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Abstract

We have studied the structural and electronic properties for different groups of atomic
clusters by doing a global search on the potential energy surface using a modified ver-
sion of the Tabu search in descriptor space method. The geometry optimizations and
calculation of energies were carried out using Density Functional Theory implemented
in the Gaussian 09 and Gaussian 16 software.

For Ag,, (n = 4 — 20), Ag,Cls, (n = 3 —10,12) and Ag,Hg,,, (n = 5,6 and
m = 1 — 4) clusters, we have found that the change from planar to 3 dimensional
geometry occurs at cluster size n > 6. Binding of Cl atoms to Ag atoms causes greater
distortion in shape as compared to binding of Hg atoms to Ag atoms. For Li, Mg, Al
clusters, we studied 130 binary and ternary clusters such that A,,B, (5 < m+n <38)
with A,B = Li,Mg,Al and A,B,C, (5 < p+q+r < 8), with A,B,C = Li,Mg,Al
We analyzed trends in atomization energies with a sequence of linear regressions of
increasing complexity. For Al,O,, (z +y < 17) clusters, the most stable cluster is
non-stoichiometric(z/y # 2/3); AlgOs. Analysis of relative stability and energies of
reaction for Al,O, clusters suggests that non-stoichiometry could play a role in early

stages of growth of group 13 oxides. The structures for most stable clusters for S7,0,,
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(x=1-4), (y = 22,2z £ 1) and 5i30,,(y = 1 — 9) clusters are diverse and do not
follow a simple growth principle. We analyzed the geometry, asphericity and shape
descriptors for metal oxides (M,0O,) such that (z +y < 12), where M= Li, Mg, K,
Zn, Cu, Ag, Si, and Al. This analysis suggests a preference for prolate geometries
for (Si0),, clusters, oblate geometries for (Zn0),, clusters and no obvious pattern in
shape for all other clusters. In every case, the favored structures have very few M-M

bonds and O-O bonds.
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Chapter 1

Introduction

1.1 Clusters

Clusters are aggregates of atoms and molecules ranging in size from two to tens of
thousands of monomer units. They can be formed by interactions ranging from very
weak Van der Waals contacts to strong ionic or covalent bonds. An n-monomer clus-
ter “M,” has the same properties as the bulk solid when n is huge (n = 10°%). But
when n < 100, clusters often display properties different from those of bulk mate-
rials in structural, electronic and magnetic aspects [1, 2]. For example, clusters of
nonmagnetic elements may be magnetic 3, 4], semiconducting materials may exhibit
metallic properties and the color may change with size. This is because clusters have
a large fraction of atoms on the surface while that fraction is negligible in case of
a macroscopic solid. For example, Table 1.1 shows the fraction of atoms on sur-
face * fouface’ for n'” shell of quasi-spherical clusters, using Mackay’s icosahedral shell

model [5]. The number of atoms N, is a function of number of complete atomic shells



K: N, (K)= (10/3)K® —5K?+ (11/3)K —1; K > 1. The fraction of atoms at the

surface of a K-shell cluster is fsurface = 1 — Ny (K — 1)/N, (K).

Table 1.1: Surface atoms

K N, Jsurface
2 13 92%
3 55 76%
4 147 63%
5) 309 52%
10 2869 28%

20 404349 6%

100 | 3283699 3%

860 | 2116491776 | 0.3%

Also, the energy gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) varies with cluster size. The
way these orbitals are filled determines to some extent the stability and properties
of the clusters [5, 6]. The magnitude of the HOMO-LUMO gap varies with both
composition and size of cluster and is one of many indicators of stability of the cluster.
These properties make clusters particularly interesting from both the theoretical and

practical viewpoints. For example, clusters with very special stability and structure



have inspired the search for new materials. Cy and other fullerenes, in particular, led
to carbon nanotubes [7] and sparked interest in the search for clusters with cage-like
structures [8, 9, 10].

Clusters with high stability are particularly interesting because they could po-
tentially be made in large quantities and used as building blocks for new materi-
als [11, 12, 13]. The concept of superatom, first proposed by Khanna and Jena [14],
is attractive. A superatom is any sufficiently stable, high-symmetry, quasi-spherical
cluster whose valence electron count, ionization energy, and electron affinity, mimic
those of a ground - state atom of some element. If it can be synthesized, such a cluster
could be viewed as a new man-made element. Khanna and Jena suggested that super-
atoms could be arranged into a kind of three dimensional periodic table, where cluster
size “n” is the third dimension. If the superatoms themselves are stable, their physics
and chemistry should follow the trends of elements in the corresponding column of
the periodic table. Some of the examples of superatoms are W@QAwu5 predicted by
Pykko and Runeberg [15], Aly3 [16], LizO [17] and M@Siy6 [18, 19, 20, 21, 22].

The jellium model of metal cluster electronic structure (explained in chapter
3) predicts shell closings, and relative stability, when the valence electron count is
2,8,20,34,40,54 .... These clusters are relatively stable within their respective se-
ries. But the vast majority of magic clusters are not truly stable. They will react or
coalesce under normal conditions and cannot be isolated or used in chemical synthe-
sis. However, their studies could help find stability criteria. In addition to the ‘magic
clusters’; intensity distribution of metallic clusters by Knight et al. [23] showed that

clusters with even number of electrons are more stable than the clusters with odd



number of atoms [23]. Some energy variations cannot be explained by the spherical
jellium model and this suggests that the geometries of clusters do not conform to the
simple jellium model and may be deformed. Although the jellium model has been very
successful in explaining the stability of clusters of free electron metals, it could not
account, for the structural properties of clusters, such as their geometry and atomic
arrangements. To get such information, exhaustive molecular based calculations re-
lying on quantum-chemical and density-functional techniques are necesssary [24]. In
such calculations both the electronic and nuclear degrees of freedom are taken into
account.

Electronic structure of clusters and properties such as binding energies, ioniza-
tion potentials, magnetic moments and chemical reactivities etc. have been measured
experimentally. Gas phase molecular clusters are generated by pulsed supersonic jet
expansion techniques [25, 26, 27, 28]. A dilute mixture of gas under study is mixed
with an inert gas and is allowed to expand through a slit-jet source, forming clusters
of variable sizes. This gas expansion can be combined with a variety of experimental
techniques, such as infrared (IR), microwave (MW), and photoelectron spectroscopy
for probing the molecular clusters. IR spectroscopy is used to study the vibrational
modes [29]. IR absorption occurs when the frequency of the IR beam is the same as
a normal mode vibrational frequency of the cluster. These resonant frequencies de-
pend on a number of factors such as geometry of molecules and masses of atoms, etc.
By comparing the experimental IR spectrum with the calculated one, the geometric
structure can be assigned. IR spectroscopy can provide information on the geometry

of neutral as well as charged clusters. In many studies, IR spectroscopy combined
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with density functional theory (DFT) has been used to determine the preferred ge-
ometry of monoatomic and heteroatomic clusters. Recently, Truong et al. [30] studied
the structure of Si,B,, (n = 3 —8,m = 1 — 2) clusters. Meijer and coworkers [31]
studied the structures of neutral Nb, (n =5 — 20) clusters, charged Tb} (n =5 —9)
clusters [32] and hydrated bisulphate anion clusters HSO, (H20)_1¢ [33]. Bakker et
al. [34] studied Cgg, neutral and cationic niobium clusters [35], and the ferrimagnetic
cage-like Fe4Og cluster [36].

Photoelectron spectroscopies is very useful to provide information on the geometry
of anions [37, 38, 39]. The material irradiated with ultraviolet light or X rays can
emit electrons called the photoelectrons. The binding energy of the photoelectron
is the energy difference between its measured kinetic energy and the photon energy.
Any change in the geometry following electron ejection can be inferred by studying
the sharpness of the photoemission peaks.

Gas phase ion mobility measurements provide geometric information about molec-
ular ions in the gas phase [40]. It involves the measurement of the time taken by an
ion to drift through a gas-filled cell guided by a static electrical field. For ions of a
given mass, larger clusters have larger collision cross sections, thus their drift time is
longer than for the more compact ions. This cross section allows one to determine
the structures of cluster ions by comparing to cross-section predictions from theory.

Trapped ion electron diffraction techniques enable structural determination through
comparison to trial structures derived from theory [41, 42, 43, 44]. The cluster ions
are generated and injected into a quadrupole ion trap for mass selection and thermal-

ization. These trapped ions are then irradiated with an electron beam. The resulting



diffraction pattern is integrated with an external charge-coupled device detector, fol-
lowed by comparison to a theoretically simulated scattering function.

Magnetic properties of clusters are determined by Stern-Gerlach deflection ex-
periments. Clusters interact with an applied inhomogenous magnetic field and are
deflected from the original trajectory, this deflection reveals the cluster magnetiza-
tion [45, 46].

Knowledge of the geometric structure of clusters is needed in order to make sense
of the observed properties. However, determining cluster geometries from theory
is a nontrivial task. This is due to the fact that the number of isomers increases
exponentially with cluster size [47]. For a cluster with N atoms, the potential energy
surface, as a function of position of these N atoms will have thousands or even millions
of possible local minima when N > 20. Amongst these local minima, the global
minimum corresponds to the ground state geometry of the cluster. Thus a reliable and
efficient method is needed to do a global search among configurations and minimize
the total energy. The next section will outline the goals of our study and methods

we used for global optimization.

1.2 (oals and Computational methods

Our focus is on finding and quantifying trends among a very large number of compu-
tational results obtained by a combination of DFT electronic structure calculations
and global optimization for different series of metal clusters and metal oxide clusters.

We studied Ag, without and with adsorbed Cl and Hg atoms; bi- and tri-metallic



clusters of Li, Mg and Al; stoichiometric oxides of Li, Mg, K, Zn, and K; and stoi-
chiometric and non-stoichiometric oxides of Al, Si, Ag and Cu (Ag, with Cl and Hg,
Li,Mg,Al., Al,O,, and MO,, M = Si,Zn, Mg, Ag, Cu).

For global optimizations, we used the Taboo search in descriptor space (TSDS)
and a modified version of TSDS [48], where all energies are calculated by first princi-
ples Kohn-Sham Density functional theory (KS-DFT) implemented in programs like
Gaussian09 [49] and Gaussian16 [50]. TSDS performs many cycles for calculating the
global energy minimum structure of atomic clusters. In each cycle TSDS generates
many cluster structures randomly and modifies them by symmetrization of inter-
atomic distances. The structural descriptors are then calculated for these clusters.
Clusters are then screened according to a model energy obtained by interpolation
over descriptor space. Only one best cluster is retained for energy evaluation. This
cycle is repeated many times and clusters are arranged in increasing order. Local
optimization is then performed for 15 or 20 lowest energy clusters obtained by TSDS.
In modified version of TSDS, the clusters are ranked in order of increasing value of an
objective function obtained by a combination of measure of relative thermodynamic
stability and a property of interest (details in chapter 4).

These clusters have been analyzed using various descriptors of stability and struc-
ture. The stability descriptors we used include: a Relative Index of thermodynamic
stability, RITS (thermodynamic stability); HOMO-LUMO gap, ionization energy
and electron affinity (electronic stability); and vibrational frequencies (mechanical
stability). The structural descriptors we used include: asphericity and shape defined

as simple functions of the moments of inertia; compactness; strain (fluctuation in

7



the values of nearest neighbor distances); and mixing (a function of the numbers
of AA, BB and AB nearest neighbors in a A, B, cluster). When comparing with
experimental results, we study the balance between competing structural principles
during the formation of different groups of global minima, which illustrate the trends

in cluster structure and properties.



Chapter 2

Kohn-Sham Density Functional

Theory

2.1 Density Functional theory (DFT)

DFT is perhaps the most popular approach for electronic structure calculations. It
gives a good compromise between computational cost and accuracy. The most im-
portant quantity in DFT is the electron density p(7). A key element of DFT is the
functional connecting electron density with energy [51]. The term ‘functional’ means
‘function of a function’. A functional is a rule for going from function to a number.
For example, fo% dx is a functional defined when acting on functions of x that are
well behaved in z = [0,27]. In pure DFT, all properties are expressed in terms of
functionals of p(7). In general, one only needs the knowledge of the electron density
to calculate the ground - state energy of a system.

The following is an overview of Density Functional theory [53, 54]



The nonrelativistic Hamiltonian for a molecule, in atomic units, is :

N M N -1

— 1 M
Z7vf+2%v +ZZ’“_H+Z

i=1 =2 j=1 a=2 =1 |ROC_R5| a=1 i=1 Rq

a—1

 ZaZs

(2.1)

where R:x is the position vector of nucleus «, 7; is the position vector of electron i,
V2 is the kinetic energy operator for nucleus « and V? is the kinetic energy operator
for electron i. In Born-Oppenheimer approximation, the nuclei of the molecule can
be assumed to be fixed considering that the electrons move much faster than nuclei,
which allows deriving the electronic Hamiltonian H for N electrons moving in the

field of M nuclei at fixed positions from eq.(2.1).

v
o= Z%V?—l—z.

1=

H
.
[|
¥
<
Il
—_

H=T,+Vie+Viy (2.3)

Using W(7,0), where 7 represent the space coordinates and o represent the spin
coordinates, as the exact N-electron ground state wave function for the Hamiltonian

above, the energy of the electronic ground state will be:

Wy = (V| H | W) (2.4)
_ / 7V () () (2.5)
_ /df\l/*(f) (; l%vf + Zl ﬁ + % Z; 2:; ﬁ) U(T) (2.6)
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2.2 The Hohenberg-Kohn theorem

Assuming that H is the true Hamiltonian of a N-electron system, U, is the exact
ground state wavefunction, py is the exact ground state density and FEj is the exact
ground state energy, Hohenberg-Kohn [55] proved that for molecules with a nonde-
generate ground state, the ground state molecular energy, wave function, and all other
molecular electronic properties are uniquely determined by the ground state electron
density.

The first Hohenberg-Kohn theorem establishess that it is possible to calculate
all the ground-state molecular properties from py. This indicates that all of the
information for the Hamiltonian operator of a ground electronic state is included in

the electron density [56].

E = E[p(r)] (2.7)

E=T,+Vie+Vin (2.8)

Since V.y and E are both functionals of p (), the sum (7, + V..) must also be a

functional of p. We define this quantity as F[p(7)],

Flp (7] = Te[p (7] + Veelp (7)] (2.9)

The second Hohenberg-Kohn theorem states that the energy minimum is obtained
when we use the ground state density in equations (2.7) and (2.9). It is a variational
theorem for the energy with respect to the electron density.

11



According to first Hohenberg-Kohn theorem, po(7) determines all properties of
the ground state, for instance the potential energy, the kinetic energy and the total
energy. In practice, one cannot find W|[p| just by knowing p. Also the functional F'[p]
in eq (2.9) is defined independently of the external potential V(7). So one has to
use physical models and devise approximate functionals 7T, [p] and V..[p]. This indi-
cates that universal density functionals of the kinetic and electron-electron interaction
operators are required, independent of the nuclear coordinates. There is no simple
connection between an electron density and kinetic energy. Kohn and Sham devised
an accurate and practical method for calculating the kinetic energy by writing the

electron density as a sum of occupied orbital contributions.

2.3 Kohn-Sham equations

The energy in DFT without orbitals is,
Elp] = Tp] + Een[p] + Veelp] (2.10)

The Kohn-Sham (KS) DFT energy expression (with orbitals) can be written as

[52],
Eip] = Ti[p] + Eenlpl + Jlp] + (Veelp] = Jlpl) + (T1p] — Ts[p)) (2.11)
Euclp] = Veelp] — Jlp] + T'p] — Ti[p] (2.12)
Elp] = Ts[p] + Eenlp] + J[p] + Euclp) (2.13)

where E.y is the electron-nuclear attraction, J is the Coulomb part of the electron-
electron repulsion, and F,. is the electron exchange correlation. T is the kinetic

12



energy of the N electrons for a fictitious system that has the same density as the true

system but where there is no electron- electron repulsion

Tilp] = an|¢1’2 (2.14)
where ¢; are the orbitals and without which Ts[p] cannot be defined. The E,. term
should be universal and practical, but unfortunately it is not known and has to be
approximated.

Kohn and Sham [57] invented an indirect approach to calculate the kinetic energy
functional, T'[p], thereby turning DFT into a practical tool for calculations. They
considered a fictitious system of N non-interacting electrons, such that each electron
experiences the same external potential. Also, the ground-state electron density of

the fictitious system is exactly the same as in the real system.

LR | Moz
H :Z[TV%‘ O ="+ V(7] (2.15)
i=1 o1 R — 7i
N1
H=N[—v+V 2.1
;[ 5 Vi T Vi(r)] (2.16)
HY =EV, 0 - p(7) (2.17)

The assumption that p(7) is the ground state density of both a real Hamiltonian
and a fictitious Hamiltonian does not conflict with the HK theorem.
According to KS theory, the Hamiltonian in (2.17) is used to set up a 1l-electron

Schrodinger equation:
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H'(7)pr(17) = exdn (1) (2.18)

where H'(r7) is the first term in the sum in equation (2.16), and the solutions ¢y
(k=1,2,3,...) are the so-called spin orbitals.

For non-interacting electrons, the kinetic energy term can be written exactly as:

7.~ [ i) 5 7o) (2.19)

Let AT be equal to the difference in the ground state kinetic energy of the real

system and the fictitious system:
AT =T,-T, (2.20)

We assumed at the beginning that p(7) is the ground state density for both the real
and the fictitious Hamiltonian. This implies that they must have the same electron-
nucleus term in the energy and in the potential. So one part of V’(f’) must be the

potential corresponding to V_y,

M

— _Za
ven (1) = AT (2.21)
a1

a=1

A first-order approximation to the electron-electron repulsion term V.. of the real

system is:

. o
V., ~ 5// P AUV AG) (2.22)

|71 — 72|
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The right-hand side of eq. (2.22) is the J[p] of equations (2.2), (2.3) and (2.4).

The corresponding approximate 1-electron potential is D (77) :

1766(F1):/df2 p(r2) (2.23)

|71 =73

We define the exchange-correlation potential as:
Vze(T1) = V(1) — 0en (T1) — Uee(71) (2.24)

So with eq.(2.20) to eq.(2.24), eq.(2.16) and eq.(2.17) become the Kohn-Sham

equations for electron ”1”:

-1 = -Z p(73)
HES (7)) = —v2 _fe /d* 2 o7 2.25
(71) 5 1+;|Ra—ﬁ|+ Tz!ﬁ—r3|+v (71) ( )
HSS () pn (1) = exdn(7) (2.26)

p() =Y len(P)? (2.27)

EXS =T, + Von + J + Eye (2.28)

According to the HK theorems, F,. is a unique functional of the density; so

E.c = Ey[p(T)]. Then v,.(7) is the functional derivative of E,.:

(2.29)

Electron spin is treated approximately by having equations of the form (2.29) for
both up and down spin. Consequently, each of the equations (2.25) to (2.27) will
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have two spin components. The exact functional E,.[p(7)] is not known. However,
several approximate functionals E,.[p(7)] have been developed over the years. For
example, Local density approximation (LDA) (e.g. VWN [58]), Generalized gradi-
ent approximation (GGA) (e.g. PBE [59]), meta-GGA (e.g TPSS [60]), and hybrid
(BP86 [61]).

In practice the exchange-correlation functional is represented by,

Eoelp(7)] = / 0F €30 (7) (2.30)

LDA assumes,

eze(T) = €xe(p(7)) (2.31)

In GGA, e,.(7) is a function of both the electron density and its gradient:

€ac(T) = €ac(p (7), |Vp(7)]) (2.32)

Following GGA’s are the meta-GGA’s that depend on electron density, as well
as, its first and second gradient. Another class of exchange correlation functionals
are the hybrid functionals. Hybrid functionals are energy functionals that contain
both a DFT exchange (LDA part or a GGA part) and a Hartree-Fock type exchange
calculated from the orbitals.

LDA is known to underestimate the lattice constants, overestimate bulk moduli,
and considerably overestimate cohesive energies in most situations. GGA function-
als retain most of the correct features of the LDA and greatly advance the accu-

racy [63], especially for molecular binding energies. GGA’s significantly improve
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upon calculating the cohesive energy and give more accurate bond lengths. How-
ever, they show a tendency towards underbinding [64, 65, 66, 67, 68, 69, 70]. While
some meta-GGAs predict cohesive properties with reasonable accuracy for specific
systems [65, 66, 67, 68, 69, 71, 72, 73|, improvements in the lattice constant are often
accompanied by a worsening of the bulk modulus or the cohesive energy, or both. Hy-
brid functionals often show superior performance over LDA, GGA, and meta-GGA in
describing some bulk properties, including lattice constants and band gaps, however
both bulk moduli and cohesive energy can be worse than those of GGA [64].

Tran et al. [74] tested and compared the performance of numerous DFT func-
tionals (LDA,GGA, meta-GGA and hybrid) for the calculation of lattice constant,
bulk modulus, and cohesive energy in solids. Results are summarized in Table 2.1 for
some of the most commonly used functionals: Perdew-Burke-Ernzerhof (PBE) [59]
from GGA, Tao-Perdew-Staroverov-Scuseria (TPSS) [60] from meta-GGA and Becke-
3parameter-Lee-Yang-Parr (B3LYP) [62] from hybrid functionals. GGA and meta-
GGA give the most accurate results for calculations of molecular geometry and ener-

getics.
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Table 2.1: A comparison of the mean absolute error (MAE,%) and mean ab-
solute percentage error (MARE,%)in lattice constants ag(A), cohesive energies
E.on(eV/atom) and bulk moduli By (GPa) of bulk crystals using different density

functional approximations reported from literature benchmarks [64, 74]

LDA PBE TPSS B3LYP

ap  MAE 0.071 0.061 0.064 0.084
MARE 1.5 1.2 1.1 1.7

E, MAE 077 0.19 0.20 0.84
MARE 172 5.0 4.9 22.9

By MAE 115 122 9.6 14.5

MARE 94 11.0  10.3 13.1
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Chapter 3

Theoretical Models

3.1 Jellium model

Over the last three decades, electronic shell models played a central role in under-
standing the properties and stability of alkali, alkaline earth and coinage metal clus-
ters [23]. The spherical jellium model has been greatly successful for understanding
the electronic properties of many metal clusters and account for their stability. The
Jellium model is defined by a Hamiltonian that treats the electrons as usual but re-
places the ionic cores with a uniform positively charged background. Core electrons
are ignored, nuclear charges are replaced by a homogeneous positive charge of density
pT = N/V confined to a sphere of volume V. The N valence electrons are subjected
to the external potential of that jellium. This leads to a description of the electron
density in terms of single-particle wave functions that extend over the entire cluster.
Solutions to the one-electron Schrodinger equation for the spherical jellium display a

shell structure with electrons arranged in states of increasing energy with the pattern
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152,195, 1d*°, 252, 1 f14,2p51¢'8. ... The jellium model reproduces the drops associ-
ated with the closing of electronic shell in the experimental ionization energies for Li,
Na and K clusters [77]. In mass spectrometry experiments of Na clusters with cluster
size M = 2 — 100, large peaks were observed for clusters having 8, 20, 40, 58, and 92
atoms [23]. This indicated that clusters having a number of valence electrons corre-
sponding to shell closing numbers (N = 8,20, 40,58, ...) of spherical potential were
produced more abundantly. This observation was further supported by Choy et al.
[77] who in their study on Li, Na and K clusters compared the electronic properties
of these clusters to the spherical jellium model. Similar to the experiment by Knight
et al. [23], they also found peaks in the relative binding energy and discontinuities
in total energy as a function of cluster size matching the shell closing numbers. This
observation was explained by Knight et al. [23] in terms of a model spherical potential
for 3s valence electrons for Na clusters. Clusters having just enough valence electrons
to fill the shells of bound electron states are more stable as compared to other cluster
sizes. In terms of atomic and molecular physics, the closed shell electronic config-
urations have enhanced stability because of the existence of energy gaps between
the electronic shells. Larger gaps between the electronic shells increase stability and
correspond to the observed magic numbers.

However, assuming that the geometry of small clusters is spherical can only be
justified for closed-shell clusters. According to the Jahn-Teller theorem, open-shell
clusters must be distorted [78]. Clemenger further developed the jellium model by in-
troducing a deformable potential well to account for the distortion effect . Clemenger’s

ellipsoidal jellium model (EJM) makes predictions about the overall shape of the clus-
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ters as a function of N that generally agree with the geometries obtained by more
rigorous calculations such as KS-DFT. For instance, the KS-DFT optimized ge-
ometries of Ag, [79] using TPSS functional and LANL2DZ basis set were found to
be quasi-spherical for n = 8,18 and 20, prolate for n = 4,9,...,13 and oblate for

n=>5,6,7,14,...,17 in very good agreement with the EJM [23].

3.2 Atomic shell model

In addition to electronic shell structure, atomic shells (also called geometric shells) are
also useful to understand trends in the stability of clusters. According to the atomic
shell model, the surface energy of clusters should be minimized and the number of
nearest-neighbour pairs should be maximized. With increasing size, the clusters grow
by adding on layers or shells on the polyhedral surface. Fig. 3.1 (a) shows the number
of new bonds formed with increasing cluster size (number of atoms). Fig. 3.1 (b)
shows the variation of ratio of number of surface atoms to interior atoms as a function
of cluster size. Surface-to-volume ratio decreases with increasing cluster size, thereby

decreasing the surface energy with increasing cluster size.
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Fig. 3.1. (a) Number of new bonds formed with increase in cluster size for Lennard
Jones (LJ) global minima and (b) Ratio of number of atoms on surface to interior

atoms, using Mackay’s formula [5], for the first 9 shells.

Clusters of noble gas atoms form closed packed structures, and most stable clusters
are formed when the atomic shells are closed. The number of atoms in the more stable
species is referred to as “magic number”, the origin of which has been attributed
to electronic shell structure [23]. For a given geometric shape (cubic, tetrahedral,
octahedral, icosahedral etc.) a specific number of atoms is required to form a closed
geometry. For example, icosahedral clusters exhibit K closed-atomic shells when the
number of atoms N, = (10/3)K® —5K? + (11/3)K —1 (N, = 13,55,147 ...) for

(K =2,3,4...).
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13 atom 55 atom

Fig. 3.2. Global Minima for Lennard Jones clusters

Mackay [5] suggested that the number of atoms required to make a closed icosa-
hedral geometry can be determined as S,, = 10n?+2, where S,, represents the surface
atoms of the n'" shell. Thus, clusters with 13,55, 147, 309, 561.. atoms correspond to
closed atomic shells. It leads to shell closing at n = 13 for poly-tetrahedral global
minima. Fig.3.2 shows the 13 and 55 atoms icosahedron for LJ-clusters [81]. Reck-
nagel et. al. [82] in their experiment on Xe clusters, experimentally observed the
existence of magic numbers for cluster size n = 13,55, 147.Charkin [84] et al. found
icosahedron to be the most stable structure for doped aluminium clusters X Alq,.
Earlier studies by Doye [83] and Sun et al. [85] showed that the I, like structures are
most stable for Aly3, Alss and Aly47. Aguadoa [86], and Rao and Jena [87] found the
most stable structure for Aly3 to be a distorted icosahedron. Fournier et al. [88], in
their study of 26 metal elements, found 13-atom icosahedron to be the most stable

structure in 7 cases out of 26. For other 19 elements, the icosahedron was unstable.
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3.3 Maximum hardness principle

The Maximum hardness principle (MHP) states that under certain conditions, larger
values of chemical hardness (I — A) correlate with lower values of total energy [6, 89,
90, 91, 92 where I is the ionization potential and A is the electron affinity. An impor-
tant idea of the MHP is that the electronic systems always evolve to the equilibrium
state with the highest possible hardness value. Instead of total energy, hardness corre-
lates with kinetic stability. Therefore the stability of clusters with “magic numbers”,
can be understood as a manifestation of the MHP [93]. In practical applications, the
HOMO-LUMO gap is used instead of (I — A). A hard molecule has a large value of
energy gap and a soft molecule has a small gap [6]. Knickelbein et al. and Rayner et
al. in their experiment with Niobium clusters and Niobium oxide clusters, correlated
ionization potential with reactivity [94, 95]. Koopmans theorem [96] for closed shells
in Hartree-Fock theory states that the energies ¢; of the occupied orbitals ¢; approx-

imate the corresponding vertical ionization potentials (VIPs) I;,

The KS-DFT analogue of Koopmans theorem gives that, for the true exchange-
correlation functional, the ionization energy ¢; is equal to the highest occupied molec-

ular orbital (HOMO) [97, 98, 99, 100, 101, 102, 103]

ewd = Iy (3.2)



With the proper choice of exchange correlation functional, Kohn-Sham HOMO en-
ergies very closely approximate the negative of the corresponding vertical ionization

potential [104, 105, 106].
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Chapter 4

Computational Methods

4.1 Global optimization

Global optimization (GO) of geometry is a central problem in computational studies
of clusters. The lowest-energy structures are usually the most abundant in experi-
ments on clusters. Therefore, discovering the lowest energy cluster isomers is critical
for the relevance of theoretical studies [108, 109]. However, structural optimization
of clusters is a difficult problem because of the huge number of possible isomers. For
example, for a 13-atom Lennard Jones clusters or LJ clusters (N-particle system in-
teracting through the Lennard- Jones pair potential; vy (1) &~ r=12 —2r=9)  there are
at least 1506 distinct local minima [110]. The number of distinct minima on poten-
tial energy surface of cluster A, grows exponentially with n [47, 110]. For example,
for n = 13 - 15, the number of minima of n-atom clusters should be in thousands
and probably on the order of 10* — 10° for 15 < n < 25. The computer cost of one

energy evaluation is large as compared to all other operations in global optimization,
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such as generation of random numbers, calculations of interatomic distances etc. For
reducing computational costs, cluster structure global optimizations are often done
with empirical potentials, sometimes followed by local optimizations with more ac-
curate methods such as DFT. Cheng and Fournier [48] devised a computationally
efficient algorithm for searching the global energy minimum structure of atomic clus-
ters. They called this algorithm, Taboo search in Descriptor space (TSDS). This
algorithm screens the cluster by interpolation over descriptor space calculating the
structural descriptors and retaining only few (10% or less) for energy evaluations.
This way, between 10 and a 100 times fewer energy evaluations than a good genetic
algorithm, are required for locating the global minimum of n-atom clusters (n< 35)
described by a LJ potential.

Our global optimization (GO) strategy has similarities to TSDS, but it has new
features as well. We devised a global optimization strategy that optimizes molecular
property with respect to both nuclear configuration X (geometry) and chemical
composition C'. We limit the range of possible compositions by specifying: (a) a list
of allowed elements 71, Zs, ..., Zx; (b) minimum and maximum numbers of atoms for
each element, Nyin1, Nmaz1, Nmin2s Nmaz,2, - - - s Noinge, Nmaz; and  (¢) minimum
and maximum numbers of total atoms, N,,;, and N,,,, Taking small Li,, Al,, clusters
as an example, we could have, for instance: (a) Z; = 3 and Zy = 13; (b) Npin1 =
0, Nmaza = 12, Npino = 0, Npaz2 = 12; and  (¢) Nyip, = 3 and Nye, = 12. With
these constraints, 13 + 12 4 ... + 4 = 85 chemical species are possible.

Our GO proceeds as follows: In the first stage, algorithm generates M random

geometric structures or “candidate” structures. Each time, it randomly selects a
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chemical composition that satisfies the constraints. Then it generates a random
nuclear configuration as follows. It puts the first atom at the origin. The second
atom is placed a distance r;; = (r(Z;) + r(Z;)) away from the first atom at random
position on the sphere centered about the first atom, where r (Z;) and r (Z;) are the
atomic radii of atoms ¢ and j. For every subsequent atom j, an atom ¢ is randomly
selected among the n previous atoms, and atom j is put randomly on the sphere
of radius r(Z;) + r(Z;) centered about atom i. Their energies U; = U(C};, X;) are
calculated, usually by a DFT method. The configurations and their energies U; are
saved to disk.

In the second stage, algorithm performs K iterations. At each of these iterations,
one new configuration is generated, its DF'T energy is calculated, and the information
is written on disk. The method to create a new configuration starts with calculating
the RITS (explained in section 4.3) of the M + K molecules in the dataset. The
objective function Fj is calculated for every j in the database. A selection probability

W; is assigned to every j:
W, = exPl((Fuin — F5)/0(Frin — Frnca)1/ 3 w0 (4.1)
k
W = emp[(Fmin - Fk)/a<szn - Fmed)] (42)

where F),,;, is the minimum value of F' in the database, F},.q is the median value,
and « varies between a high value of 1.00 at £ = 1 and a low value typically equal to
0.04 at the last iteration. By varying « this way, the importance given to energy in
the selection process is gradually changed, with a weak emphasis during the first few
iterations, to favor exploration of the search space, and a strong emphasis during the
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last few iterations, to exploit the knowledge gained about good solutions.

Next, a random operation O; with probability p; is selected, and either two parents
A and B (for operations 1 and 2) are selected or a single parent A (for the other
operations) is selected. Following the operation, the “repair” algorithm is applied to
improve the atomic configuration. With these steps, a candidate molecule is created.

Newly created structures normally have one or more unphysical interatomic dis-
tances, for instance, a Ag-Ag distance of 1.0 Angstrom. To fix this problem, we use a
special “repair” algorithm that works like this: (1) a list of nearest-neighbor (NN)
is established using sums of atomic radii as a criterion to decide if two atoms are
NN; (2) an empirical interatomic distance (target distance) is assigned to every NN
pair. Then, a distance-geometry algorithm is used to generate a set of atomic coordi-
nates that most closely reproduce all of the NN target distances, and has interatomic
distances for non-NN pairs greater than the sum of their atomic radii.

Each candidate structure is assigned a score S;. The score S; is made up of three

terms.

S;=—=S;r+Sjs+ Sjr (4.3)
Sj,F = 6xp[<szn - Fj)/a(me - Fmed)] (44)

where F} is an estimate of the objective function for candidate j obtained by
interpolating over the F}, values of molecules with the same composition (but different

configurations). The term S, is a penalty for a configuration that is similar to earlier
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configurations.

Sje = Y eap(=A3,/5) (4.5)
Ajr = (1/Na) Z[ (Dj»m - Dk,m)/(Dmax,m - ljmin,m)]2 (4.6)

Here, D;,, is the m’th geometric descriptor of molecule j, (Dpazm — Diminm) 18
the range of descriptor m, and Ny is the number of descriptors. The sum over k is
over configurations of molecules with the same chemical composition as j; A; can be
thought of as a kind of distance between the configurations j and k of a same chemical
species. Finally, § is a parameter that varies from a high value (typically 0.25) at
the beginning of the optimization, to a low value (typically 0.08) near the end of the
optimization. For a given distance A, , higher 5 produces a bigger penalty term. So,
a high  favors the creation of highly dissimilar structures early on (exploration).
The small value of § near the end of the optimization allows a finer search in the
vicinity of the best solutions (exploitation).

Finally, S;, is just a random number chosen in [0, 1] at the beginning of the
optimization (a high random term favoring exploration), and chosen in [0, 0.01] near
the end of the optimization (favors a deterministic search).

The candidate with the lowest score Sj is singled out, its DF'T energy and objective
function F(C, X) are evaluated, and it gets added to the dataset.

After a preset number of iterations, the second stage is complete. At this point,
we have a set of N molecules or clusters whose configurations were designed in a
such a way that they are near a local minimum of the potential energy surface. An
alternative would be to carry a full local minimization of the DFT energy as part of
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the ‘repair’ algorithm. This would bring each of the N molecules to a local minimum,
which is desirable, but it would come at a very high computational cost (a factor
of 50 increase, roughly, for molecules and clusters of moderate size). Instead, we
carry local optimization of the DFT energy for a small number Ny (Nyp < N) of
molecules, only those that look the most promising. This constitutes the third stage
of the optimization. We calculate the RITS and the objective function F' one last
time and rank the N molecules by order of increasing F'. We perform local geometry
optimization for the molecules with the lowest F', using the geometric descriptors
D , to avoid repeating calculations for molecules that are essentially identical to any
of the higher ranked molecules.

In the final step, local optimization of the DFT energy is performed for L best

solutions. In a parallel GO of geometry, we typically set L between 10 and 20.

4.2 Descriptors

TSDS [48] uses structural descriptors such as ”"mean atomic coordination” and ”mean
nearest neighbor interatomic distance” to describe cluster structure, in addition to
atomic coordinates. Descriptors are useful because they give a better insight into the
structure as compared to atomic cartesian coordinates. Also only fewer descriptors are
needed as compared to 3n cartesian coordinates to describe the molecular structure.
These descriptors are used to implement the rules for avoiding previous structures, and
also as interpolation variables for calculating a model energy from those of previously

visited structures.
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The six descriptors used in TSDS [48] are as follows.

Four descriptors are derived from coordination number, ¢, defined as the number
of atoms within the sphere of d,,,, (maximum allowable distance between bonded
pair of atoms) around atom k. These descriptors are the mean, root-mean-square

(rms) scatter, minimum, and maximum of atomic coordinations.

n

Mean (c) = (1/n) ) cx (4.7)

k=1
" 1/2
Rms (c) = (Z[Ck - Mecm(c)2) (4.8)
c_ =min ¢, (4.9)
¢ =maz ¢ (4.10)

Two descriptors are derived from moments of inertia I, > I, > I.: the asphericity

(¢) and shape (7).

(Ia — Ib)2 + ([b - IC)2 + (Ic — Ia)2

= 4.11
¢ 24+ 12+ 12 (4.11)

n= Q2L —I,— 1)/l (4.12)

These descriptors quantify the departure from spherical shape towards a more oblate

(¢ < 0) or more prolate structure (n > 0).

4.3 Geometric operations

Our GO uses a variety of simple operators to explore the possible geometries of a

molecule or cluster. The operations we use are the following.

32



1. Put the center of mass of molecule A at the origin, and give a random orientation
to A; keep atoms of A with a positive x coordinate; repeat for molecule B to
make a fragment X, by keeping the atoms with a negative x coordinate; put
the two fragments X, and X, together; keep this molecule if it satisfies all

constraints, otherwise, try again.

2. Like the previous operation, except that now we select at random two bonded
atoms i and j in parent A, we put the midpoint (7} + 775)/2 at the origin, we
put atoms 7 and j on the x axis, we define the plane perpendicular to 7; — 77
that contains the midpoint (75 + 75)/2, and we keep atoms of A that have a
positive x coordinate in that frame of reference; we repeat for B, keeping atoms

with a negative x coordinate; and we assemble the two fragments as before.

3. Relocate a randomly selected atom ¢ to a new position on a sphere of radius

r(Z;) + r(Z;) centered about a randomly selected atom j.

4. Choose an atom j at random, and give random displacements (dx;, 0y;, 02;) to
every atom ¢, where the magnitude of the displacement vector is a decreasing

function of the distance to atom j.

5. Interchange the positions of two randomly selected atoms ¢ and j, with Z; # Z;

6. Delete a randomly chosen atom :.

7. Choose an element Z,., at random, choose an atom ¢ at random, and add
an atom of element Z,., somewhere on the sphere of radius 7(Z;) + r(Z,ew)
centered about atom i.
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8. Transmutation: choose an atom ¢ at random, and change its atomic number

from Z; to Z,ew # Z; -

9. A typical choice of probabilities for these operations is p; + ps = 0.8 and p3 =
Py = ps = pg = pr = ps = 0.033. The probability is assigned in a way so as
to give more importance to binary operations 1 and 2 and lesser importance
to mutation operations. This is because genetic algorithms (GA) work better

when binary operations are used most of the time.

4.4 Relative Index of Thermodynamic stability

This sections contains contents from the paper “Optimizing molecular properties using
a relative index of thermodynamic stability and global optimization techniques” by
René Fournier and Amir Mohareb [111]

The Relative Index of Thermodynamic Stability (RITS) allows stability compari-
son between different chemical species. RITS can be used by itself or in combination
with other property F' to create an objective function. This objective function can be
used to optimize the property of interest, at the same time ensuring that the predicted
species are thermodynamically stable. Consider that we wish to minimize property P
for a chemical composition C' and nuclear configuration X. For example, we choose
P to be negative of the magnitude of the HOMO-LUMO gap. We also limit the range
of possible chemical compositions C' by putting constraints on the maximum and
minimum number of atoms and number of total atoms in cluster. To avoid getting

completely meaningless compositions, one must include energy, somehow, into the

34



definition of the objective function to be minimized. But the usual energy functions
such as the atomization energy (AE), cohesive energy, etc. do not allow direct com-
parison between molecules of different compositions. RITS, however, allows direct
comparisons between molecules of varying sizes and chemical compositions. This, in
turn, allows to construct an objective function whose minima are chemical species
with low P values and some degree of thermodynamic stability, which makes them

chemically relevant.

We define R (C, X), RITS, as

where AE (C}, X;) is the energy of a N-atom molecule with chemical composition C;
and geometry X; relative to the N separated ground state atoms, and AE;(C;) is a
model energy independent of geometry and fitted to the set of atomization energies

as explained below.
AE(C;, X;) = U(Cy, X;) Z N;Ui (4.14)

U(Cy, X;), is the energy of the j configuration, U; is the energy of an atom of the
" element and N,; is the number of atoms of element 4 in molecule j. The set of

atomization energies AL is fitted to a simple equation.

AEp(C Z (4.15)

The adjustable parameters of the fit, U.(Z;), are obtained by ordinary least-squares
and can be interpreted as the mean energies of atoms-in-molecules of element ¢ for
that particular data set of molecular energies.
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Hence, R(C}, X;) is an implicit comparison of the atomization energy of molecule
j to the atomization energies of all other molecules in the data set. It is an energy
difference measured in eV.

The RITS, R, has two desirable properties. Its average over the data set is roughly
zero, and energies of reactions equal sums and differences of RITS values. It can also
be noted that R expresses stability only in relation to a set of configurations. But
the RITS has a potential flaw in that it is size extensive property. So with R, large
molecules would be deemed more stable. For instance, the R values of the dimer
(N3)2 and linear alkane C'Hs(C Hy)sC Hj are about twice as large as those of Ny and
CH3(CH,y)3CHs, respectively. So R does not give meaningful comparisons of stabil-
ity between molecules of different sizes. Therefore, we also define a ’dimensionless’

stability index S(Cj, X;).

S(Cy, X;) = R(Cj, X;) JAEu(C5) (4.16)

In optimization of molecules with a number of atoms ranging between N,,;, and
Ninaz, those with N, atoms will be systematically favored (when using R) over
those with fewer atoms. In such a case the dimensionless index S may be more
appropriate.

We can combine the RITS with a molecular property “P” to create an objective
function by using the means of R and P, Mean (R) and Mean (P), the standard

deviations (SDs) of R and P, SD (R) and SD (P), and a coefficient ¢ (0 < ¢ < 1),

F(C, X) = c|(R(C, X) — Mean(R))/SD(R)] + (1 — ¢)][P(C, X) — Mean(P))/SD(P)]
(4.17)
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With this definition, F(C, X) usually varies between between -3 and +3. The constant
¢ can be chosen in such a way, so as to give the weight to the property being chosen
or stability. Optimizing with ¢ = 1 amounts to searching the space of chemical

composition and nuclear configurations for thermodynamically stable species.

4.5 Errors in calculations

There are many sources of errors in the calculations that we report in the next chap-
ters. Firstly, there might be errors directly associated with the computational or
numerical methods, for example, termination criteria for convergence of orbitals or
geometries. These type of errors can be assessed by repeating the calculations with
slightly varying the input parameters. However, these errors are very small on the or-
der of 0.01 eV or less. Another type of errors which are much larger, can be associated
with the approximate ways by which the KS equations are represented. DFT utilizes
exchange correlation functionals, used to approximate electron - electron interactions.
There is no exact closed form exchange correlation functional that perfectly predicts
electron exchange and electron correlation for all materials. These errors are not
breakdowns of the theory itself but they occur due to the deficiencies of the currently
used approximate exchange-correlation functionals. The prediction of low band gaps,
low reaction barriers, low stability of molecular anions, etc., by KS density functional
methods are often attributed to the incomplete cancellation of many-electron self in-
teraction [112, 114]. However, these errors are absolute, thus not a big concern. The

relative errors are much more difficult to assess.
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In an exhaustive study performed by Mardirossian et al. [115], 200 density func-
tionals on a molecular database of about 5000 data points were compared. Root
mean square deviation (RMSD) associated with PBE for isomerization energy was
reported to be 1.15 kcal/mol, which is least compared to other GGA functionals as
well as LDA, meta- GGA’s and hybrid functionals considered (TPSS, B3LYP etc.).
Mardirossian et al. [115] divided their dataset into subsets. One of them is called
NCED (non-covalent easy dimers) and another NCEC (non-covalent easy clusters).
The easy indicates that these cases are relatively easy for theory. The PBE func-
tional gave RMSD on binding energies of 1.96 kcal/mol for the NCED subset, and
4.08 kcal/mol for the NCEC subset.

Table 2.1 summarizes the mean absolute error in calculations (eV/atom) using
LDA, PBE (GGA), TPSS (meta-GGA) and HSE06 (hybrid) functionals. The abso-
lute error with PBE is 0.19 eV /atom, therefore in our calculations we expect a mean

absolute error of the order of 0.2 eV.
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Chapter 5

Geometric structure of silver

clusters with and without adsorbed

Cl and Hg.

5.1 Introduction

Silver clusters have been the subject of numerous studies because of their interesting
optical [116, 117, 118, 119, 120, 121] and chemical [122, 123, 124] properties and the
possibilities they offer for novel materials [125, 126]. Studies of free silver clusters by
various experimental [118, 127, 128, 129, 130, 131, 132] and theoretical methods [133,
134, 135, 136, 137, 138, 139, 140, 141] give us a basic understanding of their geometric
and electronic structure and physical properties. The interaction of silver clusters with
adsorbates reveals their chemistry and serves as a model for catalysts [122, 142, 143].

When bound to a support [144] or embedded in a matrix [145, 146], silver clusters
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are stabilized and can be made into useful materials having chemical and physical
properties that can be tuned with the choice of host or ligands. Silver clusters bound
to DNA have sequence-tunable fluorescence wavelengths [147, 148] and can serve as
biosensors [149, 150, 147]. Larger silver nanoparticles (roughly 20 to 100 nm in size)
have shape-dependent antibacterial properties [151].

Knowing the geometric structure of silver clusters is important for understanding
their properties and designing new materials. Most experiments give only scarce or in-
direct information about cluster geometry. Accordingly, a lot of effort went into com-
putational predictions of the geometric structure of silver clusters [133, 134, 135, 136,
137, 138, 140, 141, 152, 153]. Such work has focussed mainly on pure clusters in their
neutral or charged states, Ag,, Ag', Ag. . However, many interesting experiments,
and the most promising avenues for materials, deal with silver clusters deposited on a
substrate [144, 154] or interacting with ligands [118, 155], adsorbates [122], or a host
matrix [146]. It is quite difficult to accurately model these complex systems [156]. A
simplified method is to take the computed geometric structures of pure silver clusters
combined with some assumed geometry for the host or adsorbates as starting points
for local geometry optimizations. It would be useful to develop criteria to help decide
when this approach can be used.

We performed a computational study of the geometric structure of Ag, (n =4 to
20) and related clusters with two goals in mind. First, we wanted to verify earlier the-
oretical predictions of geometric structure. For this, we used a newer, and presumably
better, exchange-correlation functional, and we performed a more exhaustive search

of geometries. The most complete first-principles study of Ag, geometric structure
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to date is that of Yang et al. [138]. It used the PBE exchange-correlation functional.
Here, we are using a meta-GGA functional, the one of Tao, Perdew, Staroverov and
Scuseria (TPSS) [60, 75]. As for the atomic structure search method, Yang et al. used
many low-energy isomers of Cu,, as initial guesses for carrying out local optimizations
on Ag,. They showed that relative energies of isomers are comparable between Cuy
and Agig, and that their search method works for Ag;q. But there remains a concern
that, at large n, Cu, and Ag, cluster geometries may differ significantly. If so, the
low-energy isomers of Cu,, may not constitute good starting points for Ag, geometry
optimization. So, in the present study, we performed unbiased global optimizations
by TSDS [48] for every n from 4 to 20.

Second, we wanted to find out what the effect of interactions may be on the ge-
ometric structures of Ag,. It was found that adsorption of NOy and NOj causes
important structural relaxations of silver clusters [139]. We wanted to see if other
adsorbates can also affect Ag,, structures. We chose to study the simple atomic adsor-
bates Cl and Hg because they do not bind too strongly to Ag and they represent two
different types of interactions. Cl atoms give a model for moderate ionic interaction
and Hg atoms give a model for non-ionic and nonspecific interaction with Ag,. We
did computations for the species Ag,Cly, (n = 3 to 10, and 12) because they are rel-
evant for experiments where Cl, is reacted with silver clusters. We studied Ag,Hg,,
(n =5,6 and m =1 to 4) to see the effect of increasing the number of weakly bound lig-
ands, and because calculations on larger silver clusters would be too time consuming.
We think that the geometric structures of these simple species can give insight into
possible geometries of silver clusters interacting with more complicated adsorbates or
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with specific sites on a surface or in a host crystal. As we will show in the following
sections, our calculations reveal big changes in the geometry of Ag, upon interaction
with Cl and Hg in some cases, and only minor changes in other cases. Generally, the
interpretation of experiments on Ag, clusters on a support (e.g., Al;O3), in matrix,

or bound to ligands should not rely on the assumption of pure Ag, geometries.

5.2 Review of literature

We begin with a review of previous work on the geometric structure of Ag, clusters.
Huanga and Watts did high-accuracy coupled-cluster calculations on Ags [159]. They
obtained an atomization energy of 2.62 eV (we found 2.58 V), an angle of 67.7°
(we obtained 69.8°) and two equivalent Ag-Ag bond lengths of 2.616 A (we found
2.647 A). Resonance Raman spectroscopy indicates that Ags in solid Ar is a planar
trapezoid [160] like the one shown in Fig. 5.1, and that the structure of Ag; in solid Ar
is a tricapped tetrahedron [161]. However, another study by electron spin resonance
showed that Agz in a solid Ne matrix forms a pentagonal bipyramid (PBP) [162].
Many authors derived information about geometric structure by comparing time
dependent DFT (TD-DFT) simulated spectra to experimental absorption spectra.
Pereiro and Baldomir [136] assigned the structure of Agg as the Doy symmetry dodec-
ahedron. Another study [120] of Ag, in an Ar matrix (n = 4 to 14) gave evidence
for the geometric structures shown in Fig.5.1 for n = 4 (rhombus), 5 (trapezoid),
7 (PBP), 13 and 14, and gave evidence for the pentagonal pyramid at n = 6 and

coexistence of two Agg structures, the one we found as the global minimum (GM, a
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tetracapped tetrahedron) and the isomer we found to be 0.05 eV higher (Ds4 dodec-
ahedron). The same study [120] did not give definitive assignments for n = 9, 10, 11,
and 12 but suggested that those spectra could be superpositions of signals coming
from two or more isomers. A recent study of Ag, is solid neon [163] confirms the
structural assignments of Harb et al. [120]. For Agy, there is good evidence for the
coexistence of several isomers (one of which is the GM of Fig.5.1) in a cold Ar ma-
trix [164]. For Agiy, the comparison of TD-DFT [165, 166] to experimental absorption
spectra [117, 167, 168] suggests that the experiments see a PBP with two capping
atoms above, and two capping atoms below, the equatorial plane (123’4’-PBP, the
same structure that we show in Fig.5.1).

Structural predictions based on empirical potentials of the Gupta and Sutton-Chen
type [133, 137] are at odds with DFT results and the assignments of experimental
spectra. They show a compact growth sequence that maximizes coordination, includ-
ing an octahedron at n = 6, capped PBP geometries with all of the capping atoms
on the same side of the equatorial plane for n = 9 to 12, an icosahedron at n = 13,
and a double icosahedron at n = 19. The structural predictions from a tight-binding
study [169] — which includes 3D structures for n =5 and 6, icosahedra-based struc-
tures for n =11, 12, 13, 15 and 16, and a double icosahedron at n = 19 — are also at
odds with DFT.

DFT calculations with various exchange-correlation functionals — the local den-
sity approximation of Vosko, Wilk and Nusair (VWN, or, VWN5) [134], the GGA
of Becke, Perdew and Wang (BPW) [170], and the GGA functional PBE [135] —

predict flat structures for n = 3 to 6 and polytetrahedral structures for n = 7 to
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14, but no icosahedron-derived structure at or around n = 13. A more extensive
study of Ag, (n = 3 to 20) using PBE [138] and a set of low-energy structures pre-
viously obtained for Cu, also found polytetrahedral structures. Another study with
the GGA functional PW91 [140], gave similar results for n =3 to 15 but significantly
different structures from n =16 to 20, including a hollow cage at n = 18 and a Ty
pyramidal fragment of FCC crystal at n = 20. A many-body perturbation theory
and coupled-cluster study of Ag, (n =2,9) [153] reported ground-state geometries
that agree with the ones we show in Fig. 5.1 except for Ags (a Dyy dodecahedron)

and Agy (a capped Dy, dodecahedron).

5.3 Methods and computational details

Energies were calculated by DFT, with the meta-GGA exchange-correlation func-
tional TPSS [60] and the LANL2 double-zeta (LANL2DZ) [171] basis sets imple-
mented in the Gaussian 03 software package [172]. The TPSS functional was thor-
oughly tested [75] and the LANL2DZ basis set was used with success in numerous
cluster studies. However, the TPSS/LANL2DZ level of theory is probably not suf-
ficient to get accurate energies or bond lengths for Hg, or even Cl, interacting with
Ag,. In particular, we note that the Cly bond energy (D., experimental value 2.51
eV) is calculated to be 1.61 eV by TPSS/LANL2DZ and 2.59 ¢V by TPSS/cc-pVTZ
(ce-pVTZ is the correlation consistent triple zeta plus polarization basis set). But
that does not matter for our study. We are only interested in qualitative changes in

the geometry of Ag, clusters upon binding to generic “ligands”: (a) an ionic ligand
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(Cl), and (b) a weakly interacting nonpolar ligand (Hg). For our purpose, Cl and
Hg are only model systems that bind to Ag,. The bond energies we obtained with
the TPSS/LANL2DZ approximation are roughly 3.0 eV for Cl-Ag, and 0.25 eV for
Hg-Ag,, and this is adequate for illustrating differences in geometries of Ag, in cases
of ionic, and weak, interactions.

Global optimization was done using TSDS [48] for singlet or doublet states for all
species. The number of geometric structures and DFT energy evaluations for Ag, in
the global optimization stage was 30 (n + 1). We used a sorting algorithm, based
on energy and structural dissimilarity, to select the Ny best of those 30 (n + 1)
structures, with Np.s; = 15 or 20. Then we carried out local optimization for those
Nyt structures.

We used the following geometric descriptors for TSDS optimization: the mean
coordination of Ag atoms ¢, the root-mean square deviation from the mean of atomic
coordinations, rmsdc, and two descriptors obtained from the moments of inertia;
asphericity (¢) and shape (n) Note that n < 0 for oblate clusters and n > 0 for

prolate clusters (see page 32).

5.4 Results and discussion

5.4.1 Silver clusters: structures

The silver cluster GM structures that we found, using the TPSS functional, are

displayed in Fig. 5.1. They generally agree with GM found in previous DFT com-
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putational studies that used the VWN [134] and PBE [138] functionals. The GM
structures are planar and grow by addition of triangles for n = 3 to n = 6 (Ags
forms a triangle with one angle equal to 70°). The GM for n > 6 are polytetrahe-
dral but, unlike Lennard-Jones (LJ) clusters, they do not maximize the number of
nearest-neighbour pairs (defined as the number of interatomic distances smaller than
1.2RNn, or, 3.47 A for silver clusters) except for n = 7 which is a pentagonal bipyra-
mid (PBP), and n = 9. In particular, the Ag;3 GM has only 38 nearest-neighbours
compared to 42 for the icosahedron (the GM of LJ;3). The first 13-atom icosahedral
unit appears only at n = 17.

We rationalize the equilibrium structure of the GM of Ag, as the result of two
competing physical effects: (a) minimizing the surface tension, or, surface area,
which tends to maximize the number of nearest neighbours; (b) achieving a nuclear
framework with an optimal shape for a given valence electron count, as predicted by
the ellipsoidal jellium model (EJM). There is, maybe, a third structural principle at
play: geometries where all, or most, of the atoms have nearly the same coordination
(ie, with a low rmsdc) seem to be favored [134]. Table 5.1 shows the number of
nearest-neighbour pairs in the GM of Ag,, and of Lennard-Jones clusters. This number
is lower in Ag,, but it is never very far from what it is in LJ,,. Table 5.1 also shows the
shape parameter 7 of the Ag,, GM, and the shape prediction of the EJM represented
like this: 0 means spherical (n ~ 0), + means prolate (n > 0), and — means oblate
(n < 0). Remarkably, the DFT optimized shapes and EJM predicted shapes agree
in every case except n = 5,9,13. Further, the three nuclearities for which the EJM

predicts a spherical shape (n =8, 19, 20) are those for which DFT calculations yield
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the smallest absolute values of 7 (0.00, —0.05, 0.00) and the smallest ¢ (0.000, 0.021
and 0.003, the next smallest ( is for Agyg, it is 0.043, and the average ( for n = 4 to
20 is 0.176).

We will now briefly describe cluster isomers. The energy of the lowest isomers
are given in Table 5.2, last column. A few comments are in order. We calculated
free energies at 298 K in many cases. We compared the isomer relative energies
to isomer relative free energies in 21 cases and found a mean absolute deviation of
0.020 eV between the two sets of numbers. So, free energies might give a different
ordering and different GM predictions in some cases (e.g., Agg, Agis). Errors on
relative energies due to approximations in the treatment of exchange-correlation are
surely bigger than 0.02 eV. Further, the temperature of gas-phase clusters is often
unknown. So, we chose to report zero Kelvin energies for simplicity. We consider
that our predicted GM are only tentative in cases where isomers are found 0.1 eV or
closer in energy (n =8,9,12,16,17,18), and generally, conclusions about trends and
general aspects of structures and energies are more robust than any conclusion about
the structure or energy of a specific cluster species.

The GM of Ags has an angle of 70°: the first isomer has an angle of 113°. The
first isomers for n = 4 to n = 10 are as follows: a Y-shaped structure for Agy; a D3,
trigonal bipyramid (TBP) for Ags; a Cs, pentagonal pyramid for Agg; a Cs, tricapped
pyramid for Ag; (this structure was assigned to Ag; trapped in a cryogenic matrix
by resonance Raman spectroscopy [161]); a Doy distorted bicapped octahedron, or
dodecahedron, for Agg; for Agg we have a C, bicapped PBP with capping atoms

on either side of the equatorial plane of the PBP at 0.039 eV, and a C, capped
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dodecahedron at 0.054 eV; and, for Agig, a tricapped PBP with capping atoms at
triangular sites 1, 2, and 3’ (unprimed and primed numbers denote positions above
and below the equatorial plane). An interesting other isomer of Agyg, found at +0.296
eV, is the Dy symmetry doubly capped square antiprism.

The first isomer (0.147 eV) of Agy; is different from the rest: it has a Dgj, sym-
metry 9-atom core made of a trigonal prism with three face-capping atoms and two
additional capping atoms, with overall C, symmetry. The GM of Ag;s is a 5-capped
PBP which we denote 1234’5’-PBP: the first isomer of Agys is just a distorted version
of that GM. The first isomers of Ag3, Agiy, and Agys are oblate and polytetrahedral,
and similar to their respective GM. The two low isomers of Ag;g, like the GM of Agyg,
consist of an icosahedron with one missing peripheral atom, to which four capping
atoms are attached. The GM and two isomers of Agys differ only in the positions
of those four capping atoms. The first isomer of Agy; is a 4-capped icosahedron.
The first isomer of Ag;g is practically degenerate with the GM (40.013 eV). It is a
double icosahedron with a missing axial atom, the same structure as for the GM of
a Lennard-Jones 18-atom cluster. Unlike the GM of Agys, it is strongly prolate. The
first isomer of Agig is a quasispherical multiply capped icosahedron. The first isomer

of Agyg is like the GM, but with the two capping atoms further apart.
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5.4.2 Silver clusters: energies

The atomization energies AE (n) and cohesive energies CE (n) = AE (n)/n of Ag,

are shown in Table 2. We fitted cohesive energies to this function:
CEsiy (n) = a+bn '3 (5.1)

where a is the bulk cohesive energy and bn~'/? is a surface correction (the corre-

2/3 and n?/3 scales as the surface

sponding correction to the atomization energy is bn
area). The fit yields a = 2.9089 eV /atom, which is very close to the experimental bulk
cohesive energy of silver (2.95 eV /atom), b = —2.8432 eV n~2/3, and a root-mean
square error of 0.034 eV /atom (3.4% of the range in cohesive energies).

Fig. 5.2 shows the differences A (n) = CE (n) — CEyy (n). A positive value of
A (n) indicates a cluster size that is stable relative to other sizes in general. Fig. 5.3
gives the second difference in energy Ay (n) = AE (n+1)+AE (n—1)—2AFE (n). A
negative value of Ay (n) indicates a cluster that is stable relative to the two clusters
that are tmmediate neighbours in size.

The relative stability of clusters as a function of size is often discussed on the basis
of Ay (n). Here (Fig: 5.3), Ay (n) shows a clear pattern of even-odd oscillations
in stability (n = 16 excepted), something that has been observed in every previous
study of silver clusters. The reason is simple: spin subshell closing confers stability.

The A (n) curve (Fig. 5.2) is more interesting. It shows enhanced stability
for three consecutive sizes, n = 6, 7, and 8, something that a Ay (n) curve could
never show. We explain this pattern as follows. The stability of Agg probably has

to do with the fact that six electrons (N, = 6) constitute a closed-shell for a 2D
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cluster. Notice the large HOMO-LUMO gap of Agg, 2.29 eV (Table 5.2). Extra
stability was also found for Aug [173]. The stability of Ag; can be understood from
its geometric structure with many nearest neighbours (n = 7 is a minor magic number
in polytetrahedral clusters). As for Agg, it has a closed electronic shell according to
the 3D jellium model, and this is consistent with its very big HOMO-LUMO gap
(2.403 eV, Table 5.2). To sum up, among all the clusters we studied, Agg, Agr, and
Agg stand out as particularly stable (Fig. 5.2), with Ags and Agg having by far the
largest HOMO-LUMO gaps, and Ag; having a PBP structure that comes closest to
what we might call a closed geometric shell.

The electron count, prolate shape, and Dy; symmetry of Agyy suggest that it is
a cluster analogue of the very stable Ny molecule [174] and this may account for its
relative stability (Fig.5.2). There is an anomaly in A (n) and Ay (n) at n = 16.
It is unclear whether this is a genuine result or a failure to locate the GM of Agig.
But, interestingly, Agis stands out in experiments for having a large NH3 binding
enthalpy (15.9 £ 1.0 kcal/mol) and low (or no) NHj surface diffusion [175]. In
contrast, the same experiments gave a binding enthalpy of 9.8 + 1.0 kcal/mol for
Ag1oNH3 and strong evidence that NHj diffuses freely at room temperature on Agyg.
Our GM structure for Ag;g shows a 5-fold (or maybe 6-fold) coordination site (see
Fig: 5.1, bottom part of the Agyg structure ), the site of the missing Ag atom that
would complete an icosahedron. Among our GM, only Ag;9 and Agyy have such a
site, but these clusters are comparatively more stable than Ag;s (Fig: 5.2) and have a
bigger HOMO-LUMO gap than Agys (Table 5.2). It is tempting to conclude that the
combination of a relatively high energy, low HOMO-LUMO gap, and presence of a
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5-fold binding site explains the observed strong bonding in Ag;sNH3. Note also that
the surface of Agyy (two fused PBP at right angles that share a tetrahedron) presents

only 3-fold coordination sites: easy NHj diffusion on such a surface is plausible.

5.4.3 Ag,Cl; clusters: structures and energies

The GM that we found for n=3 to 10 and n = 12 are shown in Fig: 5.4. Comparing
to Fig. 5.1, we see that binding Cly to Ag, preserves the GM structures in cases
n =3, 4, and 9, and changes the structure in all other cases. Upon binding to the Ags
GM, the two Cl atoms transform it to an isomer that is 0.47 eV higher. We define the
distortion energy, Fyistortion, as the difference between the energy calculated for Ag,
in the geometry it has inside a complex Ag,—X (X=Cl, or Hg,,), and the energy
of the GM of Ag,,. For AgsCly, Egistortion 18 approximately 0.47 eV. For n = 6, 7,
and 8, Fyistortion =~ 0.81, 0.88 and 0.19 eV, respectively. The binding energies of two
Cl atoms to the various Ag, clusters vary roughly between 6 and 7 eV (see Table
5.3). It is not surprising that such a strong interaction can induce distortion energies
of up to 1 eV in some cases and that this is sufficient to change completely the Ag,
geometry.

We could not find any correlation between the shapes of Ag,Cl, GM structures
and EJM predictions associated with electron counts of either n or (n —2). In
Ag,Cl,, electronic shell closing effects are probably too small, in comparison to Cl-
Ag interactions, to matter. What is clear from Fig. 5.4 is that Cl atoms always bind to

two Ag atoms in a bridging geometry, and the Cl atoms are always far apart. There is
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a simple explanation: there is an ionic contribution to the Ag-Cl interaction, Cl atoms
acquire negative charges (the Mulliken charges on Cl atoms vary between —0.18 and
—0.30 depending on the clusters), and coulombic repulsion favors geometries with
large CI-Cl distances.

There are strong variations in the calculated dipole moments of Ag,Cl,. Cl atoms
bear significant negative charges, so the dipole could be quite large if the two Cl were
on the same side of the Ag, cluster. The closest to that situation is Ag,Cly (dipole
moment of 7.57 D). But coulombic repulsion of the Cl atoms often puts them far
apart and on either side of the cluster. In a limit case, this could give a zero dipole.
The closest to that is Ag;2Cly which has a dipole of only 1.40 D.

The dissociation energies (DE in Table 5.3) are smallest for n =5, 6, 7, and 8. In
the case of n = 5 this can be attributed to the large distortion energy in going from
a 2D geometry to a 3D geometry. For n =6, 7, 8 we can also invoke the distortion
energy or, more simply, the fact that Agg, Ag;, and Agg are, relatively speaking,
the most stable clusters in the Ag, series. The DEs of Table 5.3 are all much larger
than the experimental bond energy of Cly, 2.48 eV, which suggests that Cly should

dissociate easily on Ag,, clusters.

5.4.4 Ag,Hg,, clusters: structures and energies

The GM structures are shown in Fig. 5.5. The Ags structure is unchanged by the
interaction with one Hg atom, and distorts slightly (it buckles) upon interaction with

two or more Hg atoms. The Agg structure changes qualitatively, from a 2D triangle
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to a pentagonal pyramid, upon binding to one or more Hg atoms. Interestingly, there
is evidence that Agg adopts the pentagonal pyramid structure in an Ar matrix [120].
In our calculations for bare Agg, the pentagonal bipyramid is 0.18 eV higher than the
GM (flat triangle), so 0.18 eV is a lower bound to the distortion energy of the Agg
unit in AggHg,,. The actual distortion energies are given in Table 5.4.

As expected, Hg-Ag interactions are much weaker than Cl-Ag interactions. The
binding energy of additional Hg atoms is nearly constant, 0.25 eV for Hg—AgsHg,,,_1
and 0.22 eV for He—AggHg,,, 1, see Table 5.4. The exception is the bond energy
of the highly coordinated Hg atom in Hg—Agg which is double that, 0.465 eV. In
fact, the two strongest Hg interactions, Hg—AgsHg (0.305 eV) and Hg—Ags (0.465
eV), are found for the two most highly coordinated Hg atoms. Yet, Hg atoms prefer
to bind at singly coordinated (“atop”) sites in many cases. Intuitively, distortion
energies normally should not be larger than dissociation energies (although that is
possible). This is what we observe.

The case of AggHg,, illustrates a possible pitfall when using the GM of a metal
cluster like Ag, as the initial guess for geometry optimization of some metal-ligand
complex Ag,—X. The present calculations, and previous studies [134], often show
many isomers within a few tenths of eV of the GM. Therefore, even a weak Ag,—X
interaction (few tenths of eV) could lead to a complete structural reorganization
as seen with AggHg,,. The distortion energies of AggHg,, are not very large, only
0.24 eV. However, since the flat triangle and the pentagonal pyramid are topologically
very different, there is probably no low-energy pathway for rearranging one into the
other. So, starting a local geometry optimization with Hg bound anywhere on a flat
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triangular Agg will almost surely not lead to the GM of AggHg. On the other hand,
a hypothetical experiment where Agg forms first and then interacts weakly with Hg
would not lead to the GM of AggHg either and, trying to model such an experiment,
it would make sense to do a local optimization where the initial guess has a Hg atom
attached to a site of the flat triangular Agg GM. Further, note that positioning one,
two, three, or four Hg atoms at various sites of the rhombus Ags GM might very well

produce the true GM of AgsHg,, of Fig. 5.5.

5.5 Concluding remarks

The predicted GM structures of Ag, (n = 3 to 20) obtained here with a meta-GGA
functional (TPSS) are in very close agreement with previous results obtained with
the GGA functional PBE [138] and also agree well (for n = 4 to 12) with earlier
work that used the local spin density functional VWN [134]. The Ag, clusters are
2D for n = 3 to 6, polytetrahedra that nearly maximize the number of neighbours
for n > 6, and they adopt (with the exception of n =5, 9, 13) a shape consistent
with predictions from the simple ellipsoidal jellium model. The sizes n = 6, 7, and 8
stand out as relatively more stable than the rest. This is due to an electronic effect
for n = 6 and 8 (Agg and Agg have big HOMO-LUMO gaps), and it is due to the
coincidence of an optimal shape (oblate with 7 electrons) and an atomic closed shell
at n = 7. We can see in Fig. 5.6 that the PBP (n = 7, n='/% = 0.52) has a large
mean coordination compared to other clusters. On the other hand, Ag;g stands out

as particularly unstable (see Fig. 5.2 and Fig. 5.3) and this, along with the presence
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of a high-coordination site, may explain the experimentally observed strong bonding
of NHj3 to Agye [175].

Low-lying isomers are predicted for Ags (0.044 eV), Agg (0.050 eV), Agg (0.039
and 0.054 eV), Agyo (0.044 ¢V), Agis (0.053 and 0.072 eV, both of which also possess
the high-coordination site mentioned above), Ag;; (0.086 eV), and Ag;s (0.013 eV).
Other isomers are found 0.10 eV or higer relative to the GM.

Cl atoms bind to Ag, with a binding energy of roughly 3.0 eV. Upon binding to
two Cl atoms, the geometry of Ag,: (i) changes completely in some cases (n =5,
6, 7) with a distortion energy as large as 0.88 eV; (i7) changes somewhat in other
cases (n =8, 10, 12), with distortion energies in the vicinity of 0.2 eV; and (i)
stays essentially unchanged for n =3, 4, and 9. The Hg atom-to-Ag, cluster binding
energy is roughly 0.25 eV. Upon binding to Hg atoms, the geometry of Ags changes
slightly, but the geometry of Agg changes completely.

On the whole, our results illustrate a few things that one should consider before
modeling a metal cluster-ligand complex. Obviously, first one should try to assess
whether the experiment one attempts to model produces the GM of the cluster-
ligand complex species, or whether it produces a simple association complex of the
ligand with the cluster’s GM. The latter case is simpler. In the former case, one could
perform full global optimization of cluster-ligand species as we did here. Alternatively,
one could adopt the following procedure. First, one would determine an approximate
energy of cluster-ligand interaction (what we call DE in Tables 5.3 and 5.4) and
then try to find a representative set of metal cluster isomers that fall roughly in that

energy range. Second, one would examine the various binding sites on the various
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isomers and determine, with a series of local optimizations, the type of sites that
are energetically most favorable. Finally, guided by a few calculated site-dependent
interaction energies, and the energies of isomers relative to the GM, one could set
up a prioritized list of isomers and sites likely to yield the lowest energies upon

optimization.
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Fig. 5.1. Global minima of Ag, clusters, n =4 to 10.
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Table 5.1: Number of nearest-neighbours (NNN) for silver and Lennard-Jones clus-
ters, shape parameter of the global minima of Ag,, and shape predicted by the EJM

(— means oblate, + means prolate, 0 means quasispherical).

n | NNN (Ag,) NNN (LJ,) | n (Ag, EJM
4 5 6 032 +
) 7 9 019 -
6 9 12 —-0.50 -
7 16 16 -0.35 -
8 18 19 0.00 0
9 23 23 —-0.07  +
10 26 27 047  +
11 30 31 022 +
12 34 36 0.09 +
13 38 42 —-0.08 +
14 42 45 -0.36 -
15 46 49 -0.23 -
16 50 53 —-0.16  —
17 o6 57 -0.11 -
18 60 62 -0.19 -
19 66 68 —0.05 0
20 70 72 0.00 0
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Table 5.2: Atomization energies and cohesive energies of the GM of Ag,, their
HOMO-LUMO gaps, and the energies of the lowest cluster isomers and any other

isomer with a relative energy of 0.1eV or less (all energies in eV).

n| AE (n) CE (n) | HL gap || Eisomer

3| 2577 0.8591 0.382 0.044

41 4.541 1.1354 0.916 0.235

5| 6.192 1.2384 1.303 0.474

6| 8.442 1.4071 2.287 0.184

71 10.238  1.4626 1.285 0.183

8| 12.469  1.5587 2.403 0.050

91| 13.835 1.5372 0.457 | 0.039, 0.054

10 | 16.014 1.6014 1.037 || 0.198
11| 17.739  1.6126 | 0.667 | 0.147
121 19.950  1.6625 | 0.920 | 0.044
13 | 21.783 1.6756 | 0.462 | 0.117
14 | 24.219  1.7299 1.147 | 0.098
15| 25.979 1.7319 | 0.467 | 0.111
16 | 28.023 1.7514 | 0.409 | 0.053, 0.072
17 | 30.414  1.7890 | 0.371 | 0.086
18 | 32.814 1.8230 | 0.627 | 0.013
19 | 34943 1.8391 0.600 || 0.158
20 | 37.321  1.8660 1.010 | 0.291
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Table 5.3: Atomization energies of Ag, Cl, GM, dissociation energy (DE) for Ag,,Cl,
— Ag, + Cl + Cl (all energies in €V), and dipole moment in Debye. The calculated
binding energy (D.) of Cly is 1.607 eV.

n| AE (n) DE (n) | dipole

9.006 6.43 4.63
11.581 7.04 7.57
12.481 6.29 6.69
14.733 6.29 5.02
16.330 6.09 1.66
18.611 6.14 1.79
20.430 6.60 4.97
10 | 22.908 6.89 4.40
12 | 26.542 6.59 1.40

© 00 N O Ot = W
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Table 5.4: Atomization energies of Ag,Hg,, GM, dissociation energy (DE) and
distortion energy (Egistortion) for Ag,Hg,, — Ag, +m Hg (all energies in eV), and
dipole moment in Debye. The calculated dimer bond energies (D,) are: Ags, 1.730
eV; Hgy, 0.0094 eV; and AgHg, 0.257 eV.

n m| AE DE  Egistortion | dipole
5 116451 0.259 0.003 1.13
5 2]6.756 0.564 0.376 0.92
5 316993 0.801 0.320 2.20
5 417242 1.050 0.338 1.72
6 1]8907 0.465 0.234 0.42
6 29132 0.690 0.254 0.87
6 319345 0.903 0.227 1.30
6 419564 1.122 0.240 0.93
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Chapter 6

Trends in Structure and Stability
of Pure and Mixed Clusters
Li;Mg,Al, (z+y+2z <8).

6.1 Introduction

There have been many studies of elemental clusters X,,, using experiment and theory.
They show nontrivial size-dependent structural, chemical and spectroscopic proper-
ties [193, 194, 195]. Among theoretical studies of clusters of simple metals, we note,
in particular those on Li, [196, 197, 198, 199, 200], Al, [201, 202, 203, 204], and
Mg, [205, 206, 207, 208], where n is varied. More recently, several mixed metal clus-
ters have been studied [209, 210, 211, 212, 294, 214]. The size of the chemical space
spanned by elemental clusters X,, is fairly small. With binary and ternary clusters,
the chemical space is much bigger, and so are the chances of discovering important
new cluster species. A range of properties may be accessible by varying the size, com-

position, and morphology of binary or ternary clusters [215, 216, 217, 218, 219, 220].

66



For instance, the optical absorption of Ag,Au, clusters varies with composition and
morphology and can be tuned by laser irradiation annealing [221, 222, 223, 224].

Here we report a study, by DFT and GO, of all possible elemental, binary, and
ternary clusters Li,Mg,Al, in the size range from 5 to 8 atoms. Our goal is twofold.
First, we wish to show the trends in the geometry and stability of these clusters and
understand better physical factors that govern them. Second, we want to identify
those clusters that are particularly stable or possess high symmetry. We look at two
aspects of cluster stability. The first is thermodynamic stability as indicated, for
instance, by a relatively large AE. However, AE’s of clusters with different composi-
tions can not be compared directly. In the next section we describe a methodology
in which a fit to AE’s is done and is used for making comparisons of cluster stability.
The second aspect of stability is the highest occupied molecular orbital (HOMO) to
lowest unoccupied molecular orbital (LUMO) gap E,. A large E, is often indicative
of chemical stability. The maximum hardness principle (MHP) also implies that E,
correlates with conformational and thermodynamic stability [187, 189, 188].

The next section shows details of computational methods we used. Results are

presented and discussed in section 6.3. The main findings are summarized in section

6.4.

6.2 Computational details

We applied Kohn-Sham density functional (KS-DFT) with the Gaussian09 [49] soft-

ware with the non empirical gradient corrected exchange-correlation functional of
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Perdew, Burke and Ernzerhof [59] (PBE) and the LANL2DZ effective core potential
(ECP) and basis set [225, 226]. We performed GO by a modified version of TSDS

[48] using a relative index of thermodynamic stability (RITS).

6.2.1 Relative Index of Thermodynamic stability

We fit the atomization energies of all 130 clusters using a geometry independent

model. The fitted atomization energies, AFy;, are obtained with a simple formula,
AE (C},X;) = AEpy (C)) +¢; = Z N; U, (Z) + e (6.1)

where e; is the fitted model error on the j™ energy. The adjustable parameters
of the fit, U. (Z;), are interpreted as mean cohesive energies of atoms-in-molecules
for element 7 for a given data set. There is a simple physical interpretation for the
species Li,Mg,Al, with the lowest (most negative) RITS: of all the possible ways of
arranging N, atoms of Li, NV, atoms of Mg, and N, atoms of Al into clusters chosen
from the dataset of 130 clusters, the lowest energy way is N clusters of Li,Mg,Al..
In general, the RITS of a cluster Li,Mg,Al, can be interpreted as the energy of that
cluster relative to a weighted mean of all other cluster energies in the data set, where
the weights are such that the mean number of Li, Mg and Al atoms are z, y and z,
respectively. In this sense, the RITS gives a “fair comparison” of a cluster’s energy
to other cluster energies. This allows, among other things, to optimize both chemical

composition and geometric structure in a single run.
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6.2.2 Global optimization

We use an optimization strategy where many cluster species are optimized at once.
One advantage of this strategy is that, once a stable cluster Li;Mg,Al, is found, it
can serve as a starting point for making several modified clusters of the same, or
similar, chemical composition, by addition, or removal, or displacement of atoms.
This is good because clusters with similar chemical compositions often have similar
minimum energy geometries.

We limit the range of possible compositions by specifying: (a) a list of allowed el-
ements 2y, Zs, ..., Z; (b) the minimum and maximum numbers of atoms for each el-
ement, Nyin1, Nmaz.1s Nmin.2s Nmaz.2, - - - s Nmin ks Nmaz ks and  (¢) minimum and max-
imum total number of atoms, NV,,;, and N,,,. In this work, we did two separate runs.
In the first run we considered only elemental A, clusters and bimetallics A,B,. In
the second run we allowed ternary clusters Li,Mg,Al,.

To avoid getting unphysical configurations we use standard values of atomic radius
r(Z) for the elements and calculate pseudo-distances between pairs of atoms: d;; =
i/ (r(Z;) +7(Z;)), where r;; is the distance between the two atoms, 7(Z;) and r(Z;)
are the atomic radii of the two elements, and d;; is dimensionless and near unity
for nearest-neighbors. All the configurations generated in our optimization satisfy
constraints of the form d;;>1. The objective function F' (C,X) that we minimized

combines the RITS and the HOMO-LUMO gap:

F(C,X) = R(C,X)— E,(C,X) (6.2)

This way, the search for the global minimum (GM) structure is more thorough for
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cluster species that have a smaller R and bigger E,. A possible drawback of this
method is that the search may be insufficient for some cluster species, particularly
those with a relatively large F'. There are two possible advantages. First, finding the
GM gets increasingly difficult as the number of atoms N in clusters increase, so it
is advisable to perform more optimization cycles as N increases. The larger clusters
have a smaller surface-to-volume ratio and this almost invariably produces smaller
(more negative) R. Therefore, by optimizing F' we spend more optimization cycles
on large clusters than on small ones, as we should. Second, minimizing F' implies
that the search for the GM of stable (low F') cluster species will be more thorough
than for unstable clusters species, and the likelihood of missing the GM of stable
cluster species will be smaller. This is desirable because we are primarily interested
in clusters with exceptional stability.

More details can be found in chapter 4 and Ref. [111].

We did two optimization runs. The first run was for elemental and binary clusters
only. It had M = 500 and K = 15200, so 15700 GO cycles in total, followed by
typically 5 to 20 local optimizations for every cluster species. The second run also
included ternary clusters and it had M = 200 and K = 34000, so 34200 GO cycles in

total, followed by 5 to 20 local optimizations for every cluster species.
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6.3 Results and discussion

6.3.1 Structures

The lowest energy minima we found for every cluster species are shown in Fig 6.1
arranged in increasing order of RITS. Of the 130 cluster species, 21 have five atoms,
28 have six, 36 have seven, and 45 have eight; 12 are elemental clusters, 66 are binary
(22 LiMg, 22 LiAl, 22 MgAl) and 52 are ternary.

Some trends and patterns are clearly apparent. In binary and ternary clusters, Al
atoms are usually closest to the geometric center of the cluster and have the highest co-
ordination, whereas Li atoms are usually furthest from the center and have the lowest
coordination. This is consistent with the experimental surface energy ordering of the
elements [190]: Al (1.143Jm™2,1.160 Jm™2)); Mg (0.785Jm 2, 0.760 Jm~?); and Li
(0.522Jm™2, 0.525 Jm~2). As a rule, Li-rich and Mg-rich clusters often display poly-
tetrahedral structures, and Al-rich clusters often display trigonal prisms (but pure Al,
clusters do not). Planar GM structures are uncommon and show up only in the small-
est (5-atom and 6-atom) clusters. Some symmetrical motifs are common to many
geometries: the 6-atom trigonal prism (e.g., LisAlg R = —1.65), the 8-atom dodeca-
hedron (e.g., Mg4Aly, R = —1.23) which is closely related to a bicapped octahedron,
the 7-atom pentagonal bipyramid (e.g., LisMgyAl, R = —0.44 and Mg;, R = 0.00),
the 6-atom octahedron (e.g., LiyMgy, R = —0.07), the 5-atom trigonal bipyramid
(e.g., LiMgsAl, R = 0.81), and the 6-atom planar triangle (e.g., MgsAls, R = 0.88).
However, many geometries are best described as distorted or amorphous and lack any

symmetry. This is surely due in part to the mismatch in atomic radii (1.51 A for Li,
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1.60 A for Mg, 1.43 A for Al) and electronic structure of the three elements. Elemental
clusters have somewhat higher symmetry and more crystal-like structures, see the 12
clusters at R = —0.33,—0.09, 0.00, 0.20, 0.37,0.39,0.43,0.57,1.01, 1.42,1.54, 1.68 (Fig
6.1). The RITS values of elemental clusters show that they are, on average, less stable
than mixed clusters. This, and the irregular geometries of mixed clusters, shows how
difficult structure predictions are — and how important unbiased global optimization
is — in computational studies of binary and ternary clusters. The 130 putative GM

we found display a great variety of, mostly low-symmetry, structures.
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Fig. 6.1. Lowest energy structures of Li,Mg,Al clusters; R (eV) values in parentheses

6.3.2 Trends in Cluster Stability

We denote the negative of the atomization energy of the j' cluster, Li,Mg,Al,, by

U (z,y,z) or U,.
rLi + yMg + zAl — Li,Mg, Al, : U

In order to show trends in the set of 130 atomization energies, we fitted the negative
of atomization energies U (z,vy, z) by ordinary least squares (OLS) linear regression

to a series of models of increasing complexity.

UjrUjpit = Zl‘jiﬁi (6.3)

where x;; is the i'" variable for the j cluster. The intercept was set to zero in every
case. We used the following ten variables: the three stochiometric coefficients z; = x,
x9 =y, x3 = 2; the surface areas associated with each element, x4 = Ar;, x5 = Anrg,
xg = Ay; and variables that depend on the electron count (x7), the electronegativity

of the atoms (xg), the nonspherical shape of the cluster (zg), and the parity (even
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or odd) of the electron count (z19). We quote all energies in eV. We now give explicit
definitions for these variables.

The surface area variables Ar; = x4, Ayg = x5, Ay = 6, were calculated as
follows. We put overlapping spheres or radius 7, centered at nucleus k, where r, =
sRyx, Rx is the metallic radius of element X, and s = 1.6. We put 100,000 points on
the surface of sphere k and calculate the number n; of points that are closer to nucleus
k than any other nucleus. The contribution of atom £ to the surface area of element
X is 4mr?ng/100000. The root-mean square error (RMSE) of fitted atomization
energies using variables x; to xg inclusively depends only weakly on s when s is in
the range 1.4 to 1.8, and it is a minimimum at s ~ 1.6, so we used s = 1.6 in all
calculations reported here.

We define variable =7 as

Ty = ANe (64)

AN, = min (|N, — 8]|,|N, — 20|) (6.5)

where N, = = + 2y + 3z is the number of valence electrons in the cluster. The
motivation for variable x7 is the jellium model’s prediction of electronic shell closings
at N, = 8 or and N, = 20. Electron counts that deviate from 8 or 20 should be
destabililizing. There is no theoretical justification for using v/AN, instead of AN,
it simply gives a better fit.

Variable xg is defined as the standard deviation of the atoms’ Mulliken electroneg-
ativities (3.00, 3.82 and 3.21eV for Li, Mg and Al respectively) from the mean in a

given cluster. We expect g to correlate with the size of ionic contributions to cluster
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binding energies.
We calculated moments of inertia I. < I, < I, with fictitious unit mass assigned
to every atom, so these moments of inertia are purely geometric constructs. Variable

X9 is given by

v = |2l — I, — 1)/L,| (6.6)

It deviates from zero when a cluster’s shape deviates from quasi-spherical and has
either a prolate shape (I. < Iy, I, ~ I,) or oblate shape (I. ~ I, I, < I,). These
distortions from quasi-spherical shape are associated with higher surface areas and
one may think they would increase the energy of a cluster. However, in the jellium
model, these distortions are expected when the electron count deviates from 8 or 20,
so this destabilizing effect is already partly accounted for with z;. What we try to
capture with xg is the stabilizing effect of Jahn-Teller distortions for a given open-shell
electronic shell. In any case, x9 and x; are correlated, and adding xg brings only a
modest decrease in the RMSE of the fit. Finally, x¢ is simply defined as 0 when N, is
even and 1 when it is odd. It relates to the stabilizing effect of spin subshell closing.
We view (z1,x2,23) as one group of variables, (z4,x5,26) as a second group, and
view the remaining variables individually.

The first insight we get by fitting atomization energies is in the hierarchy of
variables required to achieve the best fits. With models of increasing complexity, the
lowest RMSE are obtained by adding variables in precisely this order: (z1, 9, z3),
(24,25, 76), T7, T, Ty, and finally z19. The results are shown in Table 6.1. The

elements’ cohesive energies (variables x1, x5, x3) are by far the most important for
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explaining cluster atomization energies, and surface areas (x4, =5, xg) are clearly next
in importance. The next two variables have nearly equal importance for explaining
the data: electron count (z7) and ionic bonding (zg). The last two variables, cluster
shape xg and spin-subshell closing x19, add very little to the accuracy and could be
ignored.

The parameters of the final 10-variable fit are instructive: [, = —1.524, By =
—1.381, B3 = —3.115, B4y = +0.0174, 35 = +0.0225, fs = +0.0393, B; = —0.162,
Bs = +0.240, By = —0.347, B9 = +0.070. The first three are the negative of effective
cohesive energies for the three elements, in eV. All three are close to —0.92 times the
experimental bulk cohesive energies which are 1.63 (Li), 1.51 (Mg) and 3.39 (Al).
The next three fit parameters (in eV/A?) relate to surface energies and are positive,
as they should. Converting to J/m? we get 8y = 0.279, B35 = 0.360, and 35 = 0.630.
These numbers correlate with experimental surface energies, the respective ratios are:
0.279/0.523 = 0.53 for Li, 0.360/0.773 = 0.47 for Mg, and 0.630/1.151 = 0.55 for Al
They differ from 1 mostly because of how we calculate surface areas (with a s = 1.6,
beginning of this section). The fact that the three ratios are close to each other is
comforting.

As expected, we get a positive 7 (destabilization of open electronic shells), a nega-
tive g (stabilization from ionic contribution to bonding), a negative o (stabilization
associated with Jahn-Teller distortion) and a positive 519 (slight destabilization of

doublet species relative to singlet).
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Table 6.1: Mean absolute error (MAE), root-mean square error (RMSE), and
fraction of variance unexplained by the fit (FVU=(RMSE/SD)?), for atomization
energies fitted with zero-intercept linear regressions using the first k variables. The
mean and standard deviation (SD) of the atomization energies are 7.646eV and

3.107 eV, respectively.

k|| MAE RMSE FVU
3 0480  0.644 0.0430
6| 0.178  0.242 0.0061
700171  0.223 0.0051
8 | 0.150  0.195 0.0039
91 0.151  0.190 0.0037
10 || 0.152  0.187 0.0036
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The three-variable fit is the least accurate. But the difference between that fit
and the DFT data is our working definition of cluster stability (RITS) and it gives
useful insight as explained in section 6.2.1, so we will look at it in some detail.

The ten clusters with most negative RITS are shown in Table 6.3. They all have
8 atoms, N, = 8. In fact, the 28 most stable clusters by RITS all have N, = 8
(there are 45 8-atom clusters in total). This is understood simply by the surface
area-to-volume ratio: it decreases, and the surface energy decreases, as N, increases.
The three most stable clusters have N, = 20. The only other cluster with N, = 20,
MgAlg, is ranked 29" by RITS and it is the most stable cluster with N, < 8. So,
after N, and surface energy, the most important factor in explaining the trend in
cluster stability. appears to be the electron count N.. However, ionic contributions
to cluster binding are nearly as important. The least stable of the 8-atom clusters is
Lig even though it has a closed electronic shell (N, = 8) in the jellium model. Lig,
Mgg, and Alg, lack any stabilizing ionic contributions to the energy and rank 32nd,
40th and 45th out of the 45 8-atom clusters. The other elemental clusters, Li,, Mg,,
and Al,, are also near the bottom of their respective size group. They rank 36, 17

and 32 out of 36 (n =7), 26, 11 and 28 out of 28 (n =6), and 17, 6 and 20 out of

Another way to quantify the importance for stability of different variables is to
calculate the mean, over the 130 clusters, of the various terms in the 10-variable fit.
They are, in eV: —13.663 for the cohesive energy term (1, xs, z3); +5.918 for surface
energy (x4, s, x¢); +0.393 for the electron count (x7); —0.249 for the ionic term

(xg); —0.084 for shape distortion (xg9); and +0.032 for odd electron counts (z19).
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As the number of atoms n in clusters increase, the different terms should scale like

2/3 (surface energy), n® (electron count), approximately

this: n! (cohesive energy), n
n' (ionic term), approximately n® (shape distortion), and n® (odd electron count).
The orbital effects associated with electron count and Jahn-Teller distortion must get
relatively smaller as n increases. The relative stability, and the geometry, of large
clusters are expected to depend mainly on surface area, the stoichiometry and degree
of mixing (both of which affect ionic bonding), and factors tied to the local geometry

around interior atoms (the cohesive energy term) such as coordination number and

strain.

6.3.3 Geometric descriptors.

As an attempt to show trends in geometries, we use two descriptors of cluster shape,
the asphericity ¢ and shape 1. The jellium model [23] predicts that clusters with an
outer shell that is more than half filled have oblate geometries (7 < 0) and those
with an outer shell that is less than half filled are prolate (n > 0). Figure 6.2 (b)
shows the mean asphericity of clusters with a given number of electrons, N., plotted

as a function of N,.
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The jellium model predicts that clusters with 8, 19, and 20 electrons are spherical.
In agreement with this, we find a mean asphericity that is zero or very low for 8, 19
and 20 electrons. The mean asphericity is also small for numbers of electrons close
to 8, 19 and 20. The mean value of the shape descriptor (Fig 6.2(a)) is in general
agreement with the jellium model: close to zero for N, = 8,18, 19, 20, relatively small
for N, = 6,7, relatively large for N, =9-12, relatively small for N, =13-17, and
relatively large for N, =21-24. The N, = 5 case is an exception. At such a small
cluster size the geometric constraints on possible arrangements of N nuclei in space
makes the jellium model much less relevant. Ignoring the N, = 5 case, it appears
that the DFT global minimum geometries are in rough agreement with the jellium
model, but the jellium model is of little use for predicting DFT global minima.

For every cluster we calculated the geometric center and the distance of every atom
from it. The mean of all these atom-to-center distances is 2.48 A for Li atoms, 2.40 A
for Mg atoms, and 2.01 A for Al atoms, in line with the order in the surface energies
of these elements. These atom-to-center distances in global minima structures show
that it is energetically favorable to have Al atoms nearer to the center and Li and Mg
on the periphery of clusters. We quantified the importance of this effect in another
way. For every GM structure, we calculate the mean distance of element X to the
geometric center, call that R (X) = Rgar (X). Then, we generate a large number (a
million or more) of homotops by a series of random interchanges of atomic positions
Li«»Mg, Li<>Al, or Mg« Al and recalculate, each time, R(X). We define f(X) as the
fraction of these randomly generated homotops which have R(X) < Rgp(X). A value
of f(X) ~ 0.5 indicates no preferential position for element X, f(X) = 1.0 indicates
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a strong preference for the periphery, f(X) = 0.0 indicates a strong preference for
center of the cluster. After averaging over all 130 clusters we get f(Li) = 0.70,
f(Mg) = 0.57, and f(Al) = 0.21. Center-to-surface segregation is clearly one of the
factors influencing GM structures.

In order to quantify the mixing tendency of the elements, we calculated a weighted

mean distance for every pair AB of elements.

D2 D wijdi
Do Zj Wij

R(AB) =
where d;; is the distance between an atom ¢ of element A and an atom j of element
B. We took weights w;; = d;j6 in order to emphasize shorter distances. As before,
we calclulated Rgp(AB) for the global minimum structure, and then for a large
number of randomly generated homotops, and calculated the fraction M(AB) of
those homotops that have R(AB) > Rgn(AB), ie, homotops that show less mixing.
Therefore M(AB) = 1 shows that the GM is maximally mixed, M(AB) ~ 0 shows
that A and B segregate, and M (AB) = 0.5 shows no preference for either mixing
or segregation. After averaging over all clusters that contain at least one atom of
each element, we get M (LiMg) = 0.33, M (LiAl) = 0.69 and M (MgAl) = 0.53. The
average of these three values is 0.52 which is unremarkable. The apparent tendency
of Li and Al to mix could be due to favorable ionic contributions to bonding or simply
to the Li preference for peripheral sites on the clusters which produces few or no Li-Li
neighbor pairs.

We calculated all X-A-Y angles where A=Li, Mg or Al, and (A,X) and (A,Y) are

neighbors, for the 130 clusters. The results are summarized in Table 6.2. The angle
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distribution around Li and Mg atoms are similar; but it is very different for Al with
fewer 60° angles. The s-valence only elements Li and Mg have no directional bonding
and tend to favor polytetrahedral geometries, rich in 60° angles, that minimize surface
area. The p orbital of Al can give rise to directional bonding and more open angles
consistent with maximum overlap of p orbitals in Al-Al pairs. Note in particular the

presence of Al-containing 6-atom triangular prisms in the GM of Fig .6.1.
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Table 6.2: Distribution of X-A-Y angles (X and Y are neighbors) for A=Li, Mg,
Al in the 130 global minima structures. The percentage of angles within +7.5° of
a given angle are shown, except for the last column which shows the percentage of

angles bigger than 142.5°.

60 75 90 105 120 135 >142.5

Li |[71 6 7 11 3 1 1
Mg|65 5 7 14 6 1 2
Al 43 17 11 9 12 4 3
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6.3.4 HOMO-LUMO gaps

The highest occupied molecular orbital (HOMO) to lowest unoccupied molecular
orbital (LUMO) gap, E,, is an important quantity [191]. The maximum hardness
principle and empirical evidence suggest that E, often correlates with kinetic stabil-
ity [6]. A rationale for this is that Ej, correlates with hardness x = 1(IE — EA),
where IF and EA are the ionization energy and electron affinity of the molecule,
respectively. Molecules or clusters with a large hardness do not easily give or accept
electrons. Therefore, a reactant with a large F, should disfavor reactions that involve
accepting or donating electrons. It is natural to consider £, in a search for stable
clusters. The calculated E, values for the Li,Mg,Al, clusters are shown in Table 6.3,
and E, is plotted against the number of valence electrons NV, in Fig. 6.3.

The gaps of the species with the lowest RITS (R) are 1.36eV (MgyAly), 1.59eV
(LiMgoAl;s), 1.68eV (Li2Alg), 0.34eV  (LisMgAl;), and 0.82e¢V  (Mgg). The largest
gap in the set, 1.76 eV, is found for MgAlg. It is consistent with the jellium shell
closing at 20 electrons. In their study of Mg-Al alloy clusters Xing et.al [227] also
found that MgAlg had the largest gap. They calculated £, =2.60eV for MgAlg with
the hybrid exchange-correlation functional BS3PW91, significantly larger than what
we get with the PBE functional, 1.76 eV. This is typical: inclusion of Hartree-Fock
exchange in hybrid functionals normally produces larger gaps. For comparison, some
of the biggest gaps calculated for metal clusters include 2.46 eV for Mg,Agy, with the

hybrid B3LYP functional [228] and 2.10 eV for Auy, calculated with BPW91 [229].
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Table 6.3: RITS R, HOMO-LUMO gap E, (eV) and cohesive energy E. (eV/atom)

for the ten most stable species.

Cluster R HOMO-LUMO gap AE FE,

LisAlg —1.649 1.678 15.35 1.92
LiMgoAl; —1.464 1.589 13.17 1.65
Mg, Aly —1.230 1.355 10.94 1.36
LisMgAl; —1.079 0.343 13.29 1.66
LiMgAls —1.037 0.767 14.23 1.78
LizAls —0.894 0.696 13.61 1.70
LiMgsAl;, —0.892 0.522 11.11 1.39
LisAl; —0.867 1.209 11.63 1.45
LisMgAl; —0.819 0.470 11.07 1.38
MgsAls —0.815 0.624 12.01 1.50
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Table 6.4: Mixing energies (eV) of the ten most stable, and ten least stable, binary

or ternary clusters.

Cluster RITS E,
LiAlg —1.649 —1.694
LiMgyAl; | —1.464 —1.382
Mg,Al, | —1.230 —1.023
Li;MgAl; | —1.079 —1.093
LiMgAls | —1.037 —0.987
LizAlj; —0.894 —1.003
LiMgsAl, | —0.892 —0.779
LisAl; —0.867 —1.103
LiyMgAl; | —0.819 —0.960
Mgz Als —0.815 —0.639
LiMgsAl, | 0.950 —0.164
LisAlj 0.955 —0.622
Mgy Aly 1.005 —0.145
Li Mg 1.064 —0.148
LiAl4 1.078 —0.551
MgAl; 1.267 —0.079
LiMgAl; 1.335 —0.037
Mg Alj 1.433  0.266
MgsAl, 1.455  0.545
MgAly 1.902 0477

We define the mixing energy of a n-atom cluster Li,Mg,Al, (n =2 +y+ 2) as

Enmiz = (zAE(Li,) + yAE(Mg,) + zAE(AL,) — nAE(LingyAlz)) /n (6.7)
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Table 6.4 gives the mixing energies for the 10 most stable, and the 10 least stable,
mixed (binary or ternary) clusters. Mixing energies in Table 6.4 are all negative
except for three. Table 6.4 seems to show a good correlation between R and E,,;, for
the most stable clusters, but not for the least stable ones. Among the 118 binary and
ternary clusters, 13 have a positive mixing energy and 105 a negative one. The mean
of E,,;, over the set of 118 is —0.427eV and the standard deviation is 0.390eV. For
the entire set of 130 clusters, the mean and standard deviation of FE,,;, are —0.388
and 0.391 eV, respectively.

Dividing clusters in five categories, we find these mean values of mixing energies:
—0.312¢eV for the 22 Li,Mg, clusters; —0.772eV for Li;Al;; —0.044eV for Mg,Al,;
—0.492 eV for the 52 ternary clusters; and zero of course for elemental clusters.

Recall that the analysis of energy trends by sequential linear regressions in section
6.3.2 gives a mean ionic contribution Fj,,;c = —0.249eV per cluster. We believe that
the difference, E,,iz — Eionie = —0.388 —(—0.249) = —0.139 eV, shows the mean stabi-
lizing effect of having atoms of the lowest surface energy element (Li) on the outside
of the clusters. This can explain the large negative F,,;, values for Li, Al, clusters. In
these clusters, Li atoms act a bit like a partial passivating layer for the high surface
energy Al, core. Note that the analysis of section 6.3.2 shows a mean surface energy
contribution of +5.918 eV. The stabilization coming from the preferential position of

Li atoms on the periphery is a small fraction of that, 0.139/5.918 = 0.023.
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6.4 Conclusion

Small alloy clusters of Li, Mg and Al are of limited interest in themselves because
they cannot be isolated and could hardly be used as catalysts or in materials. They
are useful, however, for testing theories such as the ellipsoidal jellium model [23, 76]
(EJM) and for showing the interplay of different effects on the structure and energy
of metal alloy clusters.

A superficial look at our results shows that the EJM has some validity. For in-
stance, the three clusters with lowest RITS all have 20 valence electrons; the HOMO-
LUMO gaps are larger, on average, at electron counts 8 and 20; the average shape
descriptor plotted against the number of electrons is in line with EJM predictions.
However, a closer look shows many discrepancies between our results and EJM pre-
dictions. Likewise, a quick look at the GM in Fig. 6.1 reveals patterns: Li atoms
are usually on the periphery and Al atoms usually near the center; 6-atom triangular
prism motifs usually contain many Al atoms. Similar observations about energies
and structures of clusters were made before. These types of results become more
significant if we can quantify them, even if only approximately. We believe the main
findings of this study are in quantifying these observations about trends. We will
briefly recapitulate this aspect.

By doing simple linear regressions and adding one term at a time we assessed,
roughly, the importance of energy contributions to the AEs of the clusters studied
here. The fraction of variance that is unexplained (FVU) by a linear regression of

AEs is 4.30% with a model that simply assigns a cohesive energy contribution to
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every atom. The FVU goes from 4.30% to 0.61% upon adding a surface energy term.
It goes to 0.51% upon adding a term that describes electronic shells. And the FVU
goes to 0.39% upon adding a term that models ionic bonding. Terms that model
Jahn-Teller distortion and spin subshell closing do not change the FVU appreciably.

The energy contributions in the final linear regression (FVU=0.0036) give a sense
for the magnitude of various effects. In our regression of 130 AEs, the cohesive
and surface energy contributions are very large: on average they are —13.66 eV and
+5.92eV, respectively. The energy penalty associated with an electron count that
deviates from 8 or 20 varies between 0.00 and +0.59 eV and it is +0.39 eV on average.
The effect of electron count on the HOMO-LUMO gaps can be as large as 0.7e¢V (Fig.
6.3). The ionic term in our model varies between 0.00 and —0.68 eV (for LigAly), and
it is —0.25eV on average. The term that models distortions from a quasispherical
shape varies between 0.00 and —0.23eV (for Mg4Al) and it is —0.08 eV on average.
Finally, the energy penalty for an unpaired electron is +0.07eV in our model. This
kind of analysis, and the magnitude of the various energy terms, may give some

guidance for making approximate energy models for metal alloy nanoparticles.
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Chapter 7

Theoretical study of (AlxOs3)y,
(n=1-3) and Al;Oy, (v+y <17

clusters

7.1 Introduction

Alumina, Al,O3, is a common material that has many technological applications [230,
231, 232| especially as nanostructured ceramic materials, solid catalysts, and as sup-
ports for catalysts [233, 234, 235]. Small alumina crystals play an important role in
astrophysics [236] and atmospheric chemistry [237]. There have been many studies of
aluminium oxide clusters, in particular, computational studies of the stoichiometric
clusters (AlyO3), [238, 239, 240, 241, 294, 328]. Very small clusters may adopt sto-
ichiometric ratios, or structures, that differ from the bulk. These small clusters can
give insight into the growth mechanisms of oxides, starting with only a few atoms,
and into possible local structures near impurities or surface defects.

In the present work we are concerned mainly with the stoichiometry and geometric
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structure of the most stable species among very small Al,O, clusters, x +y < 17, as
revealed by Density Functional Theory (DFT) calculations, and trends in computed
energies and structures. Clusters of aluminum oxide have been studied by theory [85,
239, 241, 244, 245, 246, 247, 248, 249, 250, 251] and experiments [252, 253, 254,
255, 256, 257, 258]. Both stoichiometric and non-stoichiometric species have been
studied extensively. For example, Sun et al. [85] studied the structural evolutions of
(Al5O3),, molecules with n =1 — 10and n = 30. They found cage structures for the
global minima for n = 1 — 5, and cage-dimer structures at n = 6 — 9. Woodley [244]
optimized the structures of (Al,Oj3), (n = 1 —5) by DFT starting with initial
structures found with an evolutionary algorithm and empirical interatomic potential.
Rahane et al. [241] derived the structures of (AlyOs), (n = 1 — 10) using DFT
and simulated annealing. Li and Cheng [239] obtained the structures of (Aly,Os3),,
(n = 1—7) clusters with a genetic algorithm. Non-stoichiometric Al,O, have also
been studied. Al3O5 and Al;O3z have been the subject of several experiments and
computations [254, 255, 258, 259, 260, 261, 262]. Archibong et al. [263] studied the
geometric and electronic structure of AlO4 and AlO; for the lowest energy states.
Zhong et al. [246] studied the geometric structures, relative stabilities, and electronic
properties of a series of neutral and anionic tetra-aluminum oxide clusters Al,O),
(3 <n <8 A =0,-1) by DFT. They found Al4O;L\76 clusters to be more stable
than their neighbours. Gowtham [264] et al. calculated the electronic and structural
properties of neutral and anionic Al30,,, (n =6—8) by DFT and did experiments on
Al3O6H; . They found that oxidation of Al3Os5 causes significant structural changes

in these molecules.
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Here we present the results of Kohn-Sham DFT calculations of 14 Al,O, (x +
y < 17) cluster species. We report ground-state geometries, HOMO-LUMO gaps,
atomization energies (AE), and we assess the relative stability of the clusters by
taking the difference between AEs calculated by DFT and those from a simple model
fitted to them. By this criterion we find, among other things, that AlgOg is more
stable than AlgOy.

The rest of this chapter is organized as follows. Section 7.2 describes our com-
putational methods. The results are given and discussed in section 7.3. The main

findings are summarized in section 7.4.

7.2 Theoretical methods and computational details

Electronic structure calculations and geometry optimizations were carried out with
Kohn-Sham DFT as implemented in the Gaussian09 [49] software. We used the
non empirical generalized gradient approximation for exchange-correlation with the
functional of Perdew, Burke and Ernzerhof [59] (PBE). The LANL2DZ effective core
potential (ECP) and basis set [225, 226] was employed. Global optimization was done
with a modified version of the Tabu Search in Descriptor Space (TSDS) method [48]
and local optimization was done using Gaussian. We calculated vibrational frequen-
cies to verify that the geometries we found are minima. Singlet and triplet states
were considered in all cases except odd-electron species (Al3O7, Al;O5, Al;Og) where
we considered a doublet.

To make meaningful energy comparison between different chemical species, we
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used a Relative Index of Thermodynamic Stability (RITS) [111].

7.3 Results

7.3.1 Stoichiometric oxides, (Al,O3),

The lowest energy isomers we found for (AlyOs), (n =1-3) are shown in Fig. 7.1.

We compared our results with those of earlier studies. Where there was disagree-

ment, we took the lowest energy structure from the literature and performed a local

optimization.

(ALO3), (a) (b)
n=1le-@-e@-e é—c
AE (eV)=0.0 0.3 (eV)
S
AE (eV) =0.0 0.18 (eV)
n=3

(eV) 0.4 (eV)

AFE (eV)=0.0

Fig. 7.1. Lowest energy isomers of (Al3Os),
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(Al;O3): The lowest-energy geometry of AlyOg is linear. It forms a singlet state.
Its isomer, a rhombus with an oxygen atom attached to one of the Al atoms is 0.3eV
higher in energy and forms a triplet state. This result agrees with the studies by
Fernandez [247], Sun and coworkers [85], Nemukhin [326] and Solornonik [327] who
found a linear structure as the global minimum (GM). However, this result disagrees
with calculations by Li [239], Rahane [241], Sharipov [328], Woodley [244] and their
coworkers. They predicted the rhombus structure to be the GM for Al,O3. The Al-O
bond lengths are 1.67 A and 1.71 A.

(Al;O3)2. The GM is a Ty symmetry cage with four Al atoms forming a tetra-
hedron and the six O atoms capping the edges of the tetrahedron. The Al-O bond
lengths are 1.79 A. The ground state is a singlet. This agrees with earlier stud-
ies [247, 239, 241, 85, 328]. We found an isomer 0.18 eV above the GM consisting of
four Al atoms in a plane with O atoms sides linking the Al atoms. It was predicted
to be lowest energy isomer by Woodley [244].

(Al;03)s5: We find two isomers within 0.4eV. The GM is a triplet with C}
symmetry. This is in agreement with Woodley [244, 239]. We find a Cs, symmetry
isomer consistent with the results by Sharipov et al. [328]. Our calculated Al-O bond

lengths range from 1.74 A to 2.10 A.

7.3.2 Other (non-stoichiometric) (Al,O,) clusters.

The lowest-energy isomers of non-stoichiometric clusters are shown in Fig. 7.2.
(Al2Oy), (y =2,4). The lowest energy isomer for Al,O, is a linear (Cuy)

structure. It is a singlet state. We also found a square cyclic structure (Dap,) which
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is 0.19eV higher in energy than the linear configuration. In separate optimization
studies by Nemukin et al. [261] and Sarker et al. [272], a linear structure of AlyOs
was predicted to be one of low-energy isomers. The Al-O bond lengths are 1.67 A,
1.72Aand 1.76 A.

Semiempirical and ab initio calculations on Al,O, suggested that there are two
stable isomers, a square and a linear configuration that is 0.65eV less stable [270].
Linear Al,O5 was found to be more stable than the square cyclic structure in matrix
isolation studies [260, 259, 268] and calculations with high levels of theory (multi-
reference configuration interactions and completely renormalized CCSD (T)) [272,
273]. Calculations by DFT, MP (2) and CCSD (T) predict a Dy, structure as the
ground state followed by the linear configuration [262]. Later studies have shown that
singlet Dy, (rhombus) structure is the global minimum [271].

The GM of Al,O4 that we found is a triplet state rhombus with one oxygen atom
attached to each of the Al atoms. It has Dy, symmetry. It is in agreement with the
predicted GM of Desai et al. and Patzer et al. [254, 265].

(Al4Oy), (y =5,7): The GM for AlO5 is a C; symmetry hexagon with al-
ternating Al-O atoms and a linear Al-O chain attached to one side. The Al-O bond
lengths range from 1.67 A to 1.77 A. This structure was found to be a low-lying isomer
by Zhong et al. [246]. Addition of one oxygen to Al;Og leads to a distorted sheet-like
configuration. The GM found for Al;O7 has C; symmetry. It can be viewed as a Oq
unit replacing the apex oxygen atom in the low- lying isomer 2 (b) of Al;Og. The
GM we find for Al;O7 is in agreement with that predicted by Zhong et al. [246].

For Al,O5 we find that the singlet and triplet states are almost degenerate, with the
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singlet being more stable by 0.02eV. For Al;O7 the singlet is more stable than the
triplet by 0.8eV. The Al-O bond lengths vary from 1.79 A to 1.98 A.

(AlgOy), (y =8,10). The GM we find for AlgOg is formed by joining two
hexagons with two capping oxygen atoms on either side. The Al-O bond lengths
range from 1.74 A to 2.00 A. The most stable isomer for AlgOs is a triplet state which
is 0.7eV lower in energy than the singlet state. All atoms of AlgOy are in the same
plane except for two oxygen atoms, with one above and the other below the plane.
The GM is the triplet state and it is 1.1eV lower in energy than the singlet state.
The Al-O bond lengths range from 1.72 A to 2.01 A.

The ground states of Al,O, clusters are singlet or doublet in all cases except Al;Oy,
AlgOg, AlgOg and AlgOq9. The ground states of Al3O7 and Al;O5 are doublets. Non
planar structures start to emerge for clusters with 10 or more atoms. Clusters with
a composition z/y < 2/3, are electron deficient and normally exhibit O-O bonds.
The GM structure for these clusters (Al3O7, Al;O7, and AlgOq) can be viewed as

resulting from the substitution of an oxygen atom by an O, molecule.
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Fig. 7.2. Lowest energy isomers of Al,O,

Fig.7.3 shows the distribution of distances in the GM of the Al, O, clusters studied
here. The first peak (Al-O bond lengths) tends to be narrower for smaller clusters,
and for clusters that are energetically more stable (Al,Oy, Al;Og and AlgOs, see

subsection 3.4).
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Fig. 7.3. Distance distribution in Al,O, clusters

7.3.3 Electronic properties

We calculated the energy gap E, between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). In open-shell cases
we calculated the gap for alpha spin and beta spin and took £, as the smaller of
the two. The HOMO-LUMO gaps are shown in Table 7.1 along with the vertical
ionization potentials (VIP), vertical electron affinities (VEA), atomization energies
(AE), and index of thermodynamic stability (R).

There is a rough correlation between F, and the kinetic stability of molecules
and clusters. The maximum hardness principle suggests that it also correlates with

conformational (“mechanical”) and thermodynamic stability [187, 188, 189]. The E,
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of Al,O, clusters are much smaller than the experimental band gap of bulk alumina
(8.7 eV) [264]. This is expected for such small clusters. The effect of oxidation
is more pronounced in the case of smaller clusters as compared to the bigger ones.
Oxygen deficient alumina clusters have smaller values of VIP. Oxygen-rich alumina
clusters have higher VEAs as expected on the basis of the atoms’ electronegativities
(O: 7.54eV; Al: 3.21eV). This trend was also reported by Wu et. al. [258].

Our calculated VEAs agree well with the experimental EAs, they are, in eV:
for Al,Oy4, 4.63 vs 3.98 [254]; for Al,O5, 2.44 vs 2.59 [255]; and for Al;Oj5, 2.61 vs

2.22 [255).

7.3.4 Relative stability

The most obvious trend in stability (RITS values in Table 7.1) is that bigger clusters
are generally more stable. This is expected: the surface-to-volume ratio decreases
with size and it is the most important factor for cluster stability. However, there are
many instances where the stability order does not follow the number of atoms (x+y)
— AL, Oy vs Al,O3, ALLO5 vs Al505, AlgOg vs AlgOg, etc.

Energies of reaction (in eV) show that stoichiometric Al,O, clusters (those with

x/y = 2/3) are not always more stable than the non-stoichiometric ones.

AlQOQ + A1204 — 2A1203 AFE = +40.33
A14O5 + A1407 — 2A14OG AFE = —-3.78
AI505 + A1307 — 2Al406 AF = —6.58

AlﬁOg + AIGOIO — 2A1609 AE = -0.90
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From these, it appears that Al;Og is particularly stable (relative to others), but that
Al,O3 is not, and that AlgOq is only slightly more stable than its non-stoichiometric
partners. However, energies of reaction give an incomplete picture. For instance,
the fourth reaction (AE = —0.90eV) could be negative because AlgOyq is stable,
or because AlgOg, or AlgOqg, or both, are unstable. The RITS values (chapter 4,
(4.13)) amount to a comparison of every cluster energy to all other cluster energies
and provide a more complete picture of thermodynamic stability. The RITS values
(R in Table 7.1) show that: (i) AlyOs is stable (smaller R) relative to Al;O3 and
Al,Oy4; (ii) AlOg is much more stable than Al;O5 and Al;O7; and (iii) AlgOyg is
more stable than AlgOg (and AlgO1g). So, even with our very small data set, we
find two examples of non-stoichiometric clusters, Al;Oy and AlgOg, that are more
stable than their stoichiometric counterpart. This trend in RITS is fully consistent
with the trend in F, and the maximum hardness principle: (i) the HOMO-LUMO
gap of Al,O, is larger than those of Al,O3 and Al,Oy4; (ii) the HOMO-LUMO gap
of Al4Og is larger than those of the four species below it in Table 7.1; and (iii)
the HOMO-LUMO gap of AlgOg is larger than those of AlgOg and AlgOq. In these
ultra-small clusters, details of the geometric and electronic structure matter as much
as the stoichiometric ratio. A look at Fig.7.1 and Fig. 7.2 suggests that stability is
achieved with geometric structures made entirely of 4- and 6-membered rings where
Al and O atoms strictly alternate. In very small clusters, there may not be any such

structure for certain compositions (e.g., AlyOs).
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Cluster R (eV) «-HL gap (eV) p-HL gap (eV) IP (eV) EA (eV) AE (eV)
AlgOg  —3.56 2.92 2.49 7.94 2.67 64.08
AlgOy  —3.31 1.98 1.29 8.33 2.78 67.52
AlgO19  —2.16 3.16 0.00 8.55 3.09 70.06
Al,Og  —0.48 1.90 9.21 2.76 43.29
AlyOr 0.58 1.47 9.20 2.58 4591
Al4Os5 2.23 0.96 7.57 2.44 36.89
Al3Or 2.80 1.14 0.43 11.8 3.58 38.52
Al50s5 2.81 1.58 0.13 7.35 2.61 41.48
Al O, 3.95 2.86 8.87 0.52 14.16
AlyO4 3.81 2.20 0.06 9.35 1.95 17.59
AlyOy 3.83 3.91 0.00 18.22 4.63 21.26

Table 7.1: RITS (R), HL gap, Vertical Ionization energies, Electron affinity and

Atomization energy values for Aluminium oxide clusters

In Table 7.1, AlgOg stands out. It has a big HOMO-LUMO gap and the smallest

RITS. Curiously, it also has a small value of vertical ionization potential. On the

basis of our stability analysis we expect AlgOg will be abundant in experiments on

ultra-small neutral alumina clusters. We give our calculated vibrational frequencies

and IR intensities in Table 7.2 in hope they may help identify this cluster.
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61 (1.1),83 (0.7),122 (0.0), 136 (20.4), 143 (0.0), 162 (3.7),
173 (0.0), 197 (0.0), 212 (38.9), 248 (79.9), 251 (0.0), 258 (32.8),
283 (0.0), 304 (0.0), 318 (84.0), 320 (0.1), 369 (0.0), 383 (117.3),

446 (0.0), 456 (122.4), 487 (36.4), 508 (0.0), 551 (166.4), 551 (15.6),
587 (185.1), 597 (0.0), 683 (0.0), 697 (63.9), 704 (0.4), 707 (166.9),
739 (0.0), 746 (269.1), 839 (0.0), 910 (584.8), 944 (797.3), 954 (0.1)

Table 7.2: Harmonic frequencies (in cm™') and IR intensities (in km/mole) in

parentheses for AlgOg

7.4 Conclusion

We calculated ground-state geometries and energies of Al,O, clusters (z+y < 17) by
DFT with the PBE exchange-correlation functional. The stability of cluster species
was assessed with energies of reaction, a relative index of thermodynamic stabil-
ity (RITS), and the HOMO-LUMO gap. Out of three clusters with stoichiometry
(Al,03), (n =1,2,3), only Al4Og is stable relative to clusters of comparable size. By
all measures, Al,O, is more stable than Al,O3 and AlgOg is more stable than AlgOy.
For a given z, in Al,O,, the ionization potential and the electron affinity increase
with y but do not correlate with cluster stability. The geometries of the most sta-
ble clusters of each size category (AlyOy, Al4Og, AlgOg) are characterized by the
absence of Al-Al or O-O bonds and the absence of any structural motifs other than
4- and 6-membered rings. The stability (RITS and HOMO-LUMO gap) of AlsOg
is remarkable. It suggests that AlgOg, and maybe also GagOg and IngOg, could be

relatively abundant species in cluster experiments. We studied only a few very small
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species, but our results show that non-stoichiometric clusters could play a role in the

early stages of growth of group 13 oxides.
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Chapter 8

Small silicon oxide clusters
(5i40y), (x=1—-4,y =22 +1) and

8.1 Introduction

Silicon oxide is an essential material in electronics, optical communication systems,
thin-layer coatings, solar cells, and medical applications[277]. Silica glass is a vital
component in optical fiber communication [277, 278|. It has been found experimen-
tally that the growth of silicon nanowires is greatly enhanced by the presence of silicon
dioxide during synthesis [279]. Recently, Si/Si0, composite powders have attracted
a great deal of interest in lithium-ion batteries [280]. This composite structure makes
the batteries more efficient and also maintains their high capacity. Nanoparticles and
clusters S, 0, are obviously important for nanoscience.

The structural and electronic properties of silicon oxide clusters have been stud-

ied both experimentally [281, 295, 283, 310, 285, 286, 287| and theoretically [288,
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289, 290, 291, 292, 293, 294]. Wang and coworkers [295] studied small anionic clus-
ters including Si30, (n = 1 —6), Si,0, (n = 3 —=5), (Si0s), (n =1 —4) and
Si (Si0s); (n = 2,3) using photoelectron spectroscopy. Large changes in the ge-
ometry have been revealed upon ionizing the neutral clusters. The Si30, cluster
was proposed to model oxygen-deficient defects in bulk silicon oxide. Reactions of
cationic silicon clusters containing up to six atoms with oxygen were studied by Creasy
et al. [296]. Bergeron and Castleman Jr. [297] studied the stability of silicon clus-
ter ions by Oy etching. Their results suggested that Sif (n = 4,6,9,13,14,23) and
Si, (n = 18,21,24,25,28) have large stability.

Harkless et al. [298] used molecular dynamics and an additive pair interaction
potential to theoretically study the possible stable structures of (SiOs),. Che-
ung et. al [299] evaluated the ground-state structures and electronic properties
of 81,0y, (n,m = 1,8) clusters using both semiempirical molecular orbital and DFT
calculations. Chelikowsky and coworkers [300] investigated the geometric structures
and electronic properties of neutral and charged Si,,0,, (n = 3,4,5) clusters by using
a higher-order finite-difference pseudopotential method. Nayak et al. [301] studied
the atomic and electronic structure of neutral and charged Si,0,, clusters (n < 6,
m < 12)and Si30,, (n = 1,3,4). They found that a double oxygen bridged motif is
energetically favored for SixO,, (n = 2 — 6) clusters. Chu et al. [288] performed a
detailed computational study of the structures of Si,,0,, (n,m =1 — 8) clusters us-
ing DFT-B3LYP and suggested several new geometries for these clusters. Zang et al.
[302] systematically studied the stability and oxidation pattern of SigO,, (n = 1 —12)

using DFT. Lu and co-workers [303] performed a systematic study of the structures
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and fragmentations of small silicon oxide clusters Si,,0,, (m = 1—-5,n = 1— (2m+1)).
Their study showed that SiO is the most abundant species in fragmentation and that
(Si03), clusters tend to have the largest dissociation energy. In other studies by
Bromley et al. [304, 305] and Zhang et al. [306], ab initio calculations of larger
silicon oxide clusters with O:Si ratios of 2:1 and 1:1 were reported. The studies on
medium size clusters provide information on the most stable motif of silicon dioxide
clusters. Wang et al. did an experimental study of Si30,,, (n =1—6) clusters [295].
Although an experimental study of Si30,, (n =1 — 6) clusters has been conducted,
the size was limited up to 6 oxygen atoms. Study of O-rich silicon oxide is important
to study the trends in the stability of these clusters.

Here we present a DFT and global optimization study of (S5i,0,), (x =1 —4)
and (y = 2z,2z £ 1) clusters, Si30,, (y =1—9), and Si,07, (r = 2 —5) clusters.
This chapter is organized as follows. In section 8.2, the computational methods are
described. In section 8.3, low-energy structures are presented. The relative stability

of the clusters is presented in section 8.4 followed by a discussion in section 8.5.

8.2 Computational Methods

We performed Density Functional Theory (DFT) calculations with the Perdew-
Burke-Ernzerhof generalized gradient approximation to exchange-correlation [59]and
the Gaussian software. Recently, Byun et al. [307] evaluated three functionals
(B3LYP, PBE, and M06) and 29 different basis sets for studying the structural and

electronic properties of silicon oxide clusters. The calculated values of the electron
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affinities and vertical detachment energies of SiOs and S0y clusters were compared
with the experimental ones. They concluded that PBE/DGDZVP was the best for
calculating the structural and electronic properties of small silicon oxide clusters, but
it underestimated the electron affinities (EA). Using the LANL2DZ basis set and
effective core potential gave EA values closer to the experimental values. In another
study by Bae al. [308] of Cu,O,, (n = 1 — 4), results from B3LYP and different
basis sets were compared with the experimental values. It was found that LANL2DZ
gave values closer to the experimental values. Therefore we used the PBE functional
with the LANL2DZ [225, 226] basis set. Global optimization was carried out using
a modified version of the Tabu Search in Descriptor Space (TSDS) method [48]. We
calculated DFT energies with Gaussian 16 at every step of the TSDS global opti-
mization. For instance, for SioOy, Si304, Si40g and SisOr, we performed 250, 600,
800 and 900 energy evaluations with TSDS. These were followed by 20, 30, 20 and
10 local optimizations for these clusters. To make meaningful energy comparisons
between different chemical species, we used the Relative Index of thermodynamic
stability (RITS) [111]. The atomization energies of all Si,0, clusters are fitted to a
simple geometry-independent model:

AEs (C4,X;) = 2Usi +yUo

The parameters of the fit, Ug; and Up, are obtained by ordinary least-squares.
The fit results in Ug; = —5.022eV and Up = —3.674 eV, and are interpreted as the

mean cohesive energies of Si and O for the given set of clusters.
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8.3 Results

8.3.1 Lowest-energy structures

The putative global minima and low-lying isomers (within 0.5eV) found by DFT-

e

TSDS are shown in Fig. 8.1.

d
$

- Si0s
§i0 Si0s
SiyOs Siy0,4 Siy0s

¥

Siz 07 (a)

w0
S.
S

7 (b)

&
Es

A

Sis0 (a) Sis05 (b)

{r
e

. Sis04 (b
Si303 Sis04 (a) i304 (b)
505 (b .
Si30s (a) 5305 (b) S50
SisO= (b
Sis0s (a) 307 (b)

114



& w8

Siz0g (a) o080 .‘ Si309£
SisO
107 Si,0s (a) Si4Os (b)
Si O
S%O? 52507

Fig. 8.1. Lowest-energy isomers for Si,0, clusters

We found low-lying isomers in the following cases: a planar Si4Og with 8 alternat-
ing Si and O atoms forming a ring and four oxygen atoms attached to each Si atom.
This structure is 0.58 eV above the GM. For Si30g, we find a non planar structure
with a two Si and three O atoms forming a hexagon and rhombus attached to one
side and an O atom on the other. This structure is 0.22eV higher in energy than the
GM. For Si5s07, we find a non planar structure with two Si-O rhombuses attached
to hexagon on one side. This structure is 0.54eV higher in energy than the GM.
For Si30,4, our calculations give a non-planar structure with two connected rhombi,
0.24 eV above the GM. In case of Si,O7, we get two Si and five O atoms forming a
non planar ring and two O atoms attached to each of the Si atom. This structure is

0.44 eV above the GM. For Si307, a hexagon with an oxygen atom attached to one
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side and a nonplanar rhombus attached to other, is a low lying isomer 0.35eV above
the GM. For Si30s5, we get two non planar rhombi connected to each other and an
O atom attached to Si atom on one side. This structure is 0.38eV above the GM.
For Si30,, a nonplanar structure with two Si atom and two O atoms connected to
form a closed structure and 3rd Si atom attached to one of the O atoms is the low
lying isomer. This structure is 0.43eV above the GM. We see in Fig. 8.1 that Si-Si
and O-O bonds are disfavored, and some structural units are common to many GM:
4-membered rings (SipO2) and 6-membered rings (Si3Os3) with or without capping
O atoms; Si-sharing 4-membered rings at 90° degrees of each other, with the shared
Si atom in an approximate tetrahedral geometry (e.g., Si4O7; and Si Oyg); and Oy
units in Si,0 (2,41 (¢ = 2,3,4).

Si0,, (n =1 — 3): We calculate an equilibrium bond length of 1.58 A for SiO: it
is close to the experimental value (1.61 A [309]). Our calculations predict a symmetric
linear structure with D, symmetry for Si0Oy. The Si—O bonds 180° apart have a
bond length of 1.59 A. This result is in agreement with earlier studies [298, 301, 303].
Si05 is planar and our predicted lowest energy structure is in agreement with that
predicted by Lu et al. [303]. The Si-O bond distances for all Si,0, clusters are given
in the table. 8.3

Siz0,, (n =3 —15): Our calculations produce a doubly-bridged stable dimer
structure for SisOy. It has Do, symmetry. Two of the four oxygens in this (SiO2),
cluster form a symmetric double bridge between the silicons, while the other two
are external to that rhombus. For Si,05 the lowest-energy structure has an oxygen

bonded to Sis05 rhombus. The most stable structures for SisO3; and Si.0, are in
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agreement with those suggested by Wang et al. [310]. The lowest-energy isomer for
Si505 is formed by joining two oxygens on sides of a pentagon formed by two Si and
three O atoms.

SizO,, (n =5 —T7): In the lowest energy structure of Si3Os, three O atoms and
three Si atom form a ring and other two O atoms are joined to two Si atoms on
either side of this ring. Lu et al. [303] in their study predicted this structure to
be 1.0eV higher in energy than the lowest-energy structure. However, the lowest-
energy structure predicted by their study is 0.57 eV higher in energy than the global
minima in our study. They performed structural optimizations using GAMESS [311]
applying DFT with B3LYP functional [62] and 6-31G (d) basis set. The lowest-energy
structure for Si30g is predicted to be Dyy, symmetry where four O atoms belong to
double bridges and two end O atoms bonded to Si atoms. This is in agreement with
earlier studies [288, 295, 298, 301]. The lowest energy structure for SizO; can be seen
as capping the doubly coordinate Si atom of Si3O5 with a Oy unit. Lu et al. [303]
also obtained this structure but they found it to be 0.8 eV above their GM. GM for
Si307 predicted by their study is 0.47eV higher in energy relative to our predicted
GM.

Si4O,, (n=T7—19): The lowest energy structure for Si,O; is a rthombus chain
structure with double oxygen bridges. This is consistent with the previous computa-
tional results [288, 301]. The lowest-energy structure for Si4,Og in our calculations
is predicted to have Cy, symmetry. This structure is predicted to be a low energy
isomer by Harkless et al. in their study [298]. Harkless et al. used additive pair in-

teractions derived by Tsuneyuki et al. (TTAM) for their calculations, supplemented
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with small-distance configurational constraints. Two other isomers with Dy, and Doy,
symmetry are predicted to be 0.58eV and 0.60eV higher in energy than the lowest
energy isomer. For Si40y, a thombus chain structure with one O atom on one side
and an Oy unit on the other side is predicted to be the lowest-energy structure.
Siz0,, (n =1 —19) The low-energy structures of SizO,, clusters (n =1—9) are
plotted in Fig 8.1. The lowest-energy structure for Si3O has one O atom bonded
to two Si atoms of Si3 cluster. This structure is consistent with that predicted in
reference [295, 301, 312]. However for SizOs, the previously predicted ring struc-
ture [295, 303] is found to be 1.0 eV less stable than the most stable structure predicted
by our PBE/LANL2DZ. The most stable structure for Si3O3 in the present study
is predicted to be a planar D3, ring. This result is consistent with previous studies
(281, 295, 300]. The lowest-energy structure for SizO, is a ring with one oxygen
attached to the side. We found two isomers (Si3O4 (a) and SizO4 (b)). The relative
energies of these two are 0.00eV and 0.25eV by PBE/LANL2DZ (this study), and
1.13eV and 0.00eV by B3LYP/6-31G (d) in the study by Lu et al. [303] . The most
energetically favourable structure for Si3Os5 is a planar Ds, ring with two oxygen
atoms attached to either side of two Si atoms. The rhombus chain structure for this
cluster, predicted to be most stable by other studies [288, 295, 301] is 0.38 eV higher
in energy in our case. The GM for Si3Og has D,y symmetry and two Si-sharing 4-
membered rings, each with a O capping atom. The GM of Si305 is a (Si0)3 hexagon
with O, O and O bonded to the three Si atoms. This preference for ring structure

can also be seen in the structures of Si3Og and Si30y.
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8.3.2 Stability

Cluster R (eV) AE (eV) HOMO-LUMO gap (eV) VEA VIP
S50~ —4.74 55.57 2.95 1.87 941
S0  —3.85 53.33 3.42 1.70  14.0
Si,O7  —2.88 48.69 3.88 2.13  10.81
S1409 —-1.71 54.86 2.82 2.98 10.51
Si30s5 —1.58 35.01 3.32 1.64 1241
Si30¢  —1.56 38.67 3.69 236  11.2
Si30,  —0.971 30.73 2.79 1.54 940
Si307; —0.493 41.27 1.85 2.62  10.49
Si303  —0.216 26.30 2.83 0.964 8.98
Si904 0.172 24.57 3.46 1.95 11.3
S1903 0.517 20.55 3.56 1.35  12.00
Si304 0.706 43.75 2.69 6.19 10.57

S0 1.42 7.27 4.29 0.49 11.53
S120s5 1.55 26.86 2.68 0.57 11.08
S10, 1.62 10.75 3.35 1.22 119
Si07 3.32 32.44 2.41 2.75 11.07
Si0; 3.36 12.69 1.86 1.69 144
Si30, 4.77 17.64 1.68 1.27  8.08
Si309 6.12 42.01 0.52 4.04 997
Siz30 6.54 12.20 1.04 1.87 838

Table 8.1: RITS (R), AE, HOMO-LUMO gap, VEA and VIP for Si-oxide clusters

Table 8.1 shows the RITS, AE, HOMO-LUMO gap VEA and VIP values for all
the Si,0, clusters. For a given z, the RITS of Si,O, is at, or near, a minimum

when y = 2x: the 1:2 stoichiometric clusters are generally more stable. The EAs lie
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between 1 and 2 eV for stoichiometric clusters, and they increase with the addition
of an oxygen atom. A few IPs and EAs have been measured and may be compared
to our calculations (in parentheses). The IP of SiO is 11.43 [313] (11.53). The
experimental EAs are 1.96 for SizO [314] (1.87), 1.05 for Si3O4 [314] (1.54), and
above 3.50 for Si3Og [314] (2.36). The poor agreement for Si3Og could be caused by
having a wrong GM, or the intrinsic error of PBE/LANL2DZ method for the EA, or
the vertical approximation.

We now discuss the stability of (Si0,),, clusters. One stability criterion is energies

of reactions such as disproportionation reaction. We define the disproportionation en-

ergy D (xy) as

D (z,y) = 2Esi,0, — (Esi,0,_, + Esi,0,.1) (8.1)

Cluster D (eV)
D (48) 3.1
D (3,6) 1.06
D (24) 173
D(1,2) 159

Table 8.2: Disproportionation energy (in eV) for Si,0, clusters

The disproportionation energies are all positive which indicates that the stoichio-
metric clusters are favoured over the non-stoichiometric ones. The disproportiona-

tion energy is highest for Si,0g indicating a relatively high stability. This is what is
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indicated by RITS. The disproportionation energy is lowest for Si30g. Dispropor-
tionation energies compare only 3 cluster species at a time. The RITS compare the
energy of every cluster to those of all other clusters and give different information. In
general, bigger clusters have smaller (ie more negative) RITS because of their smaller
surface energy per atom. For a given m, the RITS of Si,O, normally increase in the
order x = 2y, x = 2y — 1, and © = 2y + 1. The diatomic SiO has an unusually low

RITS for its size.

8.3.3 Electronic properties
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Fig. 8.2. (a) HOMO-LUMO gap as a function of O:Si ratio and (b) Cohesive

energy per atom as a function of n=/3

Fig 8.2 (a) shows the variation of the HOMO-LUMO gap with the O:Si ratio in
Si,0, clusters. SiO has the largest HOMO-LUMO gap of 4.29¢V. For (SiO,),
clusters, the HOMO-LUMO gap increases with size up to n = 3. The HOMO-LUMO

gap decreases with increasing oxygen concentration in 57,0, clusters. For Si-rich
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and stoichiometric clusters, the HOMO-LUMO gap scatters around 3eV with the
exception of Si,07 (2.41eV).

The difference in the gap among these small clusters may bring insight into the
optical properties of materials with embedded silicon nanoparticles. When the local
stoichiometry of these clusters is altered, it causes a change in the value of the HOMO-
LUMO gap. As assumed by Nayak et al. [301], when the value of the gap decreases
to that corresponding to visible light, photoluminescence becomes possible.

The atomization energies (AE’s) for Si,0, clusters are given in table 8.1. We

fitted cohesive energies E.,, (S1,0,) = AE (Si,0,)/ (x + y) to the function,
Ecoh7fit =a+ bn_l/s (82)

where n = x + y.
Ignoring any detail about geometric structure, one expects an increase of the

cohesive energy with the number of atoms ‘n’ as,

1/3 2/3

— — -1
Ecoh = Ecoh,bulk — Qsurface - aedgen — Qeorner™ (83)

So, by plotting E,., versus n~'/3, particularly stable clusters can be identified. We
obtained the value of E,,,/atom for Si,O, clusters = 5.95 eV /atom. Lanord et al. in
their theoretical study on (Si02) polymorphs, found a value of 8.222 (eV/atom) for
a- quartz. They used DFT implemented in the Vienna Ab initio Simulation Package

(VASP) [315, 316] and PBEsol [59, 317|to describe the exchange correlation.
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Cluster Si-O bond distances (A)

Si4Oy 1.59 (1), 1.73 (2),1.75 (6) 1.76 (4),1.77 (2)
SisOs 1.58 (3), 1.68 (2), 1.69 (4), 1.75 (2), 1.77 (2)
SisOx 1.58 (2), 1.74 (2), 176 (4), 1.75 (2), 1.77 (2)
SisOs | 158 (2),1.67 (1),1.68 (1),1.75 (1),1.76 (1),1.77 (3),1.78 (1)
Si3Oy 1.72 (2),1.73 (1),1.75 (1),1.76 (1),1.80 (1),1.83 (1)
SisO- 1.58 (1),1.69 (3),1.70 (3),1.73 (1),1.74 (5)
Sis04 1.59, 1.74 (2), 1.75 (2), 1.70 (2)
SiyOs 1.58, 1.76 (2), 1.77 (4)

SisOx 1.58 (2), 1.68 (2), 1.69 (4), 1.73 (2)
Si304 1.58 (2), 1.75 (4), 1.77 (4)

Si305 1.58 (2),1.70 (4), 1.74 (2)

Siy05 1.58 (2),1.71 (2), L.77 (2)

Siy04 1.58 (2), 1.77 (4)

Siy0s 1.58 (1), 1.77 (2)

SiO; 1.58 (1), 1.74 (2)

Si30s 1.71 (2),1.97 (2)

Siz0 1.82 (2)

Si30s 1.74 (6)

SiO, 1.59 (2)

S10 1.58

Table 8.3: Si-O bond distances in Si-oxide clusters, the number in parenthesis indi-

cates the number of bonds with this bond length.

The optimized Si-O bond distances are reported in table 8.3. Most of them fall
in the range from 1.58 to 1.78 A. In general, singly coordinated oxygen atoms have a

bond length to Si close to 1.58 A, and doubly coordinated oxygen atoms have bond
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lengths ranging between 1.70 and 1.80 A.
To study the effect of varying Si atom number while keeping the number of O

atoms unchanged, we studied Si507, Si307, Si407 and Si5O; clusters.

Cluster O:Siratio HOMO-LUMO gap (eV) VEA (eV) VIP (eV)
S1907 3.5 241 2.75 11.07
Si307 2.3 1.85 2.62 10.49
S1407 1.75 3.88 2.13 10.81
Si507 14 2.95 1.87 9.41

Table 8.4: HOMO-LUMO gap (eV), Vertical electron affinity (eV) and Vertical

Ionization potential for Si,07 clusters

The HOMO-LUMO gap varies non-monotonically with increasing Si content in
Si,07 clusters. It reaches a maximum at the ratio 1.75 which is close to the stoichio-
metric ratio of silicon oxide clusters. The calculated electron affinity decreases from
Si907 to Si507. Higher EA values for the oxygen rich clusters are expected and are
the result of dominance of oxygen orbitals in forming the HOMO'’s of these clusters.
We are not aware of any experimental or theoretical values of vertical electron affin-
ity and vertical ionization potential for SioO7, Si307, Si407, SisO7. RITS is more
negative for clusters with O:Si ratio closer to 2, indicating a higher stability for these

clusters.

8.3.4 Sis0,, (y=1-9)

We examined the structures and stability of Si30, (y = 1—9) clusters. Our purposes
were (i) to compare the structures of SizO, clusters at different O/Si ratio, (ii) study
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the effect of changing oxygen concentration while keeping the number of Si atoms
fixed, and (iii) study the relative stability of these clusters by using RITS and to

study the trends in the stability and electronic properties of these clusters.

D 4
0w s oo

Energy ineV
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= o o«
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Fig. 8.3. (a) HOMO-LUMO gap (eV) and Fragmentation energy (eV) of Siz0,
clusters, (b) Variation of RITS with O/Siratio (c¢) VIP and VEA for Si30, clusters

We define the fragmentation energy FE as the energy required to remove one oxy-

gen atom, that is

FE (8i30,) = FE (3,y) = E (0) + E (Si50,_1) — E (Si50,)
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FE is either the energy required to remove one oxygen atom from Si30, or the incre-
mental energy for adding one oxygen atom to the Si30,_; system. Because of that,
the peaks observed in the plot of FE vs the number of oxygen atoms 8.3a in the Si30,
cluster are an indication of cluster stability. Clusters with high fragmentation energy
are particularly stable, while large HOMO-LUMO gaps are indicative of chemical
inertness. Si30g is the least stable using both criteria. The fragmentation energy is
highest for the Si303 cluster. This may be attributed to the extra stability associated
with the Si3O3 cluster due to closed atomic shell. Overall, FE (3,y) decreases with
increasing y, except for a maximum at Si303. The very large FE (3,3) is apparently
a consequence of the stable, high-symmetry structure, as well as the low stability of
the chain-shaped Si3Oy (RITS: 4.77eV). The HOMO-LUMO gap increases sharply
by 1.2eV from Si305 to Si303. Si30g has the largest HOMO-LUMO gap in the set.
This is understandable as all the bonds in the stoichiometric cluster are saturated.
There are odd-even oscillations in the HOMO-LUMO gap as a function of number of
oxygen atoms.

We plot RITS as a function of the O/Si ratio in Si30, clusters (Fig.8.3 (b)). RITS
indicates the relative stability of clusters in the set. Clusters with O/Si ratio near 2
are more stable as compared to other clusters in the set. As the O:Si ratio increases
above 2, the clusters become less stable and the cluster with highest O:Si ratio of 3 in
the set is the most unstable cluster predicted by RITS. Clusters having lower values
of fragmentation energy and smaller HOMO-LUMO gaps are also predicted to be less

stable by RITS.

126



8.4 Conclusion

We have calculated the equilibrium geometries and electronic structure of Si,O,
clusters using DFT-PBE/LANL2DZ. The structures of stable clusters are diverse and
do not suggest a simple growth principle. Rhombus chain structure and ring structure
emerge as the structural motifs for the most stable structures. All of the stoichiometric
clusters are stable against the disproportionation reaction. The HOMO-LUMO gap
has a large value for Si rich and stoichiometric clusters and it decreases for O rich
clusters. The relative stability comparison for these clusters suggests Si;07 to be
most stable in the set. The RITS values indicate that the energetically favored
stoichiometries in Si,0, clusters (z,2z) and (x,2x — 1), which are very close, then

(x,2x + 1), and then stoichiometries that deviate further from the 1:2 ratio.
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Chapter 9

Metal oxides

9.1 Introduction

The study of clusters allows a better understanding of the evolution of the main phys-
ical properties of the systems ranging from the atom to the crystal. These studies also
provide an interesting way to develop materials with varying properties by changing
size and shape. Properties and structures of metal oxides could be entirely different
in small clusters than the bulk. Clusters of metal oxides are stable with respect to
reaction with atmospheric oxygen. This gives them a practical advantage over metal
clusters.

Here we report a comparative study of the structures, stabilities and proper-
ties of some alkaline earth metal oxides, alkali metal oxides, transition metal ox-
ides, and semimetal oxides as well. We chose elements of groups I, II, XI, XII, XIII
and XIV, with valence ranging from 1 to 4, in order to study trends in qualita-
tively different metal oxides . We studied (Li20),, (K20),, (MgO),, (CaO),,

(Cuz0)y, (CuO)y, (Ag2O)yn, (Zn0),, (AlyO3), and (Si03),.
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9.2 Computational Methods

We performed global optimization of geometries using the DFT energy, the TSDS
optimization method and the following option in the Gaussian software: PBE for
exchange correlation and LANL2DZ basis set. We typically did 50 (n)4200 TSDS
iterations for n-atom clusters. We then selected between 5 (for small n) and 20

(for large n) lowest energy clusters and performed local optimization by Broyden—

Fletcher-Goldfarb—Shanno (BFGS) algorithm.

9.3 Lowest energy isomers

The putative global minima we found for the different cluster species are shown in
Fig. 9.1 to 9.10. The low-energy structures generally show alternating metal and
oxygen atoms. Metal-metal bonds are common only in species with (M50), stoi-
chiometry or with large metal atoms (Ca). This is expected on account of the strong

ionic bonding in these clusters and the opposite charges on M and O atoms.
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9.3.1 (LiyO)y,n=1—4
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Fig. 9.1. Low-energy isomers of (LiyO),
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9.3.2
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Fig. 9.2. Low-energy isomers of (MgO),
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9.3.3 (AlgOg)n, n=1-3
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Fig. 9.3. Low-energy isomers of (Al2Os),
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9.3.4  (SiOy), n=1—4
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Fig. 9.4. Low-energy isomers of (SiOs3),
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Fig. 9.5. Low-energy isomers of (K>0),
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9.3.6 (Ca0),,n=1-6
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Fig. 9.6. Low-energy isomers of (CaO),
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9.3.7 (Cu0),,n=1-4
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Fig. 9.7. Lowest energy isomers of (Cu30),
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9.3.8 (CuO),n=1-6
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Fig. 9.8. Low-energy isomers of (CuO),
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9.3.9 (Zn0O),,n=1-6
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Fig. 9.9. Low-energy isomers of (Zn0O),
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9.3.10 (Ag0),,n=1-4
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Fig. 9.10. Low-energy isomers of (Ag20),

9.4 Discussion

There are similarities between clusters (M,0,), with the same ratio x/y. The ener-
getically favored structures of z/y = 2 clusters ( (Li2O),,, (K20),, (Ag20),, (Cu0),)
often have a polytetrahedral metal framework with O atoms in interstitial or capping
positions. At z/y =1, ( (Zn0),, (MgO),, (CaO),, (CuO),) the low-energy struc-
tures are planar or quasi-planar rings at small n. For larger n, the GM are stacks of
4-membered rings (ie, cubes, Mg and Ca) or 6-membered rings (Ca, Zn); (CuO),
are different in that they remain quasiplanar until n = 6. At x/y = 2/3 (Al), the
structures are cage-like and show several 4- and 6-membered rings with near perfect
alternation of Al and O atoms. At z/y = 1/2 (Si), the common structural motifs
are rings, 90-degree angles, and O atoms that have a coordination number of either
one or two.

(LizO), clusters. The GM we found for LigOy is in agreement with Finocchi

et al. [318]. However, Yuan and Cheng, who used the TPSSh functional and a 6-
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311+G* basis set, in their study of Li clusters predict this to be an isomer with an
energy difference of 0.15 eV above the global minimum. The Li-O bond lengths are
1.67 A (2),1.78 A (4),1.82 A (2),1.86 A (4),2.05 A (2),2.08 A (2). GM for all
other (Liy0), clusters are in agreement with other studies [318, 319]. The GM we
found for LisOs is planar with Dy, symmetry. LigO3 has a Cy, symmetry. This is in
agreement with previous studies. [318, 319]

(MgO), clusters. The lowest-energy structure for MggOg in our calculations is pre-
dicted to be hexagonal prism. This is agreement with other studies [320, 321]. Its
2 X 2 x 3 cubic isomer is 0.32 eV higher in energy than the GM. The MgO bond
lengths are 1.92 in the hexagonal planes and 2.02 between the two hexagons. The
Mg-O bond length is 1.97 A in cubic isomer of MggOg. The structure obtained for
MggOg is in agreement with that predicted by Batra al. [320] and Chen et al. [321].
The GM we found for Mg;Os is ladder shaped which is as predicted by Batra et al.
[320] but different from Chen et al. [321]. Mg,Oy is a cube with a Mg-O bond length
of 1.98 A. The Mg-Mg bond length is 2.70 A: this is much shorter than the Mg-Mg
distance in Mg bulk metal, 3.20 A. These results are in agreement with Batra et al.
[320] and Chen et al. [321]. MgsOs3 is a distorted hexagon with a Mg-O bond length
of 1.85A and Mg-Mg bond length of 2.99 A . Mg,0, is thombus shaped with a Mg-O
bond length of 1.90 A and Mg-Mg bond length of 2.50 A. This is in agreement with
the study of Batra et al. [320]. The Mg-O bond length in linear MgO is 1.80 A.
The experimental bond length for Mg-O is 1.749 A [322, 323, 324]. HOMO-LUMO-
gap (9.2) increases with increasing n up to n = 3, it decreases for n = 4 and starts
increasing again. The HOMO-LUMO gap is largest for n = 3 and 6. For bulk MgO,
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the experimental value of the band gap is 7.8 eV [325].

(Aly03), clusters. The lowest-energy configuration of AlyOj3 is a linear and forms
singlet state. Its isomer, a rhombus with an oxygen atom attached to one of the Al
atoms is 0.3 eV higher in energy. It has triplet state. This result agrees with the stud-
ies by Fernandez [247], Sun and coworkers [85], Nemukhin [326] and Solornonik [327]
who found a linear structure as the global minimum (GM). However, this result
disagrees with calculations by Li [239], Rahane [241], Sharipov [328], Woodley [244]
and their coworkers. They predicted the rhombus structure to be the GM for Al,Os.
The Al-O bond lengths are 1.67 A and 1.71 A

The global minima for (AlyO3)s is a cage with four Al atoms forming a tetrahe-
dron and O atoms capping the edges of the tetrahedron. The Al-O bond length in this
structure is 1.79 A. This configuration has a T, symmetry and is a singlet. This result
agrees with earlier studies [85, 239, 241, 328, 247]. Our TSDS algorithm missed the
GM. So the starting geometry for Al,Og was taken to be the lowest-energy structure
predicted in earlier studies. The optimized structure with this geometry was found
to be 0.18 eV lower in energy than our initially predicted GM. This is the structure
that we report in our results. Another isomer formed by linking four planar Al atoms
with O atoms placed on sides linking Al atoms is predicted to be lowest-energy isomer
by Woodley [244]. In our case, it is 0.18 eV higher in energy than the lowest-energy
isomer. In the case of (AlyO3)3, we find two isomers within 0.4eV. The lowest-
energy isomer for (AlyO3)s has Cy symmetry. This structure is in agreement with
Woodley [239, 244]. This is followed by an isomer with Cy, symmetry. This structure

is consistent with the results by Sharipov et al. [328]. The Al-O bond lengths range
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from 1.74 A to 2.02 A.

(SiO32), clusters. Our calculations predict a symmetric linear structure with Doy
symmetry for SiOy. The Si—O bonds 180° apart have a bond length of 1.5895 A.
This result is in agreement with earlier studies by Harkless et. al, Nayak et. al. and
Lu et. al. [298, 301, 303]. Our calculations produce a doubly-bridged stable dimer
structure for Sis0y. It has Doy, symmetry. Two of the four oxygens in this (SiO3),
cluster form a symmetric double bridge between the silicons, while the other two are
external to that rhombus. The most stable structures for SioO,4 are in agreement
with those suggested by Wang et al. [310]. The lowest-energy structure for SizOg
is predicted to be Dyy symmetry where four O atoms belong to double bridges and
two end O atoms bonded to Si atoms. This is in agreement with the earlier stud-
ies [298, 301, 288, 43]. The ground-state geometry for Si,Os is predicted to be a Cy,
symmetry. This structure is predicted to be a low-energy isomer by Harkless et alin
their study [298]. Two other isomers with Dy, and D, symmetry are predicted to
be 0.58 eV and 0.60 eV higher in energy than the lowest-energy isomer.

(K20), clusters. K405 is a triangular bipyramid with one capping K-atom. In all
the structures obtained as GM for different cluster sizes, K - atoms tend to attach
around central oxygen atom. The obtained structures are three dimensional with the
exception of K50 which is a bent molecule with a bond angle of 157.96° and a K-K
bond length of 4.68 A. For K405, the calculated K-O bond lengths with the number
of bonds shown in parenthesis are 2.56 A (3), 2.59 A (3) and the K-K bond lengths
are 4.16 A (3),4.22 A (1),4.24 A (2). For K¢Os , the K-K bond lengths lie between

3.56 A and 4.38 A . The K-O bond lengths vary between 2.50 A and 2.63 A . For
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K30y, the K-K bond length variation is between 3.41 A and 4.54 A | whereas for K-O
the bond length values vary between 2.47 A and 2.76 A .

(CaO),, clusters. CasO, is a rhombus shaped with Ca-O bond length of 2.25 A and
Ca-Ca bond length of 3.24 A: the nearest neighbor distance in Ca metal is 3.95 A. The
experimental bond length for Ca-O is 1.818 A [324]. Cla3Os is a bent ladder structure
with Ca-O bond length of 2.25 A. For Ca, 04 a cube structure or a slab structure is
preferred to be the GM. The Ca-O bond length is 2.31 A. The lowest-energy isomer
for Cas05 can be seen as the addition of Ca-O to one edge of the CasO, cubic cluster.
The GM for CagOg is a 2 x 2 x 3 cubic structure. Hexagonal prism structure is also
observed as an isomer for this cluster, 0.14 eV higher in energy than the lowest one.
The Ca-O bond length is 2.31 A whereas for oxygen atoms in the middle of the cube,
this bond length is 2.5 A. The predicted global minima for Ca,O,, clusters are in
agreement with those reported in literature [320, 329].

(CuO), clusters. The structure of the lowest-energy CusOs cluster is a rhombus.
This is in agreement with the study by Wang et al. [331] but disagrees with Dai et al.
[332]. Wang et al. studied Cuy0O,, clusters based on density functional calculations
and experimental measurements. Wang et al. suggest the structure for CusO, is a
rhombus. Dai et al. studied Cuy0,, (z = 1 — 4) clusters using B3LYP functional
and LANL2DZ basis set and suggested that the structure for CusO5 is linear or near
linear. Baeet al. [308] did a DFT study of C'u,,O,, clusters using different functionals
and basis set. They suggested a rhombic structure for the CusO5 cluster. Our cal-
culations find C'uzO3 structures to be planar. The lowest-energy isomer for C'uzOs

is a ring structure with alternating Cu and O atoms. This result is in agreement
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with studies by Bae et al. [308] and Xu et al. [330]. The CusOy cluster is the first
nonplanar structure found for C'u,,O,, and consists of a copper atom above the plane
and an oxygen atom below the plane of a C'uzO3 ring. There is also an O-O bond in
this structure. The lowest-energy isomer for C'usOjs consists of a 6-membered CuzOs
ring and a 7-membered CusO4 ring fused together sharing a O-Cu-O edge. Bae et
al. [308] also found a similar structure for CusOs. The CugOg structure consists of
Cuz09 and a C'usOs ring fused together sharing an O-Cu-O edge. There is also an
O-O bond in this structure.

(Cuz0),, clusters. The lowest energy isomer for CusO is triangular, with the oxygen
atom bridged to a Cus dimer. The Cu-O bond length is 1.82A. This structure is in
agreement with earlier studies [332, 333]. CuyOs consists of two CuyO triangular
units sharing a Cu-atom and one Cu atom above the plane of the CuzOs unit. The
Cu-O bond lengths are 1.83A, 1.95Aand 1.99A. The CugO; unit has a Cu,O4 rhom-
bus and two Cu atoms capping this rhombus; one above and one below the plane.
The oxygen atoms are attached to the sides of these Cu-atoms. CugOy is a 3D cage
structure with connected CuyO units.

(ZnO), clusters. For n = 1, there is only one structure, a linear stick with bond
length 1.76 A. For n = 2, the GM is a rhombus with a bond length of 1.95 A. Unlike
reported in the literature [334], our algorithm did not find any linear structure as
the lowest-energy isomer for Zn,Os. For n = 3, the predicted GM is in agreement
with other studies [335, 336, 337, 338]. The Zn-O bond length is 1.89 A. Forn =14
we found three isomers within 1.0eV. The predicted GM agrees with other studies

and the Zn-O bond length is 1.86 A. The Zn-O bond length in the cuboid isomer
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stretches to 2.0 A. This bond length in Zn;0;5 is 1.84 Aand in ZngOg it is 1.96 A
and 2.09A respectively.

The global minima for Zn, O, clusters are rings up to n = 5. This result is in
agreement with previous studies [335, 336, 337, 338] that predict the global minima
for (Zn0O), clusters to be ring structure upto n=6. However, in our case for ZngOg,
hexagonal prism with alternating arrangement of Zn and O atoms, is predicted to be
2.2eV more stable than the ring structure. This observation agrees with the study
by Sunaidi et al. [334].

(Ag>0), clusters. The lowest-energy isomer for Ag,O is a triangle with an Ag-O
bond length of 2.06A, which is in good agreement with the experimental bond length
of 2.0 A [324]. This is in agreement with findings by Trushin and coworkers [339].
The lowest-energy isomer for Ag4Os is a AgoOs thombus with two Ag atoms above the
plane attached to two oxygen atoms. The Ag-O bond length in the planar rhombus is
2.31 A and between non-planar Ag and O this value is 2.09 A . Also the Ag-Ag bond
length is 2.90 A which is close to the experimental value of 2.69 A. The Ag-O bond
length in AgsOs stretches to 2.20 Aand 2.30 A. Klacar et al. [340] predicted the
hexagonal prism structure for AggO3 with O atoms arranged in three-fold positions.
Our calculations predict this structure to be 0.02eV higher in energy than the lowest-
energy isomer. AggOy is a tetragonal bipyramid structure with two O atoms capping
on two sides and O-Ag unit capping the other two sides. The Ag-O bond lengths
range from 2.10A for the outer Ag-O unit to 2.20 A and 2.30 A for interior Ag-O
bonds.

The bond lengths for all the clusters are summarized in table 9.1.
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Cluster Bond lengths (A)

(Lis0) 1.65 (2)

(Liy0), 1.82 (4), 1.66 (2)

(Liy0)s 1.71, 1.76 (2), 1.86, 1.87, 1.92 (4)

(LiyO)4 1.68 (2), 1.78 (4),1.82 (2),1.86 (4)

(MgO) 1.80

(MgO)s 1.91 (4)

(MgO)s 1.85 (6)

(MgO), 1.98 (12)

(MgO)s 1.85 (2), 1.86 (2), 1.87 (4), 1.91 (1),
1.92 (1), 2.05 (1), 2.20, 2.21

(MgO)s 1.92 (12), 2.02 (6)

Al,Os 1.67 (2), 1.71 (2)

Al,Oy 1.79 (12)

AlgOy  1.74, 1.76 (4), 1.77 (2), 1.78, 1.79 (3), 1.81 (2),
1.82, 1.83, 1.84, 1.88, 1.95, 2.02

Si0, 1.59 (2)
Siy04 1.58 (2), 1.77 (4)
Si504 1.58 (2), 1.75 (4), 1.77 (4)

Si,0s  1.58 (3), 1.68 (2), 1.69 (4), 1.75 (2), 1.77 (2)
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Cluster Bond lengths (A)
(K>0) 2.38 (2)
(K»0), 2.51, 2.56 (3), 2.59 (3)
(K,0)s 2.50, 2.53 (2), 2.55, 2.57 (2), 2.60,
2.61, 2.62, 2.63, 2.70
(K20)4 2.47, 2.51, 2.52, 2.55, 2.56,
2.60 2.61 (2), 2.63, 2.64, 2.69, 2.70, 2.71, 2.73, 2.75, 2.76
(CaO) 2.13
(CaO), 2.25 (4)
(CaO); 2.21 (2), 2.22 (2), 2.27 (2), 2.46
(Ca0), 2.32 (12)
(CaO)s 9.20, 2.23, 2.27, 2.30,
2.31 (6), 2.32 (2), 2.33 (2)
(Ca0)g 2.30, 2.31 (11), 2.32 (4), 2.49, 2.50 (3)
(CuO) 1.59
(CuO)q 1.87 (4)
(CuO)s 1.83 (2),1.84,1.85 (2), 1.87
(Cu0), 1.81 (2),1.84,1.87 (2), 1.88, 1.89
(CuO)s 1.83, 1.84, 1.87, 1.88 (2),
1.89, 1.90 (2), 1.95, 1.97
(CuO)g 1.80,1.82, 1.83, 1.88 (2), 1.87,

1.89, 1.91 (4), 1.97, 2.10
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Cluster Bond lengths (A)

(Cuz0) 1.82 (2)

(Cuz0), 1.83 (3), 1.95, 1.99
(Cuy0)s  1.92 (3),1.93, 1.96 (2), 1.97 (2), 2.01
(Cu0)y  1.90 (3),1.91, 1.93, 1.95 (3), 1.97 (2),

1.98, 2.03
(Zn0) 1.78
(Zn0), 1.95 (4)
(Zn0)s 1.89 (6)
(Zn0), 1.86 (8)
(Zn0)s 1.84 (10)
(Zn0)g 1.97 (12), 2.10 (6)
(Agr0) 2.06 (2)
(Agr0)s 2.10 (2), 2.32 (4)

(Ag0);  2.13 (2), 2.16 (2), 2.23 (3), 2.30 (2)
(Ags0)4 2.08, 2.13, 2.15, 2.16, 2.19 (2),
2.24 (3), 2.25, 2.26, 2.27, 2.28, 2.29

Table 9.1: Bond lengths
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Cluster  Atomization energy (eV) Dissociation energy (eV) HOMO-LUMO gap (eV)
(Li»O) 10.19 1.91
(LizO)s 23.16 2.78 1.70
(Li»0)3 35.99 2.64 0.26
(Lix0)4 49.92 3.74 0.76
(MgO) 5.51 0.41
(MgO)s 16.22 5.19 0.80
(MgO)s 28.07 6.34 2.34
(MgO), 30.77 6.19 1.90
(MgO)s 49.72 4.44 1.57
(MgO)s 63.94 8.71 2.57
Al O3 17.59 0.06
Al4Oq 43.29 8.10 1.90
AlgOq 67.52 9.23 1.29
S105 10.75 3.35
S50y 24.57 3.06 3.46
Si304 38.67 3.35 3.69
S1408 95.57 3.91 3.42
(K>0) 6.91 0.39
(K>0)s 15.96 2.16 0.57
(K>0)3 25.15 2.27 0.33
(K>0),4 34.45 2.39 0.28
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Cluster  Atomization energy (eV) Dissociation energy (eV) HOMO-LUMO gap (eV)
(CaO) 5.05 0.13
(Ca0), 14.62 4.52 0.11
(Ca0); 24.91 5.24 0.52
(Ca0), 36.56 6.60 0.80
(CaO)s 44.94 4.59 0.37
(Ca0)s 58.65 7.40 0.87
(CuO) 6.02 0.39
(Cu0), 15.33 3.28 0.23
(CuO)s 25.16 3.81 0.37
(Cu0), 33.61 2.43 0.15
(CuO)s 44.48 4.84 0.63
(CuO)g 53.68 3.18 0.14
(Cu0) 0.11 1.16
(Cus0)s 20.66 2.44 0.44
(Cus0)s 34.06 4.30 0.07
(Cuz0), 47.41 423 0.19
(Zn0O) 457 0.51
(Zn0)s 13.38 4.23 0.92
(Zn0)s 23.25 5.30 2.14
(Zn0), 32.26 4.62 2.26
(Zn0)s 38.47 4.25 2.43
(Zn0)s 52.10 6.26 1.91
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Cluster  Atomization energy (eV) Dissociation energy (eV) HOMO-LUMO gap (eV)

(Ag,0) 7.13 1.06
(Ag20), 16.22 1.96 0.20
(Ag,0)3 26.44 3.09 0.32
(Ag:0)4 36.93 3.36 0.49

Table 9.2: Atomization energy (eV), Dissociation energy (eV) and HOMO-LUMO

gap (eV) for metal oxide clusters

9.5 Energy Trends

To characterize the relative stability of the clusters, we considered energy parameters.
We calculated the removal energy of a structural unit from the entire cluster, i.e.
“dissociation energy” AFE. Dissociation energy of the structures under consideration

characterizes their stability to separation of a whole M, O, unit from (M,O0,), cluster.
A (E) = E (M,0y) (n-1y+ E (M,0,) — E ( (M,Oy),) (9.1)

The calculated values of dissociation energies for (MO), and (M0),, clusters as a

function of size n are given in figure 9.11.
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Fig. 9.11. Dissociation energy as a function of n for (a) (MO), clusters (b)
(M50),, clusters

Table 9.2 summarizes the atomization energies, dissociation energies and HOMO-
LUMO gap values for all the clusters. The calculated values of dissociation AFE for
(Zn0),, clusters show a maximum at n = 3 and 6, demonstrating particular stability
for (Zn0O); and (Zn0O)g. For (CaO), clusters, this stability is indicated for cluster
size n = 4,6. For (MgO), clusters, the maximum is at cluster size n = 6. Except
for Cu, the dissociation energy curves have a minimum at n = 5. This shows that
two (MO)s are unstable relative to (MO)y + (MO)g. This can be understood by
the high symmetry and perfect M/O ordering in the cube (n= 4) and the hexagonal
prism (n= 6) which makes them energetically favorable.

To analyze the trends in geometry better, we calculated the asphericity (¢) and
shape descriptors (n) derived from the moment of inertia.

The asphericity (¢) quantifies the deviation from spherical behaviour and (n)
deviates from zero when a cluster shape deviates from quasi-spherical and has either
a prolate shape (I. < I, I, ~ I,) or oblate shape (1. ~ I, I, < I,). The calculated
values for (¢) and (n) for all the clusters are summarized in the table 9.3.
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Cluster ¢ n
(Li,O) 1.00 1.00
(Li20); 0.83 0.74
(Li,0)s 0.30 0.07
(Li;0)s 0.14 0.27
(MgO) 1.00 1.00
(MgO), 0.35 -0.28
(MgO)s 0.33 -0.50
(MgO)s 0.00 0.00
(MgO)s 0.74 0.61
(MgO)s 0.05 -0.22
Al,O3  1.00 1.00
AlyOg  0.00 0.00
AlgOy  0.06 -0.22
S10,  1.00 1.00
Si,04  0.74  0.61
Sis0g  0.80  0.90
Si,0g 047  0.24
(K,0) 0.98 0.96
(K,0), 0.01 0.08
(K20); 0.38 0.38
(K20), 022 -0.04
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Cluster

¢

U

1.00
0.33
0.49
0.00
0.27
0.16

1.00
-0.45
0.14
0.00
-0.39
0.43

1.00
0.35
0.33
0.37
0.26
0.04

1.00
-0.31
-0.38

0.02

0.12
-0.12

0.55
0.48
0.06
0.03

0.27
0.42
-0.12
-0.08
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Cluster ¢ n

(ZnO) 1.00 1.00
(Zn0O), 0.37 -0.21
( )3 0.33 -0.500
( )a  0.33 -0.500
(Zn0O)s 0.33 -0.499
(2n0)
(

Zn0)s 0.04 -0.215
Ag,0) 0.60 0.37
(Ag20), 0.11  0.12
(Ag20); 0.13  0.10
(Ag0)s 0.13  0.22

Table 9.3: Asphericity (¢) and shape descriptors () for metal oxides

The (Zn0O), clusters prefer planar ring structures. The most stable structures for
(Li20)pn, (Ag20),, (K20), and (Cus0), are three-dimensional. The asphericity is
0.00 in 4 cases by symmetry, but otherwise asphericity is generally big compared to
metal clusters. (5i03), clusters favour prolate geometries, (Zn0O),, favour oblate
geometries (quasi planar rings, or stack of rings at n = 6). There is no obvious

pattern in “shape” for the other clusters.

9.6 Conclusion

We have calculated the equilibrium geometries, energetics and electronic structure
of (Lix0)n, (K20),, (MgO),, (CaO),, (Cu0),, (CuO),, (Ag:0)n, (ZnO),,

(Al,O3), and (Si0,),, clusters with valence ranging from 1 to 4. The transition from
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planar to non-planar structures occurs at n = 4 for (MgO),, (CaO), and (CuO),,
whereas for (ZnQO),, this transition occurs at n = 5. (Ag20),, (Li0),n, (K20),,
(Cug0),, form three dimensional structures (except at n = 1). For (Si0O,), and
(Al303),, the most stable structures are planar up to n = 2 and n = 1 respectively,
after which the most stable structures are non-planar. There are similarities in the
shape pattern of (M,0,), clusters with same x/y ratio, for example, stacked ring
or cube like structures for (MO), clusters (M = Mg, Cu,Ca and Zn). However,
there are no simple growth patterns with increasing cluster size n. The HOMO-
LUMO gap varies non-monotonically with size for (MO),, clusters. For (M»0),
(M = K, Ag, Cu) clusters, HOMO-LUMO gap decreases with increase in cluster size
n. Overall, the calculated asphericity values for (M,0,), clusters are bigger as
compared to metal clusters. Minimizing surface area is relatively less important in
metal oxides than in metal clusters, alternating M-O is more important and leads to

non-spherical geometries.
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Chapter 10

Conclusion

We obtained low energy geometries for a variety of metal and metal oxide clusters by
DFT and TSDS optimization. In global optimization (GO), one can never be sure
to have found the true global minimum. Accordingly, we interpret results for specific
cluster species with caution and choose to emphasize, instead, trends within series
of clusters. We note also that early tests of the TSDS method, and comparisons of
results obtained by us to the literature, show that the TSDS-DFT methodology is
among the best for cluster geometry optimization and often succeeds at finding the
global minimum.

In general, the energetically favored cluster compositions and structures we found
by TSDS-DFT are in qualitative agreement with well-known simple models. For
instance: (1) silver clusters and Li-Mg-Al cluster alloys show, on average, enhanced
stability when the valence electron count is n = 8 or n = 20, in line with the jellium
model. And (2) the shapes of these clusters are, on average, nearly spherical at n = 8
and n = 20, oblate when n is slightly below 8 or 20, and prolate when n is slightly

above 8 or 20. Other simple rules that are generally observed in our TSDS-DFT
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results are as follows. (3) Metal cluster geometries tend to be compact, they tend to
minimize surface area. (4) In cluster alloys, the element with the lowest surface energy
tends to segregate to the surface. (5) Metals with with closed p- and d-type shells
(Li, Ag, etc.) favor compact structures characterized by the presence of triangles,
whereas Al-rich clusters often contain squares. (6) The favored structures of metal
oxide clusters have few or no O-O neighbor pairs and few metal-metal pairs. (7) The
favored chemical compositions of Al,O, and Si,0, have x/y equal to, or near, the
bulk ratio of 2/3 and 1/2, respectively.

However, TSDS-DFT shows many exceptions to these rules, including low-lying
isomers with sometimes qualitatively different geometries. And, to our knowledge,
the above structural rules have very limited value for predicting the structure or
composition of stable clusters. Thus, the results of TSDS-DFT global optimization
reported in this thesis are far from trivial. The cluster specific predictions we make
about geometries and energies should be of interest to experimentalists studying these
clusters and could help interpret spectra.

Simple models and structural rules do help make sense of TSDS-DFT results. In
particular, we showed the relative importance of different physical effects for stability
of Li-Mg-Al clusters, and quantified these effects. The factors affecting the binding
energies of Li-Mg-Al clusters and their magnitude (in eV) are: the cohesive energy of
the three elements (-13.66); the surface area and associated surface energy of a cluster
(4+5.92); deviations from the ideal valence electron count of 8 or 20 (4-0.39); difference
in electronegativities of the constituting atoms of a cluster, and the associated ionic

bonding (-0.25); Jahn-Teller distortions that stabilize clusters with open electronic
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shells (-0.08); and the presence of spin-unpaired electrons (40.03). The relative mag-
nitude of these effects brings more precision to our understanding of metal clusters.
They could help researchers make better educated guesses about the structure and
stability of Li-Mg-Al, and other, metal alloy clusters.

An important finding in our study of aluminum oxide clusters is that the most
stable clusters do not necessarily have the stoichiometric ratio z/y = 2/3 of the bulk
oxide. This changes our understanding of the initial growth of very small alumina
clusters and points to the possible role of these “non stoichiometric” species in small
cluster experiments and, maybe, in alumina supported catalysts. At the very least,
this result should caution researchers about the possible presence of cluster species
with z/y different from 2/3 in their experiments. On the other hand, the z/y = 1/2
stoichiometry is clearly favored in Si,0, clusters.

The main conclusions of our study of the other metal oxides clusters M,O,
(M=Li,Mg,K,Ca,Cu,Zn,Ag) are that: (i) O-O neighbor pairs are disfavored, (ii) there
are resemblances between cluster geometries of elements in the same group (Li and
K, Cu and Ag, Mg and Ca), as expected, however (iii) the size of the metal atom
can make significant changes to structure (compare for instance C'agOg and M g¢Ok,
or LigO, and KgO,). Here again, simple rules have very limited predictive value,
the TSDS-DF'T results can be rationalized by these rules, but could not be obtained

without solving the global optimization problem.
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Future work

Future work should consider deeper analysis of algorithms and methods to calculate
molecular structure and energetics, new proposals to try different methods, or address
certain concerns. In future, more research is needed to apply the energy decomposition
method used for Li-Mg-Al clusters in this research to a few other cases to see how the
magnitude of the different effects change with elements and cluster size. Aside from
a trivial dependence on the number of atoms of each element, the most important
factor for Li-Mg-Al cluster structure and energy is the surface area (surface energy).
We should develop and test empirical models where the only energy term (or the
leading term) is an estimated surface energy based on some simple working definition
of surface area. We could then use such a model, which is computationally very
efficient, to study very large bimetallic clusters.

TSDS does not work as well for metal oxides as it does for metal clusters. Future
work on a better global optimization method is needed, especially with a view to
bigger metal oxide clusters.

It will be important that future research develop an empirical potential that re-
produces, roughly, the TSDS-DFT optimized geometries of Al,O,. Such an empirical
potential gives energy estimates millions of times faster than DFT. Therefore, doing
global optimization with the empirical potential will take only a few seconds or few
minutes of computing time. The geometries generated in this way can then be used
as input for simple local optimizations with DFT. The enormous speed-up would

allow us to study much bigger clusters, in particular the series Aly,Os,, Alo,Os34_1,
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and Aly,Osz,11 with x = 1,2, 3 (as we already studied) and x = 4 to 10. This may

constitute the object of future studies.
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