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Photoelectron spectra of Al5Om
− �m=3–5� and of the anion produced by the dissociative adsorption

of a water molecule by Al5O4
− are interpreted with density-functional geometry optimizations and

electron-propagator calculations of vertical electron detachment energies. For Al5O3
−, Al5O4

−, and
Al5O5H2

−, the observed signals may be attributed to the most stable isomer of each anion. For Al5O5
−,

the features in the photoelectron spectrum are due to three almost isoenergetic isomers. © 2007
American Institute of Physics. �DOI: 10.1063/1.2806845�

INTRODUCTION

Aluminum and oxygen are among the most abundant
elements on the surface of the Earth. Aluminum artifacts
have been ubiquitous in modern civilization for more than a
century. Catalyst supports and reactive surfaces often have a
component of aluminum oxide. Interfaces between alumi-
num and alumina �Al2O3� occur whenever the bulk metal is
exposed to oxygen. Spectroscopic and theoretical studies of
aluminum-oxygen clusters are especially relevant to under-
standing these interfaces when the Al:O atomic ratio exceeds
2
3 . Such metal-rich clusters may have formal Al oxidation
states between +3 and 0.

Photoelectron spectra of metal-rich cluster anions1,2 ex-
hibit features that might have been expected to correlate with
simple notions of electron counting. In this view, a closed-
shell metal-rich AlnOm

− cluster, where n is odd should have a
number of peaks corresponding to low vertical electron de-
tachment energies �VEDEs� that is equal to the number of
electron pairs that are left to the Al atoms after assigning a
charge of −2 to each O atom: �3n+1−2m� /2. Subsequent
experimental studies3–5 have confirmed this supposition to
some extent, but theoretical investigation has established the
complicating presence of more than one isomer in mass-
selected samples.6–12 Even before these findings were pub-
lished, photoisomerization between two forms of Al3O3

− had
been demonstrated2 through modulation of relative peak in-
tensities with respect to variation of the conditions of anion
preparation. Hole-burning experiments confirmed this
interpretation.3

Recent photoelectron experiments have considered the
reactivity of anionic clusters. Preparation of Al3O3

− followed
by reactions with water, methanol, and ammonia molecules
yields anionic clusters whose masses correspond to addition
products.13,14 Photoelectron spectra of the latter species and
theoretical studies15–18 have shown that protic nucleophiles

add dissociatively to Al3O3
−. More recent experiments and

accompanying calculations19 have considered spectra of
Al5O4

− and the product formed from the reaction of this anion
with a water molecule.

In this work, we interpret experiments on the two latter
anions and examine two experimentally characterized
clusters5 that also have five Al atoms, Al5O3

− and Al5O5
−. In

addition to optimizing stable minima for these anions,
VEDEs are determined with electron propagator methods.
The latter techniques also provide Dyson orbitals that corre-
spond to each transition energy and that facilitate interpreta-
tion of correlated ab initio predictions in terms of rigorous
one-electron concepts.

METHODS

Geometry optimizations on singlet anions without sym-
metry constraints were performed with the GAUSSIAN03

program20 in the B3LYP /6-311+G�2d , p�
approximation.21,22 Previous work indicates that such optimi-
zations are likely to provide accurate results.9–12 To locate
transition states, the synchronous transit-guided quasi-
Newton method23 was used. Optimized minima and transi-
tion states were confirmed with harmonic frequency analysis.
These geometries were assumed in electron propagator24,25

calculations of the vertical electron detachment energies
�VEDEs�. Two self-energy approximations were employed:
the outer valence Green’s function26,27 �OVGF� and partial
third order �P3�.28,29 The 6-311+G�2df , p� basis set was
used in both cases. Pole strengths exceeded 0.85 in all cases
and therefore confirmed the qualitative validity of the P3 and
OVGF calculations. Structural diagrams and Dyson orbital
plots were generated with BALL & STICK

30 and MOLDEN,31

respectively.
OVGF results for VEDEs are generally larger than P3

values by 0.3 eV or less, but both methods lead to the same
assignments. Closer agreement with experimental data may
occur with one method or the other for a given cluster anion.a�Electronic mail: ortiz@auburn.edu.
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In the absence of experimental data, the P3 and OVGF val-
ues might provide estimated lower and upper bounds to ex-
perimental VEDEs.

RESULTS AND DISCUSSION

Al5O3
−

Figure 1 shows the most stable structures for Al5O3
−. The

lowest isomer ��� resembles the Al3O3
− book structure re-

ported previously9 except for the two terminal Al atoms. The
� isomer has Cs symmetry, while the � isomer has C2v sym-
metry. The energy difference between these two isomers is
5.2 kcal /mol.

Table I summarizes the VEDE calculations. Experimen-
tal and Koopmans’ theorem �KT� values also are shown. The
corresponding Dyson orbitals are displayed in Figs. 2 and 3.

As can be seen in Table I, the VEDEs from isomer �
match pretty well with the experimental values. In this case,

the OVGF approximation seems to be the best. The associ-
ated Dyson orbitals consist chiefly of Al 3s functions. Previ-
ous studies of related anions suggest that there are five Al-
centered Dyson orbitals and that the two most strongly
bound consist of bonding and antibonding combinations of
3s functions on the two least-coordinated metal centers.
VEDEs for these Dyson orbitals are beyond the energy range
of the experimental spectrum. Next in energy are the bonding
and antibonding combinations of Al 3s functions on the cor-
ner sites, where each metal atom has two oxygen neighbors.
Finally, for the lowest VEDE, the Dyson orbital is localized
chiefly on the central Al, which has the highest oxygen co-
ordination number. The latter Dyson orbital also displays
opposite-phase contributions from terminal Al 3s functions.

For isomer �, the calculated VEDEs have larger devia-

FIG. 1. B3LYP /6-311+G�2d� structures and relative energies �kcal/mol� of
Al5O3

−. Bond distances are in Å.

TABLE I. Al5O3
− vertical electron detachment energies �eV�.

Anion Final state KT P3 OVGF Expt.a

� 2A� 2.63 2.41 2.57 2.56
2A� 3.55 3.33 3.62 3.39
2A� 4.14 3.89 4.18 4.31

� 2B2 3.06 2.84 3.09
2A1 3.36 3.09 3.34
2A1 3.80 3.58 3.85

aReference 5.

FIG. 2. Dyson orbitals for isomer � of Al5O3
−. The final states after electron

detachment and the associated OVGF /6-311+G�2df� VEDEs are shown.

FIG. 3. Dyson orbitals for isomer � of Al5O3
−. The final states after electron

detachment and the associated OVGF /6-311+G�2df� VEDEs are shown.
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tions from the experimental values. These results do not con-
clusively establish the irrelevancy of this isomer to the Al5O3

−

photoelectron spectra for they occur in a region where the
spectra show a continuous signal. The isomerization energy
of 5.2 kcal /mol is not sufficiently large to remove the �
isomer from consideration. However, one may conclude that
the � isomer is chiefly responsible for the features observed
in the photoelectron spectrum of Al5O3

−. The five Al-centered
Dyson orbitals in the � isomer display a similar ordering
with respect to oxygen coordination number, but in this case
there are two terminal metal centers with only one oxygen
neighbor and three ring metal centers with two oxygen
neighbors. The Dyson orbitals for the lowest three VEDEs
correspond to combinations of Al 3s functions on the ring
centers.

Al5O4
−

Optimized structures of Al5O4
− are shown in Fig. 4. The

most stable structure, �, is almost planar, but slight displace-
ments of the oxygens from the Al plane give it D2d symme-
try. Isomer � has Td symmetry. These results are similar to
those obtained by Das et al.19

Table II shows calculated VEDEs for Al5O4
− isomers

along with experimental data. The corresponding Dyson or-
bitals are displayed in Figs. 5 and 6.

In Table II, the first two calculated VEDEs for isomer �
are in good agreement with the experimental values. The P3
approximation works best in this case. The two features ob-
served in the spectrum of Meloni et al.5 can be assigned to

the two lowest VEDEs of this isomer. In the spectrum of Das
et al.,19 the two lowest VEDEs of isomer � match well with
the two lowest features. The B peak observed at 4.3 eV in
the latter experiment19 does not appear to have a counterpart
in the other report5 and may not necessarily correspond to a
vertical transition. The P3 and OVGF predictions for the 2A1
final state lie outside the energy range of these experiments.
Dyson orbitals for the 2B1, 2E, and 2A1 final states consist
chiefly of Al 3s functions with minor antibonding oxygen
contributions. Phase relationships in these orbitals are deter-
mined by symmetry.

For isomer �, the calculated VEDEs are irrelevant to the
spectra for they exceed the experimental photon energy,
4.66 eV. Therefore, isomer � may be present, but not de-
tected. However, isomer � cannot account for the observed
VEDEs. Symmetry criteria also determine the phase relation-
ships between Al 3s functions in the Dyson orbitals that cor-
respond to the 2T2 and 2A1 final states.

Al5O5H2
−

Das et al.19 reported photoelectron spectra for species
generated by the reaction between Al5O4

− and H2O. They

FIG. 4. B3LYP /6-311+G�2d� structures and relative energies �kcal/mol� of
Al5O4

−. Bond distances are in Å.

TABLE II. Al5O4
− vertical electron detachment energies �eV�.

Anion Final state KT P3 OVGF Expt.a Expt.b

� 2B1 3.91 3.76 4.00 3.83 3.72 �X�
2E 4.09 3.91 4.14 3.99 4.94 �A�
2A1 4.95 4.83 5.08 4.30 �B�

� 2T2 4.99 4.97 5.25
2A1 5.20 5.21 5.49

aReference 5.
bReference 19.

FIG. 5. Dyson orbitals for isomer � of Al5O4
−. The final states after electron

detachment and the associated P3 /6-311+G�2df� VEDEs are shown.
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found that water is dissociatively adsorbed on �-Al5O4
−, lead-

ing to the most stable Al5O5H2
− isomer, which has a Cs sym-

metry �see Fig. 7�. Their density-functional theory �DFT� and
time-dependent density-functional theory �TDDFT� results
are shown in Table III. VEDEs for Al5O5H2

− calculated with
the P3 and OVGF electron propagator approximations, ex-
perimental data, and KT values also are shown. The corre-
sponding Dyson orbitals are displayed in Fig. 8.

Nucleophilic attack on Al3O3
− occurs at the metal atom

with the lowest amplitudes in the two Al-centered Dyson

orbitals.13–18 A proton transfer to a neighboring oxygen atom
follows for nucleophiles such as H2O and NH3. A similar
outcome occurs here and results in a cluster with two hy-
droxide ligands, one bound to the central Al atom and an-
other that is coordinated to three metal centers.

P3 results agree closely with the experimental values for
the first three VEDEs. A fourth final state is predicted to lie
outside the 4.66 eV limit imposed by the photon energy. An
accurate separation between the second and third VEDEs is
obtained. Dyson orbitals for the first two VEDEs consist
chiefly of 3s functions on the two Al centers without an OH
neighbor; the lowest VEDE corresponds to the antibonding
combination. For the third and fourth VEDEs, the Dyson
orbitals consist of 3s functions on the other two corner Al
atoms.

Al5O5
−

Figure 9 shows the most stable Al5O5
− structures. The

most stable isomer, �, has a C2v symmetry. Isomers �, �, and
� have Cs, C2v, and Cs symmetries, respectively.

The three lowest isomers have closely related structures
�see Fig. 10�. Reduction of one Al–O–Al angle in isomer � to
form a four-member ring leads to isomer �. Another such
reduction connects the latter structure to isomer �. The acti-
vation barrier between isomers � and � is 2.4 kcal /mol, and
the one between isomers � and � is 1 kcal /mol. These values
may be underestimated by the B3LYP procedure.

FIG. 6. Dyson orbitals for isomer � of Al5O4
−. The final states after electron

detachment and the associated P3 /6-311+G�2df� VEDEs are shown.

FIG. 7. B3LYP /6-311+G�2d , p� structure of Al5O5H2
−.

TABLE III. Al5O5H2
− vertical electron detachment energies �eV�.

KT P3 OVGF DFT-TDDFT Expt.a

3.56 3.38 3.64 3.13 3.37
4.02 3.82 4.08 3.36 3.72
4.53 4.35 4.57 3.52 4.20
5.16 5.01 5.24 4.31

aReference 19.
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Table IV displays VEDEs calculated with the P3, OVGF,
and KT approximations and experimental results. The corre-
sponding Dyson orbitals are displayed in Figs. 11–13.

Table IV shows that, for isomer �, there is only one
VEDE that is lower than the experimental photon energy
�4.66 eV�. The difference between the P3 and the OVGF
values is 0.3 eV. The VEDE obtained with the OVGF ap-
proximation is closer to the experimental value of 2.22 eV.
For isomer �, the calculated VEDEs using the OVGF ap-
proximation are in good agreement with the experimental
values of 2.91 and 3.74 eV. The third VEDE of this isomer is
out of the experimental detection range. In the case of isomer
�, the three lowest VEDEs have energies that are lower than
the experimental photon energy. The lowest VEDE may con-
tribute to shoulders on the B or C peaks. The next two
VEDEs may be assigned to the feature observed at 4.26 eV.
A contribution to the spectrum by isomer �’s first VEDE
cannot be discounted, for its total energy is close to that of
isomer �.

In the �, �, and � isomers, Dyson orbitals for the three
lowest VEDEs consist chiefly of Al 3s functions. In this set
of transitions, lower oxygen coordination numbers are asso-
ciated with higher VEDEs. In the � isomer, the large distance
between the two terminal Al atoms produces a small differ-
ence between the second and third VEDEs. Lower symmetry
in the � case yields Dyson orbitals that are localized on the
terminal Al or on the Al centers with only two oxygen neigh-
bors. With C2v symmetry restored in isomer �, there is ex-
tensive delocalization among the three Al atoms with two

oxygen neighbors. For all of these structures, nucleophilic
attack is most likely at the two Al centers that are next to
three oxygen atoms.

CONCLUSIONS

Electron propagator calculations on the VEDEs of struc-
ture � suffice for an assignment of the photoelectron
spectrum5 of Al5O3

−. Whereas the � structure’s total energy is
only 5 kcal /mol higher, its VEDEs are not in agreement with
the observed spectral features. For the lowest VEDE, the
corresponding Dyson orbital is localized chiefly on the Al
atom with the highest number of oxygen neighbors. Bonding
and antibonding combinations of Al 3s functions on the sites
with two oxygen neighbors are the chief constituents of the
Dyson orbitals for the next two VEDEs. Electron counting

FIG. 8. Dyson orbitals for Al5O5H2
−. The final states after electron detach-

ment and the associated P3 /6-311+G�2df , p� VEDEs are shown.

FIG. 9. B3LYP /6-311+G�2d� structures and relative energies �kcal/mol� of
Al5O5

−. Bond distances are in Å.

FIG. 10. Structural relationships between the three lowest isomers of Al5O5
−.
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rules imply that there are five Al-localized Dyson orbitals
and therefore two higher VEDEs that are inaccessible in re-
cent experiments await further study. The Dyson orbitals for
these two VEDEs are likely to be localized on the terminal
Al atoms.

Peaks in the photoelectron spectra of Al5O4
− �Refs. 5 and

19� may be assigned to VEDEs of the � isomer. This D2d

structure is nearly planar. The first two transitions correspond
to 2B1 and 2E final states. Predictions on the third VEDE are
markedly higher �and out of the energetic range of the re-
ported experiments� than a third feature seen in one
spectrum.19 Therefore, this feature may arise from geometri-
cal relaxation or Jahn-Teller effects in the 2E final states.
Dyson orbitals consist chiefly of symmetry-adapted combi-
nations of 3s functions on the corner Al atoms with small
antibonding contributions from oxygen 2s or 2p functions.
Isomer �’s VEDEs are too high to account for any of the
observed transitions.

Because the contributions of the central Al to the � iso-
mer’s Dyson orbitals are negligible, nucleophilic attack by a
water molecule is most likely at this position. After a proton

transfer to a neighboring oxygen atom, the resulting Cs mini-
mum has two hydroxide ligands, one attached to the central
Al atom and another that is coordinated to three metal cen-
ters. P3 electron propagator calculations of VEDEs for this
structure provide an accurate account of the three principal
features seen in the experiment.19 Four Dyson orbitals are
symmetry-adapted combinations of corner Al 3s functions.

Four peaks in the photoelectron spectrum5 of Al5O5
− re-

flect the presence of several isomers which are separated by
low barriers. The lowest peak may be assigned to the first
VEDE of the � isomer. Whereas the � isomer is only
0.9 kcal /mole less stable, one may ascribe the second and
third spectral peaks to the first two VEDEs of this structure.
Accounting for the fourth observed peak is somewhat prob-
lematic, for the second and third VEDEs predicted for the �
isomer are in reasonable agreement with its transition energy.
This structure is only 4.9 kcal /mol higher than the � isomer.
However, the first VEDE of the � isomer therefore must be
assigned to shoulder regions of the second or third peaks.

TABLE IV. Al5O5
− vertical electron detachment energies �eV�.

Anion KT P3 OVGF Expt.a

� 1.91 1.78 2.13 2.22 �A�
6.08 6.11 6.32
6.10 6.14 6.35

� 2.71 2.56 2.86 2.91 �B�
3.64 3.52 3.79 3.74 �C�
6.43 6.49 6.70

� 3.35 3.18 3.44
4.06 3.93 4.18 4.26 �D�
4.34 4.22 4.48 4.26 �D�

� 3.42 3.34 3.63
5.47 5.47 5.71
5.57 5.59 5.83

aReference 5.

FIG. 11. Dyson orbitals for isomer � of Al5O5
−. The final states after electron

detachment and the associated OVGF /6-311+G�2df� VEDEs are shown.

FIG. 12. Dyson orbitals for isomer � of Al5O5
−. The final states after electron

detachment and the associated OVGF /6-311+G�2df� VEDEs are shown.

FIG. 13. Dyson orbitals for isomer � of Al5O5
−. The final states after elec-

tron detachment and the associated OVGF /6-311+G�2df� VEDEs are
shown.
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This explanation admits the possibility that the � isomer also
may make contributions to the spectrum. Each isomer has
three VEDEs which correspond to Dyson orbitals that are
localized on Al atoms. Higher VEDEs are associated with
low oxygen coordination numbers.
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