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The structure and electronic properties of the Al8N− and Al8N clusters were investigated by
combined photoelectron spectroscopy and ab initio studies. Congested photoelectron spectra were
observed and experimental evidence was obtained for the presence of multiple isomers for Al8N−.
Global minimum searches revealed several structures for Al8N− with close energies. The calculated
vertical detachment energies of the two lowest-lying isomers, which are of C2v and Cs symmetry,
respectively, were shown to agree well with the experimental data. Unlike the three-dimensional
structures of Al6N− and Al7N−, in which the dopant N atom has a high coordination number of 6,
the dopant N atom in the two low-lying isomers of Al8N− has a lower coordination number of 4 and
5, respectively. The competition between the Al–Al and Al–N interactions are shown to determine
the global minimum structures of the doped aluminum clusters and results in the structural diversity
for both Al8N− and Al8N. © 2009 American Institute of Physics. �DOI: 10.1063/1.3097761�

I. INTRODUCTION

Doped clusters are interesting because they can exhibit
specific properties tailored with the dopant. Understanding
the structures and chemical bonding of such clusters may
lead to rational designs of structurally and electronically
stable clusters for applications in cluster-assembled nanoma-
terials or catalysis. While aluminum nitride is an important
semiconductor material, there have been relatively few ex-
perimental and theoretical studies on small aluminum nitride
clusters.1–16 Li and Wang reported a set of photoelectron
spectra of AlxN

− �x=2–22� clusters at 193 nm and compared
them to those of pure Alx

− clusters.10 They found spectral
similarity between AlxN

− and Alx−1
− clusters and suggested

that there is a strong charge transfer to form formally N3−

centers in the nitrogen-doped aluminum clusters. In a series
of recent studies,12,13,16 we combined photoelectron spectros-
copy �PES� with global minimum structural search, using a
gradient-embedded genetic algorithm followed by high-level
ab initio calculations, to elucidate the detailed atomic struc-
tures and chemical bonding for several small nitrogen-doped
aluminum clusters, AlxN

− �x=3–7�. It was shown that AlxN
−

clusters are planar for x=3–5, whereas their global mini-
mum structures became three-dimensional �3D� for x=6 and
7 with the nitrogen atom having a coordination number of
six.

In the current work, we continue our research on AlxN
−

clusters and report the geometric and electronic structures of
the Al8N− cluster using PES and ab initio calculations. Con-

gested PES spectra were observed and interpreted by the
ab initio data. A few different structures have been suggested
theoretically for Al8N and Al8N− in previous studies,7–9 but
they have not been confirmed experimentally. We found that
there are several low-lying isomers for Al8N−, which are all
3D and very close in energy. Photoelectron spectra of Al8N−

have been obtained at different experimental conditions, con-
firming the presence of close-lying isomers that contribute to
the experiment. The coordination numbers of the nitrogen
atom in these low-lying isomers of Al8N− vary from 4 to 6.
Unlike the 3D clusters of Al6N− and Al7N−, the N-centered
�Al6N�3− octahedron is no longer found as a building block
in the two lowest energy structures of Al8N−.

II. EXPERIMENTAL METHOD

The experiment was performed on a magnetic-bottle
PES apparatus with a laser vaporization cluster source, de-
tails of which have been published elsewhere.17 Briefly, the
Al8N− clusters were produced by laser vaporization of an
Al/AlN composite disk target using a pure helium carrier
gas. The cluster/He gas mixture passed through a 10 cm
long, 3 mm diameter tube extension to allow adequate ther-
malization of the clusters. This was found to produce rela-
tively cold clusters, which were shown to be important to
yield well-resolved PES spectra.18,19 The anion clusters were
extracted from the cluster beam perpendicularly and were
analyzed using a time-of-flight mass spectrometer. Only
AlxN

− clusters with one N impurity atom could be observed
under the experimental condition, as was shown before.10

The Al8N− cluster was mass selected and decelerated before
being photodetached by a 193 nm laser beam from an ArF
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excimer laser, or by a 355 or 266 nm beam from a
neodymium-doped yttrium aluminum garnet laser. Photo-
electrons were collected at near 100% collecting efficiency
by the magnetic bottle and analyzed using a 3.5 m long elec-
tron flight tube. The electron energies were calibrated by the
known spectrum of Au− �193 nm� or Rh− �355 and 266 nm�.
The resolution ��Ek /Ek� of the apparatus was about 2.5%,
i.e., �25 meV for 1 eV kinetic energy electrons.

III. THEORETICAL METHODS

We performed initial computational search for the global
minima of Al8N− and Al8N using both our gradient embed-
ded genetic algorithm �GEGA� program written by Alexan-
drova et al.20,21 and our simulated annealing program written
by Call and co-workers.16 We used a hybrid method known
as B3LYP22–24 with the small split-valence basis set �3-21G�
for energy, gradient, and force calculations, with simulated
annealing performing single-point energy calculations and
GEGA performing gradient optimizations and frequency cal-
culations. We reoptimized geometries and calculated fre-
quencies for the lowest isomers using the B3LYP and
CCSD�T�25–27 methods with the polarized split-valence basis
set �6-311+G��.28–30 Total energies of the lowest isomers
were also calculated using the CCSD�T� method with the
extended 6-311+G�2df� basis set at the optimized
CCSD�T� /6-311+G� geometries.

The vertical electron detachment energies �VDEs�
were calculated using the RCCSD�T� /6-311+G�2df�
method, the restricted outer valence Green Function method
�ROVGF /6-311+G�2df�� 31–35 all at the optimized
RCCSD�T� /6-311+G� geometries and the time-dependent
DFT method36,37 �TD-B3LYP /6-311+G�2df�� at the opti-
mized B3LYP /6-311+G� geometries. In the last approach,
the first VDE was calculated at the B3LYP level of theory as
the lowest transition from the singlet state of the anion into
the final lowest doublet state of the neutral. Then the vertical
excitation energies of the neutral species �at the TD-B3LYP
level� were added to the first VDE to obtain the second and
higher VDEs. Core electrons were frozen in treating the elec-
tron correlation at the RCCSD�T� and ROVGF levels of
theory. The B3LYP, RCCSD�T�, ROVGF, and TD-B3LYP
calculations were performed using the GAUSSIAN 03 and MOL-

PRO programs.38,39 Molecular structure visualization was
done using the MOLDEN 3.4 program.40

IV. EXPERIMENTAL RESULTS

Figure 1 shows the PES spectra of Al8N− at three differ-
ent photon energies. At 355 nm �Fig. 1�a��, two relatively
sharp bands �X and A� were observed at VDEs of 2.86 and
3.16 eV, respectively. The adiabatic detachment energy
�ADE� was evaluated from the relatively sharp onset of the X
band to be 2.75�0.05 eV. A shoulder �X�� on the high bind-
ing energy side of band X was discernible, which became
more obvious in the 266 nm spectrum �Fig. 1�b��. In addi-
tion, the 266 nm spectrum revealed several new bands: B, C,
D, E, and F. The A band seems to show some fine features
on its high binding energy side around �3.3 eV, which
could be due to vibrational structures and/or additional elec-

tronic transitions. However, the pattern of the fine features
seemed to depend on experimental conditions, indicating that
they may be from different isomers. At 193 nm �Fig. 1�c��, a
new band G was observed at �4.6 eV, but featureless and
continuous signals were observed beyond 4.8 eV. The overall
PES spectral pattern was quite congested and complicated,
probably due to contributions from more than one isomer.
The VDEs of all observed bands are listed in Table I and
compared with the theoretical data in Table II.

To affirm the presence of low-lying isomers, we also
measured PES spectra under “hot” conditions without using
the tube extension in the cluster source, as shown in Fig. 2.
These spectra all show a long tail at the low binding energy
side due to hot band transitions, implying that clusters gen-

FIG. 1. Photoelectron spectra of Al8N− at �a� 355 nm �3.496 eV�, �b� 266
nm �4.661 eV�, and �c� 193 nm �6.424 eV�.

TABLE I. Experimentally observed VDE and ADE of Al8N− from its pho-
toelectron spectra �the numbers in the parentheses represent the experimen-
tal uncertainties in the last digit�.

Observed features
VDE
�eV�

ADE
�eV�

X 2.86�4� 2.75�5�
X� 2.99�5�
A 3.16�3�
B 3.45�5�
C �4.0
D 4.09�3�
E 4.26�5�
F 4.40�5�
G �4.6
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erated under this condition were indeed relatively hot. A ma-
jor difference observed between these two sets of data is that
the relative intensity of the X� band seems to be enhanced in
the “hot” spectra. Note that this is most clearly displayed in
the 355 nm spectra. In the 193 nm spectra, all the detachment
bands are heavily overlapped due to reduced resolution, so
the slight variation in relative intensities is more difficult to
distinguish. Even at 266 nm, the spectral congestion made it
difficult to compare relative intensity variations at the two
experimental conditions. Nevertheless, our data provide clear
experimental evidence that at least the X� band should come
from contributions by another isomer. The overall congested
spectra are consistent with the presence of multiple isomers,
because we observed less congested spectra even for larger
AlnN− clusters.10 As will be shown below, this is indeed
borne by our theoretical calculations.

V. THEORETICAL RESULTS

A. Al8N−

We initially performed simulated annealing and GEGA
searches for the global minimum of Al8N− at the B3LYP/3-
21G level of theory separately for singlet and triplet states.
Both methods revealed an identical global minimum struc-
ture II �Cs,

1A�� �Fig. 3�. The geometries and frequencies for
the low-lying structures of Al8N− were then recalculated at
the B3LYP /6-311+G� level of theory. Finally, single point

TABLE II. The calculated VDEs of Al8N− for isomers I, II, and III at different levels of theory, and compari-
sons to the experimental data.

Isomer Final states and configuration

VDE �Theo.�
�eV� PES assignments

TD-DFT ROVGFa RCCSD�T� Features
VDE �exp.�

�eV�b

I 2B2 ,5a1
23b2

26a1
21a2

23b1
27a1

24b2
1 2.64 2.79�0.87� 2.89 X 2.86�4�

2A1 ,5a1
23b2

26a1
21a2

23b1
27a1

14b2
2 2.96 3.09�0.87� 3.25 A 3.16�3�

2B1 ,5a1
23b2

26a1
21a2

23b1
17a1

24b2
2 3.28 3.09�0.86� 3.33 A tail �3.3

2A2 ,5a1
23b2

26a1
21a2

13b1
27a1

24b2
2 3.17 3.34�0.86� 3.42 B 3.45�5�

2A1 ,5a1
23b2

26a1
11a2

23b1
27a1

24b2
2 3.86 3.92�0.86� C �4.0

2B2 ,5a1
23b2

16a1
21a2

23b1
27a1

24b2
2 3.89 4.23�0.86� E 4.26�5�

2A1 ,5a1
13b2

26a1
21a2

23b17a1
24b2

2 4.32 4.38�0.85� F 4.40�5�
II 2A� ,6a�27a�23a�28a�24a�29a�25a�210a�1 2.73 2.77�0.87� 2.93 X� 2.99�5�

2A� ,6a�27a�23a�28a�24a�29a�25a�110a�2 2.95 3.16�0.86� 3.28 A 3.16�3�
2A� ,6a�27a�23a�28a�24a�29a�15a�210a�2 3.24 3.30�0.86� A tail �3.3
2A� ,6a�27a�23a�28a�24a�19a�25a�210a�2 3.18 3.35�0.86� A tail �3.3
2A� ,6a�27a�23a�28a�14a�29a�25a�210a�2 4.04 4.11�0.84� D 4.09�3�
2A� ,6a�27a�23a�18a�24a�29a�25a�210a�2 4.15 4.38�0.83� F 4.40�5�
2A� ,6a�27a�13a�28a�24a�29a�25a�210a�2 4.52 4.88�0.81� G �4.6
2A� ,6a�17a�23a�28a�24a�29a�25a�210a�2 5.24 5.18�0.77�

III 2B2 ,2b1
25a1

21a2
26a1

23b2
23b1

27a1
24b2

1 2.83 3.17�0.87� 3.12 A 3.16�3�
2A1 ,2b1

25a1
21a2

26a1
23b2

23b1
27a1

14b2
2 2.98 3.22�0.86� 3.24 A tail �3.3

2B1 ,2b1
25a1

21a2
26a1

23b2
23b1

17a1
24b2

2 3.25 3.47�0.85� 3.49 B 3.45�5�
2B2 ,2b1

25a1
21a2

26a1
23b2

13b1
27a1

24b2
2 3.92 3.96�0.85� C �4.0

2A1 ,2b1
25a1

21a2
26a1

13b2
23b1

27a1
24b2

2 4.12 4.32�0.84� E 4.26�5�
2A2 ,2b1

25a1
21a2

16a1
23b2

23b1
27a1

24b2
2 4.74 4.92�0.84� 4.92

2A1 ,2b1
25a1

11a2
26a1

23b2
23b1

27a1
24b2

2 4.79 4.98�0.84�
2B1 ,2b1

15a1
21a2

26a1
23b2

23b1
27a1

24b2
2 4.64 4.94�0.82�

aNumbers in the parentheses represent the pole strength of the OVGF calculation.
bNumbers in the parentheses represent the experimental uncertainties in the last digit.

1 2 3 4 5
Binding Energy (eV)

X

A

X
A

X'

X'

(a)
355 nm

(b)
266 nm

(c)
193 nm

FIG. 2. Same as Fig. 1, but taken under hotter source conditions.
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calculations for the seven lowest-lying isomers were
calculated at RCCSD�T� /6-311+G�2df� at the optimized
CCSD�T� /6-311+G� structures. Geometries, symmetry,
electronic state, and relative energies at B3LYP /6-311+G�

and at CCSD�T� /6-311+G�2df� / /CCSD�T� /6-311+G�

+ZPE / /B3LYP /6-311+G� for the first seven low-lying sin-
glet and the lowest triplet isomers of Al8N− are displayed in
Fig. 3.

The structure II �1A�, 1a�22a�21a�23a�24a�22a�25a�2

6a�27a�23a�28a�24a�29a�25a�210a�2� �the molecular orbitals
are arranged according to its VDEs� of Cs symmetry was
found to be the global minimum �Fig. 3� at both the B3LYP/
3-21G and the B3LYP /6-311+G� levels of theory. However,
at the CCSD�T� /6-311+G�2df� / /CCSD�T� /6-311+G�

+ZPE / /B3LYP /6-311+G� level of theory the structure I
�1A1, 1a1

22a1
21b2

21b1
23a1

22b2
22b1

24a1
25a1

23b2
26a1

21a2
23

b1
27a1

24b2
2� of C2v symmetry is lower than structure II by

1.9 kcal/mol. It should be stressed that from the theoretical
point of view, such a small energy difference is beyond our
ability to determine the global minimum structure of this
anion with certainty. Unlike the 3D global minimum struc-
tures of Al6N− and Al7N−, in which the nitrogen atom has a
high coordination number of 6,13,16 in both low-lying isomers
of Al8N− �I and II�, the nitrogen atom has low coordination
numbers of 4 and 5, respectively. Structure I can be de-
scribed as an Al6 octahedron bonded by an Al–N–Al motif.
On the basis of the natural population analysis the Al–N–Al
motif carries formal negative charge of �1. Structure II can
be considered as originating from structure I by moving one
bottom aluminum atom from the Al6 octahedron to the top to
bond with the N atom. Both isomers I and II seem to have
been missed in a previous study by Leskiw et al.7

The next five low-lying isomers of Al8N− were found to
be 3.1 kcal/mol �isomer III�, 4.4 kcal/mol �isomer IV�,
5.2 kcal/mol �isomer V�, 6.0 kcal/mol �isomer VI�, and
9.9 kcal/mol �isomer VII� higher in energy than the
global minimum �isomer I� at the CCSD�T� /6-311
+G�2df� / /CCSD�T� /6-311 + G�+ ZPE//B3LYP /6-311+ G�

level of theory. Structures III–VII have the following
symmetry, electronic state, and configuration,

III-C2v, 1A1,1a1
21b2

22a1
21b1

23a1
22b2

24a1
22b1

25a1
21a2

26a1
23b2

23b1
27a1

24b2
2,

IV-C2v, 1A1,1a1
22a1

21b2
21b1

23a1
22b2

24a1
22b1

25a1
23b1

23b2
26a1

21a2
27a1

24b2
2,

V-C3v, 1A1,1a1
22a1

23a1
21e42e44a1

25a1
23e46a1

24e47a1
2,

VI-D3d, 1A1g,1a1g
21a2u

21eu
42a1g

22a2u
23a1g

22eu
41eg

43a2u
22eg

44a1g
2,

VII-D3h, 1A1�,1a1�
21a2�

21e�42a1�
22a2�

23a1�
22e�41e�43a2�

24a1�
23e�4.

Isomers III, IV, and VI can be considered as all three
possible combinations of the Al6N3− octahedron bicapped by
two formal Al+ cations. We discussed the structure and bond-
ing of the perfect octahedral Al6N3− previously.13 Structure
V can be viewed as a distorted aluminum octahedron bi-
capped with an Al and an Al–N fragment to opposite sides.
Finally, structure VII is formally a trigonal prism Al6N3−

bicapped by two Al+ cations.

B. Al8N

We also performed simulated annealing and GEGA
searches for the global minimum structure of neutral Al8N at
the B3LYP/3-21G level of theory for both doublet and quar-
tet states. The geometries and frequencies for low-lying
structures were then recalculated at B3LYP /6-311+G�

level. Finally, single point calculations for the low-lying iso-
mers were calculated at RCCSD�T� /6-311+G�2df� at the

FIG. 3. �Color online� The first seven low-lying singlet isomers and the
lowest triplet isomer of Al8N−. Upper and lower numbers are relative ener-
gies calculated at the CCSD�T� /6-311+G�2df� / /CCSD�T� /6-311+G�

+ZPE / /B3LYP /6-311+G� and B3LYP /6-311+G�+ZPE / /B3LYP /6-311
+G� levels of theory, respectively.
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optimized B3LYP /6-311+G� geometries. The structures of
the eleven lowest-lying doublet isomers and one lowest quar-
tet isomer of Al8N are shown in Fig. 4.

According to our GEGA search, isomer IX was found to
be the global minimum structure �Fig. 4�. This structure
�C3v, 2A1, 1a1

22a1
23a1

21e42e44a1
25a1

23e46a1
24e47a1

1� can
be viewed as generated from structure V of the anion by
removing one electron from its doubly occupied highest
occupied molecular orbital �HOMO�. The next lowest
structure is structure X �Cs,

2A�, 1a�22a�21a�23a�2

4a�25a�26a�27a�22a�23a�28a�29a�24a�210a�211a�1�, which
is only 1.1 kcal/mol higher in energy at RCCSD�T� /6-311
+G� / /B3LYP /6-311+G�+ZPE / /B3LYP /6-311+G� level,
and thus they are degenerate from our point of view. The
isomers X, XI, XIII, XV, and XIX can be viewed as derived
from the anionic isomers III, II, IV, I, and VIII, respectively,
by removing one electron from the HOMO and some subse-
quent bond relaxation. It is more difficult to find parental
anionic isomers for the neutral isomers XII, XIV, XVI, XVII,
XVIII, and XX. We notice that similar structures as isomer
X, XI, and XII have been reported previously for Al8N by
several groups.7–9 Similar to the case of the anionic isomers,
the potential energy surface of the neutral Al8N cluster is
found to have many low-lying local minima.

VI. INTERPRETATION OF THE PES SPECTRA

Our extensive structural search for Al8N− revealed
five low-lying isomers within about less than 5 kcal/mol

at the CCSD�T� /6-311+G�2df� / /CCSD�T� /6-311+G�

+ZPE / /B3LYP /6-311+G� level of theory �Fig. 3�. Those
isomers are so close in energies that potentially they could all
contribute to the experimentally observed PES spectra. In-
deed, the congested spectral pattern of Al8N− suggested po-
tential complications due to the presence of more than one
isomer, as evidenced experimentally �Figs. 1 and 2�. To aid
the assignments, the calculated VDEs of the first few detach-
ment channels for these five low-lying isomers of Al8N− at
our highest level of theory, RCCSD�T� /6-311+G�2df�, are
compared to the 266 nm PES spectrum in Fig. 5, where the
calculated VDEs are plotted as vertical bars. Clearly, isomer
V �1A1, C3v� can be ruled out, because its first VDE is very
low at 2.53 eV �Fig. 5�b��, which is absent in the experimen-
tal data. Similarly, the third VDE of isomer IV �1A1, C3v�
occurs in the gap region of the PES spectra and it is expected
to have negligible contributions to the observed spectrum.
Both isomers IV and V are relatively high in energy and it is
reasonable that they are not present in our experiment.

The first VDE of the lowest energy isomer I �1A1, C2v�
agrees well with the X band �Fig. 5�a��. However, its second
VDE calculated at RCCSD�T� is 3.25 eV, much larger than
the experimental VDE �2.99 eV� of the second band �X��,
indicating that the observed PES spectra cannot be explained
by a single isomer I. As discussed above, the experimental
observation suggests the X� band to be contributed by an-
other isomer. Indeed, the first VDE �2.93 eV� of isomer II
�1A�, Cs�, which is only 1.9 kcal/mol at the CCSD�T� level
above isomer I, matches the X� band �2.99 eV� quite well
�Fig. 5�a��. Thus, isomers I and II should be the major carri-
ers of the PES spectra. As seen in Fig. 5�b�, isomer III �1A1,
C2v� also gives detachment transition features, which are
within the observed PES pattern. While we cannot assign this
isomer definitively, we also cannot completely rule it out.
According to our calculations, isomer III is 3.1 kcal/mol
above the global minimum, so its population, if there is any,
should be much smaller relative to isomers I and II and can
be ruled out in our assignments. The calculated VDEs for

FIG. 4. �Color online� The first eleven low-lying doublet isomers and the
lowest quartet isomer of Al8N. Upper and lower numbers are relative
energies calculated at the CCSD�T� /6-311+G�2df� / /B3LYP /6-311+G�

+ZPE//B3LYP /6-311+G� and B3LYP /6-311+G�+ZPE / /B3LYP /6-311
+G� levels of theory, respectively.

FIG. 5. Comparison of the 266 nm PES spectra with the calculated VDEs
�shown as vertical bars� at the RCCSD�T� /6-311+G�2df� level for �a� iso-
mer I �solid line bars� and isomer II �dashed line bars�, �b� isomers III, IV,
and V of Al8N−.
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isomers I, II, and III of Al8N− at the TD-B3LYP /6-311
+G�2df�, ROVGF /6-311+G�2df�, and RCCSD�T� /6-311
+G�2df� levels of theory are presented in Table II, as well as
the tentative spectral assignments. We can see that higher
energy detachment channels of these isomers are also con-
sistent with the PES data.

Overall, the experimental data are in good agreement
with the combined detachment transitions calculated for the
two lowest isomers �I and II�, indicating that these structures
are competing for the global minimum of Al8N−. The higher
energy of isomer II is consistent with its slightly enhanced
population under hotter experimental conditions, indicating
that isomer I should be the true global minimum for Al8N−

and confirming the accuracy of the current level of theory.

VII. DISCUSSION

One of the most striking results found in the current
experimental and theoretical study of Al8N− and Al8N is the
presence of structurally diverse isomers with close energies.
This is likely a result of increasing competition between
Al–Al and Al–N interactions in the doped cluster. In the
smaller doped clusters, AlxN

− and AlxN �x=3–5�,12 the
Al–N interactions are more important. For example, in the
Al3N− �C2v� and Al4N− �D4h� clusters, all aluminum atoms
are located in the first coordination layer of the central nitro-
gen atom in planar geometries, which optimize the Al–N
interactions.12 We started to encounter low-lying isomers in
Al5N− due to the competition between Al–Al and Al–N in-
teractions. The global minimum structure of Al5N− �C2v� is
built upon the square-planar Al4N− structure with the addi-
tional Al atom boned to one of its four edges outside the first
coordination layer. However, a 3D structure, which can be
viewed as a tetrahedral Al4 cluster bound to an AlN unit, was
found to be a low-lying isomer and was also present in the
PES spectra of Al5N−.12 Thus, the Al–Al interactions start to
be important structure-forming factors in Al5N−. For Al6N−,
we found two close low-lying isomers, which appear to op-
timize both the Al–Al and Al–N interactions.13 For Al7N−

and Al7N, our study found only one dominating isomer in
which the N atom has high coordination number of 6 and 7,
respectively. Particularly for Al7N, the seven Al atoms are all
in the first coordination sphere and bound to the N atom,
which seems to optimize Al–N interactions.16 We have also
shown that the global minimum structures of the Al6N− and
Al7N− can be viewed as being evolved from the N-centered
Al6N3− octahedron. The chemical bonding in the Al6N3− oc-
tahedron can be approximately rationalized as the central N
atom carrying an effective charge of �3 �N3−�, which is
ionically bound to an octahedral Al6 cluster, thus optimizing
both Al–Al and Al–N interactions.

For Al8N−, this Al6N3− octahedron is no longer found as
a building block in the two lowest-lying isomers �Fig. 3�.
Instead, the two lowest isomers �I and II� of Al8N− can both
be viewed as a distorted Al4N− square bound to four addi-
tional Al atoms. Unlike the 3D structures of Al6N− and
Al7N−, the Al–Al interactions seem to be dominating in
Al8N−, although isomers III and IV do contain the Al6N3−

octahedron units and they are not too high in energy. Thus,

the more complicated balance between Al–Al and Al–N in-
teractions in the larger Al8N− cluster are responsible for its
structural diversity. It should also be pointed out that in all
the low-lying isomers for Al8N− we found that the effective
atomic charges on the N atom �calculated using natural bond
analysis at B3LYP /6-311+G�� vary from −2.1�e� to −2.5�e�,
indicating the formation of the nearly complete shell 2s22p6

in the ionic limit �N3–�, which is consistent with the previous
experimental observations.10

VIII. SUMMARY

We investigated the structural properties of the Al8N−

cluster using a combined PES and ab initio study. The cal-
culated VDEs were compared to the complicated PES spec-
tral features and confirmed the presence of multiple isomers
in the experiment for Al8N−. The global minimum structures
of Al8N and Al8N− were located using both genetic algo-
rithm and simulated annealing. We found that at least two
low-lying isomers of Al8N− were populated experimentally
and contribute to the observed PES spectra. Unlike the 3D
structures of Al6N− and Al7N−, where the N atom has a high
coordination number of 6, in the two low-lying isomers of
Al8N−, the N atom has low coordination numbers of 4 and 5.
The competition between Al–Al and Al–N interactions are
found to dictate the structures of the N-doped aluminum
clusters and results in the diverse low-lying structures for
Al8N− and Al8N.
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