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Abstract We present a systematic theoretical study on mono
and digallium selenide clusters, Ga,,Se,, (m=1,2 and n=1-4),
along with their negatively and positively charged counter-
parts. Different theoretical methods, namely density function-
al theory (DFT), second-order Mgller-Plesset perturbation
theory (MP2) and coupled cluster singles and doubles, includ-
ing non-iterative triples [CCSD(T)], were employed in con-
junction with the 6-311+G(2df) basis set. The lowest-energy
configurations of gallium selenides prefer to be planar, with
the exception of cationic GaSe, and Ga,Se4. The adiabatic
electron affinities (AEA) of Ga,,Se,, (m=1,2 and n=1-4) clus-
ters range from 1.07 to 3.78 eV, and their adiabatic ionization
potentials (AIP) vary from 7.57 to 8.76 eV using the
CCSD(T)//B3LYP level of theory. It was found that the AEAs
of gallium selenides do not depend solely on the electrophi-
licity of the clusters but also on their electronic structures. No
significant trend was observed in the AIP values and HOMO-
LUMO (H-L) gaps with increase in cluster size of the mono
and digallium selenide series. Among the dissociation chan-
nels, the decomposition of GaSe,— GaSe,+Se, was found to
be thermodynamically most favored. Furthermore, the AEAs
of GaSe,, GaSes;, GaSe,; and Ga,Se, were found to exceed
that of the chlorine atom and are therefore termed as
‘superhalogens’. Finally, the AEAs of the Ga,X,, (X=0-Se;
n=2-4) series were found to be almost similar.
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Introduction

Gallium chalcogenide clusters have attracted increasing inter-
est owing to their extensive applications ranging from optics
to optoelectronics [1-9]. The interaction between gallium and
selenium atoms is of utmost importance due to their wide
usage in transistors [3], nanophotonic devices, photodetectors
[4], memory switching [5] and chalcogenide glasses [6]. GaSe
is a potential alternative to graphene for use in tunable
nanodevices [7] and as a photocatalyst [8]. In turn, digallium
triselenide, Ga,Se;, is a good contender for the passivation of
HI-V devices [9]. Doped gallium selenide, namely copper
indium gallium selenide (CulnGaSe,), is a leading candidate
for photovoltaic devices [10], whereas thallium gallium sele-
nide (TIGaSe,) is a promising semiconductor for X-ray and y-
ray detectors [11]. Cadmium digallium tetraselenide,
CdGa,Sey, is also used in tunable filters and photodetectors
[12]. Interestingly, gallium selenide can exist as
supertetrahedral clusters and serves as building blocks in the
design of novel materials [13].

Substantial research [13—19] has been carried out on
supertetrahedral and open framework materials of gallium sel-
enides. These supertetrahedral structures consist of smaller
gallium selenide fragments that bind together to form longer
chains [13-19]. For instance, an infinite chain of GaSe,-PPZ
(PPZ=piperazine) consists of smaller units such as GaSe, ,
GaSe,” and GagSe;4'*". GaSe,-PPZ could be a potential can-
didate for semiconductor quantum structures [13]. In the same
vein, GaySe; (en),-(enH), is built up from two kinds of tetra-
hedra: GaSe, and GaSesN [15]. Wu et al. [17] examined zinc
gallium selenide supertetrahedral clusters as models for doping.
The availability of such a diversity of doped structures has
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resulted in a large electronic band gap ranging from 1.5 to
3.4 eV. These tetrahedral clusters can be stabilized via inorganic
or organic connectivity leading to hydrid materials that are
useful for sensing applications [14, 18].

A wealth of studies has revealed that the stability and elec-
tronic properties of clusters can be altered dramatically by
changing one atom [20-26]. For example, Ga,Se is found to
adopt a bent configuration [20], unlike Ga,O, which is linear
[21]. Akin to the penta-atomic gallium oxide [22, 23] and
sulfide species [24, 25], the ground state geometry of Ga,Ses
is V-shaped while Ga,Se;  is kite shaped using the CCSD(T)//
B3LYP/6-311+G(2df) method [26]. With the latter method, the
ground state geometry of GasSe, is three-dimensional with a
C,, symmetry [26], differing from the planar kite geometry of
Gaz;0, and GasS, [22, 24] while GasS, [25] and GasSe,
prefer a three-dimensional (3D) structure with a D3}, symmetry
[26]. A decrease in electron affinity is observed when the sulfur
atoms of Ga,S; are replaced by selenium atoms, while electron
affinity increases when progressing from Ga;O, to GazSe, [26].
Analogous to gallium oxides [27, 28], the ground state geom-
etries of neutral and anionic GaS, and Ga,S, [29] were found to
be kite shaped and a planar D,y,, respectively.

Superhalogens are a class of molecules or clusters that have
received great attention owing to their high electron affinities
[30]. Species whose electron affinities exceed that of chlorine
atoms (3.61 eV) [31] are named as superhalogens. In 1981,
Gutsev and Boldyrev [32] generalized the formula of a con-
ventional superhalogen as MX,11ym Where M is a central
metal atom with a valency #» and X is an electronegative atom
with a valency m. In this vein, GaO,, Ga,O, [28] and GaS,
[29] can be described as ‘superhalogens’. Superhalogens have
great potential in the fields of synthesis of unusual organic
compounds (e.g., Xe [PtF¢]") [33], organic superconductors
[32], new dopants [32] and salts with strong oxidizing prop-
erties (e.g., KMnQOy) [34].

In view of the above, it has been observed that the substi-
tution of an oxygen or sulfur atom by a selenium atom induces
structural and electronic changes in clusters [22, 24-26].
Despite the attention that some gallium selenide clusters have
enjoyed [1-9, 13-19, 26], a systematic theoretical investiga-

tion of the proposed gallium selenides, Ga,,Se, (m=1,2 and
n=1-4) has not been undertaken in terms of their structural,
vibrational, and electronic properties. Consequently, the ob-
jectives of the current theoretical research were to: (1) study
the equilibrium structures; (2) provide a reliable theoretical
prediction of the relative stabilities, harmonic vibrational fre-
quencies and energetic features such as electron affinities,
ionization potentials, HOMO-LUMO (H-L) gaps and dissoci-
ation energies (D,); (3) relate the ground state geometries with
the oxide and sulfide analogs; and (4) compare the electron
affinities of gallium selenide clusters to that of chlorine atom
in order to determine whether they can be classified as
superhalogens.

Computational methods

Electronic structure computations of mono and digallium sele-
nide; Ga,,Se,, (m=1,2 and n=1-4) clusters were carried out with
the Gaussian 09 [35] program by means of the resources pro-
vided by GridChem Science Gateway [36—38]. Initial geome-
tries and spin states were taken from isoelectronic gallium oxide
and sulfide clusters [21-29] (Figs. 1, 2, 3 and 4). Based on
previous investigations on gallium oxide [22, 28] and sulfide
[29], the 6-311+G(2df) one-particle basis set was employed.
Density functional theory (DFT), namely B3P86, B3PWO91
and B3LYP [39-44] and the MP2 [45, 46] level of theory were
used. Our previous study on gallium sulfides [29] revealed that
the electron affinity of GaS, computed with the CCSD(T)/
B3LYP approach agrees very well to that obtained at the
CCSD(T) level [47]. Therefore, single point computations with
the CCSD(T)//B3LYP [44] approximation were used to predict
the electronic properties of the clusters reported in this work. In
addition, the MOLPRO program [48, 49] was used to optimize
the ground state geometries of GaSe at the CCSD(T)/cc-pVTZ
level.

The adiabatic electron affinity (AEA), adiabatic electron
detachment energy (AEDE), vertical electron detachment en-
ergy (VEDE), adiabatic ionization potential (AIP) and vertical
ionization potential (VIP) were calculated as follows:

AEA = E (optimized neutral at ground state) — E (optimized anion at ground state);

AEDE =
VEDE =

E (optimized corresponding neutral) — £ (optimized anion);
E (neutral at optimized anion geometry) — E (optimized anion);

AIP = E (optimized cation at ground state) — E (optimized neutral at ground state);
VIP = E (cation at optimized neutral geometry) — E (optimized cation)

The harmonic vibrational frequencies of the optimized
geometries were computed to verify the nature of the station-
ary points. To gain insight into the nature of bonding in the
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gallium selenide clusters, natural bond orbital (NBO) analysis
[50, 51] was performed with the B3LYP functional. The
chemical hardness () and HOMO-LUMO (H-L) gaps of
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the neutral gallium selenides were calculated with the B3LYP
functional. The dissociation energies (D,) of the studied clus-
ters were determined using the three DFT functionals and the
MP2 level of theory.

Results and discussion
Structural properties

Optimized geometrical configurations of the lowest energy
states of gallium selenide clusters, Ga,,Se, (m=1,2 and n=
1-4) are shown in Figs. 1, 2, 3 and 4. The energies of the
different isomers relative to the ground state isomers (AE)
are listed in Table 1. The internal coordinates of the ground
state geometries and their corresponding energies are present-
ed in Tables S1-S6. The electronic ground state for neutral
GaSe is *X", which is in agreement with experimental obser-
vation of GaO [52]. The computations find the most stable
electronic states for GaSe™ and GaSe” to be 'X" and *%*
(Fig. 1). This result is consistent with a previous investigation
on anionic and cationic GaO [21].

The ground state geometry of neutral GaSe, is cyclic with a
%A, electronic state (Fig. 2) and is isostructural with GaO,
[21] and GaS, [29]. Akin to GaO, [21] and GaS, [29],
anionic GaSe, prefers a linear centrosymmetric (D) config-
uration, which is formed by the Se—Se bond rupture of cyclic
GaSe,. The first low-lying geometry of GaSe, adopts a linear
structure while that of GaSe, " is bent. On the contrary, GaSe, "
is formed by the Ga—Se bond rupture of cyclic GaSe, leading
to a bent configuration. A linear structure with a Ga—Se—Se
arrangement is obtained as the first low lying isomer for
GaSe,". The lowest-energy configuration of neutral and an-
ionic GaSe; consists of a diatomic GaSe molecule attached to
a Se, moiety (Fig. 3), while cationic GaSes prefers a rhombic
structure. The first low lying isomer of neutral and anionic
GaSej; is rhombic whereas that of cationic GaSes has a similar
structure to the ground state of GaSe;. For GaSe,, the kite
geometry with a triselenide unit (*B,) is found to be the
lowest-energy structure. The T, (T1 type) structure is found

to converge to the D, structure. This shows that, although
gallium selenide can exist as supertetrahedral, the T1 cluster
is unstable in terms of relative energy. The removal of an
electron from the anionic GaSe4 does not affect the lowest-
energy configuration of the neutral GaSe, as the anion adopts
the same structure as the neutral (Fig. 4). Similar ground state
geometries were observed for GaO,4 [27] and GaS,4 [29]. Tumn-
ing to the first low lying isomer, neutral and anionic GaSe,
prefer the D,4 symmetry, which is the lowest-energy structure
for GaSe4 . On the other hand, the low lying structure of
GaSe, " adopts the kite geometry.

Based on an experimental study, Uy et al. [20] suggested a
bent configuration for Ga,Se. This geometry is in line with our
results on neutral Ga,Se but differs from the ground state
geometry of Ga,O, which was found to be linear [21]. Anionic
Ga,Se adopts a bent structure while cationic Ga,Se maintains
the bent configuration of the neutral ground state geometry,
but with a C; symmetry (Fig. 2). Interestingly, the first low
lying isomer of neutral, negatively and positively charged
Ga,Se prefers a linear configuration. For the neutral Ga,Se,
series, the L-shaped structure (IAg) is obtained as the ground
state geometry (Fig. 3). Structural differences are observed
when comparing the ground state geometries of Ga, X, (X=
0-Se) as Ga,S, is thombic [29] and Ga,O, is linear [21].
Anionic Ga,Se, is rthombic, formed by closure of the L-
shaped structure of Ga,Se, (°Bay), and therefore both gallium
atoms have the same charge (Table 2). The structure of
Ga,Se, is analogous to that of Ga,O, [21] and Ga,S,
[29]. For cationic Ga,Se,, the inner selenium atom receives
charge from the two gallium atoms while the terminal seleni-
um atom receives charge only from the inner gallium. This
effect is also present in neutral Ga,Se,. The first low lying
isomer of neutral and cationic Ga,Se, is thombic and anionic
Ga,Se, adopts a distorted kite structure.

Anionic Ga,Ses [25] and Ga,Se; " adopt a kite-shape ge-
ometry (°B,) while Ga,Se; prefers a V-shape geometry ('A;)
[25]. A ‘pentagon-like’ structure is obtained as the low-lying
isomer of Ga,Se; . The lowest-energy structure of neutral and
anionic Ga,Se, can be viewed as thombic with terminal sele-
nium atoms attached to the gallium atoms (D,y,) (Fig. 4) with

Fig. 1 Geometrical features of

diatomic GaSe with electronic

states. Superscripts: a B3P86, b

B3PWO91, ¢ B3LYP, d MP2, ¢ Neutral
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Fig. 2 Geometrical features of

diatomic GaSe, and Ga,Se with
electronic states. Superscripts: a
B3P86, b B3PWI1, ¢ B3LYP, d
MP2

GaSe,
Anion Cation
2.189 2.181 2.806
2.103 2.183 2.821
2208 2199 2871
2182 2177 3.069
S (2 ()
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512 1013
51.0 102.9
51.8 69.2
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°B,, and 2B3g state, respectively. Similar ground state geom-
etry was found for neutral and anionic gallium oxide [28] and
sulfide [29]. Like the GaSe,/GaSe, system, it was found that
the removal of an electron from the anion Ga,Se, does not
affect the lowest-energy configuration of the neutral species.
Ga,Se, " is formed by the rearrangement of selenium atoms in
the planar Dy;, leading to a ‘fish-like’ structure with a 2A2
electronic state. In the case of Ga,Sey, the low-lying isomer
has a ‘fish-like’ structure while that of anionic Ga,Se, prefers
a twisted hexagon configuration and cationic Ga,Se, is planar
with a Dy}, symmetry.

To gain insight into the nature of bonding in the gallium
selenide clusters, NBO analysis [50, 51] was performed

Fig. 3 Geometrical features of
GaSe; and Ga,Se, with electronic
states. Superscripts: a B3P86, b
B3PWOI, ¢ B3LYP, d MP2

Neutral

2.260

lA'
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(Table 2). An interesting feature emerged from the occupa-
tion and charge behavior when moving along the neutral
and charged series. The charge transfer from gallium to
selenium atoms was found to be independent of n. The
stabilities of the gallium selenide clusters are predominant-
ly governed by heteroatomic Ga—Se bonds over homo-
atomic Ga—Ga and Se—Se bonds. All the ground state ge-
ometries of the neutral, negatively and positively charged
GaSe, and Ga,Se, prefer planar structures with the excep-
tion of cationic mono and digallium tetraselenide. Both
cationic GaSe4 and Ga,Se, are found to have a cyclic moi-
ety. The lowest-energy structures of mono and digallium sel-
enide clusters are shown in Figs. S1 and S2. A structural
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Fig. 4 Geometrical features of
GaSe, and Ga,Sey4 with the
electronic states. Superscripts: a
B3P86, » B3PWI1, ¢ B3LYP, d
MP2
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evolution is observed upon addition of a selenium atom to the
GaSe,, and Ga,Se,, series.

Geometrical properties

The geometrical features of the studied gallium selenide clus-
ters, Ga,,,Se, (m=1,2 and n=1-4) are presented in Figs. 1, 2, 3

Table 1  Energy shifts (eV) of the first low-lying states with respect to
ground states of the mono and digallium selenides

Method B3P86 B3PWI1 B3LYP MP2
GaSe 0.23 0.22 0.15 0.39
GaSe™ 2.39 2.31 2.39 245
GaSe" 0.82 0.85 0.85 0.57
GaSe, 0.16 0.16 0.17 0.26
GaSe, 1.20 1.21 1.19 1.45
GaSes 0.17 0.18 0.21 0.35
GaSe; 1.00 1.00 0.90 1.38
GaSes" —0.13 —0.11 —-0.13 0.18
GaSey 0.21 0.19 0.27 0.04
GaSey 0.30 0.28 0.36 0.18
GaSe, " 0.16 0.17 0.09 0.13
Ga,Se 0.11 0.11 0.09 0.11
Ga,Se™ 0.55 0.53 0.49 0.54
Ga,Se” 1.22 1.22 1.22 1.27
Ga,Se, 0.07 0.05 —-0.07 0.38
Ga,Se; 0.50 0.48 0.49 0.58
Ga,Se,” 0.22 0.20 —0.08 0.50
GaySe;” 0.07 0.10 0.06 0.44
Ga,Sey 0.10 0.12 0.19 0.16
Ga,Sey 0.24 0.23 0.23 0.33
GasSe,” 0.18 0.20 0.11 0.51

and 4. A slight elongation is observed in the monoselenide
Ga-Se bond length [0.060 A with B3LYP/6-311+G(2df) and
CCSD(T)/cc-pVTZ] on going from GaSe to GaSe . This fea-
ture was also observed with GaO [21]. The Ga—Se bond
length with CCSD(T)/cc-pVTZ was found to be closer with
the B3LYP functional among the three DFT functionals and
the MP2 level. In comparison with isoelectronic gallium oxide
and sulfide, an increase in the bond angle at the apex; GaO,
(38.0°) [21], GaS, (47.5°) [29] and GaSe, (51.0°) [B3LYP]
was observed. This feature was attributed to the larger size of
selenium atom as compared with oxygen and sulfur atoms. As
a consequence, the Se—Se bond length of GaSe, was longer
than the S—S and O-O bond lengths of GaO, and GaS,,
respectively. Upon removal of an electron from GaSe, , the
Se—Ga—Se bond angle compresses from 180.0° to 51.3°
(B3P86), 51.2° (B3PW91), 51.0° (B3LYP) and 51.8°
(MP2). The bridge Ga—Se bond is elongated whereas the
terminal Ga—Se bond is shortened slightly upon removal of
an electron from GaSe;  (DFT and MP2). In contrast with the
GaSe; system, the bridge Ga—Se bond is shortened, whereas
the terminal Ga—Se bond is elongated slightly upon detach-
ment of an electron from GaSe, (DFT). Furthermore, the Se—
Se—Se angle in the rhomboid is smaller in the case of GaSe, .
In comparison with GaS, [29], the angle between the terminal
Ga-Se and neighboring selenium atom of GaSe, is smaller by
3.5° and 3.9°, respectively, with the B3LYP functional and
MP2 level of theory.

Turning to the Ga,Se, series, a compression of the Ga—Se—
Ga bond angle was observed (DFT and MP2) from Ga,Se to
Ga,Se . On the other hand, a slight increase in the Ga—Se—Ga
bond angle was observed from Ga,Se to Ga,Se" (DFT and
MP2). The B3LYP functional predicts a closer value of the
Ga-Se bond length (2.425 A) of Ga,Se compared to the
reported experimental value (2.6 A) [20]. The Ga—Se bond
length of the anion was slightly longer than that of the neutral
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Table2  Effective natural atomic orbital (NAO) electronic configurations (El.conf) and natural charges [q(M)] of gallium atoms in neutral, negatively
and positively charged Ga,,Se, (m=1,2 and n=1-4) clusters. All values are in e

n

1 2 3 4
GaSe,,
Elconf 40704022 45097402 4505047064001 40514070
q(Ga) 0.10 0.23 0.34 0.28
GaSe,,
El.conf 451844098 451024p1175,0.02 4098412555002 4099412854001 6,002
q(Ga) 0.12 0.78 0.75 0.71
GaSe,"
El.conf 4527545007 409845004 4634018 40484078
q(Ga) 0.68 0.48 0.69 0.24
Ga,Se,
Elconf 45192404 451954039451 034114 45104110 40514069001
q (Ga) 0.58 (0.82, 0.66) 0.84 0.29
Ga,Se,,
Elconf 40934030 450774042 45142412 40494065
q (Ga) 0.26 0.30 (0.53, 0.15) 0.34
Ga,Se,,"
El.conf 4097400945065 4,012 4097 400%/450-54,050 405740444 05345066 409940784.0-564,044
q(Ga) (0.73, 0.44) (0.44, 0.46) (0.49,0.31) (0.22, 0.50)

counterpart with DFT and MP2. The Ga—Se bond lengths of
neutral and anionic Ga,Se, are in the range 2.131-2.516 A
and 2.419-2.449 A while that of the cation varies from 2.190
t0 2.696 A (DFT and MP2). The addition of an electron from
Gaj,Se, leads to an increase in the bond angle at the apex. The
bridge Ga—Se bonds of anionic Ga,Se, are slightly longer than
the neutral whereas the terminal Ga—Se bonds are shorter
(DFT). The bond angle between the terminal Ga—Se and
neighboring selenium atom of Ga,Se, is smaller than that
reported for Ga,0,4 [28] and Ga,S, [29]. Unlike the sulfur
congener [29], the reported Se—Ga—Se bond angle in the
rhomboid of Ga,Se, is smaller when compared with GaSe,.

Unlike the Ga,Se, series, a general increase in the
Se—Se bond length and Se—-Ga—Se bond angle was ob-
served when progressing from GaSe, to GaSe; (DFT
and MP2). In all cases, the Ga—Se bond lengths of the
neutral gallium selenides were within the range 2.153—
2.622 A (B3P86), 2.158-2.628 A (B3PWO1), 2.180-
2.661 A (B3LYP) and 2.145-2.589 A (MP2). The Ga-
Se bond lengths of the gallium selenides studied are in
agreement with those in related gallium selenides such
as supertetrahedral zinc gallium selenide (2.369-
2.424 A) [19], Ba3CsGasSe;oCl, (2.386-2.411 A) [19],
BaGa,Se; (2.361-2.488 A) [53] and LiGaSe, (2.38—
2.40 A). The Se-Ga-Se bond angle of Ga,Se, is in
agreement with those of BaGasSe; (98.8—126.2°) [53]
and LiGaSe, (106.7—109.6°) [54].

@ Springer

Vibrational properties

The harmonic vibrational frequencies of the lowest-
energy states of the gallium selenide clusters are pre-
sented in Tables S1-S6 (Supporting Information). All
the ground state geometries of the studied gallium sele-
nide clusters were found to have no imaginary frequen-
cies. The stretching frequency of GaSe and GaSe were
almost same whereas a lower frequency value is report-
ed for GaSe’. The frequency computations of neutral
Ga,Se were lower compared to the experimental values
obtained by Uy et al. [13] (345, 302 and 132 cm )
with the three DFT functionals and MP2 level of theory.
An analysis of the modes of vibration of GaSe, indi-
cates that the highest frequency mode corresponds to
the stretching of the Se—Se bond. The lowest frequency
mode of cationic GaSe," indicates that the diatomic
GaSe is weakly attached to the terminal selenium atom.
This feature is further confirmed by Mulliken charges as
the charge on the selenium atom is almost negligible
(—0.001¢). Comparison with available experimental data
reveals that the Se, frequency value (430, 404 and
426 cm ') [55] is smaller than the Se-Se stretching of
GaSe, (460 cm ') and larger than the Se-Se stretching
of anionic GaSe; (255 cm '), cationic GaSe,
(310 cm™ ') and Ga,Se, (342 cm '), respectively. Fur-
thermore, the stretching of terminal Ga—Se bond of
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neutral and cationic GaSe; is larger than that reported
for GaSe and GaSe". No significant trend was observed
in the frequency values upon sequential addition of
selenium atoms for both the GaSe, and Ga,Se, series.

Electronic properties
Adiabatic electron affinities

The AEAs of gallium selenide clusters are given in Table 3 and
the HOMO plots are shown in Figs. 5 and 6. It should be noted
that the HOMO of the anionic clusters is represented by two
colors (red and green) that corresponds to negative and positive
isosurface, respectively. The ground state electronic configura-
tion of GaSe, is (127, (127,)°(100,)*(100,)*(484)*(28,)*.
The excess electron in the anion is distributed over both
selenium atoms (Fig. 5). The AEA is 4.12 eV (B3P86),
3.57 eV (B3PW91), 3.52 eV (B3LYP), 3.90 eV (MP2) and
3.78 eV [CCSD(T)//B3LYP], respectively. The electronic con-
figuration of GaSes is (29a;)*(19b,)*(12b,)*(7a,)*. The ex-
cess electron of GaSe; is localized on the terminal selenium
atom as shown in Fig. 5. The electronic configuration of the
GaSe, ground state is (37a;)%(23b,)*(16b,)*(8a,)*. Akin to
GaSe; , the excess electron of GaSe, is localized on the ter-
minal selenium atom (Fig. 5). The AEAs are in the range of
3.46—4.11 eV. Turning to the Ga,Se, series, Ga,Se has an
electronic configuration of (21a;)'(15b,)*(8b,)*(5a,)>. The
transition 1A1 (CZV)+e7<—2A] (C,,) involves the removal of
an electron from the 21a; molecular orbital (MO) to yield the
'A; (C»,) ground state of Ga,Se. The lowest-lying doublet state
of Ga,Se, has an electronic configuration of
( 17ag)2( 1 2blu)z( 1 2b2u)] (7b3u)2(7b3 g)z(5 b2 g)2(4b 1 g)z(zau)2 and
the AEA varies from 1.92 (MP2) to 2.89 eV (B3P86). The
electronic configuration of anionic Ga,Sey is
(252,%(20b1,)%(16b2,(11b3,)%(11b3,)' (8b2)*(6b1)*(3a,.).
The extra electron of Ga,Se; is evidently seen around the
terminal selenium atoms (Fig. 6). The calculated AEA falls
within 3.80-4.38 eV according to the DFT functionals whereas
for MP2 and CCSD(T)//B3LYP, the AEA ranges from 3.62 to

Table 3  Adiabatic electron affinities (AEAs) of the gallium selenide
clusters using different levels of theory

Cluster B3P86 B3PW91 B3LYP MP2 CCSD(T)/B3LYP
GaSe 3.25 2.69 2.73 2,66 243 (2477
GaSe, 4.12 3.57 3.52 390 378

GaSes 4.13 3.57 3.56 3.65 3.62

GaSe;  4.01 3.46 3.46 3.69 3.63

Ga,Se 1.66 1.13 1.00 1.03  1.07

GaySe,  2.89 2.35 2.40 192 212

Ga,Se, 4.38 3.80 3.84 362 3.63

#Value obtained from CCSD(T)/cc-pVTZ level

3.66 eV. With the exception of GaSe, and Ga,Se,, the AEDEs
and AEAs are the same for the clusters because of the similar
ground state geometry of the neutral and the anionic species.

By analogy with gallium oxides [21] and sulfides [22], a
significant increase in the AEA values is observed when
progressing from Ga,Se to Ga,Se, (Fig. 7). A plausible ex-
planation for this trend is that clusters with excess of selenium
atoms are electrophilic and thereby present higher electron
affinity values. Similar increase in the AEAs is expected for
the GaSe,, series but instead, a decrease in the electron affinity
values is observed for GaSe; and GaSe, (Fig. 9). This clearly
shows that the AEAs of these gallium selenides are not related
only to the total number of selenium atoms but also to their
electronic structures. Among the gallium selenides studied,
Ga,Se, has the highest electron affinity at all levels of theory
employed. As mentioned earlier, the extra electron of both
anionic GaSe, and Ga,Se, is distributed over the selenium
atoms, thereby explaining their high electron affinities
(Fig. 5).

Out of the eight gallium selenide clusters considered, the
electron affinities of four species, namely GaSe,, GaSes,
GaSe, and Ga,Se,, exceed the electron affinities of chlorine
atoms (3.62 eV) [30] and can be termed as superhalogens.
Only GaSe; is found to satisfy the superhalogen formula and
can be described as a conventional superhalogen. A close
inspection of the AEAs of digallium chalcogenides (Ga,X,,;
X=0-Se and n=2-4)[21, 22,24, 26, 28, 29] reveals that their
AEA values are almost similar, with Ga,S,4 having the highest
electron affinity.

lonization potentials

The AIP of gallium selenide clusters are given in Table 4. The
calculated AIP of GaSe was compared with the literature
value. The calculated AIP of GaSe is 9.40 eV (B3P86),
8.81 eV (B3PWO1), 8.78 eV (B3LYP), 8.85 eV (MP2),
8.76 eV [CCSD(T)//B3LYP] and 9.28 eV [CCSD(T)/cc-
pVTZ]. Among the different levels of theory employed, the
AIP value of GaSe with the B3P86 functional (9.40 eV) yields
a closer value when compared with the experimental data
(AIP of GaSe: 11.2+0.3 eV). The AIPs of GaSe, are in the
range of 8.00-8.70 eV whereas that of GaSe; ranges from
7.89 (B3LYP) to 9.14 ¢V (MP2). Furthermore, the AIP of
GaSe, varies from 7.56 (MP2) to 8.35 eV (B3P86). On the
other hand, the AIP of Ga,Se is reported to be 8.53 eV
(B3P86), 7.95 eV (B3PWI1 and B3LYP), 7.92 eV (MP2),
7.94 eV [CCSD(T)//B3LYP] and 7.81 eV [CCSD(T)/cc-
pVTZ]. Here, the CCSD(T) value obtained with the
MOLPRO program (Table 4) is found to be closer to the
experimental value (AIP of Ga,Se: 7.4+0.3 eV [20]). The
AlIPs of Ga,Se; are in the range of 7.93—8.52 eV whereas that
of Ga,Se; ranges from 7.72 [CCSD(T)//B3LYP] to 8.37 eV
(B3P86). The AIP of Ga,Se, varies from 7.53 (MP2) to
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Fig. 5 Orbital accommodating
the excess electron of anionic
monogallium selenides

GaSe

GaSe,

GaSe,

8.07 eV (B3P86). As shown in Fig. 8, irregular patterns of
AlPs are observed for GaSe, and Ga,Se, (n=1-4) series.

HOMO-LUMO (H-L) gaps

The HOMO-LUMO (H-L) gaps for neutral gallium sele-
nide clusters are presented in Fig. 9. The H-L gaps for the
lowest-energy configurations vary from 3.29 (GaSe,) to
4.87 eV (Ga,Se,) with the B3LYP functional. A large
value of the H-L energy gap is related to enhance chemical
stability [56]. Therefore, the sufficiently large H-L gaps

ensure the stability of these gallium selenide clusters. For
the GaSe, series, a general decrease in the H-L gaps was
observed with an increase in the selenium-to-metal ratio.
Similar observations are found for the energy gap values
from Ga,O,4 [28] to Ga,Sey. This feature can be attributed
to the extra mixing of orbitals in gallium selenides com-
pared to the oxides. The value obtained for the H-L gap of
GaSe seems to be unrealistic when compared with the
bandgap of GaSe as the bulk value is 0.995 eV and a value
of 2.352 eV is obtained for GaSe monolayer [1]. The H-L
gaps of GaSe;, GaSe, and Ga,Se, are in good agreement

Fig. 6 Orbital accommodating
the excess electron of anionic
digallium selenides

Ga,Se”

Ga,Se,
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Fig. 7 Electron affinities of the 4.00
gallium selenide clusters at
CCSD(T)//B3LYP level 350

3.00
2.50
2.00

1.50

Electron Affinities/eV

1.00

0.50

with the experimental bandgaps of undoped ZnGaSe and
doped ZnGaSeS [17]. In addition, no correlation is ob-
served between the H-L gaps and the AEAs or AIPs.

Chemical hardness (n)

The maximum hardness principle, suggested by Pearson
states: ‘Molecules arrange their electronic structure so as
to have the maximum possible hardness’ [57]. The chem-
ical hardness (1) of the gallium selenides with the B3LYP
functional is listed in Table S7. Chemical hardness is
expressed as:

n~(VIP-VEDE) /2

A decrease in the selenium-to-metal ratio increases the
chemical hardness of the Ga,Se, clusters. The H-L gaps of
clusters can be related to hardness (17). Clusters with small H-LL
gaps are said to be ‘soft’ and more polarizable [58]. As men-
tioned earlier, the H-L gaps for the studied gallium selenides
are large and therefore can be considered as ‘hard’ clusters.

Fig. 8 lonization potentials of 8.90
the gallium selenide clusters at
CCSD(T)//B3LYP level

8.70
8.50 -
8.30
8.10

7.90

lonization Potential/eV

7.70

7.50

GaSe

GaSe,

GaSe, GaSe,

/!//(BaaZSe4

Ga,Se;

GaSe

Ga,Se,

/

)

Ga,Se

Gallium selenide clusters

Thermodynamic stability

To estimate the thermodynamic stability of the neutral
species, the energies of decay through channels corre-
sponding to the release of selenium atom, selenium mol-
ecule and triselenide moiety were calculated and present-
ed in Table 5. These energies were obtained as the dif-
ference in total energies of the initial state and the sum of
total energies of the decay fragments. The dissociation
energy (D.) of GaSe into its constituent elements was
calculated to be 337.6 (B3P86), 325.8 (B3PWI1), 316.7
(B3LYP) and 337.5 (MP2) kJ mol™', respectively. The
values obtained with the B3PW91 and B3LYP func-
tionals are in agreement with the available experimental
data (256-326 kJ mol™") [13]. With the exception of
GaSe, the monogallium selenides were found to initiate
a cascade release of selenium molecule that is thermody-
namically stable with respect to Se, loss. No significant
trend was observed through the channels of decay for
digallium selenides. The GaSe,— GaSe,+Se, decompo-
sition was found to be thermodynamically most favored
and the Ga,Se—2Ga+Se is the least preferred toward

GaSe;

GaSe,

i——‘—"fﬂ\
Ga,Se

GaSe,

T~

\ﬂGaZSe,,
Ga,Se,

GaSe,
Gallium selenide clusters
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5.00 Gase Ga,Se,
4.80
460
4.40
420
4.00
3.80
3.60
3.40
320 Ga,Se,

3.00

HOMO-LUMO gaps/eV

GaSe,

GaSe,

Gallium Selenides

Fig. 9 HOMO-LUMO (H-L) gaps of the gallium selenide clusters with
the B3LYP functional

dissociation. In the case of the GaSe; cluster, formation
of the Se, molecule is favored upon dissociation. This
behavior can be explained due to the fact that the termi-
nal selenium atom of the Ga—Se bond is cleaved easily as
its atomic charge is less negative. This behavior was also
observed for neutral Ga,Se, (n=2-4). In contrast to the
gallium oxide [21], but akin to gallium sulfide analogue
[22], the dissociation of digallium tetraselenide yields
Ga,Se, and a Se, molecule.

Table 4  Adiabatic ionization potential (AIPs) of gallium selenide
clusters using different levels of theory

Cluster B3P86 B3PW91 B3LYP MP2 CCSD(T)/B3LYP
GaSe 9.40 8.81 8.78 8.85  8.76 (9.28)"
GaSe, 8.70 8.11 8.00 8.14 8.07

GaSe; 8.46 7.90 7.89 827 873

GaSey 8.35 7.76 7.85 756  1.57

Ga,Se 8.53 7.95 7.95 792 794

GaySe,  8.52 7.93 8.04 812 798

GaySe; 837 7.78 793 781 7.72

GaySe,  8.07 7.53 7.61 740 756

#Value obtained from CCSD(T)/cc-pVTZ level
Conclusions

The structural and electronic properties of a series of neutral,
negatively and positively charged gallium selenide Ga,,Se,,(-
m=1,2 and n=1-4) clusters were examined using theoretical
methods. In most cases, the lowest energy structures of the
gallium selenide clusters are planar with heteroatomic Ga—Se
bonds. A structural evolution was observed upon sequential
addition of a selenium atom to the GaSe, and Ga,Se,, series.

Table 5 Dissociation energies

(Do, kJ mol ") of gallium Channels B3P86 B3PW91 B3LYP MP2

selenides through different

channels GaSe — Ga + Se 337.6 325.8 316.7 3375
GaSe, — Ga + Se, 277.8 268.5 257.1 286.6
GaSe, — GaSe + Se 3124 301.9 2934 2915
GaSe, — Ga + 2Se 650.0 627.7 610.1 629.0
GaSe; — GaSe + Se, 172.6 165.8 1442 206.2
GaSe; — GaSe, + Se 232.4 2232 203.7 257.2
GaSe; — GaSe + 2Se 544.8 525.0 497.1 548.7
GaSey — GaSe, + Se, 1504 1422 118.4 183.5
GaSey — GaSe + Ses 250.5 243.0 227.0 260.2
GaSey — GaSe; + Se 290.2 2783 267.7 274.1
GaSey — Ga + 2Se, 4282 410.7 375.5 470.0
Ga,Se — GaSe + Ga 328.6 3195 318.5 332.0
Ga,Se — 2Ga + Se 666.2 6453 6352 669.5
Ga,Se, — 2GaSe 292.8 283.8 268.7 349.8
Ga,Se, — Ga,Se + Se 301.9 290.1 266.9 3553
Ga,Se, — GaSe, + Ga 318.0 307.8 2919 395.8
Ga,Se; — Ga,Se + Se, 187.9 181.7 1515 2644
Ga,Ses — GaSe + GaSe, 238.8 232.8 212.8 309.8
Ga,Ses — GaSe, + Se 2583 250.8 237.6 2515
Ga,Se; — Ga,Se + 2Se 560.2 541.0 504.5 606.8
Ga,Sey — Ga,Se, + Se, 165.7 1634 1333 187.9
Ga,Sey — 2GaSe, 206.0 202.8 168.1 2972
Ga,Sey — GaSe; + GaSe 286.0 2814 257.6 3315
Ga,Sey — Ga,Se; + Se 279.6 271.8 248.8 2779
Ga,Sey — Ga,Se, + 2Se 538.0 522.7 486.3 530.4
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The Ga—Se bond lengths, Se—-Ga—Se bond angles, AIP values,
H-L gaps and D, are in agreement with literature values.
Furthermore, it was found that the AEAs of the gallium
selenides do not depend solely on electrophilicity but also
on their electronic structures. The electron affinities of GaSe,,
GaSes, GaSe, and Ga,Se, exceed that of chlorine atoms and
therefore are termed as ‘superhalogens’. In this vein, GaSe,,
GaSes;, GaSe, and Ga,Sey clusters hold great potential as
building blocks for the development of new materials. The
results of this research can open the door to a rich structural
variety of gallium selenide clusters and a diversity of bonding
angles that might lead to novel electronic properties.
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