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General Introduction

The term "cluster” was first used by F.A. Cotton in 1964 to refer specifically to
compounds containing metal-metal bonds [1]. Later, the study of clusters has diversified
greatly and the definition of the term cluster developed compared to that given by Cotton,
and is defined as aggregates of atoms or molecules , generally intermediate in size, varying
between three and a few thousand atoms. The clusters have very varied geometries:
triangular, tetrahedral, octahedral, icosahedral or even more complex polyhedral structures.
The properties of this finite system have attracted the interests of researchers coming from

the chemical, physical and biological areas [2-4].

The great specificity of cluster compounds lies in their molecular character,
which gives them very specific chemical reactivity and physical properties. The last decades
have seen considerable development in the clusters chemistry field, due to the emergence of
a new generation of high-technology materials. Therefore, the experimental studies have
concentrated on determining the size dependence of the structural, electronic and magnetic
properties of clusters to bridge the gap between atomic and bulk properties [5]. The small
clusters, not only display behaviours of their own but also present new insights into the

molecular origins of the properties of bulk matter [6, 7]

On the other hand, the theoretical study of small clusters according to their size
attract more attention, which makes it possible to interpret and understand the existing
experimental results. Detailed study of the physical and chemical nature of these small
clusters is important for understanding the nucleation of thin films, as well as for predictive

comprehension of metallic surfaces and heterogeneous catalysis.

The general objective of this thesis is to study theoretically the geometrical and
electronic properties of variety of mixed clusters of Il11a and Va groups. As the formation of
carbon-carbon bonds is at the basis of organic synthesis, we are therefore interested into
nickel alkyne clusters, which are essential intermediates in a diversity of homogeneous

catalytic processes.



General Introduction

During this study, we implemented the density functional theory (DFT) to
examine the electronic properties of different small clusters studied in this thesis. Density
functional theory is a very powerful and a reliable method in the study of electronic
structures of molecules, where its electron density determines the energy of a system

electron.
This thesis manuscript is divided into four chapters, which are the following:

Chapter one is devoted to the presentation of the theoretical foundations for
density functional theory (DFT), the method that we used in this thesis.

In the second chapter, we will explored the lowest-energy structures of the mixed
gallium-indium clusters Gamlnn.m (n =4, 6, 8 and m < n) and their electronic properties based
HOMO-LUMO gaps, ionisation potential (IP), electron affinity (EA) and chemical hardness
(m), in order to analyse the bonding and provide a detailed scheme of their electronic

structures.

In chapter three, we will identify the structural and electronic properties of
hydrogen interaction on stable AlsN cluster, and explored the most probable sites of
hydrogen molecules on AlsN cluster, their bonding energies, vibrational frequencies,
electronic properties based on MO analysis, HOMO-LUMO gaps, Hirschfeld Charge
analysis. The energy decomposition of the studied compounds is envisaged in order to find

their interaction types.

A series of clusters of general formula NiL.(RC=CR) / (L = CO or t-BuNC) and
(R =H, CHs, Phenyl, CF3, Cl, F or CN) will be studied in chapter four. The goal of the study
is to examine the electronic structure of these complexes as well as the strength of the bond

between NiL> and RC=CR the symmetrical substituted alkynes.
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Chapter | Introduction to Density Functional Theory

We present in this Chapter a brief overview of Density Functional Theory (DFT),
one of the most successful and widely applied approach in clusters, solids, organic and
organometallic molecules, which provide reliable results for understanding the electronic

structural and spectroscopic properties.

I. The Schrodinger equation

The ultimate objective of quantum chemistry is the approximate solution of the
Schrédinger equation, which established by Erwin Schrddinger in 1925 [1], to describe the
electronic structure of a system (atom, molecule, cluster or solid) with many nuclei and

electrons.

For a system, which is composed of N electrons and M nuclei, the equation (time-

independent), can is written as follow:
AW, (X1, X2, ., Xn, Ry, Ry, oo, Ry) = EjW;(Xq, X2, oo Xn, Ry, Ry, oo, Ryp) (1.1

Where: H represents the Hamiltonian operator and W represents the wave function of the
system associated to the energy level E, x; and R; are the spatial coordinates of the electron
and nuclei respectively

The Hamiltonian operator can be decomposed as follows:
A= Z V2 — Z V2 Z Z Z 4l (1.2)
- 2M; ! |1‘1—R 172 |r; —r]| 244 |R; — Ry '

The first two terms of the Hamiltonian are respectively the Kinetic energy operators of N
electrons (indexed i) and of M atomic nuclei (indexed I). The other three terms represent the

different potentials of electron-nucleus, electron-electron and nucleus-nucleus interaction.
I1.The Born-Oppenheimer Approximation

For polyelectronic and polyatomic systems, the Schrédinger equation cannot be
solved analytically. To overcome this issue, Max Born and Robert Oppenheimer proposed
an approximation [2], which considers the position of atomic nuclei as fixed with respect to
the electrons; their kinetic energy can therefore be neglected and the interaction term

between nucleus considered to be constant (which we will note Vnn).
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The operator can thus be rewritten as:
N

H= 1Zv2 z 4 +1Z L v (.3)
24 l Tl It =Rl * 24 — w '

i<j

To simplify the notations, we will represent by convention: the kinetic energy by T,
the external potential by V. and the electron-electron interaction potential by V...

The operator is therefore written in a more condensed form like:

o~

H= T, + Vege + Vee + in (1.4)
I11. The density functional theory

DFT is a successful method to finding solutions to the fundamental equation that
describes the quantum behavior of atoms and molecules at low energies. It is a theory that
uses electron density as a fundamental function instead of the wave function as is the case
in the Hartree and Hartree-Fock method [3].

The idea of using electron density originates from the Thomas-Fermi model which,
from 1927 [4,5] expresses the total energy of an atomic or molecular system as a function of
its electron density. Nevertheless, the precision obtained was lower than that of Hartree-Fock
owing to the absence of the exchange-correlation term. Then completed by Dirac [6] who
adds the functional exchange energy of electron density to it. However, the electronic

correlation term was still absent in this new approach.

I11.1. Hohenberg and Kohn theorems

The density functional theory as we know it today was born in 1964 with the
appearance of the important paper of Hohenberg and Kohn [7]. In this paper, the authors

stated two theorems represent the formalism of the DFT.
111.1.1. First Theorem

Hohenberg and Kohn showed that exists a one-to-one correspondence between the
external potential and the electron density p(r), allowing representing the first as a
functional of the ground state of the second. Therefore, the total energy of the system in the

ground state is also a unique functional of the electron density;
E = E[p()] (I.5)
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This theorem differs from the Hartree-Fock method, in which the total energy of the system
is the functional of the wave function. An immediate consequence of this theorem is that
electron density uniquely determines the Hamiltonian operator of the system. Thus, by

knowing the electron density, we can determine the Hamiltonian operator
I11.1.2. Second Theorem

Kohn and Sham declared the second theorem resembling the variational principle,
which stated that:

For a given potential v , and number of electrons N, the total energy of the system reaches

its minimum value when the density p(r) corresponds to the exact density of the ground

state po (1)
E(po) = min E(p) (1.6)

The total energy functional of the ground state is written as follows:

E[p(®)] = Flp(0)] + j Vo (Dp(D)d* 1 1.7

Where: V,,.(r) represents the external potential acting on the particles and F[p(r)]

represents the universal functional of Hohenberg and Kohn, with:

Flp(®] = (¥|T + V|¥) (1.8)

Knowing this functional, allows determining the total energy and the electron density of the
ground state for a given external potential. Unfortunately, Hohenberg -Kohn theorems give

no indication of the form F[p(r)] .

111.2. Kohn - Sham Equation

Kohn and Sham [8] introduced a supplementary development that consists in
replacing the real interactive system by a fictitious non-interacting system. This approach
realizes an exact correspondence between the electron density, the energy of the ground state
of a system consisting of non-interacting fermions placed in an effective potential, and the

real system with several interacting electrons subjected to the real potential.
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As a result, the electron density and energy of the real system are conserved in this fictitious
system and the theorems of Hohenberg and Kohn apply.
The density functional F[p(r)] for the interactive system can be expressed by the following

expression:

Flp(r)] = To[p(0)] + Exlp(0)] + Exc[p(r)] + Vexe[p(1)] (19

Where: T,[p(r)] is the kinetic energy of non-interacting electron gas; Ey[p(r)] designed
the Hartree term (the classical Coulomb interaction between electrons described through
their electron density); Exc[p(r)] represents an additional functional that describes the
interelectronic interaction called exchange-correlation energy; Ve,:[p(r)] includes the

Coulomb interaction of electrons with nuclei and that of nuclei with each other.

The Hartree term and kinetic energy are the most important terms in dealing with the
interaction of electrons. The difference between the real kinetic energy and that of non-
interacting electrons as well as the difference between the real interaction energy and that of

Hartree are taken into account in the exchange and correlation energy Exc[p(r)] .

The Schrodinger equation to be solved in the framework of the Kohn and Sham
approach is of the following form

1
=2V 4 V)| li(0) = ml@i@),  1=1,..N (1.10)

Where: the effective potential is of the form

o o () o
Verr(r) = Vexe + f mdr + Vxc (L11)

The exchange and correlation potential is given by the derived functional:

8Exc[p(r)]

ch(l‘) = 5p(r)

(1.12)

Solving the Kohn and Sham equations requires the choice of a basis for the wave
functions that can be taken as a linear combination of orbitals called Kohn-Sham orbitals

(KS) written in following form

N
p(r) = erpi(r)l2 (1.13)
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Equation (1.10) correspond to the Kohn - Sham equation of and must be solved in a self-
consistent manner, i.e. starting from a certain initial electron density, a potential V() is
obtained for which equation (1.9) is solved and a new electron density is then determined.
From this new density, a new effective potential can be calculated. This process is repeated
in a self-consistent fashion until convergence is achieved, i.e. until the new electron density
is equal to or very close to the previous one (corresponding to the fixed convergence

criterion).

111.3. The exchange-correlation functional

The development of the Kohn - Sham equation made it possible to highlight the fact
that the only density functional that remains unknown in this formalism is the exchange-
correlation functional Ex:[p(r)] . Thus, to solve the Kohn - Sham equation, various
exchange-correlation functions have been considered.

The effects resulting from interactions between electrons are of three categories: the

exchange, the dynamic correlation and non-dynamic correlation.

The exchange effect results from the antisymmetry of the total wave function to the
exchange of electronic coordinates. It corresponds to Pauli principle, which states that two
electrons of the same spin have a zero probability of being in the same place. This effect is
independent of the electron charge and is taken into account in Hartree-Fock theory because
of the antisymmetry of the Slater determinant representing the wave function.

The correlation effect refers to the correlation between electronic motions resulting

. . . . 1 . .
from Coulomb interelectronic repulsion in =k It essentially corresponds to correlation

effects for core electrons. Unlike the exchange effect, the correlation effect is owing to the

electron charge but it is independent of the spin and is neglected by Hartree-Fock theory.

The third effect is that the electronic wave functions are formulated in terms of
independent particles. This is the correction of " self-interaction ", which should lead to

correct counting of the electron pairs number.
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The exchange-correlation functional must take into account, in addition to what has
been stated, the difference in kinetic energy between the non-interactive fictitious system
and the real system. Thus, the calculation of energy and exchange-correlation potential relies

on a number of approximations.

111.3.1. The local density approximation (LDA)

LDA is the simplest approximation among all approximate exchange-correlation
functionals. The principal idea of LDA is based on the assumption that electron density
varies slowly throughout a molecule so that the local density can be treated as a uniform
electron gas. This amounts to making the following two assumptions:

v The exchange-correlation effects are dominated by the density at the point r

v' The density p(r) is a slowly varying function with respect to r

This approximation consists in considering that the contribution of Ex.[p(r)] to the
total energy of the system can be added cumulatively from each portion of the non-uniform
gas as if it were locally uniform.

Exchange-correlation energy (LDA) can be written as:

Exc[p(m)] = f p(exe [p(r)]dr (1.14)

Where: ek22[p(r)] represents the exchange and correlation energy per electron in an

electron gas, whose distribution is assumed to be uniform.

D

From e524[p(r)], the exchange-correlation potential VLi2A(r) can be obtained in a

variational way according to the equation:

§(p(MexAp(])
Sp(r)

VEDA(r) = (1.15)

The LDA assumes that the functional ex-[p(r)] is purely local. This energy is divided into

two terms :

exclp(r)] = ex[p(0)] + ec[p(r)] (I.16)
Where: ex[p(r)] is the exchange energy and &.[p(r)] is the correlation energy.

The exchange energy for a uniform electron gas is given by the Dirac-Fermi formula and

defined as follows:

10
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0,4581
e p(0] = —— (1.17)
S
. amrd -1
With: p = ( 3 )

Where 7y is a parameter, which describes the radius of a sphere containing on average one
electron in a homogeneous electronic system of density p

On the other hand, the correlation energy is not known exactly. It was first estimated by
Wigner [9] :

0,44
rs+7,8

elPA[p(1)] = — (1.18)

Furthermore, the correlation energy of a free electron gas has been modeled by
Ceperly and Alder [10] and has been given by Perdew and Zunger [11] by the following
forms:

—0,1423
14 1,0529 Vg 40,3334 1,

eclp(] = rg >1 (I.19)

gclp(r)] = —0,048 + 0,031 Inrg — 0,0116 rg + 0,002 rglnry 1o <1 (1.20)

There are other parameterizations of the correlation energy functional have been
developed (e.g., Kohn- Sham [12], Hedin-Lundqvist [13], Perdew -Wang(PW)[14] and
Volko-Wilkes-Nusair (VWN)[15] the most commonly used.

111.3.2. The generalized gradient approximation (GGA)

The LDA approach hypothesizes a uniform distribution of electrons, which is quite
far from the case of atomic and molecular systems. To take into account this inhomogeneity
of the density, the idea is to introduce into the expression of the exchange-correlation energy
not only the density p(r) but also on its gradient |[Vp(r)|. Thus, the functional Ex[p(7)]
accounts the non-uniform nature of the electron gas.

In this case, the contribution of Ex.[p(r)] to the total energy of the system can be added
cumulatively from each portion of the non-uniform gas as if it were locally non-uniform. It

is written in the following form:

ESEI0()] = [ p@exclo(). To(]Id’r 1.21)

11



Chapter | Introduction to Density Functional Theory

Where ex[p(r).Vp(r)] represents the exchange-correlation energy per electron in a system

of mutually interacting electrons of non-uniform density.

The use of GGA-type functionals significantly increases the precision of the
calculations compared to the description provided by the LDA, in particular for the binding
energy of molecules. This is the origin of the massive use of DFT by chemists in the 1990s.
We find different parameterizations for the GGA including those of Perdew et al (1991) [16],
Perdew et al (1996) [17] and the most used versions are those of Perdew and Wang [18] and
Perdew [19].

111.3.3. Meta-GGA Functionals

The Meta-generalized gradient approximation (meta-GGA) exchange-correlation

functionals [20] use the second derivative of the density V2p(r) and/ or the Kinetic energy

density t
NOCC
1 2
=) 0] (1.22)
i=1

Some examples of this type of functionals are the exchange-correlation functionals B98 [21],
TPSS [22], VSXC [23] and the correlation functional KCIS [24, 25].

In gas phase studies of molecular properties, Meta-GGAs such as the TPSS [26] functional
have been shown to offer improved performance over LDAs and GGAs [22, 27-29].

111.3.4. Hybrid Functionals

The GGA approach is not always sufficient for a correct description of various
chemical properties of compounds. To keep up with the search for a more accurate exchange
correlation functional, another approach have been developed, which is considering the
exchange part of Exc as a combination between the Hartree-Fock exchange energy and
exchange density functional [30]. The exchange-correlation functionals based on this

strategy are commonly known as hybrid functionals.

We can cite as an example the Becke 3 parameter functional (B3), the most famous
hybrid functionals developed by Becke, which employs three parameters, a,_; (determined
through fitting to experiment) to control the mixing of the HF exchange and density
functional exchange and correlation.

For this functional, the expression for the exchange-correlation is given by:

12
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Exe = a;EX" + (1 — a;)ExPA + a,AER®® + EEPA + a3 AECY™! (1.23)
The substitution of the correlation terms in this B3 functional (1.23) by the correlation
functional LYP was proposed by Stevens et al. [31] and gave the appearance of the widely

known B3LYP functional, which stands for "Becke, 3-parameter, Lee—Yang—Parr".

B = a, ERF + (1 — a)ERPA + a,AER®® + a3E¢"" + (1 — ap)EgWYN  (1.24)

13
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l. Introduction

The determination of the geometric and electronic structures of metal clusters and
their chemical and physical properties has become an interesting field of research and grows
significantly in importance [1]. Experimental and theoretical studies of small clusters formed
by 13 group elements have been carried out during the past several decades because of their
fundamental interest and potential application in nano-science.

Gallium and Indium as 13 group elements are of great importance in physics and chemistry

of nanoclusters and thin film deposition.
I.1. Gallium Clusters

Small gallium clusters have been extensively studied in order to provide an in-depth
look into these clusters. There are several studies performed in both theoretical [2-16] and
experimental [17-19] fields. Song and Cao [10] have theoretically investigated the
geometrical parameters and electronic structures of Gan (n = 2-26) clusters, using the
generalized gradient approximation for the exchange correlation potential to the DFT. It
turned out that gallium clusters tend to adopt compact structures with increasing cluster size.
Figure 1 shows the most stable structures for the Gan (n = 3-8) clusters according to previous
studies [3, 4, 10].

Figure 1. Lower- energy structure of Gan (n = 3-8) Clusters [3, 4, 10]

1.2. Indium Clusters

Indium clusters have been studied experimentally [20-25], as well as theoretically [2,
27-30]. Zhang et al. [30] have systematically investigated the lowest-energy structures and
electronic properties of indium In, (n = 1-16) ones using DFT, showing the tendency towards

compact structures with increasing cluster size.
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A AT

In3 Ing Ins Ing Iny Ing

Figure 2. Lower- energy structure of In, (n =3-8) Clusters [30]

We also have calculated the total energy for different structures of Ga,and Inn
(n =3-8) clusters. We have found almost the same results for the most stable structures.
The only exception is for n = 4, of which we found that lowest-energy structures for Gas and

Ins is butterfly-shaped as shown in Figure 3 and not a square shaped as in previous studies

~

Figure 3. Lower- energy structure of Gas (or Ins) cluster according to our work

(see Figures 1 and 2) .

1.3. Gallium-Indium Clusters

For the composition of mixed gallium-indium clusters, experimental studies have been
done. Lill et al. [31, 32] have produced neutral and positively charged clusters by 4 keV Ar+
ion bombardment of a liquid gallium indium eutectic alloy and then they studied it by time-
of-flight mass spectrometry coupled with single photon. The figure 4 shows the Mass spectra
of sputtered neutral gallium-indium Gamlnn-m (n = 4- 8 and m < n) clusters, as Lill et al have

found it.
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Figure 4. Mass spectra of sputtered neutral GamlInn-m (n = 4- 8 and m < n) clusters [31]

To gain a deep understanding of gallium-indium clusters, calculations have been carried out

of small gallium-indium Gamlnn-m (n = 4, 6, 8 and m < n) clusters, based on the DFT method
at the B3LYP/TZP level.

I1. Results and discussion

I1-1. Geometries and stability of isomers

We have explored the Gamlna.m (n =4, 6, 8 and m < n) clusters in order to found their
lowest-energy structures. Indeed, full geometry optimizations of GamlIns.m (m<4), Gamlne-m

(m < 6) and Gamlng.m (M < 8) showed a variety of singlet spin state structures which are
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found as energy minimum much lower in energy than those of triplet state ones (Figures. 5-
7). The different isomers are designated by man, mbn,, mcs, where m and (n — m) are the
gallium and indium atom numbers, respectively. For the studied structures, the calculated
values of relative energies between isomers, HOMO-LUMO energy gaps and the Ga-In, In-
In and Ga-Ga bond distances are gathered in Tables 1, 2, 3, 1A, 2A.

In order to predict the relative stabilities and electronic properties of gallium-indium
Gamlnn-m (n =4, 6, 8 and m < n) clusters, we have calculated the bonding energy, IPs, EAs,

and the chemical hardness (1).
11.1.1. Four vertex GamlIns-m (M < 4) clusters.

The most stable structure for the Galns clusters corresponds to the las bent of Cs
symmetry one as shown in Figure 5. Two other 1bs and 1cs isomers keeping the gallium
atom between indium ones are higher in energy than the most stable one by 1.6 and 2.7
kcal/mol, respectively. The Ga atom binds to In ones with the bond lengths of 2.553 A,
while the In-In bond distances are of 3.369 A, in accordance with the Ga and In radii. The
las structure global minimum exhibits a significant HOMO-LUMO gap of 1.15 eV
synonymous of good thermodynamic stability.

The Y-shaped 1g4 isomer with Cyy symmetry in which the gallium atom is at the apex
position is the seventh low-lying isomer. It is important to note that the less stable isomers

correspond to the linear geometry featuring a maximum of In-In bonds.

For the Gazln: clusters, the 2a4 bent structure characterized by rhombus geometry
with Cay symmetry is found as the global minimum presenting only Ga-Ga and Ga-In bonds,
in which the gallium atoms are adjacent. This global minimum possesses one Ga-Ga bond
with a length of 2.346 A and four Ga-In bonds with an averaged bond distance of 3.085 A.
The computed HOMO-LUMO gap of 1.32 eV is large and predicting the possibility of the
existence of this cluster. Energetically, the second isomer 2bs corresponds to a planar
geometry with D2n symmetry, which lies 3.5 kcal/mol above the global minimum isomer
and exhibiting a large HOMO-LUMO gap of 1.35 eV with comparable Ga-Ga and Ga-In
bond lengths than those obtained for 2a4 structure.

These results emphasize that the Ga-Ga bond acts as a stabilizing effect, contrarily to the In-
In one. The different 2is, 2js and 2ks4 linear structures lie high in energy than the global

minimum as shown in Figure 5 and Table 1.
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Figure 5. Ground state structures of GamlIns—m (m < 4) clusters. Relative energies AE

between the isomers are given in kcal/mol.
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Table 1. Relative energies (kcal/mol), HOMO-LUMO gap (eV), Ga-Ga, In-In and Ga-In bond lengths (A)
and the lowest and highest vibrational frequencies (LVF and HVF (cm™)) for Gamlnam (m < 4)

Cluster | Isomer | Sym | Relative | HOMO-LUMO | Ga-Ga | In-In | Ga-In | LVF HVF
energy | gap em?) | (cm?)

lay Cs 0.0 1.15 - 3.369 | 2.553 | 29 194

1b4 Cs 1.6 0.99 - 3.107 | 2.746 | 8 162

1c4 Co |27 1.11 - 2.922 | 2.780 | 15 196

1d4 Cs 3.0 1.13 - 3.000 | 2.652 | 22 174

Galn, les Ca |35 1,14 - 3.404 | 2523 | 20 215
1f4 Cs 5.0 1.11 - 2.743 | 3.117 |31 158

104 Ca |55 1.11 - 2.871 | 2.907 |23 168

1lhy Ca |90 1.07 - 2.703 | 3.127 | 20 177

1i4 Cor | 223 0.89 - 306.1 | 2.707 | 72 217

1js Cor | 234 0.84 - 2.877 | 2.885 | 78 189

284 Cx | 0.0 1.32 2.346 | - 3.085 |31 244

2by Dan |35 1.35 2.333 |- 3.093 |21 259

2C4 Cx |51 1.27 2.434 |3.093|2801 |24 205

2d4 Cs 5.3 1.81 2559 |- 2.685 |18 210

2e4 C: 5.4 1.15 2.816 |3.416| 2545 |32 198
Gazln, | 2f4 Cs 7.1 1.04 2.702 |3.058 2751 |19 174
204 Con |78 1.14 2.703 [2.904 | 2782 |9 208

2hy Cs 8.4 1.15 - 2.992 | 2.657 |24 180

2i4 D.r | 26.0 0.8 2517 |- 2.884 |3 248

2ja Cor | 273 0.91 2.687 | 3.060 | 2.696 | 83 228

2k4 Cov | 277 0.90 - - 2.701 |80 220

34 Cs 0.0 1.35 2339 |- 3,107 | 35 247

3bs Co | 17 1.38 2.459 | - 2.908 |23 223

3Cs Cs 2.1 1.33 2501 |- 2.869 |9 208

3ds4 Co | 3.6 1.37 2322 |- 3.107 |24 264

Gasln | 3es Cs 5.0 1.20 2.560 |- 2.685 |18 219
3f4 Co | 5.2 1.31 2434 | - 2.802 |26 205

304 C: 55 1.17 2.849 | - 2.540 |37 199

3hs Co |92 1.13 2.810 | - 2512 | 25 219

3is Cor | 255 0.98 2511 |- 2.889 |86 257

Three energetically close structures are found for Gazln species. The most stable
corresponds to the 3as bent Cs structure with the indium atom occupying a peripheral
position, while the three Ga atoms occupy the three vertices of the same triangle.

The Ga-Ga and Ga-In bond distances are of 2.339 and 3.107 A, in agreement with short and
long bonds, respectively. The 3as global minimum structure displays a significant HOMO-

LUMO gap of 1.35 eV, suggesting a thermodynamically stable species. The planar 3bs
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structure, where the indium atom is connected to one Ga atom of the triangular Gas,
constructing a Y-like structure lies only 1.7 kcal/mol above the most stable 3as isomer. The
three dimensional 3cs structure with Cs symmetry is among the low-lying isomer found 2.1
kcal/mol above the global minimum, keeping the indium atom between the gallium ones and
does not provide Gaszln clusters as more stable structures. It is clear that Gasln clusters prefer

structures containing Gas triangle with a maximum of Ga-Ga bonds.
11.1.2. Six vertex Gamlns-m (M < 6) clusters

The lowest-energy structure for Galns clusters corresponds to the las trigonal
prismatic one having Cs symmetry (Figure 6), in which the In-Ga-In valence angle is of 82°.
The 1be lies only 2.6 kcal/mol above the lowest one corresponding. The third isomer 1cs is
also corresponds to a distorted trigonal prismatic geometry in which the gallium atom form
an angle of 56° within the Galn; triangle, lying 2.9 kcal/mol above the global minimum
(Table 2).

For Gazlns clusters, fourteen structures were found as energy minimum (Figure 6,
Table 2 and Figure A1, Table Al of the Annex). The 2a¢ structure with Co, symmetry (Figure
6), is obtained by gallium insertion in the apex of one triangular base of Galns, forming a
direct Ga-Ga bond. Other positions of gallium atoms of trigonal prism structure
corresponding to 2bs, 2Cs, 2es, 2fs and 2gs isomers are less stable than the global minimum
by 2as by 3.0, 3.8, 3.9, 6.0 and 6.3 kcal/mol, respectively. It is obvious that the planar
geometry (Figure Al) gives rise to the less stable isomers, thus, the absence of Ga-Ga bond

induces loss of energies.

As shown in Figure Al, sixteen isomers are found as energy minimum of Gazlns
clusters within the range of 14.4 kcal/mol. The most stable 3as structure corresponds to a
distorted triangle prism obtained without symmetry constraints (Figure 6), which can be
obtained by substituting one gallium atom for one indium atom from the most stable GazIna.

The replacement of In by Ga atoms in the same lateral face of trigonal prismatic
structure of the Gaslns, gives rise to the Gaslnz clusters, where the 4as isomer has been
obtained as the lowest-energy structure and slightly more stable than the 4be and 4ce Ones

only by 0.4 and 0.6 kcal/mol, respectively.
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e K] T
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AE=0.0 AE =27 AE=31 AE=3.6 AE=6.8 AE =87 AE =123

Figure 6. Ground state structures of Gamlns_m (M < 6) clusters. Relative energies AE

between the isomers are given in kcal/mol.

In the case of Gasln, the most stable structure corresponds to a trigonal prismatic
geometry with one Ga-Ga bond breaking as sketched in Figure 6 is obtained without any
symmetry constraints. The other low-lying structure, 5ds with the lower Cs symmetry is also

displaying a distorted trigonal prismatic geometry, in which Indium atom form an angle of
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56.2° and lies only 2.7 kcal/mol higher in energy than the 5as global minimum. Twelve other

isomers exhibiting various geometries are sketched in Figure Al of the Annex

Table 2. Relative Energies (kcal/mol), HOMO-LUMO Gaps (eV), Ga—Ga, In-In, and
Ga—In Bond Lengths (A), the lowest and highest vibrational frequencies (LVF and HVF

(cm™)) for GamlIne-m (M < 6) Clusters

Cluster | Isomer | Sym | Relative | HOMO- Ga-Ga | In-In Ga-In | LVF HVF
energy | LUMO gap (cmt) | (cm™)

1as Cs 0.0 1.52 - 2.976 2.762 |19 155

1be Cs 2.6 1.35 - 2.966 2.766 | 16 151

Galns 1cs C. |29 1.35 - 2.955 2.755 |21 160
1de Cs 3.0 1.49 - 3.021 2.703 |11 171

les Co | 10.6 1.27 - 2.971 2.825 |8 177

1fs Cs 10.6 1.32 - 2.879 2.697 |12 182

285 Co | 0.0 1.65 2.547 | 3.002 2.771 | 23 178

2bs C: |30 1.50 2.541 | 2.966 2.773 | 23 189

2Cs C, |38 1.47 - 2.978 2.761 | 23 158
Gazlns | 2ds Ca |39 1.40 - 3.128 2770 |4 157
2€6 Cs 6.0 1.36 2.550 | 2.970 2.776 | 24 185

2fs C. |63 1.34 - 2.998 2.749 |30 162

20s Cs 6.7 1.35 - 2.982 2.767 |31 162

3as C: |00 1.66 2.550 | 3.091 2.766 | 25 188

3bg Cs 1.4 1.63 2.514 | 3.129 2.822 |16 203

3Cs C: |30 1.55 2.546 | 3.000 2.792 | 25 193
Gaslnz | 3ds C: |40 1.46 2.552 | 3.088 2.739 | 37 185
3es Cs 4.4 1.38 2.567 | 3.608 2771 |13 178

3fs Cs 4.5 1.47 - 3.565 2.778 | 30 160

30s Cs 4.7 1.48 2.566 | 2.997 2.767 |30 180

4ag Cs 0.0 1.68 2.570 | 3.025 2.771 | 26 191

4bsg C. |04 1.65 2.546 | - 2.794 | 32 192

4Ce Cs 0.6 1.67 2.559 | 3.758 2.789 | 30 189
Gauln, 4ds C: 1.6 1.63 2.530 | 3.150 2.811 | 17 193
4eg Ca |19 1.56 2.758 | 3.139 2.791 | 27 182

4fg C, |34 1.52 2.541 | 2.992 2.778 | 27 192

496 C: |41 1.46 2.567 | - 2.779 | 33 185

4he Cs 5.2 1.33 2.609 | - 2.789 |12 179

Sae C: |00 1.69 2551 |- 2.792 | 32 192

5bs Cs 2.7 1.56 2.566 | - 2.815 | 30 188

5Cs Cs 3.1 1.59 2504 | - 2840 |9 206

GasIn | 5ds Cs 3.6 1.56 2.553 | - 2.790 | 37 195
5es Cs 6.8 1.42 2559 | - 2.785 |40 185

5fs Cs 8.7 1.61 2533 | - 2774 |16 235

50s C: 12.3 2.13 2501 | - 2.747 |15 214
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11.1.3. Eight vertex Gamlns-m (m < 8) clusters.

For the Galny clusters, two isomers are found as energy minimum featured by a
rhombic prismatic geometry with Cs symmetry differing by the symmetry plane disposition
as shown in Figure 7 and Table 3. The lowest lag structure, presenting four Ga-In bonds
exhibits a large HOMO-LUMO gap of 1.62 eV and characterized by In-In and Ga-In bond
distances of 2.913 and 2.724 A as gathered in Table 1, respectively. The second 1bgisomer
lies 1.5 kcal/mol above the lowest one, in which the gallium atom occupying a peripheral
position and forms three bonds with indium ones. We can see that the number of In-In bonds
of lag structure the most stable isomer is less than that of the 1bg one. The las global
minimum structure lies only 1.5 kcal/mol below the 1bg structure, where this weak difference
arises chiefly from the difference concerning the number of Ga-In contacts, which are four

in the latter and three in the former.

Five energetically close structures are found as the energy minimum for the GazIn6
clusters (Figure 7), which can be generated by substituting one indium atom by equivalent
gallium one from the most stable Galn- structure adopting the rhombic prismatic geometry.
The lowest-energy 2ag Coy structure is computed to be slightly more stable than the 2bg

isomer (by 0.8 kcal/mol), which is not significant at the considered level of theory.

For the Gazslns clusters, the most stable 3ag structure corresponds to a distorted
rhombic prismatic geometry of the Cs symmetry. The Ga atoms are bound to each other
forming two short Ga—Ga bonds of 2.565 A, while there are seven Ga—In bonds with an
average length of 2.711 A, thus reducing the In—In direct contact to only two bonds of 2.947
A. The computed HOMO-LUMO gap is 1.71 eV. Note that the reduction of Ga—Ga and Ga—
In contacts induces energy loss. The other isomer can be generated by substituting one
gallium atom for one indium atom at the equatorial position stemming the most stable

Gazlns.

In the case of Gaslns clusters, most stable 4ag adopts the rhombic prismatic geometry
with the D2n symmetry, where gallium atoms occupy the equatorial positions, forming a Gas
rhombus. Fourteen distorted rhombic prisms with gallium atoms substituting different
positions of a rhombic prism are obtained within the range of 5.5 kcal/mol (Figure 7, Table
Il and Figure A2, Table A2 of the Annex). For the 40g D2y structure, indium atoms occupy

the equatorial positions of a rhombic prismand form a Ins rhombus, unlike most stable 4ag
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forming a Gas rhombus. These results mean that the Ga—Ga bond is stronger than the In—In
one and produces a stabilizing effect.

2as (sz) 2b3 (Czh) 2Cs (sz) 2d3 (Cl) 2eg (Cl) 2f3 (sz) 2g3 (sz)
AE=0.0 AE=0.3 AE=0.7 AE=15 AE=1.8 AE=29 AE =3.3

puafstaleiisiisuinvaior)ors

3as (C) 3bs (Cy) 3cs (C1) 3ds (Cs) 3es(C1) 3fs (Co) 308 (C1)  3hg(Cy)
AE=0.0 AE=0.8 AE=11 AE=13 AE=22 AE=23 AE=28 AE=29
[ [ L-—-—-“
[’ o~
CO PR T
4ag (Dzh) 4b3 (C1) 4cg (C1) 4d8(Cs) 4eg (Cz) 4f3 (Cs) 4gg (Cs) 4h8 (sz)

AE=00 AE=12 AE=14 AE=20 AE=21 AE=23 AE=24 AE=24

p 4 @ [~ —
5ag (Cs) 5b3 (Cs) 5¢s (Cl) 5d8 (Cl)
AE =0.0 AE=11 AE=15 AE =3.3

sid)s:a8s af5iadsiobsusisiahwis:

6as (sz) 6b3 (CzV) 6Cs (Czh) 6d8 (Cl) 6eg (Cl) 6f8 (sz) 698 (Czh) th(Cs)
AE =0.0 AE=0.1 AE=0.7 AE=16 AE=19 AE=27 AE=28 AE=34

-

Tag (Cs) 7b8(Cs) 7Cs (Cl) 7d8 (Cs) 768(C3V) 7f8 (Cs)
AE =0.0 AE=15 AE =8.0 AE =121 AE=124 AE =13.6

Figure 7. Ground state structures of Gamlng-m (m < 8) Clusters. The relative energies AE
between isomers are given in (kcal/mol).
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Table 3. Relative Energies (kcal/mol), HOMO-LUMO Gaps (eV), Ga—Ga, In-In, and
Ga—In Bond Lengths (A) for GamIns.m (m < 8) Clusters

Cluster | Isomer | Sy | relative HOMO-LUMO gap | Ga-Ga | In-In Ga-In
m energies
lag C |00 1.62 - 2913 | 2724
Galn;
1bsg C |15 1.66 - 2.926 | 2.742
2asg Ca | 0.0 1.66 2517 | 2940 | 2.907
2bg Can | 0.3 1.65 - 2.938 | 2.722
2Cs Ca | 0.7 1.68 2730 | 2945 | 2.715
Gazlng | 2ds C: |15 1.63 2.671 | 2918 |2.730
2¢eg C, |18 1.64 - 2.949 | 2.729
2fg Ca |29 1.61 2.533 | 2930 |2.936
208 Ca |33 1.66 - 2.926 | 2.745
3asg C |00 1.71 2508 | 2947 | 2711
3bs C, |08 1.68 2520 | 2913 | 2.744
3Cs C: |11 1.67 2.669 | 2948 |2.725
Gaslns | 3ds C |13 1.69 2.712 | 2.943 | 2.722
3eg C, |22 1.64 2528 | 2925 |2.738
3fg Cs |23 1.67 2.664 | 2.927 | 2.737
30s C, |28 1.70 2.686 |2.924 | 2.736
3hg Cs |29 1.69 - 2917 | 2.739
4ag Dan | 0.0 1.79 2505 |2944 | 2934
4bg C, |12 1.73 2514 | 2955 |2.718
4cg C. |14 1.72 2522 | 2963 | 2.727
Gaulna 4ds C |20 1.69 2.526 | 2918 |2.922
4eg C |21 1.68 2524 | 2950 |2.734
4fg Cs |23 1.72 2529 | 2914 | 2.752
408 C |24 1.70 2.655 |3.201 | 2.728
4hg Co | 24 1.73 2.693 | 3.157 | 2.726
Sag C |00 1.81 2508 |2.959 | 2.749
5bg C |11 1.78 2521 | 3.242 | 2.727
Ga5In3
5Cg C: |15 1.77 2529 |- 2.728
5ds C. |33 1.75 2540 |3.212 | 2732
6as Ca | 0.0 1.81 2530 |2.959 |2.955
6bg Cx |01 1.86 2517 |- 2.758
6Cs Can | 0.7 1.87 2513 |- 2.756
Gasl ny
6ds C. |16 1.81 2527 |3.219 | 2.727
Ges C: |19 1.80 2.524 | - 2.759
6fs Co | 2.7 1.80 2543 | 2928 | 2.991
7as Cs |00 1.88 2.523 | - 2.757
7bsg C |15 1.85 2539 |- 2.733
Garln 7Cs C: |80 1.72 2514 | - 2.852
7ds Cs | 121 1.99 2513 | - 2.689
7es Ca | 124 1.52 2570 |- 3.012
7fs Cs | 136 1.90 2510 |- 2.686
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For the Gaslns clusters, the most stable structure 5agis also a distorted rhombic prism
with Cs symmetry, which can be obtained by substituting one indium atom by one gallium
atom from the most stable Gaslns isomer. The remaining low-lying isomers are within the

range of 3.3 kcal/mol.

In the case of Gaslnz clusters, eight structures were found as energy minimum as
displayed in Figure A2 (see Annex Il). The global minimum 3ag structure adopts a distorted
rhombic prism having Cs symmetry, which the indium atoms occupying peripheral positions,
is lower in energy than 6bg, 6¢cs and 6dg by 0.1, 0.7 and 1.6 kcal/mol, respectively, and
displays a large HOMO-LUMO gap of 1.81 eV and short Ga-Ga, Ga-In and In-In bond
distance of 2.530, 2.955 and 2.959.

Nine lowest-energy structures are found for the GarIn clusters with various
geometries as displayed in Figure A2 and Table A2. As presented in Figure 7, the 7a8 isomer
exhibiting rhombus prismatic or cubane-like structure is computed as the global minimum
displaying a large HOMO-LUMO gap of 1.88 eV and short Ga-Ga and Ga-In bond distance
of 2.523 and 2.757. The second most stable isomer corresponds to the 7bs one with same
rhombus prismatic geometry lies only 1.5 kcal/mol, while the less stable 7ig one with a planar

geometry is found 21.4 kcal/mol above the global minimum.

I11.2. The substitution effects on the Gas and Ing cage

Seen the existence of Gag(Ci3Ho)s? cluster [33], it seemed appropriate to us to
investigate the substituted and the bare Gag and Ing cage, in order to give a deeper
understanding of the substitution effects on the cluster cage (Figure 8). For the substituted
GagHs species, each gallium atom engages one electron among three to form Ga-H bond,
thus, requires more connections with its neighbouring gallium atoms to counter in this
electronic deficiency. Consistent with this electron consideration, it was turned out that the
square antiprismatic structure is obtained as energy minimum, whereas that the rhombic
prismatic GagHs structure it is not obtained as energy minimum exhibiting large imaginary

frequencies.

Likewise to Gamlns.n clusters, the bare Gag adopts a cubane-like geometry with tri-
connected Ga atoms involving three electrons in the cluster cage rather than the substituted
species adopting the square antiprismatic one with tetra-connected Ga atoms engaging only

two electrons in the cluster cage.
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The calculations have been carried out on the bare Gag® and the substituted GasHs?>"
prismatic species showing the existence of large imaginary frequencies for the latter, thus,
these dianionic rhombic prismatic clusters is not found as energy minimum, while the
GagHs?  square antiprismatic structure is authenticated as energy minimum describing the
experimental one with short Ga-Ga bond distances in the range 2-561-2.723 A compared to
those of the neutral GasHs one ranging from 2.654 to 2.877 A.

Gasg Gas Hs - Gag Hg%
IngHsg 8 Ing H8

Figure 8. Optimized molecular structures of the Mg, MgHs, Mg? and MsgHs> (M = Ga,

In) isomers of lowest energy.

The Ga-Ga bond distances obtained for the dianionic GagHs? species are comparable
to those found in recent theoretical work for the protonated GagHio [34]. It is worthwhile
noting that rhombic prismatic structures display comparable bond distances ranging from
2.534t02.810 A.

The same tendencies are obtained for the IngHg and Ing, where the bare cluster adopt
the rhombic prismatic structure exhibiting short In-In bond distances within the large range
2.153-3.092 A; however, the substituted species adopts the square antiprismatic one, with
In-In bond distances within the narrow range 2.993-3.262 A. It is important to note that the
bond In-In bond distances in the dianionic IngHs? and Ing?* species undergo somewhat

lengthening compared to those of the neutral IngHs® and Ing® ones.
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11.3. Bonding energy per atom

The bonding energies Eca and Ein of Ga or In atom of each of the most stable
Gamlnn-m(n=4,6,8and m=1, 2.., n—1) clusters are calculated by the following expressions,
respectively: Eca = [E(GamInn-m) — (E(Gam-1Inn-m) + E(Ga))]

Ein = [E(GamInn-m) — (E(GamInn-m-1) + E(In))],
Where: E(Ga) and E(In) are the energies of isolated gallium and indium atoms, respectively,
while the E(Gam-1lnn-m) and E(GamlInn-m-1) are the energies of fragments.
The values of bonding energies of Ga or In atom calculated by the above formula are
gathered in Table IV. The relationship between Ega or Ejn and the m number of gallium or

Indium atoms of the cluster is shown in Figure 9.
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Figure 9. The bonding energy as a function of inserted Ga (a) and In (b) atoms in various

Gamlnn-m (n = 4, 6, 8 and m < n) clusters
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It is clear from the three curves (Figure 9) that Ecaincreases gradually as m increases.
Furthermore, one can observe that the cluster becomes more compact with enlarging cluster
size, as found by the previous works on Al element clusters [35].

For Gamlnn-m clusters with the same total number n, the bonding energies Eca of Gamlnn-m
(m < 4) are the smallest ones. This result indicates that Ga bonds are very important for the
stability of GamlInn-m clusters. It further shows that the Ga-rich clusters are more stable than
the In-rich ones with the same total number of atoms. Overall, according to the bonding
energies per atom, it can be concluded that the most stable clusters correspond to those with
the maximum of Ga atoms, while the less stable clusters correspond to those with the

minimum of Ga atoms.

Table 4. Bonding energy of Ga or In atoms Eca and E in, vertical ionization potential (VIP),
adiabatic ionization potential (AIP), vertical electron affinity (VEA), adiabatic electron
affinity (AEA) and chemical hardness (n) of the most stable Gamlnn.m (n =4, 6, 8 and m <

n) clusters are given in eV.

Cluster Eca Ein Exomo | ELumo | VIP AIP VEA | AEA |n

Galns -3.08 |-273 |-420 |-3.08 |580 |576 |1.64 1,82 2.08
Gazln -3.26 |-285 |-436 |-3.04 |594 |589 |153 1.65 2.21
Gaszln -3.24 |-283 |-444 |-3.09 |6.02 |583 |152 1.63 2.25
Galns -3.62 |-3.02 |[-459 |-3.08 |6.03 |590 |1.77 2.04 2.13

Gazln4 -386 |-3.20 |-469 |-3.04 |6.12 |6.00 |1.69 1.96 2.21
Gaslns -3.95 |-312 |-475 |-3.09 |6.18 |6.04 |1.70 1.98 2.24
Gasln -3.87 |-317 |-484 |-317 |6.26 |6.10 |1.71 2.00 2.28
Gasln -390 [-324 |-491 |-323 |635 |6.18 |1.71 2.01 2.32
Ing 474 |-315 |6.09 |593 |1.96 1.96 2.06
Galny -400 |-326 |-479 |-317 |6.14 |597 |194 1.99 2.10
Gazlns -4.25 |-327 |-482 |-316 |6.16 |6,01 |1.90 1.91 2.13
Gaslns -428 |-334 |-490 |-319 |6.23 |6,05 |1.89 1.94 2.17
Gaslng -420 |-340 |-498 |-319 |6.30 |612 |1.86 1.86 2.22
Gaslns -425 |-334 |-503 [-322 632 |613 |184 1.90 2.24
Gasln 424 |-339 |-510 [-3.29 |6.37 |622 |1.90 1.87 2.26
GazIn -431 |-328 |-520 |-331 |647 |623 |184 1.88 2.32
Gas -532 |-340 | 658 |6.34 |1.84 1.85 2.37
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11.4. HOMO-LUMO energy gaps

The HOMO-LUMO gap is among the useful parameters evaluating the stability and
the chemical reaction ability of the clusters. A system with a large energy gap is chemically
less reactive, therefore, could be more stable. From the Tables 1, 2, 3, it is interesting to
mention that the calculated values of HOMO-LUMO gaps for the most stable Gamlnn.m (n =
4, 6, 8 and m<n) clusters are in the range 1.15-1.88 eV (Figure 10), which are synonymous
of good thermodynamic stability of the studied clusters. Cleary from the curves displayed in
Figure 10, there is an apparent increase according to the increase of the m number of gallium.
Moreover, one can see that the HOMO-LUMO gaps increase according the following order:
Gamlnsm < Gamlnse.m < Gamlng.m and consistent with the bonding energy results. The largest
HOMO-LUMO gap of 1.88 eV corresponds to the GarIn, indicating that this cluster is the
less reactive system and relatively the most stable one due essentially to the stabilization of
the HOMO, while the LUMO remains almost at the same energy compared to those of small

and less Ga-rich clusters.
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Figure 10. Variation of HOMO-LUMO energy gaps as a function of m number of Ga

atoms calculated for the most stable structures of Gamlnn.m (n = 4, 6, 8 and m < n) clusters.

I1.5. lonization potential and electron affinity

The ionization potential (IP) and electron affinity (EA) are used as important
properties to probe the electronic structure modifications with respect to the cluster size. The
ionization potential (AIP, VIP) and electron affinity (AEA, VEA) were calculated for each
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most stable isomers clusters related to the GamlInn.m (n = 4, 6, 8 and m < n) clusters as shown
in Figure 11 and Table 4.

VIP is defined as the energy difference between cationic and neutral clusters, when
both are at the optimized geometry of the neutral cluster. AIP is defined similarly, but with
both clusters at their respective optimized geometries.

VEA is defined as the energy difference between neutral and anionic clusters, when both
are at the optimized geometry of the neutral cluster. AEA is the energy difference between
neutral and anionic clusters, both at their respective optimized geometries.

The calculated VIP and AIP values of the lowest-energy of Gamlnn.m (n =4, 6, 8 and m <n)
structures are summarized in Table IV and plotted in Figure 11, where the energy needed for
removal of an electron from the cluster yields valuable information on the electronic
structure.
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Figure 11.VIPs (a), and AIPs (b) for the most stable structures of Gamln.-m (n =4, 6, 8 and
m<n) clusters as a function of m number of Ga atoms
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The calculated VIP values are larger than the AIP ones and the energy difference
between them is an indication of the energy gain due to structural relaxation. As can be seen
from Figure 11, the Gamlnn.m clusters with the same total number n of atoms, the VIP and

AIP of GamInn.m (m = 1) are the smallest ones. For all the three curves, Gamlnn.m clusters

with the same total number n, VIP and AIP increase as function of the m number of gallium
atoms increasing, showing the same behavior as compared to that of the bonding energy per
atom E(Ga). Therefore, this result indicates that the Ga-rich clusters are more stable than In-
rich ones. The smallest VIP value (5.80 eV) shows that the Galns cluster is more readily

ionized than the large and Ga-rich clusters.

The Gamlns.m clusters have the lowest VIPs (5.80-6.02 eV ) and AIPs (5.76-5.89 eV),
therefore, they are the most easily oxidizable species, contrarily to the Gamlns.m clusters with
the highest VIPs (6.30-6.47 eV ) and AlPs (6.12-6.23 eV), thus, they are the most difficult
to oxidize, in accordance with their HOMO energies, where the one electron removing from
a deep orbital requires more energy, this corresponds to the largest IP, contrarily to those
related to the high HOMO energies.

The AIP, VIP and Enomo values summarized in Table 4 show clearly that the
decreasing of HOMO energies correlated to the enhancement of AIP and VIP values. The
comparison of IP’s between Gamlna-m ShOws a progressive rise in presence of more Ga atoms
and for large cluster size, in accordance with the relatively high Ga electronegativity
compared to that of In one. This upward trend of the ionization potential as a function of the
cluster size has been highlighted for the small Al-Sin.1 clusters [36].

Thus reduction in IP can be explained by the increase of the HOMO energies, thus, Ga-rich

species are more stable than the In-rich.

Contrarily to the potential ionization, the AEA values are larger than those of VEA
ones as given in Figure 12 and Table 4. For the same total number n, one can notice the
downward of the energy’s trend led by the increasing of Ga atoms. The smallest VAE (1.52
eV) and AEA (1.63 eV) are obtained for the Gasln cluster indicating its ease to be reduced,
whereas, the largest VAE (1.94 eV) and AEA (1.99 eV) are obtained for the Galnz containing
the minimum of Ga, corresponding to the most difficult species to be reduced.
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Figure 12. VEA (a) and AEA (b), calculated for the most stable structures of Gamlnn.m (n

=4, 6, 8 and m < n) clusters as a function of m number of Ga atoms.

11.6. Chemical hardness

Chemical hardness (n) given below is an electronic quantity characterizing the
relative stability of clusters. The chemical hardness () [37, 38] is a measure of the resistance
of a chemical entity to change in the number of electrons, which is given by the following

formula: n = 1/2(VIP - VEA), where VIP and VEA represent the vertical ionization and
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vertical electron affinity, respectively. The computed values of chemical hardness (1) for the

studied lowest-energy clusters are summarized in Table 4 and plotted in Figure 13.

From the curves, one can observe that for the Gamlnn.m clusters with the same total
number n, the chemical hardness (n) increases as the number m of gallium atoms increases,
showing the same behaviour compared to those of the binding energy per atom Eg, energy
gaps and IPs. The largest hardness values are obtained for the GazIn (2.34 eV) and Gasg (2.36
eV) isomers (Figure 13), which has the largest HOMO-LUMO energy gap, hence having
minimum tendency to exchange electrons (minimum reactivity), whereas, the smallest
hardness values are obtained for Ing (2.06 eV) and Gals (2.08 eV) predicting the maximum

tendency to exchange electrons (maximum reactivity).

2,34 -
2,32 ]
2,30
2,28 ]
2,26
2,24
2,22 ]
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2,18
2,16
2,14

Chemical hardness (eV)

2,12 ]
2,10 ]

2,08

2,06 —
1 2 3 4 5 6 7

Number of Ga atoms in cluster (m)

Figure 13. Chemical hardness as a function of m number of Ga atoms obtained for the

most stable structures of Gamlnn.m (N = 4, 6, 8 and m < n) clusters.
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I11.Conclusions

In this work, a detailed study has been provided of structural parameters, relative
stabilities and electronic properties of gallium—indium Gamlnn.m clusters (n =4, 6, 8 and m
< n). The obtained clusters prefer to adopt three-dimensional (3D) structures, the trigonal
prism and rhombic prism configurations are favored energetically when n = 6 and 8,

respectively.

Substituting of In atom(s) with Ga atom(s) keeps the geometry unchanged, but
induces some important variations concerning the bonding energy per atom, the HOMO-
LUMO gaps, the ionization potential, the electron affinity and the chemical hardness.
Indeed, the bonding energy evolution, and the electronic properties including HOMO-
LUMO gap, ionization potential (IP), electron affinity (EA) and chemical hardness (1) show
that the Ga-rich clusters are more stable than those of In-rich ones with the same number of
the total atoms. It is found that the studied properties strongly depend on the cluster size as
well as the Ga and In contributions. The Ga-Ga bond is stronger than the Ga-In bond and the
latter is stronger than the In-In one. Therefore, GasIn cluster is relatively, the most stable

structure. Thus, the stability increases with the Ga-Ga bonds increasing.
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I-Introduction

It is known that molecular hydrogen is one of the clean energy sources for the future,
due to its efficiency, abundance, and its respect for the environment [1]. However, the
manner of storing hydrogen under ambient conditions becomes a difficult problem for the
development of hydrogen technologies [2]. Continuous efforts have been focused on the
storage of hydrogen in solid-state materials, and an increasing interest in the search for
suitable materials such as carbon nanotube, Boron nitride and aluminium nitride has arisen

in the recent decades [3-14]

At the same time as hydrogen was used to modify the physical properties of
aluminium nitride films, and controlling their crystalline quality [14-17], computational
methods have been of great importance in the search of usage of AIN nanomaterials in
hydrogen storage field [18-26]. An analysis of the published studies shows that H>
dissociation on AIN nanotubes is thermodynamically favorable [20] and atomic H selects to
be adsorbed on an N atom and liberate an energy of 0.22 eV [22]. In addition, hydrogen can

remain in its molecular form in the Al12N12 cage [19]

Understanding hydrogen interaction with AIN clusters or other materials, could lead
to suitable materials for storage of hydrogen [27]. However, there is still a lack of detailed

knowledge about the mechanism of hudrogen interaction on Aluminium nitride clusters

The objective of this chapter is to identify the structural and electronic properties of
hydrogen interaction on stable AlzN cluster. We have explored the most probable sites of
hydrogen molecules on AIsN cluster, and their bonding energies, vibrational frequencies,
electronic properties based on MO analysis, HOMO-LUMO gaps, NBO and Hirschfeld
Charge analysis in order to provide a detailed scheme of their electronic structures.
Moreover, the energy decomposition of the studied compounds is envisaged in order to find

their interaction types.
Il. Results and discussion
11.1.0ptimized geometry and electronic structure of AlsN

Initially, we have optimized a number of low-lying isomers and determined the
lowest-energy structure for AlsN cluster which have been detected experimentally, when
laser-ablated aluminium atoms react with dinitrogen gas on condensation at 10 K [27].
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In Figure 1(A), only the most stable structure is shown. The global minimum of AlsN was
found that N atom is bound to the three Al atoms to form a triangular structure. This
geometry is the same as the previous theoretical study [28-37]. Geometry parameters of the
Al3N cluster with BP86-D and PW91 are shown in Table 1.

Charge analysis (Table 1) shows that the localised charge density of AlzN cluster is
mainly seen around nitrogen atom. Owing to the electronegativity difference between Al and

N atoms, electrons are transferred from Al to N.
11.2. Interaction between H2 molecules and AlsN

To study the hydrogen molecules storage capacity and their effects on AlsN cluster,
we investigated the hydrogenation of AlsN cluster with different number of hydrogen
molecules, which were added arbitrarily to AlsN cluster from various sites, directions and
distances, in order to examine the preferential position of Hz on AlsN cluster.

During the overall geometry optimizations, Hydrogen molecules were added one at a time
to the AlsN cluster, and no symmetry constraint was imposed.

All the optimised structures of the AlsN cluster interacting with one to six H:
molecules are presented in Figuresl, 2. Geometrical parameters, and Atomics Charges
calculated for different AlsNH, (n = 2, 4, 6) and AlsN-nNH; (n =1-6) are presented in Figure
8 and Table 1

In order to evaluate the stability of AlsN-nH. clusters and measure the interaction
strength between the Al3N cluster and hydrogen molecules, Eg the bonding energy between
Al3N and nHy, and the bonding energy (En2) of H2 on AlsN-(n-1)H. were calculated by BP86-
D and PW91 methods according to the following equations:

AlsN + nHz — AlsN-nH;

Es = (EasN-nH2 - Eaisn — NER2) (1)

AlN-(n-1)Hz + Hy — AlsN-nH;

En2 = Eaisn-nH2 - EAsN-(n-1)H2 —EH2 (2)

Where EaisnnHz and Eaisn-(n-nH2 Stand for total energy of the AlsN-nHz and AlsN-(n-1)H:

systems, Eaisn denotes total energy of AlsN, while En, stands for total energy of H2 molecule.
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11.2.1. AlzN-H2 complex

First, one H2 introduced into the AlsN system may either be in dissociative form

(Figure 1.B), or remain in molecular form (Figure 2. 1A).

For the dissociative form, we have placed the H, molecule at 1.8 A distance to Al
atom, and after DFT geometry optimization, the H> molecule is re-oriented such that the H.
molecule dissociate and bind on top of the Al atom to form a covalent bond (see Figure 1.B)
with a bonding energy of -158.28 and -160.48 kcal/mole for BP86-D and PW91 respectively.
The equilibrium Al-H distance is found to be 1.595 A (BP86-D), or 1.593 A (PW91), which
is in accordance with previous studies [9,18, 20] close to the experimental value 1.648 [38],
and different as the Al-H bond distance of the AlHg octahedra in a-AlHz [39]. The computed
Al;-N distances change slightly from 1.860 A and 1.854 A for Al3N to 1.822 A and 1.814 A
for AlsNHz with, BP86-D and PW91 respectively

As can be seen in Table 1, that when one hydrogen is added to the AlzN, the Ali-Al;
bond length is just slightly changed from 3.220 A to 3.117 A at BP86-D level. Furthermore,
The hydrogen atomic natural charge of -0.360 and -0.160, obtained by hirshfeld and Natural
Bond Orbital (NBO) analysis respectively reflects the electronic transfer from the AlsN to

the Hz as shown in Table 1, and confirm that H, strongly binds to AlsN.

4(«.

A (D3n) B (C2) C(Cw) D(Dsn)
Figure 1. Optimized geometries of AlzsN and AlsNH, (n =2, 4, 6)

For the molecular form, we placed hydrogen molecule in different positions and orientations
to AlsN at 4.78 A distance. After DFT geometry optimization, the H> molecule is re-oriented
such that the Hy is parallel to the Al-Al bond (see Figure 2.1A), with a calculated bonding
energy of -2.20 Kcal/mol (BP86-D) or -1.98 Kcal/mol (PW91).
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Table 1. Selected geometrical and energetic parameters calculated for AlsNHn (n =2, 4, 6).
Bond distances, bonding energy (Es) homo-lumo gap are given in A, Kcal/mol and eV

respectively

AlsN AlsNH AlsNH4 AlsNHsg
(A) (B) (©) (D)
BP86-D | PW9l BP86-D PW91 BP86-D | PW91 BP86-D | PW91l

En2 - - -158.28 | -160.48 | -156.28 | -158.32 | -154.12 | -155.89
homo-lumo | 2.55 2.52 2.71 2.69 3.41 3.33 4.92 4.85
gap
Al;i-N 1860 |1.854 |1.822 1814 |1.85 |1.845 |1.825 |1.818
Al>-N 1860 |1.854 | 1.856 1844 |1.820 |1812 |1.825 |1.818
Al1-Al; 3.220 |3.210 |3.117 3.090 |3.169 |3.138 |3.160 |3.148
Alx-Alz 3.220 |3.210 |3.339 3.334 |3.180 |3.193 |3.160 |3.148
Ali-Hg - - 1.595 1593 |1596 |1597 |1591 | 1592
Ali-Hs - - 1.595 1593 | 1590 |1590 |1591 |1.592

Al:-N-Alz 120° 120° 115.9° | 115.3° | 119.1° | 118.2° | 120° 120°
Alz-N-Al; 120° 120° 128.2° | 129.4° | 121.8° | 123.6° | 120° 120°

Charges
Aly 0.807* | 0.809 | 1.349 1340 | 1.399 |1.397 |1.418 |1.415
0.170° | 0.171 | 0.436 0.435 |0.216 |0.214 |0.474 |0.473
Al 0.807 |0.809 |0.833 0.835 [0.848 |0.848 |1.418 |1.415
0.170 |0.171 |0.193 0.193 |0.457 |0.457 |0.474 |0.473
Als 0.807 |0.809 |0.833 0.835 |[1.399 |1.397 |1.418 |1.415
0.170 |0.171 |0.193 0.193 [0.216 |0.214 |0.474 |0.473
N -2.423 | -2.429 | -2.297 |-2.230 |-2.182 |-2.185 |-2.058 | -2.060
-0.509 |-0.512 |-0.502 |-0.503 |-0.493 |-0.494 |-0.479 |-0.481
Ha - - -0.359 | -0.355 |-0.360 |-0.357 |-0.366 |-0.364
-0.160 |-0.159 |-0.155 |-0.155 |-0.157 |-0.156
Hs - - -0.359 | -0.355 |-0.372 |-0.370 |-0.366 |-0.364

-0.160 | -0.159 | -0.164 |-0.163 |-0.157 | -0.156

a: Natural charges (NBO) b: Hirschfeld charges

As expected, low Eg -bonding energy between AlsN and nH,- values lead to a
significant distance between aluminium and hydrogen (dai-+ = 2.670 A (BP86-D), or 2.653
A (PW91). The calculations based on the BP86-D (Figure 3) show that the Al-Al length
nearest to the hydrogen atoms elongate from 3.222 to 3.231 A, while the two others Al-Al
lengths are shortens to 3.202 A.

48



Chapter IlI Structure and Bonding Nature of nH> (n = 1-6) interact on AlsN Cluster

11.2.2. AlsN-nH2 (n = 2-6) complex

When added two hydrogen molecules at 1.7 A distance to Al atoms, and after DFT
geometry optimization, we found that the hydrogen molecules dissociate and bind on top of
the Al atom to form a covalent bond (Fig.1.C) with a bonding energy of -156.28 and -158.32
Kcal/mole for BP86-D and PW9L1 respectively. Where the optimized Al-H bond lengths is

found to be 1.59 A for the two functionals, in good accordance with other results [40].

Similarly, the addition of three hydrogen molecules at 1.6 A distance to Aluminium

atoms, gives covalent bonds (as shown in Figure 1.D).

A g 5I§ % d Ax d 5|§ RS

oo
o

1A (Ca) 2A (Ca) 2B (C) 3A (C) 3B (D=n)
AE =0.0/0.0 AE =0.78/0.93 AE =0.0/0.0 AE =0.42/0.53
p g ! PP ﬁ < g 2
J Ru d‘: :}: J’u “‘5._, J’v “(59
Y oS
4A (C) 4B (Ca) 5A (Cov) 6A (D3n)
AE = 0.0/0.0 AE =0.33/0.55

Figure 2. Optimized geometries of AlsN-nH (n = 1-6). The relative energies AE between
isomers are given in kcal/mol, obtained by BP86-D and PW91, respectively

We then studied the interaction of AlsN with two to six hydrogen molecules. We
found that all the successive H> molecules added to the AlsN-nH> complexes (n = 2-6) at
4.78 A distance to AlsN remain in the form of hydrogen molecules (Figure 2 ) with H-H
bond lengths ranging from 0.765 to 0.758 A (BP86-D) or 0.766 to 0.754 A (PW91), thus
slightly larger compared to 0.751A and 0.750 A the calculated equilibrium distance of
isolate H> molecule for BP86-D and PW91 functionals respectively (experimental value [38]
is0.74 A).
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3.222 A
(3210 A)
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Figure 3. Geometrical parameters calculated for different Als-nNH. (n =1-6) at BP86-D
6A and PW91 functionals. The values in parentheses are of PW91 method
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When more hydrogen molecules are interacted with AlzN, the strength of AlsN-nH;

interaction is somewhat weakened (As shown in Table 2 and Figure 4).

For n = 2, the average bonding energy decreases to -1.89 Kcal/mol /H, (BP86-D), and the
Al-H distance and H-H bond length are found to be 2.730 and 0.761 A, respectively.

Table 2. Bonding Energy Eg and Ewx. (Kcal/mol) of AlzN-nHz ( n = 1-6) Clusters

BP86-D PWO91
Es En2 Es En2
AlsN-H: (1A) -2.20 -2.20 -1.98 -1.98
AlsN-2H; (2A) -4.03 -1.89 -3.44 -1.61
Al3N-2H; (2B) -4.06 -1.53 -2.31 -1.22
Al3N-3H: (3A) -5.34 -1.43 -4.52 -1.32
Al3N-3H; (3B) -5.80 -1.56 -3.97 -1.14
Al3N-4H; (4A) -6.88 -1.30 -5.04 -0.85
Al3N-4H; (4B) -7.44 -1.48 -4.39 -1.14
Al3N-5H; (5A) -8.37 -1.20 -5.60 -1.05
Al3N-6H; (6A) -9.67 -1.09 -6.35 -1.03
1] Ep,(PW91)
] Eyy,(BP86-D)
2
= -3-
(@] J
£ 4
8 ]
X 5
3 J
o 6-
S ] Eg(PW91)
o -7
= ]
2 3
@]
8 ]
.9 4
0] Eg(BP86-D)
1 2 5

Number of H2 molecules

Figure 4. Bonding energy of the AlsN-nH> (n=1-6) system as a function of

the number of H, molecules bound
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When six H2 molecules are bound to AlzN, the average bonding energy decreases to -1.09
Kcal/mol (BP86-D) or -1.03 Kcal/mol (PW91). Consequently, the H-H distance is elongated
to 0.758 A and 0.754 A and Al-H distance enlarged to 2.86 A and 3.065 A, with BP86-D
and PW91 respectively.

Using the calculations based on the BP86-D and PW91, the relation between H-H
bond length and Al-H distance in the AlzN-nH. system and the number of H, units bound is
shown in Figure 5. It is clear from the two curves (Figures 5a, 5b) that H-H bond length
decreases gradually as the number of H> increases, while the Al-H distance increases with

the increasing of hydrogen number

T T 2,88

T T T
BP86-D
0,763 1 Y. —v— H-H bond length (a) _m | 2,86
—m— Al-H bond length /
0,762 . 284
< / F282 3
g’ 0,761 v ] ]l:
2 F280 g
g 2
8 0,760 4 -278 &
T ] a
T L276 5
0,759 v
\ L2074
0,758 - \v 2,72
T T T T T
2 3 4 5 6
Number of H2 molecules
T T T T T T 3’2
0,766 PW91
—<— H-H bond length I (b) 31
—um— Al-H bond length u 2
0,764 - :g T,
3,0
s 0,762 >
=8 ;
< o T
E ./ o
> 0,760 -29 9
S o
Q o
T 0,758 4 < =}
, log @
T ] \4 8 5
0,756 | \
< F27
07544 ™ \4
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Figure 5. H-H and Al-H distances of the AlsN-nH. system as a function

of the number of H2 molecules bound
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In order to gain in-depth information regarding the interaction behavior between
Alz:N and Hy, it is imperative to further optimize AlsN-7H,. Geometry optimization with
BP86-D functional shows that the seven H> deviates away from the AlsN cluster, leading to
a very low bonding energy of -0.01 kcal /mol and a large Al-H distance of 8.66 A.
The seven hydrogen molecule in the optimized structure have a bond distance of 0.751 A,
which is the same as that obtained for isolated molecular hydrogen optimized. This reflects
the absence of any interaction between the AlsN and the seven hydrogen molecule. For this

reason, we conclude that the Al3N cluster can take up to six H2 molecules.

11.3. Molecular Orbital Analysis.

The fragment analysis in ADF [41] present a particular interest, it can determine the
percentage contribution of molecular orbitals of AlsN and Hz fragments to molecular orbitals
of the AlsN-H> system. In order to give a deep insight into the bonding within the AlzN-nH>
(n = 1-6) structures, the results of BP86-D functional were used; the bonding is described in
terms of interaction diagram in Fig. 5 and Fig.A3. On the left side are the frontier molecular
orbitals of AlzN and on the right are the Molecular orbitals for hydrogen ligands. The highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
energies, energy gaps, representation of the molecular orbitals and the quantitative
contributions (in percentages) of Hz ligands in the molecular orbitals are also shown in
Figures 6,7, 8.

For all compounds AlsN-nH,, their HOMOs are largely localized on AlsN molecular
orbitals with small contributions from H> ligands, except the AlzN-Hz, where its HOMO is
localized on AlsN molecular orbital. While the LUMOs are mainly delocalized over the

whole molecules.

Taking AlsN-Hz diagram (Fig. 5. 1A) as an example, the HOMO is destabilized from
-5.13 eV to -5.09 eV while the LUMO is stabilized to -2.65 eV and then a lower band gap
(2.44 eV) is found, compared to AlsN band gap. The molecular orbital diagram clearly state
that the ligand fragment H; contributes about 3.80 7 towards the HOMO-1.

It can be seen from diagrams Figure 6.2A and (3A, 4A, 5A and 6A) in Figure 7 and Figure
8, that more H> ligands introduced on AlzN, can remarkably stabilize the HOMO energies

and destabilize the LUMO energies, and then lead to a bigger HOMO-LUMO gap. The
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energy gap values rise from 2.55 eV for AlsN to 2.44, 2.73, 3.23, 3.04, 3.04 and 3.21 eV for
AlsN-2H>,

Al3N-3H,, AlsN-4Hz, AlsN-5H. and AlsN-6H> respectively, which are synonymous of

good thermodynamic stability of the studied systems.

As shown in Figures 6-8, interaction diagrams are quite similar to the Dewar-Chatt-
Duncanson model [42, 43] and that of kubas [44, 45]. All diagrams show the two
interactions, which are a donation from H to AlsN and a back-donation from AlsN to Ho.
The liante interaction between the vacant anti-bonding orbitals LUMO and LUMO+1 of
Al3N and bonding orbitals HOMOs of nHx is stabilized and leads to electron transfer of about
0.07e,0.12¢,0.16 ¢,0.18 ¢,0.22 e and 0.27 e from Hz, 2H>, 3H2, 4H>, 5H>, and 6H. ligands

to AlsN respectively. Therefore, it is a donation.

On the other hand, the bonding interaction between the vacant anti-bonding orbitals
LUMO and LUMO+1 of Hz and bonding orbitals HOMO and HOMO-1 of AlsN is stabilized
and leads to electron transfer of about 0.08 e, 0.14 e, 0.18 e, 0.21 e, 0.23 e and 0.26 e from
Al3N to the Hz, 2H>, 3H>, 4H,, 5H,, and 6H; ligands respectively. Therefore, it is a back-
donation.

The Hz play a role of an electron acceptor through its vacant orbital. The back-donation tends
to weaken the H-H bond and enhances the attraction AlsN.... Ha. In AlsN-Hz (Figure 9. 1A),
the charge transfer is confirmed by a significant elongated of H-H bond length by 0.015 A
from 0.75 A to 0.765 A. One can see the elongation of the H-H bond and Al-H distance in
the other studied systems (Figure 5). As can be seen, that the back-donation was dominate

such that the partial charge on the Aluminium atoms metal increased.
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I1.4. Vibrational frequencies

The stability of the AlsN-nH> (n=1-6) clusters were further tested by normal mode
analysis. There are no imaginary frequencies to AlsN-nH> clusters for the two functionals
BP86-D and PW91, indicating the structures are quantum mechanically stable. Vibrational
frequency analysis was also employed to elucidate the influence of the hydrogen molecules
on AlsN. The vibrational frequencies of H-H bonds in AlsN-nH; clusters are listed in Table
S1. we note that the H> stretching mode in AlsN-nHz clusters is found to increase from AlsN-
H> to AlsN-6H, in the range of 4016-4153 cm™ and 3995-4283 cm™ for BP86-D and PW91
respectively, which is quite smaller than that of the free H2 molecule ( 4160 cm™) in the gas
phase [46]. The H> stretching mode for free H> molecule, according to our computations, it
is found around 4291 cm™ (BP86-D) or 4308 cm™ (PW91), which are higher than the
experimental frequency of a free H2 molecule.

4160

4140- *
4120-. *

4100-. \
4080 \

4060—-

4040-. \
4020-
4000--.-.-.-.-.-.-.-.-.
0,757 0,758 0,759 0,760 0,761 0,762 0,763 0,764 0,765 0,766

H-H bond length
Figure 9. H-H stretching frequency as a function of H-H bond length obtained

for AlsN-nH> clusters at BP86-D level

H-H stretching frequency (cm'1)

*

It is noteworthy that when more electrons are transferred from AlzN orbital to anti-
bonding orbitals of H, molecules (electron donation), suggesting significant AlsN....H>
interaction and hence weakening the H-H bond which leads to the decrease of H-H
stretching frequency. In all of the computational models upon binding to the AlsN cluster,
the H-H bond is seen to lengthen, its stretching frequency is shown to reduce (Figure 9).
AlsN-H; system have a smaller H-H stretching frequency of 4016 cm™ (BP86-D), or 3995

cm (PW91), which confirm the higher interaction between AlsN cluster and H2 molecule
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among other systems AlsN-nH; (n = 2-6), showing the same behaviour compared to those
of the bonding energy.

11.5. Charge Analysis

The influence of the hydrogen molecules on AlzN, can be further clarified from the
natural bond orbital (NBO) charges [47] and Hirschfeld Charge analysis [48]. To examine
the electronic structure of AlsN-nHz (n = 1-6), calculated charge distribution in AlsN-nH>

clusters based on Hirschfeld population analysis and NBO are indicated in Figure 10.

Hydrogen interaction with AlsN increase the positive charge on Al atoms. These
quantities are raised by successive addition of hydrogen molecules to the system, which can
be a reflection of charge transfers, as reported in Figure 10 and discussed in Molecular
Orbital Analysis above.

In the case of AlsN-H> cluster, Al atoms have positive charges and its neighbouring
H atoms have negative charges, which show that for BP86-D method, the charge transfer
with 0.013 e (NBO) or 0.012 e (hirshfeld) has occurred from AlsN to H atom. As show in
Figure 10, from AlsN-2H; to AlsN-6H> clusters, the charge values of H atoms are all

negative.

It is also found that the capability of the receiving electrons decrease slightly for each
hydrogen with the increase of the hydrogen molecules number added to AlsN. For more
clarification, the partial charge on the Al, N and H atom of the AlsN-nH; system as a function
of the number of H> molecules bound are plotted in Figure 11 in both cases hirshfeld and
NBO charges with BP86-D results.

Cleary from the curves displayed in Figure 11, the partial charge on the N atom
decreases slightly with successive addition of H>, molecules on AlsN. It reduced from -0.508
(hirshfeld) with no H> molecules bound down to -0.494 (hirshfeld) with six bound H>
molecules (Figure 11.a). One can see that the all atomic charges for AlsN-nH; atoms show
that the charge is transferred to the hydrogen atoms from the nitrogen and the aluminium
atoms nearest neighbour to hydrogen. According to the increase of the n number of hydrogen
molecules, charge transfer from AlsN to H> makes the Al atoms more positive as shown in
Figure 11.b.
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The reduction in partial charge of N and Al atoms suggests that the interaction is
overall an electron donation from the Al3N cluster to the Hydrogen molecules, consistent
with the increase in H-H bond length (Figure 11.c) and reduction in stretching frequency

(Figure 9 and Table 3A), as electron density is removed from the AlsN bonding orbital to

antibonding orbitals of H, molecules
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11.6. Energy decomposition

In order to gain a deeper understanding into the interaction between the AlzN-(n-1)H:
and the Hz fragments by means of the ADF program, the total interaction energy AEin for
Al3N-nH2 compounds was partitioned through the energy decomposition analyses (EDA) in
the framework of Morokuma—Ziegler scheme [49,50]. The total energy AEin: is composed
of three major components as follows: AEint = AEpauii + AEeistat + AEorh, Where the AEeistat
term is the electrostatic interaction energy between the fragments. The AEqm accounts for
the covalent character of the fragment-fragment interaction, and the term AEpaui refers to the
repulsive interactions between the fragments due to the fact that two electrons with same
spin cannot occupy the same region in space. It has been suggested that the relative values
of the two attractive terms AEestat and AEon are used to characterize the nature of the
chemical bonding [51, 52]. The energy decomposition data using BP86-D and PW91

exchange-correlation functional with a TZP basis set are summarized in Table 3.

The values of AEeistt and AEor, calculated with the BP86-D method which lies
between (-3.76, -2.64 Kcal/mole ) and ( -6.14, -3.57 kcal/mol) respectively, show that there
is a significant orbital overlapping between AlsN-(n-1)H> and H> fragments, whereas the
corresponding PW91 values indicating that there is a weak interaction between AlsN-(n-

1)Hz and H: fragments.

The Table 3 shows that the covalent contributions rather than electrostatic ones
dominate the interactions. For the AlsN-H> compound, 62 % of the attractive interaction
energy are due to covalent contributions, 38 % are from electrostatic ones.

It is interesting to observe that the smaller distance between AlzN-(n-1)H, and H fragments
results in a sizable increase in the AEpaui and AEqw. For BP86-D results, the smaller Al-H
distance is 2.67 A in Al3N-H; correspond to higher repulsion energy AEpaui = 9.52 kcal/mol
and Orbital energy AEom -6.14 kcal/mol.

The BP86-D results shows for a distance of Al-H = 2.65 A, that the interactions are
dominated by the electrostatic contributions rather than covalent ones.
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Table 3. Energy decomposition in (kcal/mol) obtained between Al3N-(n-1)H> and H:

fragments
BP86-D PW91
Compound AEpauii | AFelstat AEorh AEpauii | AFEelstat AEorb
AlsN-H: (1A) 9.52 -3.76 -6.14 9.24 -4.27 -6.95
(37.98)2 | (62.02)° (38.06)* | (61.94)°
AlNHz-H; (2A) 8.55 -3.40 -5.26 6.12 -3.10 -4.63
(39.26) | (60.74) (40.10) (59.90)
Al3NH2-Hz(2B) 7.05 -2.69 -3.81 2.34 -1.54 -2.02
(41.38) | (58.62) (43.26) (56.74)
AlsNHs-H2(3A) 8.25 -3.24 -4.71 3.14 -1.83 -2.46
(40.75) | (59.25) (42.66) (57.34)
Al3NH4-Hz(3B) 8.49 -3.34 -5.14 4.47 -2.46 -3.33
(41.49) | (58.51) (42.49) (57.51)
AlsNHg-H2(4A) 7.74 -2.93 -4.17 2.38 -1.52 -2.00
(41.27) | (58.73) (43.18) (56.82)
AlzNHe-H2(4B) 7.78 -3.04 -4.34 4.00 -2.27 -3.03
(41.19) | (58.81) (42.83) (57.17)
AlsNHs-H2(5A) 7.37 -2.87 -4.00 3.63 -2.13 -2.82
(41.78) | (58.22) (43.03) (56.97)
Al3sNHi0-Hz2(6A) 7.10 -2.64 -3.57 2.80 -1.69 -2.14
(4251) | (57.49) (44.13) (55.87)

a Electrostatic energy AEeista: contribution to the total attractive energy (AEeistat + AEorm)

b Orbital energy AEomn contribution to the total attractive energy (AEeistat + AEorm)
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I11. Conclusion

In this work, we have performed density functional calculations at the BP86-D and
PWO91 functionals for the interaction of molecular hydrogen on AlsN cluster. A detailed

study has been provided of structural parameters and electronic properties of AlsN-nHo.

Firstly we investigated on the all possible positions of H, molecules on AlzN cluster.
Moreover we also discuss the dissociative and non-dissociative interaction on AlsN. The
results show that the hydrogen molecules can bond strongly to the AlsN and form a covalent
bond Al-H with average bonding energy of -158.28 kcal/mol and of -160.40 kcal/mol for
BP86-D and PW91 respectively. Hydrogen can also bind to the AlzN cluster and remain in
their molecular form, and the average bonding energies of Hz lying in the range of -2.20
kcal/mol /Hy, for which it was shown that decrease with the increasing of number of

hydrogen molecules.

The capacity of AlsN to store hydrogen molecule is also studied, we have shown that
Al3N can bind up to six H2 molecules amounting to a gravimetric density of 11.8 wt %.
Employing fragment analysis, it was shown that the electron donation and back-donation is
the mechanism of bonding that occurs between AlsN and H> molecules. The electron
donation interaction tends to weaken the H-H bond and enhances the attraction AlsN- Ha.
The energy decomposition analysis show that the interaction between AlsN-(n-1)H. and

hydrogen molecule has a predominant covalent character than electrostatic one.
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Chapter IV Bonding and electronic structures in Nickel alkyne complexes

l. Introduction

The discovery of the first synthetic organometallic compound, Zeise’s salt in 1827
[1], and the determination of their structure with the advent of X-ray crystallography [2]
(Scheme 1), has played a major role in the studies of metal—olefin bonding interaction [3,4].
In addition, the synthesis of cyclooctatetraene discovered in 1940 by Reppe [5], who
proposed that the formation of the cyclooctatetraene take place within nickel-acetylene
complexes (Scheme 2), has contributed in the development of effective methods for the
production of functionalized ring systems which has been always a crucial subject in

synthetic chemistry [6-9].

Cl

~
7
Z
-

Cl—pt'—
O
cl

Scheme 1. Zeise’s salt [2]

NI(CN)Z/CaCZ

4 H ——— H >

THF 30~60°C

Scheme 2. Reppe’s cyclooctatraene synthesis [5]

Transition metal alkyne complexes are essential intermediates in a diversity of
homogeneous catalytic processes, such as the oxidation, the hydrogenation, the
cyclotrimerisation, and the oligomerization or the polymerization of alkynes [6, 7-10]. For
these reasons, extensive efforts in both experimental and theoretical aspects have been
devoted to the development of the transition metal alkyne complexes since more than 60
years ago [11-20].

The scheme 3 represent a general mechanistic pathway proposed for cyclotrimerisation of
alkynes [6]. These reactions occur more easily in the case of complexes in which the metals

have d8-d° electron configurations such as Fe, Co, Ni, Ru, Pd, and Ir
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Scheme 3. A general mechanistic pathway proposed for cyclotrimerisation of alkynes into

Benzene [6]

The nickel-alkyne complexes have been studied, since Chatt and his collaborators
[11] synthesized various platinum- alkyne compounds. One of the most interesting aspects
of these compounds is the capacity of NiL, (L = PPhs, CO) to stabilize the alkynes during
the formation of the complex. Ni(CO)2C2H2 , Ni(PHz3)2.C2H2 and Ni(CNH)2C2H. are the

simplest complexes that have been modeled by theoretical calculations [17,19,21].

In this work, we undertook a detailed theoretical study on a series of compounds of
general formula NiL2(RC=CR) / (L = CO or t-BuNC) and (R = H, CHgs, Phenyl, CF3, CI, F
or CN) where Ni(CO)2(CFsC=CCFs) [16] , Ni(tBuNC)2(CFC=CCF3) [16] and
Ni(tBuNC)2(C2(Ph)2) [13, 14] are characterized experimentally. The aim of this study is
to examine the electronic structure of these complexes as well as the strength of the bond
between NiL, and RC=CR the symmetrical substituted alkynes. Note that the Ni(CO).C2H>

complex has been the subject of a detailed preliminary theoretical study [19].

Before presenting the results obtained for the NiL> (RC=CR) / (L = CO or t-BuNC)
and (R = H, CHjs, Phenyl, CF3, ClI, F or CN) complexes, it is useful to study the electronic
structure of the ligands CO, t-BuNC and RC=CR to understand their coordination mode and

to identify its donor and acceptor MOs.
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I.1. Acetylene ligand

It is well known that the acetylene C2H2, was discovered in 1836 by the English
chemist Edmund Davy [22,23], and prepared in 1860 by M. Berthelot [24], who gives it its
name. It is characterized by the presence of a C=C triple bond in its molecule.

Besides the important role it plays as fuel in the oxyacetylene torch, Acetylene - in the
presence of metal catalysts - can react as a raw material to give a wide range of chemicals of
industrial importance. Alkyne substituents are among the more widely studied ligands in

organometallic complexes [12,13]

A
0 ) E
ef == @0
1 A
-2
3 3
5 4 | 6.82 eV
&
L
-5
-6
8+ @
-8 lﬂ:uy leux

Figure 1. Frontier Molecular orbital energy diagram for acetylene

We have determined the electronic structure of the acetylene to understand its mode
of coordination and to identify the donor and acceptor MOs. Figure 1 represents the diagram
of the orthogonal FMO = and ©n* of acetylene, obtained by the DFT calculation, where a
large energy gap (6.82 eV) separates the molecular orbitals occupied from the unoccupied

ones.

1.2. Metal - alkyne bonding

By using the DCD model [3,4], the bonding interaction between alkyne and
transition metals consists of c-donation from r orbital occupied of alkyne to an empty orbital

on the metal and = back-donation from occupied d-orbitals of the metal to a vacant = * orbital
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of alkyne. Due to the presence of a double 7-system in alkyne ligands, two donor and two
acceptor interactions are possible (Figure 2). The alkyne act as a 2 or 4 electrons donor ligand by
means of its two 7 orbitals, or acceptor of the electrons of the metal (z back-donation) . On the
other hand, the perpendicular acceptor orbital (mL*) can only form a é-type bond with the

metal d orbitals, and therefore it does not significantly contribute to the bonding

1 %J

7l ™

0 ¢

o donation 7 back-donation

|
-~

L TL*

7t donation 0 back-donation

Figure 2: schematic representations of donor-acceptor interactions of alkyne complexes

When the alkyne is sufficiently good © acceptor, 7 metal-alkyne complex can be considered

as a metallacyclopropene.

/7
back-donation . %

—C=C— - = C\f/(}
M M
L Xa
A complex n2-metallacyclopropene
Poor metal rich metal

Figure 3. Mesomeric forms limits for the coordination of alkyne [25]
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1.3. Tert-butyl isocyanide ligand

Tert-butyl isocyanide is an organic compound of formula (CH3)3sCNC . Like most
alkyl isocyanides, is a toxic and reactive colorless liquid with an extremely disagreeable
odor. [26]

Figure 4 represents frontier molecular orbital energy diagram for t-butyl isocyanide,
obtained by the DFT calculation, where a large energy gap (6.69 eV) separates 10a; the

non bonding molecular orbital from the n* anti-bonding molecular orbitals (7e1). This
neutral ligand has a o-donor character by donation due to the non-bonding orbital 10a;
located on the C atom of CN. On the other hand, it is a m-acceptor ligand and its interaction

with metal depends largely on © back-donation M — CNC(CH3)s,

I.4. Carbon monoxide ligand

Since the discovery of the first metal carbonyl Ni(CO)s in 1890 [27], the carbon
monoxide has become one of the most studied ligands in organometallic chemistry. It is a
versatile ligand toward transition metals. It has several bonding modes, and its small size

means that a relatively large number can surround a metal cluster [28].

A comparison between the two ligands (t-BuNC) and (CO), shows that the t-BuNC
has a higher- energy © * acceptor orbitals (-0.29 eV) and higher-energy o-donor orbitals (-
6.98 eV), revealing its strong donor effect and weak acceptor effect; as result the Tert-butyl

isocyanide ca stabilize higher oxidation states [ 28 ]
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Figure 4. Frontier molecular orbital energy diagram for t-butyl isocyanide

and carbon monoxide

I1. Results and Discussion
I1.1. Structural study

The full geometry optimizations of the complexes NiL>(C2R2) / (L = t-BuNC, CO),
(R = H, CHs, F, Cl, CN, CF3, Ph) without symmetry constraints, leads to trigonal planar
complexes in their singlet and triplet spin states. The optimized geometries have been

verified as minima by vibration frequencies calculation. It should be noted that the triplet
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structures were found very high in energy (lying at 50 kcal/mol above the singlet structures)
compared to the singlet structures; therefore, they are not discussed in the context of this

study.

The experimental molecular structures of investigated complexes are not known and
only that of 3a, 3b and 5b has been determined [13,14,16]. The neutral complex
[Ni(tBuNC)2{C2(Ph)2}] (3a) has been isolated and characterized by X-ray diffraction [14].
It containing a single atom of Ni in a square planar environment, crystallizing in the
monoclinic space group C2h5 -P2 / a. Its elementary cell contains eight molecules. In the
optimized geometry (3a), the calculated bond lengths Ni-Cac and C=C of 1.914 A, and 1.293
A respectively, are in good agreement with the experimental values 1.902 and 1.924 A (Ni-
Cac) and 1.291 A (C=C) present in the X-ray structure.

The results summarized in figures 5 and 6 reveal structural modifications that occur
during the change of hydrogen at acetylene by the different symmetrical substituents (CHs,
F, Cl, CN, CFz and Ph). The influence appears clearly in the values of the Ni-Ca, and C=C
bonds and of the R-C=C bond angle. The distances of the C=C bonds calculated in the
complexes NiL2(C2R2) / (R = H, CH?3) are shorter than in the other investigated compounds.
Note that these C=C distances between 1,266 A and 1,302 A are significantly longer than
those calculated for free acetylene (1,201 A with the same method).

Moreover, the calculated Ni-Cac bonds decreased from 1,912 and 1,933 A for 2a and
2b to (1,897 and 1,918 A), (1,894 and 1,914 A), (1,887 and 1,901 A) and (1,874 and 1, 881
A) for (4a and 4b), (5a and 5b ), (6a and 6b) and (7a and 7b) and increased to (1.914 and
1.937 A) and (1.925 and 1.952 A) for (3a and 3b) and (1a and 1b) respectively.
The interaction between the ligand RC=CR and the metal fragment Ni(t-BuNC). is also
reflected by the angle R-C=C in different geometries, which strongly deviates from the
linear arrangement of free alkyne on going from 150.7 ° (R = CHj3), 148.8 ° (R = H) to 144.7°
(R=F)and 143.9 ° (R=Cl). Similar trends were observed for the Ni(CO)2(C2R2) complexes.
For example the angles decrease from 153.3 ° in the Ni(CO)2(C2(CHzs)2) complex to 147.2 °
in the Ni(CO)2(C2(Cl2) complex. As, the complexes Ni(t-BuNC)2(C2F2) and Ni(CO)2(C2F>)
have the shortest Ni-C; bond lengths, and the smallest angles R-C=C, we can say that the
difluoroacetylene ligand (C2F2) is more strongly bound to nickel than acetylene and the other

symmetrical substituted alkynes C2Ro.
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, Figure 5. Optimized structures obtained
R=F for Ni(t-BuNC)2(C2R2) complexes
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Figure 6. Optimized structures obtained for
Ni(CO)2(C2R2) complexes

11.2. Molecular Orbital Analysis

MO diagrams obtained for the complexes NiL2(RC=CR) /R = F, Cl, CF3, CN, Ph, H
and CHs are shown in Figures 7 and 8. The contribution (d / L2 / C2R2) represent,
respectively, percentage weights of the d orbitals and the ligands (t-ButNC). or (CO). and
C:R> .

A large HOMO-LUMO energy gap implies good thermodynamic stability for all the
studied complexes. The HOMOs of NiL2CzF2, NiL2C2Cl2, NiL2C2Ph, and NiL2C2(CHz)z,
and the HOMO-1 of NiL2C2(CFz)2, NiL2C2(CN)2 and NiL.C>H> which located on nickel
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atom and the ligand C2Rz, are combinations of the dy; orbital of Nickel and the out-of-plane

MO rL of alkyne, and clearly show the Ni-C2R; anti-bonding character. This means that the
bonding contribution of HOMO-5 is essentially compensated by the anti-bonding nature of
HOMO (or HOMO-1 ) as shown above, which leaves alkyne act as 2 electron donor ligand

via HOMO-4 in all of the cases studied and leading to an 16 electron complex (MVE = 16)

The HOMO-4, HOMO-5 and HOMO-6 show the occupied MOs of NilL2(C2R2)
complexes that contribute to Ni-C2R: interactions. As shown in figure 9, the shapes of these
MOs illustrate well the model of synergistic donor-acceptor interactions. The HOMO-5
indicates the ¢ donation of C2R2 — Ni from MO || in the plane of the alkyne ligand. The
HOMO-4 displays the Ni — C2R2 back-donation to the MO x|l * in the plane of the alkyne
ligand. In addition, the HOMO-6 shows that there is significant contribution of the out-of-
plane OM =L of the alkyne ligand in the C2R2 — Ni donation.

All LUMOs of the complexes studied are mainly located on the t-butyl isocyanide
ligand or the carbon monoxide. This result was expected due to the strong acceptor character
of these ligands, except for NiL2(C2(CNz2)) (see 4a Fig. 7 and 4b Fig. 8), which located on
C2(CN): ligand.

The destabilization of the MOs for each type of complexes studied depends on the
C2R:ligand, the more it is donor, the more the MOs will be destabilized and vice versa.
Indeed, the MOs of the CN complexes (4a and 4b) are the most stabilized because the ligand
C2(CN)2, the weakest electron donor, stabilizes the Ni d orbitals. Whereas CHjs is the most

donor, its MOs are the most destabilized.

If we compare the energy level of MO diagrams (see Fig 7, 8), we find that HOMOs
and LUMOs of Ni(t-BuNC)2(C2R>) are less stabilized than those of Ni(CO)2(C2Rz). The
results summarized in the Table 1, clearly point that the auxiliary ligand t-BuNC is a weak
electron acceptor as compared to carbonyl ligand. Consequently, the CO ligand stabilize the

Nickel orbitals and largely responsible for low energy of MOs of Ni(CO)2(C2R>).
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Figure 9. Selected molecular orbital of the NiL>(Cz2F.) complexes (isovalue = 0.067) showing the nature of the bonding in the
structure of Ni(t-BuNC)2(C2F2) (7a ) and Ni(CO)2(C2F2) (7b)
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11.3. Bonding Analysis

In this part, we are interested in a comparative study of the order of stability of
NiL2(C2R2)/ L = t-BuNC or CO complexes, to get a deeper understanding based on the
different interactions that took place between the Ni(t- BUNC). or Ni(CO). and different
symmetrical substituted alkynes.

The natural populations of the frontier molecular orbitals C2R2 nL indicate that
occupations in the interval from [1.83 - 1.94] have negligible participations in the Ni-Cyc
bond, as displayed in Table 1. While the natural populations of the CzR: =l frontier
molecular orbitals in the Ni(t-ButNC)2(C2R2) and Ni(CO)2C2R2 / (R = F, Cl, CF3, H, CHs)
complexes, respectively indicate occupations of (1.66 - 1.69), (1.79-1.76), (1.76-1.71),
(1.72-1.67) and (1.74-1.70), have significant participations and contribute to the bond
HOMO- 5 for Ni(t-BuNC)2(C2F2) and HOMO-6 for Ni(CO)2(C2F2) (see Figure 9)

The Ni-Cy4c bond is also associated with the back-donation from the occupied orbitals
of the metal fragment NiL> to the lowest vacant orbitals of the CoR, fragment. As expected,
this MO is responsible for Ni- C4c bonding.

The lowest vacant alkyne orbital CoF (w || *) receives 0.79 and 0.66 electrons, respectively,
from the metal fragments [Ni (t-ButNC)2] and [Ni(CO)2], also justified by the net charges of
C2F2 and nickel as collected in Table 2.

The Ni-Cy distances calculated for the Ni(CO)2(C2R2) complexes, accompanied by
a shortening of the C=C bonds are longer than those in their Ni(t-BuNC)2(C2Rz)

counterparts. (See the figures 1 and 2). This is explained by the fact that carbonyl is a strong
acceptor m and weak donor ¢ compared to teriobutyl isocyanide as shown in table 1. It
participates in reducing the value of the electrons which contribute to the bak-donation
towards alkyne while teriobutyl isocyanide the weak acceptor m and strong donor o

contributes to increasing the value of the back-donation. .

The ligand C2(CHa)2 in the 1a and 1b complexes has the lowest charge compared to
the other ligands, which is respectively -0.130 and -0.232, which confirms that the back-
donation of the metallic orbitals towards the C=C bond is quite weak. It should be noted that
the positive charges on nickel in carbonyl complexes are higher than those obtained for
tertiobutyl isocyanide complexes. This charge deficit confirm that tBuNC is a good donor
for stabilizing nickel in the presence of a strong acceptor C2(CFz)2, C2(Cl)2 and C2(CN)2
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Table 1: Relevant computed data for the NiL2(C2R2) complexes /R = F, Cl, CF3, CN, Ph, H, CHzand L = t-BuNC, CO

Ni(t-BUNC)2(C2R>)

Ni(CO)2(C2R2)

@ C2R2 Frontier orbital (LBUNC),® C2R2 Frontier orbital (OO

b - u 2 . 2 -

§ occupations @ Electronic occupations @ Electronic

= confguration of Ni confguration of Ni
é nl 7l || | wxl | d b Ll 7l || | mxLl |d b

wn
CHs |190 [1.74 | 056 |0.01 |0.74|0.65 | 4s*47 3878 4p0c8 1.88 | 1.70 | 0.43 | 0.00 |0.71 | 0.79 | 4s%44 3d3 " 4p07®
H 1.89 | 1.72 [0.60 | 0.03 |0.75|0.55 | 4s%46 30872 4p07 1.88 | 1.67 | 0.48 |0.02 |0.74 | 0.74 | 45943 3d®72 4p°76
Ph 1.93 [1.80 |0.57 [0.02 |0.74|0.58 | 4s%483(8724p07t 1.90 | 1.77 | 0.43 | 0.01 |0.72 | 0.77 | 4s%% 3873 4p?7
CN |194 (185 |0.73 |0.04 |0.82|0.42 | 4s%4 3d®7 4p° 1.83 |1.93 | 057 |0.02 |0.74 | 0.61 | 4s%433d® " 4p®
CFs |192 [1.76 |[0.75 |0.03 | 0.81|0.46 | 4s®4 3d®7 4p"e8 1.90 | 1.71 | 0.60 |0.02 | 0.74 | 0.64 | 4s%42 30"34p%"
Cl 1.90 | 1.79 [0.76 | 0.03 |0.81|0.49 | 4s%47 3085 4p073 1.83 |1.66 | 0.66 |0.02 |0.74 | 0.68 | 45942 37868 4073
F 1.85 [1.69 [0.79 [0.00 |0.82|0.52 | 4s%°03(884p078 1.83 |1.66 |0.66 |0.02 | 0.76 | 0.69 | 4546 30867 4p082

@ Calculated Frontier orbital occupations of the C2R; ligand after interaction with NiL, fragment.

® The o-donation (d), n-back-donation (b), are obtained from interaction between NiC2Rz and L ligand.
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Table 2. Hirschfeld charges and Ni-Cac Mayer bond order for NiL2(C2R2) complexes /R
=F, CI, CF3, CN, Ph, H, CHzand L = t-BuNC, CO

Substituant | Ni(t-BuNC)2(C2R2) Ni(CO)2(CzR>2)
R N i'Cac N| R2C2 N i'Cac Nl R2C2
Mayer Mayer
bond order bond order
CHs 0.71 0.134 -0.232 0.67 0.185 -0.130
H 0.74 0.135 -0.279 0.70 0.194 -0.184
Ph 0.73 0.146 -0.287 0.71 0.222 -0.158
CN 0.67 0.184 -0.468 0.65 0.234 -0.330
Cks 0.75 0.173 -0.429 0.73 0.224 -0.303
Cl 0.74 0.158 -0.437 0.71 0.204 -0.296
F 0.85 0.151 -0.420 0.83 0.205 -0.307

11.4. Energy decomposition analysis

To achieve a better understanding of the bonding between the symmetrical
substituted alkynes ligands C2R2 / (R = CHs, H, F, Cl, CN, CHO, CF3 and Ph) and Ni(t-
BuNC). or Ni(CO). fragments, an energy decomposition analysis (EDA) of Ziegler-Rauk
[30-31] was carried out using the ADF program [32]. The results are given in Tables 3 and
4, where the total interaction energy (AEin) between the fragments is divided into three
terms, namely (1) the electrostatic energy AEeistat between the fragments, calculated using
the frozen electron density distribution of the fragments; (2) the interaction of repulsive
exchange AEpaui between the fragments due to the fact that two electrons of the same spin
cannot occupy the same region in space; (3) the orbital interaction (covalent) AEom, which
represents the charge transfer bound to the interactions between the occupied and vacant
orbitals of the fragments. This last term can be broken down into orbital contributions of

different symmetry, which makes it possible to distinguish the bonds o, 7 and 6

For all complexes studied, from whatever the ligand L (CO or t-BuNC), the total
interaction energy follows the sequence: NiL2(C2F2) < NiL2(C2Cl2) < NiL2(Cz (CFs)2) <
NiL2( C2(CN)2) < NiL2(C2(Ph)z2) < NiL2(C2H2) < NiLz (C2(CHs)2), which nicely agree with
the corresponding Ni-Cac bond strength discussed above.

It should also be noted that for the same ligand C2R>, the total interaction energies
AEint (including the orbital interaction AEom) of the complexes Ni(t-BuNCy(C2R2), are
smaller than those of the Ni(CO)2(C2R2) complexes, which indicates that the bonding is
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stronger in the t-butyl isocyanide complexes than in those of carbonyl, and therefore are the

most stable.

Tables 3 and 4 show that all the interactions present almost equilibrium between both
electrostatic and covalent contributions. The electrostatic contribution AEestat increases for
Ph, H and CHa substituents, reaching 55.90 %, 54.25 % and 58.31 % respectively, while for
the Ni(CO)2C2R2 complexes, reaching 57.44 %, 56.18 % and 60.06 % for the same
substituents Ph, H and CHjs respectively.

The energy contributions corresponding to o donation and = back-donation for

Ni(CO)2(C2R2) complexes of the Cay point group are AEa and AEg; respectively .

From the table 4, it follows that the electronic effect AEg has a significant contribution to
AEon than AEar and plays a major role in relative stability. The most stable Ni(CO),(C2F2)
complex has the lowest values of AEas (-24.06 kcal / mol) and AEg> (-93.05 kcal / mol),
while the complexes Ni(CO)2(C2(CN)2) and Ni(CO).(C2(CHs).) respectively have the large
values of AEa (-20.91 kcal / mol) of AEg> (-51.80 kcal /mol). These results are in agreement
with the values of ¢ donation and = back-donation. We find that the Ni(CO)2(C2F2) complex
has the greatest value of b = 0.66 and d = 0.68. Also, Ni(CO)2(C2(CN),) has the smallest
value of d = 0.33 and the least stable complex among the studied compounds
Ni(CO)2(C2(CHs)2) has the lowest value b = 0.45

Table 3. Energy decomposition in (kcal/mol) obtained by the interactions between C2R; (R
=F, ClI, CF3, CN, Ph, H, CH3) and Ni(t-ButNC)..

complexes AEelstat AEpauli | AEorb AEint
Ni(t-ButNC)2{C2F2} -138.54 (48.63 /)@ | 173.98 | -146.35 (51.37 %)@ | -110.91
Ni(t-ButNC){C2Cl.} -130.74 (49.11 %) 170.23 | -135.46 (50.89 %) | -95.97

Ni(t-BUtNC)2{C2(CFs)2} | -117.33 (47.157) | 156.77 | -131.53 (52.857) | -92.09

Ni(t-ButNC)2{C2(CN)z} | -113.65 (45.857) | 157.27 | -134.24 (54.157) | -90.62

Ni(t-ButNC){C2(ph)2} | -134.89 (55.90 /) | 169.93 | -106.44 (44.10 Z) | -71.40

Ni(t-ButNC)2{C2Hz} 12522 (54.257) | 160.54 | -105.60 (45.757) | -70.28

Ni(t-ButNC)2{C2(CHz)2} | -135.20 (58.317) | 16427 | -96.68 (41.69Z) | -64.61

& Values between parentheses are the percentage of the contributions into the total attractive

energies.
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Table 4. Energy decomposition in (kcal/mol) obtained by the interactions between C2R2 (R = F, Cl, CF3, CN, Ph, H, CHz) and Ni(CO)..

complexes AE eistat AEpaui AEorh Eax Ea2 Eb1 Eb2 AEint
_ -130.05 -126.61 -24.06 -2.01 -7.48 -93.05 -91.68
Ni(CO)2C2F2 . 164.98 . ) ) ) )
(50.67 7)® (49.33 %)@ | (19.00 Z)® | (1.59 7)® | (5.91 Z)® | (73.50 7)®
_ -120.97 -113.38 -22.48 -2.04 -6.35 -82.51
Ni(CO)2C2Cl: ) 157.05 ) ) ) ) ) -77.30
(51.62 7) (48.387) | (19.837) (1.80 %) (5.60 %) (72.777)
_ -101.22 -108.30 -20.95 -2.55 -5.43 -79.38
Ni(CO)2C»(CF3) 2 , 139.69 _ _ _ _ _ -69.84
(48.31 7) (51.697) | (19.357) (2.357) (5.00 %) (73.30 %)
_ -92.81 -109.99 -20.91 -3.18 -5.96 -79.93
Ni(CO)2C2(CN) ) 136.56 , _ _ _ _ -66.24
(45.76 7.) (54.24 7) | (19.017) (2.90 7) (5.42 7) (72.67 %)
_ -121.46 -90.00 -23.26 -66.74
Ni(CO)2C2(ph) 2 i 148.95 , _ _ -62.51
(57.44 7 (4256 7) | (25.857) (74.15 %)
_ -114.01 -88.94 -21.63 -1.70 -6.10 -59.51
Ni(CO)2C2H; ) 142.48 _ _ _ _ _ -60.47
(56.18 7) (43.827) | (24.327) (1.917) (6.86 %) (66.91 7)
_ -123.03 -81.80 -22.14 -1.14 -6.64 -51.87
Ni(CO)2C2(CHs) 2 ) 145.88 ) ) ) ) ) -58.95
(60.06 7.) (39.947) | (27.077) (1.39 %) (8.127) (63.42 7)

8The percentage of the contributions into the total attractive energies.

®The contribution to the total orbital interactions AEor
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I11. Conclusion

In this theoretical study, calculations were performed on Ni(t-BuNC),(C2R2) and
Ni(CO)2(C2R2) complexes by varying the symmetrical substituted alkynes C;R.. The
electronic structure and the bonding strength analysis between the metal fragments NiL. (L
= t-BuNC, CO) and symmetrical substituted C2R> have been studied by density functional
theory with the BP86 functional and TZP basis sets. The electronic structure was analysed

in terms of the Chatt—Dewar—Duncanson model.

The electronegative substituents on acetylene increases the ability of the triple bond
to coordinate with the Nickel where the strongest bonding energies are calculated.

The presence of electron withdrawing ligand reduces the importance of nickel-alkyne
back-donation, in which we have found that tert-butyl isocyanide complexes are more stable

than those of carbonyl.

The energy decomposition analysis indicates that all symmetrical substituted C2R> /
(R =F, Cl, CFs, CN, Ph, H and CHa) bonded to the Ni metal present almost equilibrium

between both electrostatic and covalent contributions

Our results are supported by experimental studies which indicate that
[Ni(CO)2(CF3C=CCF3) complex is a colorless volatile liquid while
Ni(tBuNC)2(CF3C=CCF3) and Ni(tBuNC)2(Ph C= C Ph) are crystalline complexes
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The work described in this thesis reports a DFT method study of the geometrical and
electronic properties of variety of mixed clusters of Illa and Va groups such as Gamlnn-m

clusters (n =4, 6, 8 and m < n) and AlsN-nH: clusters.

During the second Chapter, a detailed study has been provided of structural
parameters, relative stabilities and electronic properties of gallium—indium Gamlnn.m clusters
(n =4, 6, 8 and m < n). The obtained clusters prefer to adopt three-dimensional (3D)
structures, the trigonal prism and rhombic prism configurations are favored energetically
when n = 6 and 8 respectively. The study of electronic properties show that the Ga-rich
clusters are more stable than those of In-rich ones with the same number of the total atoms.

Therefore, GazIn cluster is relatively, the most stable structure.

Density functional calculations were performed at the BP86-D and PW91 functionals
for the interaction of molecular hydrogen on AIsN cluster. A detailed study has been
provided of structural parameters and electronic properties of AlsN-nH>. The results show
that the hydrogen molecules can bond strongly to the AlsN and form a covalent bond Al-H
The values bonding energy of H. for all AlsN-nHz (n =1-6) calculated by BP86-D nearly lie
in the ideal range of 0.1 - 0.4 eV which are an advantage for hydrogen storage under ambient
conditions. The fragment analysis was shown that the electron-donation interaction tends to
weaken the H-H bond and enhances the attraction AlzN- H..

In the last chapter, calculations were performed on Ni(t-BuNC)2(C2R2) and
Ni(CO)2(C2R2) complexes by varying the symmetrical substituted alkynes C,R.. The
electronic structure was analysed in terms of the Chatt—Dewar—Duncanson model and show
that the contribution of ©- back-donation from the metallic fragment to the x * orbitals of
C2R2 ligands is more dominant than that from ¢ donation for all Ni(t-BuNC)2(C2R2)

complexes.
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There are still many properties for gallium indium clusters to be addressed. In the
coming times, | hope to studying and modifying optical properties of gallium indium

clusters by adding organic compounds

96



ANNEXES



ANNEX |

Computational Methods
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l. Introduction

ADF (Amsterdam Density Functional) is a Fortran program for calculations on atoms
and molecules (in gas phase or solution). It can be used for the study of such diverse fields
as molecular spectroscopy, organic and inorganic chemistry, crystallography and
pharmacochemistry. It was developed at the university from Vrije in Amsterdam to Baerends
and co-workers [1, 2], its particularity is the calculation of the total binding energy of the
molecule. A separate program BAND is available for the study of periodic systems: crystals,
surfaces, and polymers. The calculation method used is the theory of the DFT density

functional which is based on the Kohn-Sham approach (see chapter I)

II-Computational methods

DFT calculations were carried out on the studied clusters using the Amsterdam
density functional (ADF) program developed by Baerends and co-workers [1-5].
All geometries discussed in the chapter Il have been optimized with the hybrid-type B3LYP
functional (Becke's three parameter hybrid exchange functional [6] coupled with the Lee—
Yang-Parr nonlocal correlation functional) [7]
The generalized gradient approximation BP86 and PW91 [8-10] functional have been used
for calculations in both chapter Ill and Chapter IV. The numerical integration procedure

applied for the calculations was developed by te Velde et al [6].

The atomic electronic configurations were described by a triple-{ Slater-type orbital
(STO) basis set for H 1s, C 2sand 2p, O 2sand 2p , F 2s and 2p, Cl 3s and 3p Al 2s and
2p, N 2s and 2p, Ga 3d, 4s, and 4p, In 4d, 5s, and 5p augmented with a 3d single-{
polarization for C, N, O, F, Al, N and Cl atoms and with a 2p single-( polarization for H
atoms, augmented with a 4d single-{ and 5d single-{ polarization for Ga and In atoms,

respectively

Full geometry optimizations were carried out using the analytical gradient method
implemented by Versluis and Ziegler [11]. Frequency calculations [12] were performed for
all the studied compounds to check that the optimized structures are at the local minima. The
representation of the molecular structures was made using MOLEKEL4.1 [13].
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The bonding interactions in both AlsN-nHz and NiL>2(RC=CR) systems have been
analysed by means of Morokuma-type energy decomposition analysis (decomposition of the
bonding energy into the Pauli(exchange) repulsion, total steric interaction, and orbital inter-
action terms) developed by Zieglerand Rauk [14] for DFT methods and incorporated in ADF
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Figure 1A. Ground state structures of Gamlne—m (m < 6) clusters. Relative energies AE
between the isomers are given in kcal/mol.
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Figure 2A. Ground state structures of Gamlns-m (m < 8) clusters. Relative energies AE
between the isomers are given in kcal/mol.
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Table 1A. Relative Energies (kcal / mol), HOMO-LUMO Gaps (eV), Ga-Ga, In-In, and Ga—
In Bond Lengths (A) for GamlIns.m (m < 6) Clusters

Cluster | Isomer | Sym | Relative HOMO-LUMO | Ga-Ga | In-In | Ga-In
energy gap
las Cs |00 1.52 - 2.976 | 2.762
1be Cs |26 1.35 - 2.966 | 2.766
1cs Ci |29 1.35 - 2.955 | 2.755
1de C |30 1.49 - 3.021 | 2.703
Galns | leg Cx» |10.6 1.27 - 2.971 | 2.825
1fs Cs |10.6 1.32 - 2.879 | 2.697
106 Co | 119 1.36 - 2.927 | 2.670
1he Cs |12.0 1.40 - 2.955 | 2.722
lig Co |14.2 1.25 - 2.979 | 2.890
2as Ca |00 1.65 2.547 3.002 | 2.771
2be C: |30 1.50 2.541 2.966 | 2.773
2Cs C: |38 1.47 - 2.978 | 2.761
2ds Ca |39 1.40 - 3.128 | 2.770
2¢es C |6.0 1.36 2.550 2.970 | 2.776
2fe C. |63 1.34 - 2.998 | 2.749
Gaslna 206 Cs |6.7 1.35 - 2.982 | 2.767
2hsg C. |68 1.32 - 2.971 | 2.769
2ip Dan | 8.2 1.45 2.526 3.033 | 2.753
2J6 Cs |11.0 1.42 2.508 2.937 | 2.753
2Ke Cs |11.9 1.38 - 2.759 | 2.739
2le Con | 14.0 1.47 - 2.968 | 2.704
2Me Co | 142 1.33 2.593 2.939 | 2.73
2N Cov | 145 1.32 - 2.949 | 2.740
3as C: |00 1.66 2.550 3.091 | 2.766
3bs Cs |14 1.63 2.514 3.129 | 2.822
3Cs C: [30 1.55 2.546 3.000 | 2.792
3ds Ci |40 1.46 2.552 3.088 | 2.739
3es Cs |44 1.38 2.567 3.608 | 2.771
3fs Cs 4.5 1.47 - 3.565 | 2.778
306 Cs |47 1.48 2.566 2.997 | 2.767
Gaslns 3_he C: |65 1.34 2.557 2.994 | 2.759
3is Cav | 6.7 1.57 2.813 - 2.792
3je Cs |6.9 1.28 2.557 2.972 | 2.787
3Ks Cs |85 1.43 2.664 3.040 | 2.699
3ls Cs |94 1.35 - 3.008 | 2.774
3me Ca |10.9 1.43 2.527 2.964 | 2.767
3ng Cs |115 1.44 2.509 2.943 | 2.760
306 Co | 12.7 141 - - 2.747
3ps Cs 144 1.58 2.590 2.997 | 2.685
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Table 1A. (Continued)

Cluster Isomer | Sym Relative | HOMO- | Ga-Ga In-In Ga-In
energy | LUMO
gap
4ag Cs 0.0 1.68 2.570 3.025 2.771
4bs C: 0.4 1.65 2.546 - 2.794
4cCq Cs 0.6 1.67 2.559 3.758 2.789
4dg Cy 1.6 1.63 2.530 3.150 2.811
4eg Ca 1.9 1.56 2.758 3.139 2.791
4f Ci 3.4 1.52 2.541 2.992 2.778
4gs C, 4.1 1.46 2.567 - 2.779
4hg Cs 5.2 1.33 2.609 - 2.789
4ig Cy 5.7 1,48 2.541 3.040 2.775
4je Ca 7.1 1.38 2.574 3.067 2.775
Gaslnz 4K Cav 8.6 157 2535 3.071 2.760
4lg Con 8.9 1.59 2.529 - 2.770
4mg Ca 9.8 1.69 2.490 - 2.913
4ng C: 10.4 1.75 2.504 - 2.811
406 Ca 10.8 1.31 2.705 3.785 2.789
4ps Cs 11.9 1.49 2.531 - 2.525
40s Cs 12.7 1.50 2.510 - 2.738
4reg C, 13.9 1.58 2.492 - 2.784
4sg Cs 14.0 1.67 2.528 3.486 2.705
4ts D2n 15.7 1.38 2.637 3.020 2.751
5ag Cy 0.0 1.69 2.551 - 2.792
5bg Cs 2.7 1.56 2.566 - 2.815
5Cs Cs 3.1 1.59 2.504 - 2.840
5ds Cs 3.6 1.56 2.553 - 2.790
5es Cs 6.8 1.42 2.559 - 2.785
5fg Cs 8.7 1.61 2.533 - 2.774
Gasln 50s Cy 12.3 2.13 2.501 - 2.747
5he Coy 12.3 151 2.532 - 2.765
Big Ca 12.9 1.41 2.587 - 2.941
5js Cs 13.9 1.71 2.480 - 2.921
5Ks Ca 15.1 2.14 2.501 - 2.804
5lg Cy 15.2 1.67 2.548 - 2.771
SMe Cs 154 2.09 2.493 - 2.704
SNe Ca 16.6 1.57 2.542 - 2.709

108




Annex Il

Tables

Table 2A. Relative Energies (kcal/mol), HOMO-LUMO Gaps (eV), Ga—Ga, In-In, and
Ga-In Bond Lengths (A) for GamIns.m (m < 8) Clusters

Cluster | Isomer | Sym | relative energies HOMO-LUMO gap | Ga-Ga | In-In | Ga-In
lag Cs 0.0 1.62 - 2.913 | 2.724
Galn7
1bs Cs 15 1.66 - 2.926 | 2.742
2ag Cx (00 1.66 2.517 | 2.940 | 2.907
2bg Cxn |03 1.65 - 2.938 | 2.722
2Cs Cx |07 1.68 2.730 | 2.945 | 2.715
2ds Ci 15 1.63 2.671 | 2918 | 2.730
Gazlns | 2eg Ci 1.8 1.64 - 2.949 | 2.729
2fg Cxn |29 1.61 2.533 | 2.930 | 2.936
20s Cx |33 1.66 - 2.926 | 2.745
2hg Can |35 1.67 - 2.932 | 2.746
2ig Cs 7.8 1.78 2.565 | 2.881 | 2.712
3as Cs 0.0 1.71 2.508 | 2.947 | 2.711
3bg C1 0.8 1.68 2.520 | 2.913 | 2.744
3Cs Ci 11 1.67 2.669 |2.948 | 2.725
3ds Cs 13 1.69 2.712 | 2.943 | 2.722
Gaslns | 3es Ci 2.2 1.64 2.528 | 2.925 | 2.738
3fg Cs 2.3 1.67 2.664 | 2.927 | 2.737
30s Ci 2.8 1.70 2.686 |2.924 | 2.736
3hg Cs 2.9 1.69 - 2917 | 2.739
3ig Cs 4.1 1.67 2.535 | 2.940 | 2.759
3js Cs 6.2 1.83 2.569 | 3.053 | 2.682
Gaylns | 4as D2 | 0.0 1.79 2505 |2.944 | 2.934
4bg Ci 1.2 1.73 2.514 | 2.955 | 2.718
4cq C1 1.4 1.72 2522 | 2.963 | 2.727
4ds Cs 2.0 1.69 2.526 | 2.918 | 2.922
4eg Cz 2.1 1.68 2524 | 2.950 | 2.734
4fg Cs 2.3 1.72 2.529 | 2914 | 2.752
40 Cs 2,4 1.70 2.655 |3.201 | 2.728
4hg Con |24 1.73 2.693 | 3.157 | 2.726
4ig Cs 2.6 1.69 2.540 | 2.961 | 2.735
4jg Ci 2.7 1.72 2.684 | 3.174 | 2.732
4ks Cs 3.3 1.74 2.735 | 3.158 | 2.734
4lg Cx |34 1.75 2.722 | 3.247 | 2.726
4mg Ci 3.7 1.70 2.540 | 2.923 | 2.743
4ng Ci 4.0 1.71 2.532 | 2.927 | 2.750
40s Doy | 55 1.73 2546 | 2.943 | 2.954
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Table 2A (Continued)

Cluster | Isomer | Sym | relative energies HOMO-LUMO gap | Ga-Ga | In-In | Ga-In
Sasg Cs 0.0 1.81 2.508 | 2.959 | 2.749
Sbg Cs 11 1.78 2.521 | 3.242 | 2.727
Gaslns
5Cs Ci 15 1.77 2529 |- 2.728
5ds Ci 3.3 1.75 2540 |3.212 | 2.732
6as Cx (00 1.81 2530 | 2.959 | 2.955
6bg Cx |01 1.86 2517 |- 2.758
6Cs Can |07 1.87 2513 |- 2.756
6ds Ci 1.6 1.81 2.527 | 3.219 | 2.727
Gagln,
6es Ci 1.9 1.80 2524 | - 2.759
6fs Co |27 1.80 2.543 | 2.928 | 2.991
60s Con |28 1.78 2543 | - 2.750
Bhs Cs 3.4 1.80 2.555 | 3.181 | 2.750
Tag Cs 0.0 1.88 2523 |- 2.757
7hs Cs 15 1.85 2539 |- 2.733
7Cg C: 8.0 1.72 2514 | - 2.852
7ds Cs 12.1 1.99 2513 |- 2.689
Gazin 7eg Cy |124 1.52 2570 |- 3.012
7fg Cs 13.6 1.90 2510 |- 2.686
708 Ci 15.6 1.67 2581 |- 2.913
7he Cs 18.2 1.27 2505 |- 2.722
Tig Co |214 1.47 2572 |- 3.095
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Table 3A. Vibrational modes H-H stretching (in cm™) of AlsN-nHz (n =1-6) clusters

H-H stretching frequency (cm™)

Compounds BP86-D PW91

H. 4291 4308
AlN-H; (1A) | 4016 3995
AlsN-2H; (2A) | 4055, 4057 4084, 4082
Al3N-2H; (2B) | 4094, 4099 4211, 4213

Al3N-3H: (3A)

4063, 2*4118

4090, 4190, 4187

AlsN-3H; (3B)

2*4086, 4093

4151, 4149*2

AlsN-4H; (4A)

4127,4121, 4122, 4124

4211*2, 4212, 4214

Al3N-4H; (4B)

4104, 4109, 4140, 4136

4283, 4170, 4162, 4160

AlsN-5H; (5A)

4124, 4142, 4143*2, 4148

4232, 4172, 4229*2, 4230

AlsN-6H: (6A)

4153*5,4158

4211*3,4212%2, 4214
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Abstract :

In this thesis, we have investigated the electronic and structural properties of variety of mixed
clusters Gamlnnm , AlsN-nH; and NiL2(RC=CR). The calculations were carried out using DFT
method with B3LYP, BP86-D, PW91 and BP86 functionals. Bonding energies, HOMO-LUMO gap,
ionization potential (IP), electron affinity (EA) and chemical hardness (n) as well as Charge,
Molecular Orbital and the energy decomposition have been calculated. The results suggest that the
optimized geometries of Gamlnn.m tend to prefer compact structures and indicate that the Ga-rich
clusters are more stable than the In-rich ones with the same number of total atoms. For the interaction
of AlsN-Hz, the results indicate that the behavior of H, molecules in AlsN system, may either be in
dissociative form or remain in molecular form. It was shown that the donation and back-donation is
the mechanism of bonding in AlsN-nH,. The calculations of Nickel alkyne complexes
NiL2(RC=CR)/(L = CO, t-BuNC) indicate that the Nickel-C,R, bond distances are more affected by

the substitution of auxiliary ligand L than the modification of C2R; ones

Keywords: Mixed clusters, DFT, Bond Energy, Bonding, lonization potential,

Résumé :

Cette thése est consacré a 1’étude théorique de divers agrégats mixtes Gamlnnm , AlsN-nH; et
NiL2(RC=CR). Les calculs ont été effectués en utilisant la DFT et les fonctionnelles B3LYP, BP86-
D, PW91 et BP86. Les résultats suggérent que les géométries optimisées de Gamlnn.mont tendance a
préférer les structures compactes et indiquent que les clusters riches en Ga sont plus stables que ceux
riches en In avec le méme nombre d'atomes totaux. Pour I’interaction du AlsN et nH,, les résultats
indiquent que le comportement des molécules H, dans le systeme AlsN, peut étre soit sous forme
dissociative, soit resté sous forme moléculaire. 1l a été montré que la donation et le rétro-donation
est le mécanisme de liaison qui se produit dans AlsN-nH,. Les calculs des complexes Nickel-alcyne
NiL2(RC=CR) / (L = CO, t-BuNC) indiquent que les distances de liaison Nickel-C;R; sont plus

affectées par la substitution du ligand auxiliaire L que par la modification de celles de C;R..

Mots-clés : Clusters mixtes, DFT, énergie de liaison, potentiel d'ionisation,
:paddall
¢l sl a3 NiL2(RC=CR) 5 AlsN-nH; Gamlnnm alisad) mualall 4yl Gl bl saa b a0
Y Ja GamlNpm 4 Alaall dpnigh JEEY) o ) il jpds DFT 480N dgala ol Allal) 4 53 aladiuly i)
A Jlea] (e dnsdi 3321l Aial) aaalaall (e 150 ST Ga b Al malaall o ) uii s dsenall JSLgl) Junad
b adil JS& 8 L) 05 o (San AN plai & Hp Sl s sl o ) gl i e nHp 5 AN Jelél daly
Claane b 50l AlN-NH, 8 G ) Lyl Ul Las ea )l g sl g g oall of cod adl | 3 5e S35 8 Jhay
Oe ST L aelusall Ty 5 Jlagius i Nickel-CoR dasl sl il of ) NiLo(RC=CR) / (L = CO, t-BuNC)
C2Rz 4 3352 sall R Jlaiadl

Lol sl el ) g edalg 3 48U cdUalinal) palanall (ABLSH Al 3y ylai sANIAY clall)
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PREDICTED STRUCTURES AND ELECTRONIC
PROPERTIES OF GALLIUM-INDIUM CLUSTERS
Ga,In, , (n=4,6,8 AND m <n): A DENSITY
FUNCTIONAL STUDY*

F. Hakkar' and B. Zouchoune®**

Various structural possibilities for small gallium-indium Ga,lIn, , (n=4, 6, 8 and m <n) clusters are
investigated using the density functional theory (DFT) method at the B3LYP/TZP level. The optimized
structures tend to prefer compact structures, wherein the trigonal prism and rhombic prism configurations
are favoured for » =6 and 8, respectively. The bonding energy per atom is calculated according to the
cluster size. The HOMO-LUMO gaps, ionization potentials, electron affinities, and chemical hardness (1)
are also computed for the most stable isomers of each cluster and used to predict their relative stabilities.
The obtained results indicate that the Ga-rich clusters are more stable than the In-rich ones with the same
total number of atoms. The Ga—Ga bond is stronger than the Ga—In bond and the latter is stronger than the
In—In one. Therefore, the GasIn cluster is relatively the most stable structure. The relative reactivity of
Ga,In,_, (n=4, 6, 8 and m <n) clusters could be predicted based on the chemical hardness. The computed
large HOMO-LUMO gap energies could be used as an index of the kinetic stability for the studied clusters.

DOI: 10.1134/50022476618050013

Keywords: relative stabilities, bonding interactions, ionization potential, electron affinity, chemical
hardness.

INTRODUCTION

The determination of the geometric and electronic structures of metal clusters and their chemical and physical
properties has become an interesting field of research and grows significantly in importance [1]. Experimental and theoretical
studies of small clusters formed by 13 group elements have been carried out during the past several decades because of their
fundamental interest and potential application in nano-science.

Gallium and indium as 13 group elements are of great importance in physics and chemistry of nanoclusters and thin-
film deposition. Small gallium clusters have been extensively studied in order to provide an in-depth look into these clusters.
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article submitted November 9, 2017.

* Supplementary materials are available for this article at doi 10.1134/50022476618050013 and are accessible for
authorized users.
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There are several studies performed in both theoretical [2-16] and experimental [17-19] fields. Song and Cao [6] have
theoretically investigated the geometrical parameters and electronic structures of Ga, (n=2-26) clusters, using the
generalized gradient approximation for the exchange correlation potential to the DFT. It turned out that gallium clusters tend
to adopt compact structures with increasing cluster size. Likewise, indium clusters have been studied experimentally [20-25],
as well as theoretically [2,27-30]. Zhang et al. [30] have systematically investigated the lowest-energy structures and
electronic properties of indium In, (n=1-16) ones using DFT, showing the tendency towards compact structures with
increasing cluster size.

Lill et al. have investigated the neutral and positively charged mixed gallium and indium Ga-In clusters [30, 31].
During the last two decades an important number of deltahedral clusters of Ga and In has been widely investigated, such as
Gao(CMe)y [32], Ing[Si(CMes)s]s [33], Gayo[Si(SiMes)sls [34], 1ny5[Si(CMes)s]s [35], [Gas(Ci3Ho)]* [36] and the largest
supraicosahedral structures [37, 39].

To gain a deep understanding of gallium-indium clusters, calculations have been carried out of small gallium-indium
Ga,ln, ,, (n=4, 6, 8 and m < n) clusters, based on the DFT method at the B3LYP/TZP level. To our knowledge, a complete
rationalization of stable geometries of Ga,,In,_,, (n =4, 6, 8 and m < n) clusters has not been achieved so far.

We have explored the lowest-energy structures of the mixed gallium-indium clusters and their electronic properties
based on the MO analysis, HOMO-LUMO gaps, ionisation potential (IP), electron affinity (EA), and chemical hardness 1 in
order to analyse their bonding and provide a detailed scheme of their electronic structures. The focus of this study is the
investigation of the relative ordering of bare Ga,In,_,, structures with increasing number of gallium atoms.

We will endeavour to provide within the framework of this study the prediction of new structures by means of DFT
calculations using the B3LYP functional. The reliability of the DFT method using B3LYP is already established to be
valuable in determining the electronic structures, geometrical parameters, the bonding, and other properties from the previous
works on cluster systems [40].

COMPUTATIONAL METHODS

DFT calculations were carried out on the studied clusters using the Amsterdam density functional (ADF) program
[41] developed by Baerends and co-workers [42-46].

All geometries discussed in this paper have been optimized with the hybrid-type B3LYP functional (Becke's three
parameter hybrid exchange functional [47] coupled with the Lee—Y ang—Parr nonlocal correlation functional) [48].

The numerical integration procedure applied for the calculations was developed by te Velde et al. [47]. The atomic
electronic configurations were described by a triple-C Slater-type orbital (STO) basis set for H 1s, Ga 3d, 4s, and 4p, In 4d,
S5s, and 5p augmented with a 4d single-C and 5d single-{ polarization for Ga and In atoms, respectively, and with a 2p single-
C polarization for H atoms. Full geometry optimizations were carried out using the analytical gradient method implemented
by Versluis and Ziegler [49]. Frequency calculations [50, 51] were performed for all the studied compounds to check that the

optimized structures are at the local minima. The representation of the molecular structures was made using MOLEKELA4.1 [52].
EXPERIMENTAL

Geometries and stability of isomers. We have explored the Ga,In,_, (n =4, 6, 8 and m < n) clusters in order to
find their lowest-energy structures. Indeed, full geometry optimizations of Ga,In,,, (m <4), Ga,lIne ,, (m <6), and Ga,Ing
(m < 8) showed a variety of singlet spin state structures found as the energy minimum much lower in energy than those of
triplet state structures (Figs. 1-3). The different isomers are designated as ma,, mb,, mc,, where m and (n — m) are the gallium
and iridium atom numbers, respectively. For the studied structures, the calculated values of relative energies between
isomers, HOMO-LUMO energy gaps, and Ga—In, In-In, and Ga—Ga bond distances are gathered in Table 1 and Tables S1,
S2. In order to predict the relative stabilities and electronic properties of gallium-indium Ga,lIn,_, (n=4, 6, 8 and m <n)

clusters, we have calculated the binding energy per atom, IPs, EAs, and the chemical hardness (1)).
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Fig. 1. Ground state structures of Ga,lIn,_, (m <4) clusters. Relative
energies AE between the isomers are given in kcal/mol.

Four-vertex Ga,Iny_,, (m <4) clusters. The most stable structure for the Galn; clusters corresponds to the bent 1ay
isomer of the C; structure (Fig. 1). Two other 154 and 1c¢, isomers keeping the gallium atom between indium ones are higher
in energy than the most stable one by 1.6 kcal/mol and 2.7 kcal/mol, respectively. The Ga atom binds to In ones with bond
lengths of 2.553 A, while the In-In bond distances are 3.369 A, in accordance with the Ga and In radii. The global minimum
lay structure exhibits a significant HOMO-LUMO gap of 1.15 eV, suggesting good kinetic stability, where the HOMO-
LUMO energy separation serves as a simple measure of the kinetic stability [53-59]. A molecule with a small or zero
HOMO-LUMO gap is chemically reactive, whereas a large HOMO-LUMO gap of 1.15 eV indicates an extraordinarily high
stability of this cluster. The HOMO-LUMO energy separation could be used as an index of the kinetic stability for the studied
clusters.

The Y-shaped 1g, isomer of the C,, symmetry, in which the gallium atom is at the apex position, is the seventh low-
lying isomer. It is important to note that the less stable isomers correspond to linear geometries featuring a maximum of In—In
bonds.

For the Ga,In, clusters, the bent 2a, structure characterized by the dihedral geometry of the C,, symmetry is found
as the global minimum presenting only Ga—Ga and Ga—In bonds, in which the gallium atoms are adjacent. This global
minimum possesses one Ga-Ga bond with a length of 2.346 A and four Ga—In bonds with an average bond distance of
3.085 A. The computed HOMO- LUMO gap of 1.32 eV is large and predicts the possibility of the existence of this cluster.
Energetically, the second 25, isomer corresponds to a planar geometry of the D,, symmetry, which lies 3.5 kcal/mol above
the global minimum isomer and exhibits a large HOMO-LUMO gap of 1.35 eV with comparable Ga—Ga and Ga—In bond
lengths, unlike those obtained for the 24y structure. These results emphasize that the Ga—Ga bond acts as a stabilizing agent,
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Fig. 2. Ground state structures of Ga,,Ine_,, (m < 6) clusters. Relative energies AE are given in kcal/mol.

contrarily to the In—In one. The different 2i4, 2j4, and 2k, linear structures lie higher in energy than the global minimum
(Fig. 1 and Table 1).

Three energetically close structures are found for Ga;In species. The most stable one corresponds to the bent 3a, C;
structure with the indium atom occupying a peripheral position, while the three Ga atoms occupy the three vertices of the
same triangle. The Ga—Ga and Ga-In bond distances are 2.339 A and 3.107 A, in agreement with short and long lengths,
respectively. The 3as global minimum structure displays a significant HOMO-LUMO gap of 1.35eV, suggesting
a kinetically stable species. The planar 35, structure, where the indium atom is connected to one Ga atom of triangular Ga;,
giving a Y-like structure, lies only 1.7 kcal/mol above the most stable 3a, isomer. The three-dimensional 3¢, structure of the
C, symmetry is among the low-lying isomers found 2.1 kcal/mol above the global minimum, keeping the indium atom
between the gallium ones, and does not provide GasIn clusters as more stable structures. It is clear that GasIn clusters prefer
structures containing the Ga; triangle with a maximum of Ga—Ga bonds.

Six-vertex Ga,,Ing_, (1 < 6) clusters. The lowest-energy structure for Galns clusters corresponds to the 1ag trigonal
prismatic one having the C; symmetry (Fig. S1 of Supplementary Materials), in which the In-Ga—In bond angle is 82°. The
1b¢ isomer lies only 2.6 kcal/mol above the lowest energy structure. The third 1¢4 isomer also corresponds to a distorted
trigonal prismatic geometry in which the gallium atoms form an angle of 56° within the Gaj triangle, lying 2.9 kcal/mol
above the global minimum (Table S1 of Supplementary Materials).

For GayIng clusters, twelve structures were found as the energy minimum (Fig. 2, Fig. S1 and Table S1 of the
Supplementary Information). The 2as structure of the C,, symmetry (Fig. 2) is obtained by inserting gallium in the apex

position of one triangular base of Galns, forming a direct Ga—Ga bond. Other positions of gallium atoms of the trigonal
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Fig. 3. Ground state structures of Ga,lIng ,, (m <8) clusters. Relative energies AE between the isomers are
given in kcal/mol.

prismatic structure corresponding to 2bg, 2cs, 2e6, 2fs and 2g¢ isomers are less stable than the 2a4 global minimum by
3.0 kcal/mol, 3.8 kcal/mol, 3.9 kcal/mol, 6.0 kcal/mol, and 6.3 kcal/mol, respectively. It is obvious that the planar geometry
gives rise to less stable isomers, thus, the absence of the Ga—Ga bond induces energy loss.

As shown in Fig. S1, ten isomers are found as the energy minimum of Gasln; clusters within the range of
14.4 kcal/mol. The most stable 3as structure corresponds to a distorted triangle prism obtained without symmetry constraints
(Fig 2), which can be obtained by substituting one gallium atom for one indium atom from most stable Ga,In,.

The replacement of In by Ga atoms in the same lateral face of the trigonal prismatic structure of Ga;In; gives rise to
Gayln, clusters, where the 4a¢ isomer is obtained as the lowest-energy structure and is slightly more stable than the 455 and
4c¢¢ ones only by 0.4 kcal/mol and 0.6 kcal/mol, respectively, which is not significant at the considered level of calculations.

In the case of Gasln, the most stable structure of a trigonal prismatic geometry with one Ga—Ga bond broken is
obtained without any symmetry constraints (Fig. 2). Another low-lying 5ds structure with the lower C, symmetry also
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TABLE 1. Relative Energies Between the Isomers (kcal/mol), HOMO-LUMO Gap (eV), Ga—Ga, In—In, and Ga—In Bond
Lengths (A) for Ga,,In,_,, (m < 4) Clusters of Different Symmetries (Sym)

Cluster Isomer Sym Relative energy HOMO-LUMO gap Ga—-Ga In—In Ga-In
Galn; lay C; 0.0 1.15 - 3.369 2.553
154 C; 1.6 0.99 - 3.107 2.746
lecg Cy, 2.7 1.11 - 2.922 2.780
1d, C; 3.0 1.13 - 3.000 2.652
ley Cy, 35 1.14 - 3.404 2.523
111 C; 5.0 1.11 - 2.743 3.117
1gs Cy, 5.5 1.11 - 2.871 2.907
1hy Cy, 9.0 1.07 - 2.703 3.127
liy Coy 223 0.89 - 306.1 2.707
14 Coy 234 0.84 - 2.877 2.885
Ga,lIn, 2ay Cy, 0.0 1.32 2.346 - 3.085
2b, Dy, 35 1.35 2.333 - 3.093
2¢y Gy, 5.1 1.27 2.434 3.093 2.801
2d, C; 53 1.81 2.559 - 2.685
2ey C 5.4 1.15 2.816 3.416 2.545
2fa C; 7.1 1.04 2.702 3.058 2.751
2g4 Gy, 7.8 1.14 2.703 2.904 2.782
2hy C; 8.4 1.15 - 2.992 2.657
2iy Doy, 26.0 0.8 2.517 - 2.884
2j4 Con 273 0.91 2.687 3.060 2.696
2ky Coy 27.7 0.90 - - 2.701
GasIn 3a4 C; 0.0 1.35 2.339 - 3.107
3by Cy, 1.7 1.38 2.459 - 2.908
3¢y C; 2.1 1.33 2.501 - 2.869
3d, Cy, 3.6 1.37 2.322 - 3.107
3ey C; 5.0 1.20 2.560 - 2.685
3fa Cy, 52 1.31 2.434 - 2.802
3g4 C 5.5 1.17 2.849 - 2.540
3hy Cy, 9.2 1.13 2.810 - 2.512
3iy Coy 25.5 0.98 2.511 - 2.889

displays a distorted trigonal prismatic geometry, in which the indium atoms form an angle of 56.2° and lie only 2.7 kcal/mol
higher in energy than the 5a4 global minimum. Twelve other isomers exhibiting various geometries are sketched in Fig. S2 of
the Supplementary Information.

Eight Ga,Ing ,, (m < 8) clusters. For the Galn; clusters, two isomers are found as the energy minimum featured by
a rhombic prismatic geometry of the C; symmetry, differing by the symmetry plane disposition (Fig.3 and Table S2 of
Supplementary Materials). The lowest lag structure presenting four Ga—In bonds exhibits a large HOMO-LUMO gap of
1.62 eV and is characterized by In—In and Ga—In bond distances of 2.913 A and 2.724 A (Table S2), respectively. The second
1bg isomer lies 1.5 kcal/mol above the lowest one, in which the gallium atom occupying a peripheral position forms three
bonds with indium ones. We can see that the number of In—In bonds of the 1ag structure as the most stable isomer is smaller
than that of the 1bg one. The lag global minimum structure lies only 1.6 kcal/mol below the 1bg structure, where this weak
difference arises mainly from the difference concerning the number of Ga—In contacts, which are four in the latter and three

in the former.
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Five energetically close structures are found as the energy minimum for the Ga,Ing clusters (Fig. 3), which can be
generated by substituting one indium atom by equivalent gallium one from the most stable Galn; structure adopting the
rhombic prismatic geometry. The lowest-energy 2as C,, structure is computed to be slightly more stable than the 2bg isomer
(by 0.8 kcal/mol), which is not significant at the considered level of theory.

For the Ga;In;s clusters, the most stable 3ag structure corresponds to a distorted rhombic prismatic geometry of the C;
symmetry. The Ga atoms are bound to each other forming two short Ga-Ga bonds of 2.565 A, while there are seven Ga—In
bonds with an average length of 2.711 A, thus reducing the In-In direct contact to only two bonds of 2.947 A. The computed
HOMO-LUMO gap is 1.71 eV. Note that the reduction of Ga—Ga and Ga—In contacts induces energy loss. The other isomers
can be generated by substituting one gallium atom for one indium atom at the equatorial position stemming the most stable
Ga,lng.

In the case of Gaylny clusters, most stable 4ag adopts the rhombic prismatic geometry with the D,;, symmetry, where
gallium atoms occupy the equatorial positions, forming a Ga, rhombus. Fourteen distorted rhombic prisms with gallium
atoms substituting different positions of a rhombic prism are obtained within the range of 5.5 kcal/mol (Fig. S2 and Table S2
in Supplementary Information). For the 40g D, structure, indium atoms occupy the equatorial positions of a rhombic prism
and form a Ing rhombus, unlike most stable 4ag forming a Ga, rhombus. These results mean that the Ga—Ga bond is stronger
than the In—In one and produces a stabilizing effect.

For the GasIn; clusters, the most stable 5ag structure is also a distorted rhombic prism of the C; symmetry, which can
be obtained by substituting one indium atom by one gallium atom from the most stable Gayln, isomer. The remaining low-
lying isomers are within the range of 3.3 kcal/mol.

In the case of Gagln, clusters, eight structures were found as the energy minimum (Fig. S2, Supplementary
Information). The global minimum 3ag structure adopts a distorted rhombic prism having the C,; symmetry, in which the
indium atoms occupy peripheral positions and is lower in energy than 6bg, 6¢s, and 6ds by 0.1 kcal/mol, 0.7 kcal/mol, and
1.6 kcal/mol, respectively. It displays a large HOMO-LUMO gap of 1.81 eV and short Ga—Ga, Ga—In and In—In bond
distances 0of 2.530 A, 2.955 A, and 2.959 A.

Nine lowest-energy structures are found for the Ga;In clusters with various geometries (Fig. S2 and Table S2). As
presented in Fig. 3, the 7ag isomer exhibiting rhombus prismatic or cubane-like structures is computed as the global
minimum displaying a large HOMO-LUMO gap of 1.88 eV and short Ga—Ga and Ga—In bond distances of 2.523 A and
2.757 A, respectively. The second most stable isomer corresponds to the 7hg one with the same rhombus prismatic geometry
and lies only 1.5 kcal/mol above the global minimum, while the less stable 7ig one with a planar geometry is found to be
21.4 kcal/mol above the global minimum.

Due to the existence of the Gag(C,;H, );7 cluster [36], it seemed appropriate to us to investigate the substituted and
bare Gag and Ing cages in order to gain a deeper understanding of the substitution effects on the cluster cage (Fig. 4). For the
substituted GagHg species, each gallium atom engages one of its three electrons to form a Ga—H bond, thus, requires more
connections with its neighbouring gallium atoms to counter in this electronic deficiency. According to this electron
consideration, it turned out that the square antiprismatic structure was obtained as the energy minimum, whereas the rhombic
prismatic GagHg structure was not obtained as the energy minimum exhibiting large imaginary frequencies. Similarly to
Ga,Ing_, clusters, bare Gag adopts a cubane-like geometry with tri-connected Ga atoms involving three electrons in the

cluster cage rather than the substituted species adopting the square antiprismatic one with tetra-connected Ga atoms engaging
only two electrons in the cluster cage. The calculations carried out for bare Gag_ and the substituted GagHé_ prismatic
species show the existence of large imaginary frequencies for the latter, thus, these dianionic rhombic prismatic clusters were
not found as the energy minimum, while the GagHé_ square antiprismatic structure is authenticated as the energy minimum

describing the experimental one with short Ga—Ga bond distances in the range 2.561-2.723 A compared to those of the
neutral GgHg one ranging from 2.654 A to 2.877 A.

1003



‘ 1;_/_K
| ]’744

W

Ca 3

6 ¢
Ing IngHg Ing IngH 2~
Fig. 4. Optimized molecular structures of the Mg, MgHjg, Méf, and
MgH§7 (M = Ga, In) isomers with the lowest energy.

The Ga-Ga bond distances obtained for the dianionic GagHz_ species are comparable to those found in the recent

theoretical work for protonated GgH;, [61]. It is worthwhile noting that rhombic prismatic structures display comparable bond
distances ranging from 2.534 A to 2.810 A. The same tendencies are obtained for IngHg and Ing, where the bare cluster adopts
the rhombic prismatic structure exhibiting short In—In bond distances within the large range 2.153-3.092 A. However, the
substituted species adopt the square antiprismatic one, with In—In bond distances being within the narrow range 2.993-

3.262 A. Tt is important to note that the In-In bond distances in the dianionic IngHéf and Ingf species undergo somewhat

lengthening as compared to those of the neutral IngHéf and Inéf ones.

Bonding energy per atom. The bonding energies £(Ga) and E(In) per Ga or In atom of each of the most stable
Ga,ln,_, (n=4, 6, 8 and m=1, 2.., n-1) clusters are calculated by the following expressions, respectively:
E(Ga) = [E(Ga,In,_,,) — (E(Ga,,_In,_,) + E(Ga))] and E(In)=[E(Ga,ln,_,) - (E(Ga,In,_,_;) + E(In))], where E(Ga) and
E(In), E(Ga,_In,_,) and E(Ga,ln,_, ;) are the energies of isolated gallium and indium atoms, respectively, while the
E(Ga,,_In,_,,) and Ga,In,_,_; are the energies of fragments.

The values of bonding energies per atom calculated by the above formula are gathered in Table 2.

The relationship between E£(Ga) and the m number of gallium atoms of the cluster is shown in Fig. 5. It is clear from
the three curves that £(Ga) decreases gradually as m increases. Furthermore, one can observe that the cluster becomes more
compact with enlarging cluster size, as found by the previous works on Al element clusters [62]. For Ga,In,_,, clusters with
the same total number », the bonding energies (Ep) of Ga,In, , (m <4) are the smallest ones. This result indicates that Ga
bonds are very important for the stability of Ga,In,_, clusters. It further shows that the Ga-rich clusters are more stable than
the In-rich ones with the same total number of atoms. Overall, according to the bonding energies per atom, it can be
concluded that the most stable clusters correspond to those with the maximum of Ga atoms, while the less stable clusters
correspond to those with the minimum of Ga atoms.

HOMO-LUMO energy gaps. The HOMO-LUMO gap is among the useful parameters evaluating the stability and
chemical reaction of the clusters. A system with a large energy gap is chemically less reactive, therefore, could be more
stable. From Table 1 and Tables S1, S2 of the Supplementary Information, it is interesting to mention that the calculated
HOMO-LUMO gaps for the most stable Ga,ln,_,, (n=4, 6, 8 and m <n) clusters are in the range 1.15-1.88 eV (Fig. 6),
suggesting a good kinetic stability of the studied clusters as aforementioned. Clearly from the curves displayed in Fig. 6, there
is an apparent increase corresponding to the increase of the m number of gallium atoms. Moreover, one can see that the
HOMO-LUMO gaps increase in the following order: Ga,lIng ,, < Ga,lns_, < Ga,lng ,, and are consistent with the bonding
energy results. The largest HOMO-LUMO gap of 1.88 eV corresponds to GayIn, indicating that this cluster is the less reactive
system and relatively the most stable one mostly due to the stabilization of the HOMO, while the LUMO remains almost at

the same energy as compared to those of Ga-rich clusters.
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TABLE 2. Bonding Energies Per Atom £(Ga) and E(In), Vertical lonization Potential (VIP), Adiabatic lonization Potential
(AIP), Vertical Electron Affinity (VEA), Adiabatic Electron Affinity (AEA), and Chemical Hardness (1) of the Most Stable
Ga,lIn,_, (n =4, 6, 8 and m < n) Clusters (eV)

Cluster E(Ga) E(In) VIP AIP VEA AEA n
Galn; -3.08 -2.73 5.80 5.76 1.64 1.82 2.08
Gayln, -3.26 -2.85 5.94 5.89 1.53 1.65 2.21
GasIn -3.24 -2.83 6.02 5.83 1.52 1.63 2.25
Galns -3.62 -3.02 6.03 5.90 1.77 2.04 2.13
GasIny -3.86 -3.20 6.12 6.00 1.69 1.96 2.21
Gasln; -3.95 -3.12 6.18 6.04 1.70 1.98 2.24
Gayln, —3.87 -3.17 6.26 6.10 1.71 2.00 2.28
Gasln -3.90 -3.24 6.35 6.18 1.71 2.01 2.32
Ing - - 6.35 6.18 1.71 2.01 2.32
Galn, —4.00 -3.26 6.14 5.97 1.94 1.99 2.10
GaylIng —4.25 -3.27 6.16 6.01 1.90 1.91 2.13
Gaslns —4.28 -3.34 6.23 6.05 1.89 1.94 2.17
Gayln, —4.20 -3.40 6.30 6.12 1.86 1.86 2.22
Gasln; —4.25 -3.34 6.32 6.13 1.84 1.90 2.24
Gagln, —4.24 -3.39 6.37 6.22 1.90 1.87 2.26
GasIn —4.31 -3.28 6.47 6.23 1.84 1.88 2.32
Gag - 6.35 6.18 1.71 2.01 2.32
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Fig. 5. Bonding energies as a function of inserted Ga (a) and In (b) atoms in various Ga,lIn,_, (n =4, 6, 8 and
m < n) clusters.

Ionization potential and electron affinity. I[P and EA are used as important characteristics to probe the electronic
structure modifications with respect to the cluster size. Adiabatic IP (AIP), vertical IP (VIP) and adiabatic EA (AEA), vertical
AE (VEA) were calculated for each of the most stable isomers related to the Ga,In,_, (n =4, 6, 8 and m < n) clusters (Fig. 7
and Table 2).

VIP is defined as the energy difference between the cationic and neutral clusters when both are in the optimized
geometry of the neutral cluster. AIP is defined similarly, but with both clusters in their respective optimized geometries.

VEA is defined as the energy difference between the neutral and anionic clusters when both are in the optimized
geometry of the neutral cluster. AEA is the energy difference between the neutral and anionic clusters when both are in their
respective optimized geometries.

The calculated VIP and AIP values of the lowest-energy Ga,,In,_, (n =4, 6, 8 and m < n) structures are summarized
in Table 2 and plotted in Fig. 7, where the energy needed to remove an electron from the cluster yields valuable information

on the electronic structure.
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a function of the m number of Ga atoms.

The calculated VIP values are larger than the AIP ones and the energy difference between them is an indication of
the energy gain due to structural relaxation. As can be seen from Fig. 7, the Ga,In,_,, clusters with the same total number n of
atoms, VIP and AIP of Ga,In,_,, (m = 1) are the smallest ones. For all the three curves, Ga,In,_,, clusters with the same total
number #n, VIP, and AIP increase as a function of the m number of gallium atoms, showing the same behavior as compared to
that of the bonding energy per atom E(Ga). Therefore, this result indicates that the Ga-rich clusters are more stable than the
In-rich ones. The smallest VIP value (5.80 eV) shows that the Galn; cluster is more readily ionized than the large and Ga-rich
clusters.

The Ga,,In;_,, clusters have the lowest VIPs (5.80-6.02 ¢V) and AIPs (5.76-5.89 eV), therefore, they are the most
easily oxidizable species, contrarily to the Ga,Ing ,, clusters with the highest VIPs (6.30-6.47 eV) and AIPs (6.12-6.23 eV).
Thus, they are most difficult to oxidize, in accordance with their HOMO energies where the removal of one electron from
a deep orbital requires more energy. This corresponds to the largest IP, unlike those related to the high HOMO energies. The
AIP, VIP, and Eyomo values summarized in Table 2 show clearly that the decrease in the HOMO energies correlates with the
increase in AIP and VIP values. The comparison of Ga,In,_,, IPs shows a progressive rise in the presence of more Ga atoms
and for a large cluster size, in accordance with the relatively high Ga electronegativity as compared to that of In. This upward
trend of the IP as a function of the cluster size has been highlighted for the small Al-Al; clusters [63]. The reduction of IPs

can be explained by an increase in the HOMO energies. Thus, Ga-rich species are more stable than the In-rich ones.

1006



Contrarily to PI, the AEA values are larger than VEA ones (Fig. 8 and Table 2). For the same total number n, one can notice
the downward energy trend led by an increase in the number of Ga atoms. The smallest VAE (1.52 eV) and AEA (1.63 eV)
are obtained for the GasIn cluster, indicating its ease to be reduced, whereas the largest VAE (1.94 V) and AEA (1.99 eV)
are obtained for Galn; containing the minimum of Ga, corresponding to the most difficult species to be reduced.

Chemical hardness. The chemical hardness (1)) given below is an electronic quantity characterizing the relative
stability of clusters. The chemical hardness (1) [64, 65] is a measure of the resistance of a chemical entity to change the
number of electrons, which is given by the following formula: n = 1/2(VIP — VEA). The computed chemical hardness (1)
values for the studied lowest-energy clusters are summarized in Table 2 and plotted in Fig. 9. From the curves, one can
observe that for the Ga,In,_,, clusters with the same total number 7, the chemical hardness (1) increases as the number m of
gallium atoms increases, showing the same behavior compared to those of the bonding energy per atom Ep, energy gaps, and
IPs. The largest hardness values are obtained for the Ga;In (2.34 eV) and Gag (2.36 eV) isomers (Fig. 9), which have the
largest HOMO-LUMO energy gap, and hence, the minimum tendency to exchange electrons (minimum reactivity), whereas
the smallest hardness values are obtained for Ing (2.06 eV) and Gal; (2.08 eV), predicting the maximum tendency to

exchange electrons (maximum reactivity).
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CONCLUSIONS

In this work, a detailed study has been provided of the structural parameters, relative stabilities, and electronic
properties of gallium-indium Ga,ln,_, clusters (n=4, 6, 8 and m <n). The obtained clusters prefer to adopt three-
dimensional (3D) structures; the trigonal prismatic and rhombic prismatic configurations are favored energetically when n =6
and 8, respectively.

The replacement of In atom(s) by Ga atom(s) keeps the geometry unchanged, but induces some important variations
concerning the bonding energy per atom, the HOMO-LUMO gaps, IPs, EAs, and the chemical hardness. Indeed, the binding
energy evolution and the electronic properties, including the HOMO-LUMO gap, IP, EA, and the chemical hardness ()
show that the Ga-rich clusters are more stable than In-rich ones with the same total number of atoms. It is found that the
studied properties strongly depend on the cluster size as well as the Ga and In contributions. The Ga—Ga bond is stronger than
the Ga—In bond and the latter is stronger than the In—In one. Therefore, the Ga;In cluster is relatively the most stable
structure. Thus, the stability increases with increasing number of the Ga—Ga bonds.

SUPPLEMENTARY INFORMATION

Bond distances (A), relative energies of isomers, and HOMO-LUMO gaps (eV) for the optimized geometries of the
computed Ga,,In,_,, (n =6, 8 and m < n) clusters with the lowest energy and various symmetries are given in Tables S1 and S2 of
Supplementary Materials. Their corresponding molecular structures are given in Figs. S1 and S2 of Supplementary Materials.
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