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The electronic and geometrical structure of a nitrogen-doped Al6
- cluster (Al6N-) is investigated using

photoelectron spectroscopy and ab initio calculations. Photoelectron spectra of Al6N- have been obtained at
three photon energies with seven resolved spectral features. The electron affinity of Al6N has been determined
to be 2.58( 0.04 eV. Global minimum structure searches for A6N- and its corresponding neutral form are
performed using several theoretical methods. Vertical electron detachment energies, calculated using three
different methods for the lowest energy structure and a low-lying isomer, are compared with the experimental
data. The ground-state structure of Al6N- is established from the joint experimental and theoretical study to
consist of an Al2 dimer bonded to the top of a quasi-planar tetracoordinated N unit, Al4N-, or it can be
viewed as a distorted trigonal prism structure with the N atom bonded in one of the prism faces. For neutral
Al 6N, three low-lying isomers are found to compete for the global minimum, two of which are built from the
tetracoordinated Al4N unit. The chemical bonding in Al6N- is discussed on the basis of molecular orbital and
natural bond analyses.

1. Introduction

Aluminum nitride is an important semiconductor material,
but there have been relatively few experimental and theoretical
studies on small aluminum nitride clusters.1-11 Recently, Li and
Wang reported an extensive set of photoelectron spectra of
Al xN- clusters wherex ) 2-22 at 193 nm and compared them
to those of pure Alx- clusters.10 They found spectral similarity
between AlxN- and Alx-1

- and suggested that there is a strong
charge transfer to form formally N3- in the nitrogen-doped
aluminum clusters. In a very recent study,12 we combined
photoelectron spectroscopy (PES) with global minimum struc-
tural search, using a gradient-embedded genetic algorithm
followed by high-level ab initio calculations, to elucidate the
structures and bonding for a series of nitrogen-doped small
aluminum clusters, AlxN- (x ) 3-5). Vertical electron detach-
ment energies calculated for the lowest-energy structures were
found to be in excellent agreement with the experimental
observations. Planar structures were established for all the three
Al xN- (x ) 3-5) anions. In particular, we found that Al4N- is
a highly stable cluster, isoelectronic to the penta-atomic tetra-
coordianted planar carbon molecule, CAl4

2-.13,14 The global
minimum structure of Al5N- simply consists of a planar Al4N-

with the extra Al atom bonded to its side in the same plane,12

suggesting the stability and robustness of the planar tetracoor-
dinated N structural unit. In the current article, we report a joint

PES and ab inito study on Al6N- and Al6N to examine if the
planar Al4N structural unit plays any role in larger N-doped
aluminum clusters.

For the Al6N cluster, a number of different structures have
been suggested from prior theoretical studies,3,7-9 but there is
no consensus about its global minimum. Nayak, Khanna, and
Jena3 reported a global minimum structure with the N atom
capping the triangular face of a distorted Al6 octahedron. Leskiw
et al.7 and Guo and Wu9 reported a global minimum structure
with the N atom located inside a distorted Al6 octahedron. Ling,
Song, and Cao8 reported a very low symmetry structure, which
can be approximately viewed as a N atom inside a highly
distorted Al6 prism structure.

In the current work, well-resolved photoelectron spectra of
Al6N- at three photon energies are compared to theoretical
calculations. We found that Al6N- possesses aC2V global
minimum structure, which consists of an Al2 dimer bonded on
the top of a planar Al4N- unit. It can also be viewed as an N
atom located in one of the faces of a distorted Al6 trigonal prism.
For neutral Al6N, we found three low-lying isomers with very
close energies competing for the global minimum. Two of the
three low-lying structures are related to the planar Al4N,
confirming the stability and robustness of the planar tetracoor-
dinated N structural unit.

2. Experimental Method

The experiment was performed using a magnetic-bottle PES
apparatus with a laser vaporization cluster source, details of
which have been published elsewhere.15 Briefly, the Al6N-
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clusters were produced by laser vaporization of a pure Al disk
target with a 5% N2/He carrier gas. Under this condition, only
clusters doped with one nitrogen atom were formed.10 The
Al6N- anion clusters of interest were size-selected and deceler-
ated before crossing with a detachment laser beam. We have
reported PES spectra of AlxN- for x ) 2- 22 at 193 nm (6.424
eV) recently along with the AlxN- mass distribution.10 In the
current study, we have obtained additional photoelectron spectra
for Al6N- at two lower photon energies, 355 (3.496 eV) and
266 (4.661 eV). The lower photon energy spectra yielded better-
resolved spectra, which were necessary to compare with
theoretical calculations. The electron energy resolution of our
PES apparatus was∆E/E ∼ 3%, that is, about 30 meV for 1-eV
electrons.

3. Theoretical Methods

We performed an initial search for the global minimum of
Al6N- and Al6N using our gradient embedded genetic algorithm
(GEGA) program.16,17 We used a hybrid method known in the
literature as B3LYP18-20 with the small split-valence basis sets
(3-21G)21 for energy, gradient, and force calculations. We
reoptimized geometries and calculated frequencies for all
isomers found for Al6N- and Al6N at the B3LYP/6-311+G*
level of theory. We also recalculated the two lowest-energy
structures of Al6N- using a coupled-cluster method with single,
double, and noniterative triple excitations (CCSD(T))22-24 on
the basis of the RHF formalism with the polarized split-valence
basis sets (6-311+G*).25-27 Total energies of the local minimum
structures were also recalculated at the CCSD(T)/6-311+G-
(2df)//B3LYP/6-311+G* level of theory. We performed ad-
ditional single-point calculations at the multi-configuration self-
consistent field method (CASSCF(X,Y)28,29 with X active
electrons andY active molecular orbitals in order to test the
validity of the one-electron approximation.

The Al6N- vertical electron detachment energies (VDEs) were
calculated using the R(U)CCSD(T)/6-311+G(2df), the outer
valence Green Function method (ROVGF/6-311+G(2df))30-34

at the RCCSD(T)/6-311+G* geometries, and the time-dependent
DFT method35,36 (TD-B3LYP/6-311+G(2df)) at the B3LYP/
6-311+G* geometries. Core electrons were frozen in treating
the electron correlation at the RCCSD(T) and ROVGF levels
of theory.

The B3LYP, R(U)CCSD(T), and R(U)OVGF ab initio
calculations were performed using the Gaussian 98 and 03
programs.37,38 Molecular orbital visualization has been done
using the MOLDEN3.4 program.39

4. Experimental Results

The PES spectra of Al6N- at three photon energies are shown
in Figure 1. Two bands were observed in the 355-nm spectrum
(Figure 1a), a relatively sharp band (X) at a VDE of 2.66 eV
and a broadband, which seemed to consist of two overlapping
features (A and B). A long tail was observed at the lower binding
energy side, which depended on the detachment photon flux at
355 nm and was due to thermionic emission processes.40 The
thermionic emission was less severe at higher photon energies
because of the relatively lower photon fluxes used. The X band
was relatively sharp, suggesting a small geometrical change from
the ground state of Al6N- to that of neutral Al6N. From the
onset of the X band, we obtained an adiabatic detachment energy
(ADE) of 2.58( 0.04 eV, which defines the electron affinity
of neutral Al6N. At 266 nm (Figure 1b), the bands A and B
were resolved more clearly and a number of new features were
also revealed. Two relatively sharp peaks were observed at 4.00

eV (C) and 4.06 eV (D), which could be due to the 0-0 and
0-1 transitions of a vibrational progression. However, since
there were no other regular peaks with a similar spacing at
higher binding energies beyond peak D, we tentatively assigned
the C and D as the origins of two electronic transitions. As will
be shown below, these assignments were born out in our
theoretical calculations. At 193 nm (Figure 1c), two more closely
spaced bands were observed at VDEs of 4.51 eV (E) and 4.70
eV (F). In addition, the relative intensities of the A and B bands,
as well as the C and D bands, appeared to increase with the
photon energies.

The VDEs of all the observed bands are given in Tables 1
and 2, where they are compared with theoretical calculations
for the two lowest-lying isomers of Al6N-.

5. Theoretical Results

Al6N-. We initially performed the GEGA search for the
global minimum structure at B3LYP/3-21G level of theory
separately for both singlet and triplet states. Figure 2 displays
the low-lying structures found by the GEGA search and
recalculated at the B3LYP/6-311+G* geometry with relative
total energies at CCSD(T)/6-311+G(2df)//B3LYP/6-311+G*.

The structure II (Figure 2) was found by GEGA at the
B3LYP/3-21G level to be the global minimum, which is the
same as reported by Leskiw et al.7 and Guo and Wu.9 However,
at the B3LYP/6-311+G*, CCSD(T)/6-311+G*, and CCSD(T)/
6-311+G(2df)//B3LYP/6-311+G* levels of theory, the global
minimum is the structure I, which is more stable than the

Figure 1. Photoelectron spectra of Al6N- at (a) 355 nm (3.496 eV),
(b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV).
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structure II at the above levels of theory by 0.8, 2.4, and 1.5
kcal/mol, respectively. The Hatree-Fock function was found to
be dominant (CHF ) 0.951 out of 31 878 configurations) in
CASSCF(10,10)/6-311+G* calculations for the structure I. The
global minimum structure I seems to have been missed in
previous studies of Al6N-. At CCSD(T)/6-311+G*, the structure
II has one imaginary frequency (Table 3). However, the

vibrationally averaged structure II can be considered to have
theC2V symmetry. Among other low-lying isomers, we mention
the structure III, which consists of an NAl moiety bonded to a
capped-tetrahedral Al5 cluster, is higher in energy than the global
minimum structure by 7.7 kcal/mol (B3LYP/6-311+G*) and
10.1 (CCSD(T)/6-311+G(2df)//B3LYP/6-311+G*). The lowest
triplet structure IV, which is related to the singlet structure II,

TABLE 1: Comparison of the Experimental VDEs to the Calculated VDEs for the Structure I of Al6N- (All Energies in eV)

VDE (theor.)

feature VDE (expt)a
final state and

electronic configuration TD-B3LYP OVGFb ∆CCSD(T)

X 2.66 (3) 2B1, 2b2
24a1

22 b1
21a2

23b2
25a1

23b1
1 2.41 2.53 (0.86) 2.63

A 3.25 (5) 2A1, 2b2
24a1

22 b1
21a2

23b2
25a1

13b1
2 3.14 3.30 (0.86) 3.36

B 3.40 (4) 2B2, 2b2
24a1

22 b1
21a2

23b2
15a1

23b1
2 3.22 3.44 (0.86) 3.44

C 4.00 (3) 2A2, 2b2
24a1

22 b1
21a2

13b2
25a1

23b1
2 4.21 4.20 (0.83) 4.23

D 4.06 (3) 2B1, 2b2
24a1

22 b1
11a2

23b2
25a1

23b1
2 4.00 4.21 (0.82) c

E 4.50 (5) 2A1, 2b2
24a1

12 b1
21a2

23b2
25a1

23b1
2 4.40 4.51 (0.81) c

F 4.70 (5) 2B2, 2b2
14a1

22 b1
21a2

23b2
25a1

23b1
2 4.62 4.70 (0.81) c

a Numbers in parentheses represent the uncertainty in the last digit.b Values in parentheses represent the pole strength of the OVGF calculation.
c This value cannot be calculated at the this level of theory.

TABLE 2: Comparison of Experimental VDEs to the Calculated VDEs for the Structure II of Al 6N- (All Energies in eV)

VDE (theor.)

feature VDE (expt)a
final state and

electronic configuration TD-B3LYP OVGFb ∆CCSD(T)

X 2.66 (3) 2A1, 2b2
22b1

24a1
23b2

25a1
21a2

26a1
1 2.56 2.67 (0.86) 2.79

A 3.25 (5) 2A2, 2b2
22b1

24a1
23b2

25a1
21a2

16a1
2 2.78 2.95 (0.86) 2.99

B 3.40 (4) 2A1, 2b2
22b1

24a1
23b2

25a1
11a2

26a1
2 3.64 3.73 (0.86) c

C 4.00 (3) 2B2, 2b2
22b1

24a1
23b2

15a1
21a2

26a1
2 3.87 4.10 (0.84) 3.98

D 4.06 (3) 2A1, 2b2
22b1

24a1
13b2

15a1
21a2

26a1
2 4.11 4.31 (0.82) c

E 4.50 (5) 2B1, 2b2
22b1

14a1
23b2

25a1
21a2

26a1
2 4.06 4.29 (0.80) 4.23

F 4.70 (5) 2B2, 2b2
12b1

24a1
23b2

25a1
21a2

26a1
2 4.81 4.89 (0.79) c

a Numbers in parentheses represent the uncertainty in the last digit.b Values in parentheses represent the pole strength of the OVGF calculation.
c This value cannot be calculated at this level of theory.

Figure 2. Computationally found isomers for Al6N-. Relative energies are given at CCSD(T)/6-311+G(2df)//B3LYP/6-311+G* and at B3LYP/
6-311+G* in parentheses.
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is higher in energy than the global minimum structure by 10.5
kcal/mol (B3LYP/6-311+G*) and 12.4 (CCSD(T)/ 6-311+G-
(2df)//B3LYP/6-311+G*). We also identified a number of local
minimum structures (Figure 2) with energies between 14 and
32 kcal/mol above the global minimum.

Al6N. We initially performed the GEGA search for the global
minimum structure of neutral Al6N at the B3LYP/3-21G level
of theory separately for doublet and quartet states. Figure 3
shows the low-lying structures found by the GEGA search and
recalculated at the B3LYP/6-311+G* geometry with relative
total energies at CCSD(T)/6-311+G(2df)//B3LYP/6-311+G*.

The global minimum structure XVIII (Figure 3) at the
B3LYP/3-21G level found by GEGA is the same as that reported
by Leskiw et al.7 and Guo and Wu.9 Ling, Song, and Cao8 found
a global minimum structure similar to the structure XVIII, but
without any symmetry. Note the structure XVIII in Figure 3
possessesC2V symmetry. Nayak, Khanna, and Jena3 reported a
global minimum structure for Al6N, in which a nitrogen atom
is coordinated outside the face of a distorted Al6 octahedron.
However, at the B3LYP/6-311+G* level of theory the global
minimum is the structure XIX, which has never been reported
in the literature. At our highest CCSD(T)/6-311+G(2df)//
B3LYP/6-311+G* level of theory the structure XVIII again
becomes the most stable one, but it is only more stable than
structure XIX by 0.7 kcal/mol. We also found that the structure
XX, which corresponds to the global minimum of the anion
(structure I), is also a very stable structure for the neutral species,
only 3.3 kcal/mol (B3LYP/6-311+G*) and 0.8 kcal/mol (CCSD-
(T)/6-311+G(2df)// B3LYP/6-311+G*) higher than the struc-
ture XVIII. In order to avoid the problem with a different spin-
contamination at the UCCSD(T)/6-311+G(2df) level of theory
for structures XVIII-XX, we evaluated energies of the struc-
tures XVIII-XX as a difference between total energy of the
anion at the geometry of the neutral species (at RCCSD(T)/6-
311+G(2df)//B3LYP/6-311+G*) and the first vertical electron
detachment energy for the anion (at ROVGF/6-311+G(2df)//
B3LYP/6-311+G*) at the geometry of the neutral species. In
that approach the〈S2〉 values are exactly 0.750. The structure

XVIII was found again to be the global minimum with relative
energies equal to 3.7 kcal/mol for the structure XIX and 1.8
kcal/mol for the structure XX. The energy differences for the
three low-lying structures of Al6N (XVIII, XIX, XX) are too
small to allow us to conclude with certainty which one is the
true global minimum. Notably, all other isomers, XXI-XXXIII
in Figure 3, are significantly higher in energy and will not be
discussed further.

The molecular properties for the two low-lying structures of
Al6N- (I and II) and the three low-lying structures of Al6N
(XVIII, XIX, and XX) are summarized in Tables 3 and 4,
respectively.

6. Interpretations of the PES Spectra and Comparison
with the Calculated VDEs

We calculated the VDEs for structures I and II of Al6N- at
the TD-B3LYP/6-311+G(2df), ROVGF/6-311+G(2df), and
CCSD(T)/6-311+G(2df) levels of theory. The theoretical results
are compared with the experimental data in Tables 1 and 2 for
the two isomers, respectively.

The global minimum structure I has the 1a1
21b2

21b1
22a1

23a1
2-

2b2
24a1

22b1
21a2

23b2
25a1

23b1
2 (1A1) electronic configuration ac-

cording to the ROVGF/6-311+G(2df) calculations. The calcu-
lated VDE from the 3b1-HOMO at three levels of theory is 2.41
eV (TD-B3LYP/6-311+G(2df)), 2.53 eV (ROVGF/6-311+G-
(2df)), and 2.63 eV (CCSD(T)/6-311+G(2df)), agreeing well
with the experimental value for the ground-state transition (X)
with the measured VDE of 2.66 eV (Table 1). The next two
detachment channels from 5a1-HOMO-1 and 3b2-HOMO-2 give
very close VDEs in all three methods. Again the TD-DFT
method gives slightly lower VDEs for these two detachment
channels (3.14 and 3.22 eV). But the OVGF values (3.30 and
3.44 eV) are almost identical to the CCSD(T) values (3.36 and
3.44 eV), which are in excellent agreement with the experi-
mental measurements (3.25 and 3.40 eV). The calculated VDEs
from the 1a2-HOMO-3 and 2b1-HOMO-4 from TD-DFT again
differ from the OVGF values, which are more reliable from

TABLE 3: Molecular Properties of the Al 6N- Species

(C2V, 1A1) II (C2V, 1A1) II (Cs, 1A′)molecular
parameter B3LYP/ 6-311+G* CCSD(T)/6-311+G* B3LYP/6-311+G* CCSD(T)/6-311+G* CCSD(T)/6-311+G*

E, a.u. -1509.59658 59 -1506.68285 19 -1509.59523 94 -1506.67910 67 -1506.67963 13
R(N-Al2) 2.391 2.355 1.931 1.930 1.945
R(N-Al4) 2.004 2.004 2.333 2.340 2.296
R(N-Al5) 2.094 2.078 2.019
R(N-Al7) 2.193
R(Al2-Al3) 2.614 2.616 2.795 2.826 2.771
R(Al2-Al4) 2.672 2.683 2.726 2.723 2.698
R(Al4-Al5) 3.010 2.975 2.634 2.637 2.648
R(Al4-Al7) 2.607
R(Al5-Al6) 2.615 2.628
ω1, cm-1 a1, 367 (17) 385 a1, 561 (198) 573
ω2, cm-1 a1, 323 (82) 349 a1, 339 (4) 350
ω3, cm-1 a1, 291 (2) 297 a1, 253 (3) 259
ω4, cm-1 a1, 259 (17) 271 a1, 216 (7) 225
ω5, cm-1 a1, 204 (5) 212 a1, 117 (11) 120
ω6, cm-1 a2, 245 (0) 252 a1, 115 (0) 104
ω7, cm-1 a2, 185 (0) 181 a2, 286 (0) 287
ω8, cm-1 a2, 63 (0) 48 a2, 64 (0) 52i
ω9, cm-1 b1, 536 (77) 536 b1, 332 (12) 360
ω10, cm-1 b1, 272 (10) 276 b1, 229 (18) 232
ω11, cm-1 b1, 188 (8) 183 b1, 30 (0) 113i
ω12, cm-1 b2, 526 (131) 542 b2, 550 (150) 564
ω13, cm-1 b2, 250 (13) 242 b2, 278 (2) 282
ω14, cm-1 b2, 109 (12) 101 b2, 194 (0) 193
ω15, cm-1 b2, 80 (1) 56 b2 108 (30) 84

a Values in parentheses represent relative absorbance intensities in the IR spectrum (km/ mol).
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the above discussion. The OVGF values (4.20 and 4.21 eV)
for these two detachment channels are somewhat larger than
the experiment (4.00 and 4.06 eV). We also note that the OVGF

values for the two relatively high-energy detachment channels,
4a1-HOMO-5 and 2b2-HOMO-6, are in excellent agreement with
the PES data (Table 1). The pole strength (UOVGF) in the
OVGF calculations was found to be between 0.81 and 0.86 for
all the seven detachment channels (Table 1), indicating that
electron detachments from Al6N- can be primarily described
by one-electron processes. The overall agreement between the
calculated VDEs for the structure I and the experimental VDEs
is excellent.

Since the structure II was found to be very close to the global
minimum structure, we also computed the VDEs for this isomer
and compared them with the experimental data in Table 2. The
electronic configuration for the structure II was found to be 1a1

2-
1b2

22a1
21b1

23a1
22b2

24a1
22b1

23b2
25a1

21a2
26a1

2 (1A1) at the ROVGF/
6-311+G(2df) level of theory. The calculated VDE from the
6a1-HOMO at three levels of theory is 2.56 eV (TD-B3LYP/
6-311+G(2df)), 2.67 eV (ROVGF/ 6-311+G(2df)), and 2.79
eV (CCSD(T)/6-311+G(2df)), which also agrees well with the
experimental VDE for the ground-state transition at 2.66 eV
(Table 4). However, the calculated VDEs for the higher binding
energy channels completely disagree with the experiment. For
example, the experiment showed that the bands A and B have
very close VDEs, whereas the calculated VDEs for 1a2-
HOMO-1 and 5a1-HOMO-2 show a very large separation in
two methods (Table 2). The spectral pattern for the higher
binding energy channels also displays a large discrepancy with
the PES data. Thus, we can rule out structure II as the carrier
of the PES spectra for Al6N-.

Our results demonstrate again the sensitivity of the calculated
PES spectra to cluster structures. Even though both structures
I and II are very close in total energies and give similar first

Figure 3. Computationally found isomers for Al6N. Relative energies are given at CCSD(T)/6-311+G(2df)//B3LYP/6-311+G* and at B3LYP/
6-311+G* in parentheses.

TABLE 4: Molecular Properties of the Al 6N Species
Calculated at B3LYP/6-311+G*

molecular
parameter XVIII (C2v, 2A1) XIX (C2, 2A) XX (C2v, 2B1)

E, a.u. -1509.5109768 -1509.5148164 -1509.5095013
R(N-Al2) 1.894 3.749 2.443
R(N-Al4) 2.832 1.886 2.003
R(N-Al5) 2.030 1.965
R(Al2-Al3) 3.499 2.579 2.712
R(Al2-Al4) 2.724 2.767 2.698
R(Al2-Al7) 3.078 2.997
R(Al4-Al5) 2.700 2.730 2.934
R(Al5-Al6) 2.742 2.689
R(Al4-Al7) 2.694
ω1, cm-1 a1, 434 (13) a, 714 (321) a1, 351 (3)
ω2, cm-1 a1, 360 (1) a, 408 (31) a1, 271 (3)
ω3, cm-1 a1, 256 (1) a, 301(5) a1, 228(0)
ω4, cm-1 a1, 203 (1) a, 288 (0) a1, 212 (35)
ω5, cm-1 a1, 127 (0) a, 243(4) a1, 193(8)
ω6, cm-1 a1, 53 (0) a, 172 (1) a2, 226 (0)
ω7, cm-1 a2, 233 (0) a, 70 (0) a2, 162 (0)
ω8, cm-1 a2, 93 (0) a, 63 (0) a2, 59 (0)
ω9, cm-1 b1, 364 (4) b, 639 (48) b1, 509 (95)
ω10, cm-1 b1, 207 (12) b, 250 (5) b1, 222 (4)
ω11, cm-1 b1, 119 (1) b, 221 (4) b1, 162 (5)
ω12, cm-1 b2, 697 (108) b, 195 (0) b2, 537 (160)
ω13, cm-1 b2, 278 (0) b, 123 (1) b2, 229 (4)
ω14, cm-1 b2, 187 (0) b, 70 (1) b2, 111 (5)
ω15, cm-1 b2, 127 (0) b, 34 (0) b2, 51 (6)

a Values in parentheses represent relative absorbance intensities in
the IR spectrum (km/mol).
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VDEs, their overall spectral patterns are totally different. The
excellent agreement between the calculated VDEs for structure
I and the experiment unequivocally confirms it as the global
minimum for the Al6N- cluster.

7. Chemical Bonding in Al6N-

The global minimum structure I and the low-lying isomer II
are both related to the planar tetracoordinate nitrogen molecule
Al4N-. Our recent work12 showed that Al4N- is isoelectronic
to the first pentaatomic planar tetracoordinate carbon, Al4C2-,13,14

and is a very stable structural unit. We also found in that work
that Al5N- is built upon the planar Al4N- unit with the extra
Al bonded to one side of Al4N- in the same plane.12 The ground
state of Al6N- can be viewed as an Al4N- unit with the two
extra Al atoms bonded to its top, whereas the low-lying isomer
II can be viewed as an Al4N- unit with the two Al atoms bonded
to each side of it on one edge. In neutral Al6N, among the three
lowest-lying isomers structures XIX and XX are built from the
planar Al4N unit. These observations suggest the robustness and
stability of the planar Al4N- and Al4N structural units, which
may also play major roles in larger AlxN- clusters.

The ground-state structure I and the low-lying isomer II for
Al6N- can also be understood as a Jahn-Teller distortion from
the corresponding high-symmetryD3h and Oh structures, re-
spectively. In order to proof these structural relationships, we
added an extra pair of electrons to the lowest unoccupied MO
in both structures (Figures 4 and 5). Geometry optimizations
for Al6N3- started from the geometries of structures I and II
led to high-symmetryD3h (1A1′, 1a1′21a2′′21e′42a1′22a2′′2-
2e′41e′′43a1′23e′4) and Oh (1A1g, 1a1g

21t1u
62a1g

22t1u
61eg

41t2g
6)

structures (see MOs in Figures 6 and 7). While isolated Al6N3-

is not electronically stable, it has a repulsive Coulomb barrier
on the electron ejection pathway and therefore it has a certain
lifetime at the optimizedOh geometry. We discuss this
metastable trianion only for showing that the low-symmetry

global minimum structure of Al6N- can be explained on the
basis of the Jahn-Teller effect. At the B3LYP/6-311+G* level
of theory, theOh (1A1g) structure is a local minimum and the
D3h (1A1′) structure was found to be a first-order saddle point
being 8.9 kcal/mol (B3LYP/6-311+G*) and 15.2 kcal/mol
(CCSD(T)/6-311+G(2df)//B3LYP/6-311+G*) higher in energy
than theOh structure. Geometry optimization of theD3h (1A1′)

Figure 4. Molecular orbital for Al6N- (structure I) calculated at RHF/
6-311+G*.

Figure 5. Molecular orbital for Al6N- (structure II) calculated at RHF/
6-311+G*.

Figure 6. Molecular orbital for Al6N3- (structureD3h, 1A1′) calculated
at RHF/6-311+G*.
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structure along the imaginary frequency mode led to theOh

structure. Thus, when a pair of electrons are removed from the
1t2g-HOMO (Oh) or from the 3e′-HOMO (D3h), the ensuring
Jahn-Teller distortion lead to the structures II and I, respec-
tively.

Calculated NBO charges at B3LYP/6-311+G* for the two
lowest structures of Al6N- and Al6N are summarized in Figure
8. In all four structures the effective charge on the central N
atom is almost the same (-2.30- (-2.40)|e|), which is close
to the ionic limit -3.00 |e|. Upon electron detachment from
Al6N- the electron density is reduced primarily on aluminum
atoms. That can be easily understood from the MO pictures of
Al6N- (structures I and II) presented in Figures 5 and 6 because
the 3b1-HOMO in the structure I and the 6a1-HOMO in the
structure II are composed purely of aluminum AOs only. Thus,
the N atom in Al6N- and Al6N can be viewed as N3-, consistent
with the previous observation by Li and Wang that the electronic
structures of AlxN- are similar to those of pure aluminum
clusters with one less aluminum, Alx-1

-.10

The Oh structure of Al6N3- can be related to the recently
reportedOh structure of the isolated Al6

2- cluster.41 In Al6
2-,

the six lowest valence occupied MOs could be approximately
assigned to six lone pairs formed by primarily 3s-AOs of Al
with one lone pair at every Al atom. That takes 12 valence
electrons out of 20. The remaining 8 valence electrons fill a
completely delocalized 2a1g MO, which is formed by the radial
3p-AOs of six aluminum atoms, and a delocalized triply
degenerate 1t2g-HOMO, which is formed by the tangential 3p-
AOs of the six aluminum atoms. This results in double spherical
aromaticity, where the 2a1g-MO is a spherical analog of a
π-aromatic MO and the 1t2g-MO is a spherical analog of
σ-aromatic MOs in planar aromatic systems (see recent review
ref 42 for details). MOs for theOh structure of Al6N3- are
presented in Figure 7. The lowest valence 1a1g-MO is primarily

2s-AO of the central nitrogen atom. The next triply degenerate
1t1u-MO can be assigned to three 2px-, 2py-, and 2pz-AOs of
the nitrogen. The next six valence MOs (2a1g, 2t1u, and 1eg) are
primarily formed by the 3s-AOs of the aluminum atoms. Finally,
the triply degenerate 1t2g-HOMO is formed by the tangential
3p-AOs of the Al atoms, similar to the 1t2g-HOMO in Al62-.
Thus, in theOh structure of Al6N3- the chemical bonding can
be approximately described as the central atom carrying an
effective charge-3 (N3-), which is ionically bound to the
octahedral Al6 cluster. The Al6 cluster keeps its octahedral
structure in Al6N3-, because N3- can perfectly fit in the cavity
of the octahedron and N3- with its 8 valence electrons substitute
a pair of electrons on the completely bonding 2a1g-MO in Al6

2-.
The tangential peripheral Al-Al bonding is the same in both
clusters and thus Al6N3- is also tangential aromatic.

8. Conclusions

We combined photoelectron spectroscopy and theoretical
calculations to elucidate the electronic structure and chemical
bonding of Al6N-. Seven detachment channels were observed
and compared with the calculated VDEs. Global minimum
structures of Al6N- and Al6N were identified first by using
gradient embedded genetic algorithm (B3LYP/3-21G) followed
by B3LYP/6-311+G* geometry and frequency calculations. The
energies of the optimized structures were than refined at the
CCSD(T)/6-311+G(2df)//B3LYP/6-311+G* level of theory. By
comparing the theoretical VDEs with the experimental data we
established that Al6N- has a distorted trigonal prism structure
I (C2V, 1A1), which is built from a planar Al4N- unit with the
two extra Al atoms bonded to its top on one side. Three low-
lying isomers with close total energies were identified for the
neutral Al6N cluster, competing for the global minimum
structure. The current work provides another example of the
robustness and stability of the planar Al4N unit, which may play
a major structural role in larger N-doped aluminum clusters.

Figure 7. Molecular orbital for Al6N3- (structureOh, 1A1g) calculated
at RHF/6-311+G*.

Figure 8. Effective NBO atomic charges (in|e|) for Al 6N- (structures
I and II) and Al6N (structures XX and XVIII) at B3LYP/6-311+G*.
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