al,O
species. The Al;O IE also is smaller than the values of
the neighboring sizes.

4 Discussion and comparison with DFT
computations

Three sets of species, small singly doped (n = 1-6;
m = 1), larger singly doped (n = 7,15; m = 1) and
multiply doped (m > 1), are discussed in separate sec-
tions. The computed DFT Al,O (n = 1-7) clusters are
compared with the In,O structures [42] and with a re-
cent study on Al,,O by Yang et al. [7]. Experimental and
calculated ionization energy values of Al,O clusters are
compared. Computationally, we distinguish between the
adiabatic ionization energy (alE) and the vertical ioniza-
tion energy (vIE) of the clusters. The al E corresponds to
the energy difference of the neutral and the ionized clus-
ters, both in their relaxed ground states. The vIE is the
energy difference between the neutral ground state and the
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Table 1. Ionization energies (in eV) of selected Al,O,, clus-
ters. Uncertainties are estimated to be 0.10 eV (see text) when
ranges are not given. All other Al,,O,, species probed have ion-
ization energies above 5.63 eV. The full set of data is given in
the Supplementary Online Material.

TE (eV) TE (eV)

AlO >789  AlLOs 5.50
Al,O >789  ALO; 5.50
Al3O 5.55 Al;O5 5.50
ALO  5.63—6.43 AlyOg 5.55
AlO  5.63—6.43 AlyO7 5.45
AlgO ~6.43  Al;10¢ 5.55
Al;O  5.63—6.43 Al 07 5.50
AlsO  6.43-7.89 Aly;Os 5.50
AlO  5.63—6.43 Al;100 5.50
AliO  5.63—6.43  Ali300 5.50
Al;50 5.55 AlisO10  5.50

Ali301; 545

Aly50s 5.50

AlisO012 5.50

cation having the same geometry as the neutral. Geometry
optimization computations for larger species were not per-
formed. The origin of the relatively low ionization energy
values measured for Al;O and Al;50 is discussed in more
detail. Finally, the peculiarly low ionization energies ob-
served for certain oxygen rich species (m > 1) are dis-
cussed.

4.1 Al,O clusters (n = 1-6)

The geometries of the smallest Al,O (n = 1—6) species
were optimized at the BSLYP/6-3114+G(d) DFT level us-
ing the Gaussian 03 program [44-47]. Most of the result-
ing minima, shown in Figures 4-6, are similar to the In,,O
structures discussed in reference [42]. The exceptions (dis-
cussed below) are notable.

AlO has a doublet (1) and AIOT a triplet ground
state (2). The Al-O bond lengths are 1.645 A (AlO) and
1.768 A (A1O*). The AlO aIE and vIE are 9.87 eV and
10.07 eV, respectively. Both Al,O (4) and Al,O* (5) favor
linear Do, geometries. The small difference in their AI—O
bond lengths (1.732 A and 1.723 A, respectively) explains
the nearly identical aIE (7.96 ¢V) and vIE (7.97 eV) val-
ues of Al,O.

Al30 and Al4O already have been described exten-
sively [2,3,5-7]. Our Al3O computations gave a T-shaped
C, minimum (6); the Y-shaped alternative (7) (0.09 eV
higher in energy) is a transition structure for the de-
generate interconversion of the T-forms. These findings
contradict the earliest computations [3] but are in agree-
ment with more recent results [5-7]. The two Al—O bond
lengths in 6, 1.833 A and 1.989 A, differ considerably.
Like InsO™ [42], the Al307 cation (8) has a fully symmet-
ric D3 geometry with a closed electronic shell structure
(raro =1.912 A). The relatively large difference between
the 5.48 eV alF and 5.96 eV vIFE of 6 is due to the
substantial geometric change after ionization. The alFE is
within the experimental range (5.55 £+ 0.1 eV).
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Fig. 4. AI0®T-A1,0%% optimized structures. For the higher-
lying isomers relative energies and number of imaginary vibra-
tional frequencies (NIMAG) are given in parentheses.

13 Al;0 Gy,
(3, 0.06eV)

14 A0 C,
(0.00eV)

15 ALO Cyy
(0.44eV)

16 Al;0 C;
(0.37eV)
()

17 Al;0 C,
(0.29eV)

18 Al;O Cyy
(2, 0.91eV)

20 Als0" Cy, 21 Als0" Cy, 22 Al;0" C

(0.00eV) (0.15eV) (1,0.51eV)
®

23 Al;0* C 25 Al;0" Csy

(0.0GCV) (1, 0.756V) (17 0'42\/)

Fig. 5. Als0%" optimized structures. Relative energies and
number of imaginary vibrational frequencies (NIMAG) are
given in parentheses.
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28 Al0 Cpy
(0.44 eV)

(029 eV)

o\

Z)—O
30 AlO" C,
(0.00 eV)

31 AlO" Cyy
(033 eV)

32 AlO" Cyy
(0.49 eV)

Fig. 6. AlsO%" optimized structures. Relative energies are
given in parentheses.

Al1,0 (9) and AlLO™ (10) both have the square-planar
Dy, structures computed previously [3,7]. Tetrahedral
starting geometries did not converge; the relaxed Doy sta-
tionary points, (11) neutral and (12) cation, have one and
two imaginary vibrational frequencies, respectively. The
Al-O bond lengths are 1.976 A (9) and 2.036 A (10).
The computed al E (6.36 eV) is in the experimentally de-
termined (5.63—6.43 eV) interval. The vIE (6.73 eV) is
somewhat larger.

The most stable neutral Al;O (14) structure (Fig. 5)
lacks symmetry (C} point group) and was located by fur-
ther optimization of the Cy, structure (13) following the
vectors of the three imaginary frequencies. This Cs, sad-
dle point (13) was assigned as the ground state of Al5O by
Yang et al. [7]. Three other local minima are 0.44 eV (15),
0.37 eV (16) and 0.29 eV (17) higher in energy than 14.
Note that 16 was the InsO global minimum [42]. Adia-
batic ionization of 14 (alE = 5.76 eV) gives 20, the most
stable cation. (The vIE of 14, 5.97 eV, also lies within
the broad 5.63—6.43 eV experimental range). Cation 20
favors Cy, symmetry; the other local cation minima are
0.15 eV (21) and 0.06 eV (23) higher in energy. Opti-
mizations following the imaginary frequencies of each of
the three transition states (22, 24, and 25) lead to the
same minimum (23).

We located four AlgO local minima (26—29, Fig. 6);
the most stable form (26) has Cs; symmetry and is identi-
cal to the ground state obtained in reference [7]. The com-
puted vI E values are 6.34 ¢V (26), 6.53 eV (27), 6.41 eV
(28) and 6.39 eV (29). While the computed vIE of the
most stable AlgO isomer (26) is close to the experimen-
tal ~6.43 eV onset, its alE (6.15 V) to the most stable
AlgO™ cationic structure, 30 (Cs), is not.

4.2 Al;0 and Al;50
Al;0

In startling contrast to the Cs, In;O1 global minimum
with its oxygen inside the cage [42], the lowest energy
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7
33 Al,O" Cy, 34 AL,O' C3, 35 A1,0" Cy,
(0.00 eV) (0.07 eV) (1, 1.06 eV)

36 Al;0" C,
(0.64 V)

37 AL,O* Cy,
(1,0.08 eV)

(0.62 eV)

39 ALO" Dy,
(3, 1.08 eV)

Fig. 7. The B3LYP/6-311+G(d) optimized Al;O™ structures.
Relative energies and number of imaginary vibrational frequen-
cies (NIMAG) are given in parentheses.

Table 2. The Cs, (32) vs. C2, (31) energy differences
(kcal/mol) for the isoelectronic Al;OT, AI;N, Al;C~ series at
the B3LYP and CCSD(T) level.

B3LYP/ B3LYP/ CCSD(T)/
6-3114+G(d)*  6-311+G(3df)*  6-311+G(d)°
Al;O" -1.5 -5.5 -0.8
Al;N +12.7 +9.0 +20.8
Al;C™ +31.0 +30.3 +45.2

¢ with ZPE corrections;

® at B3LYP/6-3114+G(3df) optimized geometries.

Al;O% isomer (Fig. 7) has Cs, symmetry (33), with the
oxygen and its “pendant” monovalent Al on the “outside”
of the cage. Although favored by In;O™T, a Cjs, structure
(34), was the second best isomer, 0.07 eV higher in energy
than 33 at the B3LYP/6-311+G(d) level of theory. A fur-
ther, extensive isomer search resulted in two local minima,
36 and 38, but these were 0.64 eV and 0.62 eV, respec-
tively, higher in energy. The most symmetrical Dsj, struc-
ture with a central oxygen atom (39) is a saddle point and
is more than 1 eV less favorable energetically. The Al;O~
anion also prefers an exohedral structure, according to a
very recent report [18].

Even more peculiar, Al;O7 is isoelectronic with the
“magic” AlzN (1.99 eV HOMO-LUMO gap) [48] and
Al,C™ [10,18,49], species both of which, just like In;OT,
had endohedral Cs, global minima resembling 34 [18,48].
However, the Cy,, isomer (33) is energetically more favor-
able than the Cs, Al;O7 alternative at both the B3LYP
level and CCSD(T) ab initio level (see Tab. 2), though
the energy difference is tiny (only 0.03 eV) at the highest
theoretical level.
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The IE of Al;O is lower than the IE’s of its neigh-
boring sizes (AlgO and AlgO). This is attributable to the
closed shell electronic structure of Al;O%, and can be ra-
tionalized with simple phenomenological shell model con-
siderations. Assuming that oxygen binds two electrons to
become the 02~ dianion, 19 delocalized electrons remain
in Al;O. After ionization, Al;O" possesses 18 delocal-
ized electrons corresponding to a spherical shell closure
(1s2/1p%/1d*°). Alternatively, all the oxygen valence elec-
trons might contribute to a 26 electron total. This is a
magic number for (binary) metal clusters doped by an
electronegative element (1s2/1p5/2s%/2p%/1d*°) [50,51].
An endohedral electronegative atom lowers the energy of
s-type (and to a lesser extent p-type) orbitals [52]. Conse-
quently, the relative energy of the 1d'% shell moves up as is
illustrated by the electronic energy level sequences in Fig-
ure 8 for the endohedral Cs,, isomers of Al;O" (low lying
minimum) and In;O" (global minimum). Aside from the
reduced level degeneracy in the Al;O" Cs,, isomer (not on
figure), the ordering of the energy levels and the shape of
the molecular orbitals is not very different from the Cis,
isomer. The 26 electrons in 13 (spherical harmonic-like)
orbitals and the relatively large HOMO-LUMO gaps con-
firm their “magic number” electronic character.

Albeit small, the energy preference of the highly un-
usual Cs, Al;OT global minimum (33) over the usual
endohedral Cjs, structure (34) defies a simple rational-
ization. However, the pronounced trend favoring the Cy,
isomer with the increasing electronegativity of the dop-
ing atom, C<N<O (Tab. 2), provides the clue. The nat-
ural charge of oxygen is —1.72 in 33 according to Natu-
ral Population analysis; the Al charges are +0.99 on the
pendent and 40.57 on the other two adjacent Al’s. These
four atoms comprise an electrostatically stabilized trigonal
OAl;3; moiety, which is bound to the remaining Al unit.

Ali50

The ionization energy of Alj50 also is relatively low.
Al;50 has 51 valence electrons; ionization results in the 50
valence electron Alj5OT cation. At first glance, this can
be explained by a simple spherical shell model where all
electrons are in the outside cage (of a hollow cage struc-
ture) [53,54]. However, this is unlikely for Al;50% due to
the shell-crossing (see below) [55,56]. Another model on
a b0 electron shell closing can arise in metal clusters from
a “crystal field” splitting of the high angular momentum
(1) energy levels [19]. This has been suggested to account
for the unusually low ionization energy of Al;7 (51 elec-
trons) [19]. More recently, the unusual stability of the
icosahedral AIPb}, was attributed to a similar shell closing
in icosahedral symmetry [55,56]. Most importantly, a shell
closing for 50 electrons was predicted computationally us-
ing a spherical average pseudopotential method based on
DFT to study the electronic and geometric structure of
Cs,, O clusters [36,37]. Assuming the oxygen atom at the
cluster center, the resulting single electron shell sequence
is 1s2/2s2/1p% /352 /2p5 /1d10 /14 /452 /3p5 (/1918 /2d10).
Notice that the first three shells correspond to the elec-
tronic configuration of the central oxygen atom and that
there is a 50-electron shell closing in this sequence up to
the 3p° shell. Analogously, assuming that the oxygen atom
is located in the center of Al;5O™, the low ionization en-
ergy value observed for Al;50 could be related to a 50 elec-
tron closed shell structure.

4.3 Al,O,,, m>1

Distinct features in the IE’s also are observed for the
more oxygen rich aluminum oxide clusters as function of
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their size (Tab. 1 and Supplementary Online Material).
For example, the IE’s of Al4O4, AlgO5, and Al1g05 are
higher than their neighbors, whereas the I E’s of Al5Og3
and Al;0,4 are low. The lower I E’s of the larger Al,O,,
species with n odd compared to their neighbors with
n even are notable: Al;O3 to Al;Og, AlgOs to AlgOr,
Al;10g to Al;10g, Al130g to Al130411, and Al;505 to
Al;5012 (except for Alj5011). The simplest explanation
is not linked to electronic shell closing features. Instead,
the Al,O,, species with n = odd are radicals with at
least one unpaired electron. This ionizes easily to give
electrostatically-stabilized electron paired cations. In con-
trast, ionization of the paired electron Al,,O,, species re-
sults in less favorable radical cations. More sophisticated
explanations require quantum chemical calculations but
these are beyond the intended scope of this paper.

5 Summary

We produced aluminum oxide clusters in a laser vapor-
ization source. The number of oxygen atoms in the clus-
ters was varied by changing the oxygen content of the He
carrier gases. The ionization energies of Al,QO,, species
(n <20, m < 12) were bracketed using different ionizing
photon energies ranging between 5.37 and 7.89 eV. The
structures of singly doped Al,OT° (n = 1-5;7) clus-
ters were deduced using quantum chemical calculations.
While a T-shaped Cs, structure is favored for Al30, the
Al30™T cation has a fully symmetric D3, geometry with
a closed electronic shell structure. This explains the low
IE of Al;0. The unusual Cy, minimum found for Al;O™,
with the oxygen on the outside of the Alg cage and a pen-
dant monovalent Al, is the lowest energy isomer at the
B3LYP/6-311+G(3df) level and close in energy with the
endohedral Cjs, alternative, favored by the isoelectronic
In;OT, Al;N, and Al;C~ species. The closed electronic
shell structure for Al;O1 accounts for the ionization en-
ergy of Al;O being lower than that of the neighboring
sizes. Likewise, the I E’s for multiply doped Al,,O,, clus-
ters with odd n (and easily ionized unpaired electrons) are
lower than their paired electron Al,O,, neighbors with
even n. The low IP of the Al;50 radical can be attributed
as well to the 50 valence electron closed shell structure
of the Al;5O% cation, if oxygen is assumed to be in the
center and to contribute all six valence electrons.
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