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Anion photoelectron spectra of GaxNy
- cluster anions, in which x ) 4-12, y ) 1 and x ) 7-12, y ) 2, were

measured. Ab initio studies were conducted on GaxNy
- cluster anions in which x ) 4-7, y ) 1 and Ga7N2

-,
providing their structures and electronic properties. The photoelectron spectra were interpreted in terms of
the computational results. This allowed for identification of the isomers present in the beam experiments for
specific GaxN- cluster anions (x ) 4-7). The unexpected presence of GaxN2

- species is also reported.

I. Introduction

Gallium nitride (GaN) is an important wide-band-gap
semiconductor.1,2 Despite the potential importance of gallium
nitride, there have been relatively few studies, either experi-
mental or theoretical, on gallium nitride clusters.3–22 The
combination of anion photoelectron spectroscopy (PES) with
global minimum structure searches is an effective tool for
determining geometrical structures of negatively charged clus-
ters. A previous anion photoelectron spectroscopic study was
performed on Ga2N- by Sheehan et al.5 They recorded PES
spectra of Ga2N- at 416, 355, and 266 nm. The spectra showed
transitions to the ground and the first excited electronic states
of neutral Ga2N (X 2Σu

+ f X 1Σg
+; A 2Πu f X 1Σg

+), leading
to an electron affinity value of 2.506 ( 0.008 eV for Ga2N.

In the current work, we present our joint anion photoelectron
spectroscopic and ab initio study of a series of GaxNy

- clusters,
in which x ) 4-7, y ) 1, and the Ga7N2

- cluster, which was
studied theoretically, and when x ) 4-12, y ) 1 and x ) 7-12,
y ) 2, was studied experimentally. On the experimental side,
we measured anion photoelectron spectra at 355 and 266 nm,
that is, 3.49 and 4.66 eV, respectively. On the computational
side, we computed the geometric and electronic structures of
the GaxN- clusters and the Ga7N2

- cluster and interpreted the
photoelectron spectra.

II. Experimental Methods

Anion photoelectron spectroscopy is conducted by crossing
a mass-selected beam of negative ions with a fixed-frequency
photon beam and energy-analyzing the resultant photodetached
electrons. It is governed by the energy-conserving relationship,
hν ) EBE + EKE, where hν is the photon energy, EBE is the
electron binding (transition) energy, and EKE is the electron
kinetic energy. Briefly, our apparatus, which has been described
previously,23 consists of a laser vaporization source, a time-of-
flight mass spectrometer for mass analysis and mass selection,

Nd:YAG lasers for ablation and for photodetachment, and a
magnetic bottle electron energy analyzer. In the present work,
GaxNy

- and Gax
- cluster anions were produced by laser-ablating

a disk of pressed gallium nitride powder with 532 nm photons.

III. Theoretical Methods

We performed initial computational searches for the global
minima of GaxN- (x ) 4-7) and Ga7N2

- using both our
Gradient Embedded Genetic Algorithm (GEGA) program writ-
ten by A. N. Alexandrova24,25 and the Coalescence Kick (CK)
method written by B. B. Averkiev.26 We first used a hybrid
density functional method known in the literature as B3LYP27–29

with the small split-valence basis set (3-21G) for energy,
gradient, and force calculations. We then reoptimized geometries
and calculated frequencies for the lowest isomers of GaxN-

(identified by GEGA and CK) at the B3LYP and CCSD(T)30–32

(for small-sized clusters only) methods with the polarized split-
valence basis set (6-311+G*).33–35 Total energies of the lowest
isomers were also calculated using the CCSD(T) method with
the extended 6-311+G(2df) basis set.

The vertical electron detachment energies (VDEs) were
calculated using the restricted (unrestricted) coupled cluster
method with single, double, and noniterative triple excitations
(R(U)CCSD(T)/6-311+G(2df) method), the restricted (unre-
stricted) Outer Valence Green Function method (R(U)OVGF/
6-311+G(2df)),36–40 and the time-dependent density functional
method41,42 (TD-B3LYP/6-311+G(2df)) for closed-shell (open-
shell) GaxN- clusters and for the closed-shell Ga7N2

- cluster.
In the TD-B3LYP approach, the first VDE was calculated at
the B3LYP level of theory as the lowest-energy transition from
the singlet state of the anion into the lowest-energy doublet state
of the neutral (in the case of GaxN- and Ga7N2

- clusters’ being
in the singlet state) and as the lowest-energy transition from
the doublet state of the anion into the lowest-energy singlet and
triplet states of the neutral (in the case of GaxN- cluster’s being
in the doublet state). Then the vertical excitation energies of
the neutral species (calculated at the TD-B3LYP level) were
added to the first VDE to obtain the second and higher VDEs.
Core electrons were frozen when treating the electron correlation
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at the RCCSD(T) and ROVGF levels of theory. The B3LYP,
R(U)CCSD(T), R(U)OVGF, and TD-B3LYP calculations were
performed using the Gaussian03 and Molpro programs.43,44

Molecular structure visualization was done using the MOLDEN
3.4 program.45

IV. Experimental Results

The following cluster anion series were observed in the mass
spectra: GaxN1

-, GaxN2
-, and Gax

-. We observed GaxN1
-

species ranging from x ) 3 to 12, with their intensity
distributions reaching maxima between x ) 4 and 7, depending
on source conditions. In our source, it was difficult to make
useable intensities for GaxN1

- species smaller than Ga4N1
-.

Under favorable source conditions, GaxN2
- size distributions

were also observed for x ) 7-12. The observed Gax
- size

distribution ranged from x ) 3 to 17.
With the available ion intensities, we were able to measure

photoelectron spectra of GaxN1
- cluster anions over the size

range, x ) 4-12 using both 3.49 and 4.66 eV photons. Their
photoelectron spectra measured with 4.66 eV photons are
presented in Figure 1. Their photoelectron spectra, measured
with 3.49 eV photons, showed the same peaks and spectral
features at the same electron binding energies up to the available
photon energy, suggesting that anion resonances were not
present in the photon energy range utilized. We were also able
to record the photoelectron spectra of GaxN2

- over the size
range, x ) 7-12 using 3.49 eV photons, and they are presented
in Figure 2. We furthermore measured the anion photoelectron
spectra of Gax

- species having the same number of gallium
atoms as the GaxNy

- cluster anions we studied, and they agreed
with the spectra recorded earlier by Cha et al.46

The peaks in the photoelectron spectra correspond to pho-
todetachment transitions from the ground vibronic state of a
given GaxNy

- cluster anion to the ground and excited vibronic
states of its neutral counterpart. The EBE values (listed as VDEs)
of prominent peaks for the GaxN- series and Ga7N2

- cluster
are presented in Tables 1-5. It is seen that the smaller members
of the GaxN- series exhibit rich electronic structure, indicating
that their neutral cluster counterparts exhibit several low-lying
electronic states. The spectrum of Ga4N- displays the greatest
spacing between the first two peaks. In the spectra of both
Ga5N- and Ga6N-, pairs of peaks are apparent. In the spectrum
of Ga5N-, the spacing between peaks X and C is about the same
as that between peaks A and D. In the spectrum of Ga6N-, the
spacing between peaks X and B is about the same as that
between peaks A and C. Furthermore, this spacing is smaller
than the previously discussed spacing. The spectrum of Ga7N-

stands apart from the others in that the EBE value of its lowest
EBE peak is lower than all the other GaxN- species, except for
Ga4N-. Other than the case of Ga7N, the EBE of the GaxN-

clusters all appear to be increasing with x.
The photoelectron spectra of the GaxN2

- cluster anions are
less well-defined; that is, their peaks are broadened. Although
their profiles are similar to both GaxN- and Gax

- photoelectron
spectra having the same number of gallium atoms, x, they lack
some of the features of the Gax

- spectra. Moreover, it is quite
unlikely that the cooling conditions of our source would have
been cold enough to “solvate” Gax

- cluster anions with a N2

molecule. It appears that the profiles of the GaxN2
- spectra

mimic the GaxN- spectra having the same x.

V. Theoretical Results

Ga4N-. We initially performed CK and GEGA searches for
the global minimum of Ga4N- at the B3LYP/3-21G level of

theory. Both methods revealed an identical global minimum
structure I (D4h, 1A1g) (Figure 3). The geometries and frequencies
for the low-lying structures of Ga4N- were then recalculated at
the B3LYP/6-311+G* level of theory. Finally, single-point
calculations for the three lowest-lying isomers were calculated
at RCCSD(T)/6-311+G(2df) at the optimized B3LYP/6-
311+G* geometries (except for structure I, for which the single-
point calculations were performed at the optimized RCCSD(T)/
6-311+G* geometry). Geometric structures, symmetries,
electronic states, and relative energies of the first three low-
lying isomers are displayed in Figure 3.

Both structures II and III are significantly higher in energy
(by 18.9 and 20.3 kcal/mol at CCSD(T)/6-311+G(2df), respec-
tively) and, thus, cannot contribute to the PES spectra. These
two isomers will not be considered further. The same planar
square global minimum structure of the congener Al4N- cluster
was initially predicted computationally,47–51 and then it was
confirmed in a joint experimental and theoretical study by
Averkiev et al.52

Ga5N-. The CK and GEGA global minimum searches
revealed three structures, IV, V, and VI, of Ga5N- to be very

Figure 1. Photoelectron spectra of GaxN-, x ) 4-12, measured with
4.66 eV photons.
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close in energy (within 3 kcal/mol) at the B3LYP/3-21G level
of theory (Figure 4). The geometries and frequencies for the
first five low-lying structures of Ga5N- were then recalculated
at the B3LYP/6-311+G* level of theory. Finally, single-point
calculations for all the presented lowest-lying isomers were
calculated at UCCSD(T)/6-311+G(2df) at the optimized B3LYP/
6-311+G* geometries (Figure 4). The energies of the two lowest
isomers IV and V are too close to one another (within 0.1 kcal/
mol at CCSD(T)/6-311+G(2df)) to make a global minimum
assignment on the basis of our calculations. Geometric struc-
tures, symmetries, electronic state, and relative energies of the
first five low-lying isomers are displayed in Figure 4. The
identified lowest isomers (IV, V, VI, VII, and VIII) are the same
as for the congener cluster of Al5N-,52 although the order of
these isomers is different.

Ga6N-. Our CK and GEGA global minimum searches found
the two lowest structures of Ga6N-, isomers IX and X, to be
very close in energy (within 3 kcal/mol) at the B3LYP/3-21G
level of theory (Figure 5). The geometries and frequencies for
the first two low-lying structures of Ga6N- were then recalcu-
lated at the B3LYP/6-311+G* level of theory. Finally, single-
point calculations for the two lowest isomers were calculated

at RCCSD(T)/6-311+G(2df) at the optimized B3LYP/6-
311+G* geometries (Figure 5). Geometric structures, sym-
metries, electronic states, and relative energies of isomers IX
and X are displayed in Figure 5. The two lowest isomers of
Ga6N- are the same as for the congener cluster of Al6N-.53

Similarly to Al6N-, we found that other isomers of Ga6N- are
significantly higher in energy and should not contribute to the
experimental photoelectron spectra of the Ga6N- cluster.

Ga7N-. Our CK global minimum search found only one
lowest structure of Ga7N-, isomer XI (Figure 6). However, when
we recalculated alternative structures at the B3LYP/6-311+G*
level of theory, we found that there were two low-lying isomers
(XI and XII) (Figure 6). Finally, single-point calculations for
the four lowest structures were calculated at RCCSD(T)/6-
311+G(2df) at the optimized B3LYP/6-311+G* geometries
(Figure 6). The relative energies of the four lowest structures
calculated using the MOLPRO software package at the various
coupled cluster methods, namely, RCCSD(T), RCCSD[T],
RCCSD-T, UCCSD(T), UCCSD[T], UCCSD-T, are given in
the Supporting Information (see Table S1). The results obtained
using these methods differ by no more than 0.6 kcal/mol. The
lowest isomer of Ga7N- is the same as for the congener cluster
of Al7N-.54 In the previous calculations of Al7N-, there were

Figure 3. (a) The three lowest isomers of Ga4N-, their symmetries,
spectroscopic states, and relative energies at CCSD(T)/6-311+G(2df)
and at B3LYP/6-311+G* (in braces).

Figure 4. The five lowest isomers of Ga5N-, their symmetries,
spectroscopic states, and relative energies at CCSD(T)/6-311+G(2df)
and at B3LYP/6-311+G* (in braces).

Figure 5. The two lowest isomers of Ga6N-, their symmetries,
spectroscopic states, and relative energies at CCSD(T)/6-311+G(2df)
and at B3LYP/6-311+G* (in braces).

Figure 2. Photoelectron spectra of GaxN2
-, x ) 7-12, measured with

3.49 eV photons.

TABLE 1: Experimentally Observed and Theoretically Calculated VDEs of Ga4N-a

VDE (theor), eV

feature VDE (exptl), eV
final state and

electronic configuration TD-B3LYPb OVGFb,c ∆CCSD(T)b

X 2.0 2B2g, 1a2u
21b1 g

22eu
41b2g

1 1.93 1.99 (0.89) 2.01
A 3.6 2Eu, 1a2u

21b1g
22eu

31b2g
2 3.38 3.62 (0.86) 3.52

B 4.3 2B1g, 1a2u
21b1g

12eu
41b2g

2 4.61 4.57 (0.82) 4.38

a Structure I D4h, 1A1g. All energies are in electronvolts. b Calculated using the 6-311+G(2df) basis set. c Values in parentheses represent the
pole strength of the OVGF calculation.
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no other low-lying isomers. However, for Ga7N-, we found that
the second-lowest isomer XII was 4.7 kcal/mol higher than the
global minimum structure. The other two structures XIII and
XIV were shown to have two imaginary frequency modes, as
compared to that of the Al7N- cluster, in which they were both
local minima lying higher in energy.54 Following the geometry
optimization along those frequencies leads to the global
minimum structure (isomer XI). To test if these structures are,
indeed, saddle points of the second order, we carried out
geometry optimization and frequency calculations using a
different nonhybrid density functional exchange correlation
potential known in the literature as BPW9155–58 using the same
basis set (6-311+G*). At the BPW91/6-311+G* level, isomer
XI is still a global minimum, and isomer XII is the second-
lowest isomer, whereas structures XIII and XIV preserved the
two imaginary modes, thus, leaving only two competitive
isomers (XI and XII).

Ga7N2
-. According to our CK global minimum search, three

lowest isomers of Ga7N2
- (XV, XVI, and XVII) were identified

(Figure 7). The two lowest isomers (XV and XVI) are
degenerate at the B3LYP/6-311+G* level of theory, but the
isomer XV is slightly more stable at RCCSD(T)/6-311+G(2df).
Geometric and electronic properties of neutral GanN2 (n )
1-18) clusters have been investigated previously by Song and
Cao at the DFT level (the generalized gradient approximation
and full-potential linear-muffin-tin-orbital molecular dynamics
method).19 According to their calculations, starting from Ga4N2,
the nitrogen molecule dissociates. For the neutral Ga7N2 cluster,
they reported the global minimum structure, which becomes a
saddle point upon addition of one electron. The geometry
optimization of it following the imaginary frequency modes
leads to the global minimum of Ga7N2

-, isomer XV. Isomer
XVII is higher in energy by 2.7 kcal/mol than the global
minimum (isomer XV) at RCCSD(T)/6-311+G(2df), but we
still do not rule out the possibility of its contribution to the
photoelectron spectrum.

The searches for the global minimum structures for clusters
GaxN-, where x > 7, and Gax′N2

-, x ) 8-12, are too demanding,
as for our computer resources. Therefore, we did not perform
any theoretical calculations on those clusters.

VI. Interpretation of the PES Spectra

Ga4N-. The ab initio VDEs calculated at the TD-B3LYP/6-
311+G(2df), ROVGF/6-311+G(2df) and R(U)CCSD(T)/6-
311+G(2df) levels for the global minimum structure I of Ga4N-

are compared with the experimental data in Table 1. The global
minimum of Ga4N- was found to be the planar square structure
I (D4h, 1A1g) with the valence electronic configuration 1a1g

21eu
4-

2a1g
21a2u

21b1g
22eu

41b2g
2. As given in Table 1, our calculated

VDE for the removal of an electron from the HOMO (1b2g) of
the global minimum is 2.01 eV at the ∆CCSD(T)/6-311+G(2df)
level of theory (our highest level of theory), 1.99 eV at the
ROVGF/6-311+G(2df) level of theory, and 1.93 eV at the TD-
B3LYP/6-311+G(2df) level of theory. The pole strength (at the
ROVGF level) of the 1 VDE was found to be 0.89, indicating
that the detachment channel can be primarily described by a
one-electron detachment process. This calculated first VDE for
structure I is in excellent agreement with the measured VDE of
2.00 ( 0.10 eV for the X feature (Table 1 and Figure 1). The
second and the third features (A and B) can be assigned to the
removal of an electron from the HOMO-1 (1b2g) and HOMO-2
(2eu), respectively. Again, excellent agreement among all the
levels of theory and the experiment was obtained for both VDEs
(Table 1). Good agreement between experimental and theoretical
VDEs for structure I is an unequivocal proof that this structure
was, indeed, observed under the experimental conditions and
that the planar square structure with a nitrogen atom at the center
is, indeed, a global minimum structure of the Ga4N- cluster.

Ga5N-. According to our calculations, three isomers (IV, V,
and VI) compete for the global minimum structure of Ga5N-.
Structure IV (Cs, 2A′) has the valence electronic configuration
1a′22a′21a′′23a′24a′25a′26a′22a′′27a′23a′′28a′1. The first VDE of
the isomer IV corresponds to an electron detachment from the
HOMO (8a′) resulting in the final lowest singlet state 1A′ with
the electronic configuration: 1a′22a′21a′′23a′24a′25a′26a′22a′′2-
7a′23a′′28a′0. The second VDE of isomer IV corresponds to an
electron detachment from the HOMO-1 (3a′′), resulting in the
final lowest triplet state 3A′′ with the electronic configuration
1a′22a′21a′′23a′24a′25a′26a′22a′′27a′23a′′18a′1. These first two
VDEs calculated at our highest level of theory (∆CCSD(T)/6-
311+G(2df)) are in good agreement with the experimental
values (features X and A) (see Table 2). The planar structure V
(C2V, 2B1) has the valence electronic configuration, 1a1

22a1
21b2

2-
3a1

24a1
21b2

22b2
23b2

25a1
26a1

22b1
1. The first VDE of isomer V

corresponds to an electron detachment from the HOMO (2b1),
resulting in the final singlet state 1A1 with the electronic
configuration 1a1

22a1
21b2

23a1
24a1

21b2
22b2

23b2
25a1

26a1
22b1

0. Our
calculated first VDE of isomer V is somewhat lower than the
first VDE observed experimentally (feature X), but it may be
responsible for the weak feature X′ occurring at about 1.8 eV,
suggesting that isomer V is a minor contributor to the
experimental PES. Theoretically calculated VDEs for isomer
VI are very similar to those of structure IV, and thus, we cannot
rule out the presence of isomer VI in a molecular beam.

Ga6N-. We identified two isomers IX (C2V
1A1, 1a1

2-
1b1

21b2
22a1

23a1
21a2

22b2
24a1

22b1
23b2

25a1
23b1

2) and X (C2V
1A1,

1a1
22a1

21b2
21b1

23a1
22b2

24a1
22b1

25a1
23b2

21a2
26a1

2), which could
contribute to the experimental PES spectra of the Ga6N- cluster.
Calculated VDEs for these two clusters are compared with the
experimental VDEs in Table 3. One can see that the first four
VDEs of isomer IX, corresponding to electron detachments from
HOMO (3b1), HOMO-1 (5a1), HOMO-2 (3b2), and HOMO-3
(2b1), fit perfectly the experimental spectra, especially those
VDEs calculated at the ∆CCSD(T)/6-311+G(2df) level of
theory. For the second-lowest isomer of Ga6N- (isomer X), the

Figure 6. The lowest isomers of Ga7N-, their symmetries, spectro-
scopic states, and relative energies at CCSD(T)/6-311+G(2df), at
B3LYP/6-311+G* (in braces), and at BPW91/6-311+G* (in square
brackets).

Figure 7. The lowest isomers of Ga7N2
-, their symmetries, spectro-

scopic states, and relative energies at CCSD(T)/6-311+G(2df) and at
B3LYP/6-311+G* (in braces).
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calculated VDEs do not fit the experimental spectra. In
particular, there is no theoretical VDE of the isomer X capable
of explaining the B feature of the experimental spectrum at 3.76
eV. Thus, we concluded that isomer IX is certainly present in
the experimental spectra, and it is a global minimum structure
for the Ga6N- cluster. The second isomer X was found to be
higher in energy than the global minimum by 2.2 kcal/mol at
the CCSD(T)/6-311+G(2df) level of theory. Although we
cannot completely rule out the presence of isomer X in the
molecular beam, it should be a minor contributor to the
experimental spectra.

Ga7N-. The global minimum structure of Ga7N- (isomer XI
C3V, 2A1) has the valence electronic configuration 1a1

22a1
21e43a1

2-
4a1

22e43e45a1
24e46a1

1
.The first VDE of isomer XI corresponds

to an electron detachment from the HOMO (6a1
1) resulting in

the final lowest singlet state 1A1 with the electronic configuration
1a1

22a1
21e43a1

24a1
22e43e45a1

24e46a1
0
. The second VDE of isomer

XI corresponds to an electron detachment from the HOMO-1
(4e) resulting in the final lowest triplet state 3E with the
electronic configuration 1a1

22a1
21e43a1

24a1
22e43e45a1

24e36a1
1.

These first two VDEs of Ga7N- (isomer XI C3V, 2A1) (2.38 and
3.13 eV) calculated at our highest level of theory (∆CCSD(T)/
6-311+G(2df)) can be compared with the experimental values
(1.9 and 3.1 eV corresponding to features X and A, respectively)
in Table 4. The bigger variance of the first calculated VDE (at
∆CCSD(T)/6-311+G(2df)) from the experimentally obtained
value is puzzling, especially if one were to take into account
that values of NORM(A) in all the ∆CCSD(T)/6-311+G(2df)

TABLE 2: Experimentally Observed and Theoretically Calculated VDEs of Ga5N-a

VDE (theor), eV

feature VDE (exptl) eV
final state and

electronic configuration TD-B3LYPb UOVGFb,c ∆CCSD(T)b

Structure IV Cs, 2A′
X 2.1 1A′, 5a′26a′22a′′27a′23a′′28a′0 1.94 2.27 (0.88) 2.01
A 2.4 3A′′, 5a′26a′22a′′27a′23a′′18a′1 2.24 2.21 (0.88) 2.39
B 2.6 1A′′, 5a′26a′22a′′27a′23a′′18a′1 2.42 d d
C 3.6 3A′, 5a′26a′22a′′27a′13a′′28a′1 3.57 3.82 (0.86) 3.71
D 3.9 3A′′, 5a′26a′22a′′17a′23a′′28a′1 3.85 d d

1A′, 5a′26a′22a′′27a′13a′′28a′1 3.88 4.01 (0.85) d
1A′′, 5a′26a′22a′′17a′23a′′28a′1 3.96 d d
3A′, 5a′26a′12a′′27a′23a′′28a′1 4.06 4.24 (0.84) d
1A′, 5a′26a′12a′′27a′23a′′28a′1 4.36 d d

Structure V C2V, 2B1

X′ ∼1.8 1A1, 1b1
22b2

23b2
25a1

26a1
22b1

0 1.74 1.88 (0.88) 1.79
A 2.4 3B1, 1b1

22b2
23b2

25a1
26a1

12b1
1 2.37 2.40 (0.87) 2.42

B 2.6 1B1, 1b1
22b2

23b2
25a1

26a1
12b1

1 2.52 d d
C 3.6 3B1, 1b1

22b2
23b2

25a1
16a1

22b1
1 3.43 3.56 (0.83) d

D 3.9 1B1, 1b1
22b2

23b2
25a1

16a1
22b1

1 3.64 d d
3A2, 1b1

22b2
23b2

15a1
26a1

22b1
1 3.84 4.10 (0.84) 4.01

1A2, 1b1
22b2

23b2
15a1

26a1
22b1

1 3.90 d d

Structure VI Cs, 2A′′
X 2.1 1A′, 2a′′25a′23a′′26a′27a′24a′′0 1.96 2.12 (0.88) 2.03
A 2.4 3A′′, 2a′′25a′23a′′26a′27a′14a′′1 2.24 2.50 (0.88) 2.44
B 2.6 1A′′, 2a′′25a′23a′′26a′27a′14a′′1 2.50 d d
C 3.6 3A′′, 2a′′25a′23a′′26a′17a′24a′′1 3.51 3.64 (0.85) d
D 3.9 3A′, 2a′′25a′23a′′16a′27a′24a′′1 3.66 3.92 (0.85) 3.86

1A′′, 2a′′25a′23a′′26a′17a′24a′′1 3.69 d d
3A′′, 2a′′25a′13a′′26a′27a′24a′′1 4.42 4.62 (0.83) d

a Structure IV Cs, 2A′; structure V C2V, 2B1; and structure VI Cs, 2A′′. All energies are in electronvolts. b Calculated using the 6-311+G(2df)
basis set. c Values in parentheses represent the pole strength of the OVGF calculation. d These values cannot be calculated at this level of
theory.

TABLE 3: Experimentally Observed and Theoretically Calculated VDEs of Ga6N-a

VDE (theor)

feature VDE (exptl)b
final State and

electronic configuration TD-B3LYPb OVGFb,c ∆CCSD(T)b

Structure IX C2V, 1A1

X 2.5 2B1, 2b2
24a1

22b1
23b2

25a1
23b1

1 2.36 2.43 (0.88) 2.51
A 3.0 2A1, 2b2

24a1
22b1

23b2
25a1

13b1
2 2.91 3.00 (0.88) 3.05

B 3.8 2B2, 2b2
24a1

22b1
23b2

15a1
23b1

2 3.58 3.68 (0.87) 3.63
C 4.1 2B1, 2b2

24a1
22b1

13b2
25a1

23b1
2 3.99 4.31 (0.86) d

2A1, 2b2
24a1

12b1
23b2

25a1
23b1

2 4.54 4.79 (0.82) d

Structure X C2V, 1A1

X 2.5 2A1, 4a1
22b1

25a1
23b2

21a2
26a1

1 2.45 2.61 (0.88) 2.67
A 3.0 2A2, 4a1

22b1
25a1

23b2
21a2

16a1
2 2.57 2.77 (0.88) 2.79

B 3.8 2B2, 4a1
22b1

25a1
23b2

11a2
26a1

2 3.97 4.28 (0.86) 4.17
C 4.1 2A1, 4a1

22b1
25a1

13b2
21a2

26a1
2 4.00 4.04 (0.86) d

2B1, 4a1
22b1

15a1
23b2

21a2
26a1

2 4.30 4.54 (0.82) 4.54
2A1, 4a1

12b1
25a1

23b2
21a2

26a1
2 4.57 4.52 (0.85) d

a Structure IX C2V, 1A1; structure X C2V, 1A1. All energies are in electronvolts. b Calculated using the 6-311+G(2df) basis set. c Values in
parentheses represent the pole strength of the OVGF calculation. d These values cannot be calculated at this level of theory.
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calculations are within the range where single configuration
approximation is reasonable (1.28 for the anion in 2A1 state,
and 1.25 for the corresponding neutral 1A1 state). To further
address this issue, we performed additional CASSCF-MRCISD
calculations with a different choice of active space in the
CASSCF expansion (number of active electrons, number of
active orbitals): (5, 4), (5, 6), (7, 8) for the doublet anion
and (4, 4), (4, 6), (6, 8) for the corresponding neutral singlet
species. These calculations were performed using the
6-311+G* basis set. The first calculated VDE was found to
be 1.85, 1.87, 1.84 eV when the following active spaces are
used: ((5, 4) anion/(4, 4) neutral), ((5, 6) anion/(4, 6) neutral),
and ((7, 8) anion/(6, 8) neutral), respectively. These results
are in excellent agreement with the experimentally obtained
1VDE; thus, the multiconfigurational nature of the wave
function could be responsible for the deviation of the
∆CCSD(T)/6-311+G(2df) results from the experiment. How-
ever, taking into account a rather moderate basis set and
limited active space, these results should be considered as
preliminary ones.

The results of the experimentally observed and theoretically
calculated VDEs of the second lowest isomer XII of Ga7N-

(Cs, 2A′′) are also presented in Table 4. Both of the first two
VDEs calculated for this isomer significantly differ from the
experimentally obtained values (Table 4). Thus, we can rule
out the presence of relatively high-lying isomer XII in a
molecular beam leaving only one isomer of Ga7N- (isomer
XI C3V, 2A1) as the major contributor to the experimental
photoelectron spectrum.

Ga7N2
-. The VDEs for all three lowest isomers of the Ga7N2

-

cluster (see Figure 7) are presented in Table 5. The first VDEs
calculated for isomers XV and XVI (2.77 and 2.73 eV,
respectively) at our highest level of theory are nearly the same
and are in good agreement with the experimentally observed
feature X of 2.8 eV. The first VDE calculated for isomer XVII,
which lies higher in energy by 2.7 kcal/mol, is somewhat lower
(2.51 eV) than the value corresponding to the feature X (2.8
eV) and could be responsible for the weak, not well-resolved
feature prior to feature X in the experimental PES. We cannot

TABLE 4: Experimentally Observed and Theoretically Calculated VDEs of Ga7N-a

VDE (theor), eV

feature VDE (exptl) eV
final atate and

electronic configuration TD-B3LYPb UOVGFb,c ∆CCSD(T)b

Structure XI C3V, 2A1

X 1.9 1A1, 4a1
22e43e45a1

24e46a1
0 2.23 2.57 (0.88) 2.38

A 3.1 3E, 4a1
22e43e45a1

24e36a1
1 2.87 3.08 (0.87) 3.13

1E, 4a1
22e43e45a1

24e36a1
1 3.09 d d

3A1, 4a1
22e43e45a1

14e46a1
1 3.75 3.75 (0.87)

1A1, 4a1
22e43e45a1

14e46a1
1 3.91 d d

3E, 4a1
22e43e35a1

24e46a1
1 4.28 4.49 (0.85) d

1E, 4a1
22e43e35a1

24e46a1
1 4.41 d d

Structure XII Cs, 2A′′
X 1.9 1A′, 8a′23a′′24a′′29a′25a′′0 2.31 e 2.39f

A 3.1 3A′′, 8a′23a′′24a′′29a′15a′′1 2.49 e 2.70f

1A′′, 8a′23a′′24a′′9a′15a′′1 2.67 d d
3A′, 8a′23a′′24a′′19a′25a′′1 2.78 e 2.98f

1A′, 8a′23a′′24a′′19a′25a′′1 3.07 d d
3A′, 8a′23a′′14a′′29a′25a′′1 3.90 e d
3A′′, 8a′13a′′24a′′29a′25a′′1 3.98 e d
1A′, 8a′23a′′14a′′29a′25a′′1 4.18 d d

a Structure XI C3V, 2A1; structure XII Cs, 2A′′. All energies are in electronvolts. b Calculated using the 6-311+G(2df) basis set. c Values in
parentheses represent the pole strength of the OVGF calculation. d These values cannot be calculated at this level of theory. e These values are
not reported due to the high spin contamination (〈S2〉 ) 1.47). f The values are calculated at the RCCSD(T) level to avoid spin contamination.

TABLE 5: Experimentally Observed and Theoretically Calculated VDEs of Ga7N2
-a

VDE (theor)

feature VDE (exptl)
final state and

electronic configuration TD-B3LYPb OVGFb,c ∆CCSD(T)b,e

Structure XV C2V, 1A1

X 2.8 2A2, 7a1
23b1

23b2
28a1

24b1
21a2

1 2.56 2.76 (0.88) 2.77
A 2B1, 7a1

23b1
23b2

28a1
24b1

11a2
2 3.53 3.65 (0.86) 3.54

B 2A1, 7a1
23b1

23b2
28a1

14b1
21a2

2 3.61 3.74 (0.86) 4.04
C 2B2, 7a1

23b1
23b2

18a1
24b1

21a2
2 3.76 4.09 (0.87) 3.98

Structure XVI C2V, 1A1

X 2.8 2A2, 7a1
23b2

23b1
24b2

28a1
21a2

1 2.55 2.75 (0.88) 2.73
A 2A1, 7a1

23b2
23b1

24b2
28a1

11a2
2 3.52 3.67 (0.86) 3.74

B 2B2, 7a1
23b2

23b1
24b2

18a1
21a2

2 3.70 3.81 (0.85) 3.71
C 2B1, 7a1

23b2
23b1

14b2
28a1

21a2
2 3.78 4.15 (0.86) 4.00

Structure XVII Cs, 1A′
X 2.8 2A′, 7a′25a′′28a′26a′′29a′210a′1 2.29 2.50 (0.88) 2.51
A 2A′, 7a′25a′′28a′26a′′29a′110a′2 3.11 3.41 (0.87) d
B 2A′′, 7a′25a′′28a′26a′′19a′210a′2 3.67 4.20 (0.85)
C 2A′, 7a′25a′′28a′16a′′29a′210a′2 3.73 4.23 (0.86) d

a Structure XV C2V, 1A1; structure XVI C2V, 1A1; and structure XVII Cs, 1A′. All energies are in electronvolts. b Calculated using the
6-311+G(2df) basis set. c Values in parentheses represent the pole strength of the OVGF calculation. d These values cannot be calculated at this
level of theory. e At RCCSD(T) method.
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rule out the presence of isomer XVII in a molecular beam, but
if it is present, then it is present only as a minor contributor.

VII. Discussion

In this article, we have reported anion photoelectron spectra
of GaxNy

- cluster anions, where x ) 4-12, y ) 1 and x )
7-12, y ) 2. In the follow-up ab initio calculations, we
perfomed the global minimum search for GaxNy

- cluster
anions, where x ) 4-7, y ) 1, and Ga7N2

- using two
theoretical methods: the Gradient Embedded Genetic Algo-
rithm and the Coalescence Kick methods. Theoretical VDEs
for the global minimum structures and low-lying isomers
were compared to the experimental VDEs, thus allowing the
identification of the isomers present in the beam experiments
of specific GaxN- cluster anions (x ) 4-7) and the Ga7N2

-

cluster.
In the current study, we have showed that the global minimum

structures found for GaxN- clusters (x ) 4-7) are mostly the
same as those of previously reported global minimum structures
of their congener AlxN- clusters (x ) 4-7).52–54 However, in a
few cases, we found that the sets of low-lying isomers for GaxN-

clusters (x ) 4-7) can differ from those in AlxN- clusters
(x ) 4-7).

The case of the observed series of GaxN2
- cluster anions

is curious. Gallium nitride cluster anions with more than one
nitrogen atom were not observed in the previous study.5 One
might well imagine that their absence was due to the strength
of the nitrogen-nitrogen bond and that any attempts to add
additional nitrogen atoms would simply result in the forma-
tion of N2 and its escape. Nevertheless, they exist. We observe
them in our mass spectra, and we have recorded their
photoelectron spectra. The similarity of their photoelectron
spectra to those of GaxN- would seem to suggest that the
second nitrogen atom acts as a disinterested spectator or
“solvent”, but this seems chemically absurd given the strength
of the nitrogen-nitrogen bond. According to our calculations,
the nitrogen-nitrogen bond is broken in the Ga7N2

- cluster,
in agreement with the previously reported theoretical study
by Song and Cao,19 who predicted that starting from Ga4N2,
the nitrogen molecule dissociates. Reasonable agreement
between theoretical and experimental results for VDEs of
Ga7N2

- provides additional proof for the presence of a
Ga7N2

- cluster with dissociated nitrogen molecule. This result
provides the first clue that the nitrogen molecule should also
be present in the experimentally observed larger GaxN2

-

clusters (x ) 7-12) as two separated nitrogen atoms
embedded in gallium clusters. Dinitrogen gallium clusters
could be a good platform for understanding how the second-
strongest (after CtO) chemical bond in diatomic molecules
can be broken upon interaction with atomic clusters.
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