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ABSTRACT 

 

ELECTRONIC STRUCTURE OF LIGAND-PASSIVATED METAL 

NANOCLUSTERS 
 

 

ASLAN, Mikail 

Ph.D. in Physics Engineering 

Supervisors:  

Assoc. Prof. Dr. Ali SEBETC! and Prof. Dr. Zihni ÖZTÜRK 

October 2014, 112 pages 

 

The geometric, electronic, and magnetic properties of neutral and ionic ligand-

passivated metal nanoclusters have been studied. The adsorption of a number of 

organic molecules and metal oxides on Pt, Co, Pd, and nanoalloys is investigated by 

means of density functional theory calculations. Various interaction patterns between 

the ligands and the metal clusters are constructed and screened with extensive 

structure searches for the low-lying isomers of the ligand-protected complexes. The 

optimal adsorption sites are identified and the corresponding electronic and magnetic 

states are analyzed. 

 

Keywords: Nanoparticles, Metal Clusters, Modeling and Simulation in Materials 

Science and Engineering, Density Functional Theory, Ligands 
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ÖZET 

 

L!GANDLARLA PAS!FLE"T!R!LM!" METAL NANOTOPAKLARIN 

ELEKTRON!K YAPILARI 

 

 

ASLAN, Mikail 

Doktora Tezi, Fizik Müh. Bölümü 

Tez Yöneticileri:  

 Doç. Dr. Ali SEBETC! ve Prof. Dr. Zihni ÖZTÜRK 

Ekim 2014, 121 sayfa 

 

Nötr ve iyonik ligandlar ile pasifize edilmi# metal nanotopakların geometrik, 

elektronik ve manyetik özellikleri çalı#ıldı. Yo$unluk Foksiyonel Teorisi 

kullanılarak  bir takım organik moleküller ya da metal oksitlerin  Pt, Co, Pd, ve bu 

elementlerden olu#an nano ala#ımlar üzerindeki adsorpsiyon etkileri incelenmi#tir. 

Ligandlar ile korunan metal nanotopakların en dü#ük izomerleri kapsamlı bir tarama 

ile ara#tırıldı. En kuvvetli adsorpsiyon için atomların geometrik konumları tespit 

edildi ve geometrik konumları belirlenen yapıların elektronik ve manyetik durumları 

analiz edildi. 

 

 

Anahtar kelimeler: Nanoparçacıklar, Metal Nanotopaklar, Materyal Modelleme ve 

Simülasyon, Yo$unluk Foksiyonel Teorisi, Ligandlar. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Nanoscience   

 

For the past few decades, many scientists and engineers who work on material 

science have been willing to do research on materials that are sized 100 nm or 

smaller scale to find amazing inventions or implement their discoveries to new 

applications. Small nanosized particles show unique properties that are different 

from extended bulk states or from atomic states, which is due to the fundamental 

reasons: the high surface / volume ratio and the quantum size confinement effect [1]. 

In order to produce electronic devices very smaller size, quantum concept becomes 

more important than the conventional understanding of them. For example, the 

lithographic techniques that are a kind of fabricating of structures in nanometer scale 

may not be even applicable for these structures. In addition, self-assembly is one of 

the reliable techniques for the production of regular structures but it is very sensitive 

to fluctuations. Due to the these problems, the quantum size confinement effect 

should be taken into consideration so as to comprehend deeply the behavior of nano-

devices in microscopic world and to control the nano-structure precisely when 

building it [2].  

 

Naturally, physical systems are inclined to find their most stable states after doing 

some process like thermal annealing which is a kind of process for altering material 

or changing in its properties such as electronegativity and ductility by heating. The 

most decisive state is the lowest total energy that the structure in a physical system 

possesses when compared to all other possible structures. Finding the lowest total 

energy that the structure owns by theoretical way can provide to determine the 

properties of the systems. Although determining the structure of a complex system is 
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challenging work and may cost a lot for computational time, theoretical studies in the 

determination of the most stable state play important roles. This represents the 

candidate structures manually relying on human intuition [2].  

 

1.2 Clusters 

 

Clusters, intermediate structures between single atoms and molecules and bulk 

matter, may range from 2 atoms to tens of thousands. Metal clusters have been 

gaining importance extensively in last few decades due to their novel properties [3]. 

One of the main differences between clusters and bulk material is the surface area / 

volume ratio. While this ratio is less significant for macroscopic systems, it is really 

important for small clusters since the ratio is significantly large. Thus, the physical 

properties of the clusters like electronegativity are intrinsically different from those 

of bulk material. For instance, the tiny clusters of metals may show the characters of 

insulators or semiconductor with remarkable electronic properties [4]. Moreover, the 

properties such as ionization potential, electron affinity may have odd-even 

oscillations with different sizes which means that clusters may not be only some cut 

outs of solid materials [5]. Clusters may have exciting shapes because of the large 

number of surface atoms with unsaturated coordination. The geometries and 

electronic structures of the metal cluster have been deduced in terms of models such 

as jellium model or nuclear liquid drop model [3]. 

 

Due to the development of nano-science and nano technology, the study of the 

electronic properties of nanoclusters has attained considerable significance. 

Computer simulations play an important role in the comprehension of the evolution 

of the structures, physical and chemical properties of clusters. Understanding the 

evaluation of the properties of the clusters as they grow is one of the fundamental 

questions of the cluster science [4].  

 

1.2.1 Metal Clusters 

 

Metal clusters (MCs), in particular, play an important role in catalysis, medical 

science, and nanostructured electronic devices. For the medical science field, to 
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defeat some diseases or treatment of the diseases such as, filariasis, malaria, brain 

fever and dengue, which results in the existence of mosquitoes, plant obtained by the 

synthesis of metal nanoparticles may be prior to control the population of mosquitoes 

so as to reduce the effect of such kind of diseases via appropriate control methods 

[6]. For instance, Selvaraj and co-workers used mesocarp layer extract of 

Cocosnucifera and managed to synthesize silver clusters due to their 

biocompatibility, low toxicity, green approach and environmental friendly nature and 

antimicrobial properties that they show by treating silver nitrate solution with 

aqueous extract of C. nucifera coir at 60 Celsius [7,8]. They checked the realibility of 

their method by analyzing the excitation of surface plasmon resonance (SPR) using 

UV-vis spectrophometer at 433 nm [9]. For the nanostructured electronic devices, 

MCs has possible application in the microelectronics and sensor technology subfields 

[9,10]. For example, Nicola Cioffi and co-workers produced gold/surfactant 

core/shell colloidal nanoparticles with a controlled morphology and chemical 

composition using sacrificial anode technique with galvanostatic mode for the 

surface-modification of gate electrodes implemented in field effect capacitor sensors 

for NOx sensing [11]. They preferred Au-MCs based gas sensor due to the novel 

reactivity properties, increased surface area-volume ratio, high sensing performance 

level and adjustment of sensor properties [11-13].  

 

Among transition metal clusters, platinum is used as an essential electrode material 

due to its relatively high catalytic activity and stability. Thus, platinum metal cluster 

offer a wide range of remarkable properties as a variety of technology Cluster 

applications. For small MCs, the determination of the ground state structure by 

experiment is challenging. There exists only a small minority of studies using a wide 

range of spectroscopic techniques, viz. resonance two-photon ionization, dissociation 

methods, lasers induced fluorescence and stark spectra [14-20]. Theoretical studies 

performed by ab initio methods [21-35] and empirical potential methods [36-41] 

have been reported.  

 

Co clusters are one of the important metal clusters because of their magnetic 

properties and significance in magnetic storage devices [42-47]. The significance of 

studying small Co clusters may be summarized as its possible contribution to the 

solution of the technologically important question of how magnetic characteristic 
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varies in reduced dimensions [48]. The ground state structure of the metal 

nanoparticles is generally determined from photoelectron spectroscopy and chemical 

probe experiments. A study [49] was conducted  that 50–800 numbers of atoms of 

Nin and Con nanoparticles have icosahedral structures but the structures of small Con 

(n !50) mono metal clusters were not well classified. Relatedly, for both pure and 

ammoniated nanoparticles within the size range of n = 50–100, the Con reactions 

with water and ammonia reveal icosahedral structures [50]. Nevertheless, it was 

reported that small, monometallic clusters could adopt different type of structures 

[51]. Yoshida and coworkers [52] accomplished to find the geometry and electronic 

structures of Con anions (n = 3-6) by using photoelectron spectra. The magnetic 

features of monometallic Con particles within the range of n=20-300 were studied by 

Stern–Gerlach experiments by various groups [42-44,47] and concluded that the 

magnetic moment per atom for small Con particles are considerably larger than the 

bulk value (1.7 &B [53]). 

 

Pd is one of the essential materials as catalyst in numerous applications as well. 

Reduction of very active NO by CO happens in the existence of very dispersed Pd 

clusters supported on alumina [54]. Additionally, ultradispersed supported Pd 

nanoparticles of up to 2 nm in size behaves highly active catalysts in hydrogenation 

processes [55] owing to much higher selectivity in the conversion of triple to double 

bonds than that of bulk Pd [56]. Furthermore, current observation of Pd nanoparticles 

in terms of ferromagnetism provides the probability of potential use of these particles 

in magnetic storage materials [57]. Wide-ranging experimental studies have been 

conducted on Pd particles over many years [58-62]. Early Stern-Gerlach experiments 

indicated the absence of magnetic moments in Pd nanoparticles among these 

experimental studies [58,59,62] Photoemission experiments proposed a Ni-like spin 

distribution in Pdn nanoparticles at n=6 and a nonmagnetic behavior at n =15. 

Despite the encouraging experimental marks, they could not give satisfactory info on 

the electronic and geometrical structures of very minute Pd nanoparticles. These 

properties are required to comprehend the size dependence of chemisorption and 

catalytic properties of nanosized particles [63]. 

 

The case of nanoalloy substances is of great concern in the chemical industry. Such 

constituents are motivating since one of the metals may adjust the catalytic properties 
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of the other substances due to structural and electronic effects. It has been reported 

that in many particles at nanoscale, the low lying geometry is one of the fundamental 

part that particles are predominantly occupied by one of the constituents and its 

surface holds most of the second element. Smaller volumes of element might be 

adequate to get similar effects as those achieved by single element catalysts if the 

active element is the one that constitutes from the surface [64]. Thus, it is significant 

to study CoPd nanoalloy particles at the nanoscale. In Fisher-Tropsch reactions [65-

67], CoPd nanoparticles displayed better selectivity over pure Co particles. The 

artificial fabrication of fuels by changing carbon monoxide and hydrogen is 

appealing many researchers in this area due to the recent huge fluctuations in the 

prices of hydrocarbons [64]. 

 

The study of Co–Pt nanoalloy particles is one of the major aims of the low-

temperature polymer electrolyte membrane fuel-cell technology in order to develop 

and reduce Pt loading as the oxygen-reduction catalyst [68]. Numerous analyses [69-

72] such as the series of binary Pt–X alloys (X =Mn, Cr, Co, Ni) supported on 

carbon [73], have been conducted to solve the role of alloying in the electrocatalytic 

activity of Pt for the oxygen-reduction reaction. Those analyses revealed that the 

intrinsic activity of nanoparticles depends on particle size, shape and composition. 

By decreasing the size of the clusters, their catalytic activities are inclined to upturn 

due to the bigger surface areas of smaller nanoparticles and the structural sensitivity 

to some reactions.  

 

 Utilizing ligands with functional groups attached to the metal atoms surface lets the 

formation of functional nano assemblies and binding the clusters to various 

substrates surfaces. Besides, the ligand environment affects the electronic properties 

of the clusters. There exists a huge amount of information for small bare or 

nanoalloy metal nanoparticles but much less theoretical emphasis has been given to 

the ligation of these clusters with stabilizing molecules. The purpose of most of the 

computer studies is to determine the relationship between structure and property 

alteration. The knowledge of the property variation with geometry also allows one to 

carry out computer experiments to design new stable clusters with desired properties. 

Thus, this computational study would be a contribution to the understanding of the 
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influence of ligands on the stabilization of metal clusters to design new stable 

clusters with desired properties 

 

1.3 Computational Simulation  

 

Computational methods are widely used tools for the fields of chemistry, physics, 

and material engineering. The increasing speed and availability of computational 

resources in grouping with newly developed and increasingly accurate models 

provides scientists to solve and rationalize chemical phenomenon. Additionally, 

computer simulations allow us to investigate probabilities to check whether the 

exciting properties of clusters are preserved in different environments. For instance, 

whether the high magnetic moments of gas-phase clusters will be retained when they 

are deposited on a substrate. It also allows one to check whether highly stable 

clusters can be assembled to form solids. This type of approach can lead us to the 

development of novel cluster based materials.  

 

Another point is that the experiments on clusters especially on gas-phase clusters 

yield little information about their structures. In this regards, simulations 

complement the experiments by providing structural input. From the application 

point of view, the interaction between the cluster and the substrate matrix is of 

paramount importance. The properties of such systems are governed by many body 

electron ion interactions. 

 

In the present study, we have used a computing system of four 6-core AMD Opteron 

Processors 8435 800MHz with 512KB cache, 128 GB RAM, 2 TB HDD, and 

Ubuntu 12 operating system. The system is constructed at Zirve University by the 

start-up funds granted to Dr. Sebetci.  
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CHAPTER 2 

 

DENSITY FUNCTIONAL THEORY 

 

2.1 Introduction  

 

For the quantum mechanical simulation of clusters, molecular, periodic and solid 

systems in the scope of physics, material science, chemistry and multiple branches of 

engineering, the density functional theory (DFT) has been the dominant method over 

the past 30 years. DFT is the prevailing implementation of the computations for the 

quantum state of atoms, molecules, crystals, surfaces and their interactions, and for 

the ab-initio molecular dynamics.  

 

The introduction of the DFT began after the foundation of quantum mechanics. In 

1927, in order to determine approximate wavefunctions and energies for atoms and 

ions, Hartree developed a function, which is now called Hartree function. A few 

years later, Fock and Slater, the students of Hartree, proposed a self consistent 

function in regard to Pauli Exclusion Principle and multi-electron wavefunction in 

the form of Slater-determinant (the determinant of one particle orbitals) respectively 

so as to cope with the total ignorance of the antisymmetric properties of electrons. 

Although Hatree-Fock (HF) Method was not prevalent until 1950s due to the 

complexity of calculations of the HF model, the method is a good approach for the 

approximation to the systems.  

 

In the same year that Hartree derived the Hartree function, by approximating the 

distribution of electrons in an atom, Thomas and Fermi suggested a statistical model 

to calculate the energy of atoms. In this model, the kinetic energy of an atom is 

expressed by the functional of electron density and adds two terms of electron-

electron and nuclear-electron interactions in order to compute the atomic energy. In 

the early stage of this model, it did not include the exchange energy of the atom that 
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results from Pauli exclusion principle, which is identified in the HF Theory. In 1928, 

Dirac enlarged the Hartree function by adding an exchange energy functional part. 

 

It is accepted that the Thomas-Fermi model is a significant first step of the DFT but 

its uses are very restricted presently due to the largest source of error that originates 

from the statement of the kinetic energy functional term that is only an 

approximation. This approximation leads to inaccuracy in the exchange energy and 

this is due to the whole disregard of electron correlation. Despite this, it is known as 

an antecedent of the DFT [74].  

 

In 1964, Hohenberg and Kohn (HK) wrote an important article that provides the 

basis of DFT. In this paper, they used electron density functional that includes 

merely 3 variables instead of the complicated many electron wavefunction that 

includes 3N variables, where N is the numbers of electrons and each electron has 3 

spatial coordinates. Thus, the huge amount of variables become out of the concern by 

using electron density functional that has only 3 variables. According to their first 

theorem, the ground state energy merely depends on the electron density. In addition, 

HK proposed the second theorem that the ground state energy can be found via 

optimizing the energy of the system in terms of electron density. 

 

HK Theorem postulates the relations between electron density functional and system 

properties. However, it does not precisely describe what the relations between them 

are. Kohn-Sham (KS) approach is the most commonly used method instead of 

optimizing the energy of the system that is implemented at the HK Theorem. Only 

one year later than their significant article published in 1964, KS solved the multi 

electron issue by simplifying it into non-interaction electron problem inside an 

effective potential involving the external potential and the influence on the Coulomb 

for the exchange and correlation interactions between electrons in the article they 

wrote. It is a challenging work to deal with the correlation and exchange energy in 

the scope of the KS-DFT. Up to now, to find out the exchange and correlation 

energy, there are not still an exact method. Nevertheless, the Local Density 

Approximation (LDA), the simplest approximation, is related to the uniform electron 

gas model to obtain exchange energy that exact value can be obtained from Thomas-

Fermi model and to obtain the correlation energy from fits to the uniform electron 
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gas. In an effective potential, wavefunction can be effortlessly exemplified by a 

Slater determinant of orbitals and also the kinetic energy functional of this system is 

totally known while the total energy functional still has unknown exchange 

correlation (xc) part [74]. 

 

By using the LDA, the results are excellent with experimental data when comparing 

to other methods related to the solution of many body problem in quantum 

mechanics. However, DFT was still inaccurate till 1990s in quantum chemistry field. 

Now, DFT is widely used method to determine electronic structures of the systems in 

many areas after refining better approximation methods to model xc interactions. 

 

 2.2 The Schrödinger Equation  

 

Most of the quantum chemical approaches are based on the approximate solution of 

the time-independent Schrödinger equation that is given as the following:  

 

H!k (
!x1,
!x2,...,

!xA,
!
R1,
!
R2,...,

!
RB ) = Ek!k (

!x1,
!x2,...,

!xA,
!
R1,
!
R2,...,

!
RB )                           (2.1) 

 

Here, H is a differential Hamiltonian operator of a molecular system with a number 

of N electrons and M is the number of nuclei where H denotes the total energy: 

 

H = ! 1
2

"k
2 + 1

Mq

"q
2

q=1

M

#
k=1

N

#
$

%
&
&

'

(
)
)
!

Zq

rkq
+ 1

rkl
+

ZqZm

Rqmm>q

M

#
q=1

M

#
l>k

N

#
k=1

N

#
q=1

M

#
k=1

N

#                          (2.2) 

 

In the equations, k and l are for N electrons while q and m are for the M nuclei. The 

first two expressions in H depict the kinetic energy of electrons and nuclei where Mq 

is the mass of nucleus q. The rest three expressions describe the potential energy part 

of the Hamiltonian that shows electrostatic interaction between nuclei and electrons, 

electrons and electrons, and nucleus and nucleus, respectively. Rab (and 

correspondingly rab) is the distance between the particles a and b. The wave function 

!k (
!x1,
!x2,...
!xN ,
!
R1,
!
R2,...,

!
RM )  describes the electronic wave function of the k’th state 

of the system. The electronic wave function is a function of 3N spatial coordinates !rk  
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and the N spin coordinates !sk , shown as the expression !xk  and the 3M spatial 

coordinates of the nuclei 
!
Rl  as well. "k covers all possible information of the 

quantum state. Lastly, Ek is the numerical value of the energy of the state defined by 

"k. 

 

The Schrödinger equation can be simplified if we assume nuclei do not move. Even 

for the hydrogen atom having single proton in its nucleus, the mass of the nucleus is 

roughly 1800 times more than that of the electron. In short, the movement of the 

nucleus is much slower than the movement of the electron so that we can accept that 

the electron moves in the vicinity of the stationary nucleus. This is known as Born-

Oppenheimer approximation. In this approximation, the potential energy term due to 

the repulsions between nuclei. The potential energy becomes only a constant. Thus, 

the Hamiltonian equation can be simplified as 

 

Helec = ! 1
2

"k
2 !

Zq

rkq
+ 1

rkl
= T +VNe +Vee

l>k

N

#
k=1

N

#
q=1

M

#
k=1

N

#
k=1

N

#                                            (2.3) 

 

The solution of the Schrödinger equation with Hamiltonian operator described in the 

equation 2.3 is the electronic wave function and the electronic energy Eelec varies 

only with the electron coordinates while the nuclear coordinates do not explicitly 

appear in the electronic wave function. On the other hand, the total energy Etot has 

two terms, which are electronic energy Eelec and the constant nuclear repulsion term 

Enuc  

 

Enuc =
ZqZm

Rqm
, i.e.,

m>q

M

!
q=1

M

!   

 

Helec! = Eelec! for the electron particle                                                                  (2.4) 

 

and 

 

Etot = Eelec + Enuc                                                                                                       (2.5) 
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As the electronic wave function is not an observable quantity, taking square of the 

electronic wave function can only do the physical explanation in that  

 

!(!x1,
!x2,...,

!xN )
2 d!x1d

!x2...d
!xN                                                                                  (2.6) 

  

shows the probability that all electrons are found at the same time in the volume 

element. There must be no difference in the probability on the condition that any two 

electrons’ coordinate are interchanged, viz., 

 

!(!x1,
!x2,...,

!xk,
!xl,...,

!xN )
2 = !(!x1,

!x2,...,
!xl,
!xk,...,

!xN )
2                                             (2.7) 

 

The second wave function formed by the interchange is the same as the first one for 

bosonic particle having integer spin while for Fermions having half-integral spin, the 

interchange causes the sign change between two electronic wave functions. Electrons 

have half spin so that they are Fermions. The wave function must change its sign in 

the case of the interchange: 

 

!(!x1,
!x2,...,

!xk,
!xl,...,

!xN ) = "!(!x1,
!x2,...,

!xl,
!xk,...,

!xN )                                                (2.8) 

 

This is called antisymmetry principle. The result of this principle is the 

generalization of Pauli exclusion principle that is two electrons cannot occupy the 

same state. The probability of finding N number of electrons anywhere in space must 

be exactly unity, 

 

!(!x1,""
!x2,...,

!xN )d
!x1d
!x2...d

!x3 =1                                                                             (2.9) 

  

A wave function is said to be normalized if it satisfies the equation 2.9. 
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2.3 The Variational Principle 

 

The average electronic total energy is the expectation value of H operator, i.e.; 

 

E[!] = !*Ĥ!d!x" # ! Ĥ !                                                                            (2.10) 

 

The expression E[!]  refers that the total energy is a functional of the wave function. 

The variational theorem states that the energy is higher than the ground state energy 

E0  if not the wave function ! matches to ground state wave function !0 : 

 

Etrial[!]" E0 = !0 Ĥ !0                                                                                   (2.11)  

 

The method in regard to the variation theorem to determine the lowest energy and its 

wave function is to optimize the functional E[!] by searching through all suitable 

A-electron wave functions. If the electron wave function gives the lowest energy, 

then, it will be !0  and the energy will be E0 . This can be shortly expressed by  

 

E0 =min!"N E[!] =min!"N ! | T̂ +VNe +Vee |!                                              (2.12)  

 

Here, !" N  shows that !  is an allowed N-electron wave function. The variational 

principle can be applied as to subsets of all possible functions as well. The aim of the 

use of these subsets is to optimize the equation given above within some algebraic 

schemes. The calculation will be the best approximation to the real electronic wave 

function using those particular subsets. 

 

2.4 The Hartree-Fock Method  

 

The HF Method is the milestone of nearly all wave function based quantum 

mechanical methods. Comprehension of the logic behind this approximation will be 

better help for the analysis of the density functional theory [75].  
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As mentioned before, it is not possible to solve the equation 2.12 by examining 

through all acceptable N-electron electronic wave functions so a suitable subset is 

needed to be described. The subset should offer a physically sensible approximation 

to the exact wave function. HF theory includes an ansatz for the structure of 

electronic wave functions: it is an antisymmetric product of functions ! k (
!xk )  each of 

which depends on the coordinates of a single electron, that is; 

 

!HF " ! = 1
N!

"1(
!x1) ! 2 (

!x1) . . . !N (
!x1)

!1(
!x2 ) ! 2 (

!x2 ) . . . !N (
!x2 )

.

.

.

.

.

.

.

.

.

!1(
!xN ) ! 2 (

!xN ) . . . !N (
!xN )

                                      (2.13) 

 

or using a convenient short-hand notation:   

 

! = 1
N!
det{ "1(

!x1) " 2 (
!x2 )..."N (

!xN )}                                                              (2.14) 

 

!  is referred as slater determinant. The functions ! k (
!xk )  are spin orbitals, which 

consists of one of the two spin functions ! (s) or !(s)  and a spatial orbital !k (
!r ) .  

 

! (!x) = "(!r )# (!s ), # =$,%                                                                            (2.15)  

 

The spin functions are the orthonormal property, that is, <! ! > =< " " > =1  and 

<! " > =< " ! > = 0.  

 

Substitution of the equation 2.14 for electronic wave function into the equation 2.3 

produces the following expression for the HF energy: 
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EHF = ! | Ĥ |! = (i | ĥ | i)+ 1
2

(ii | jj)!
j

N

"
i

N

"
i

N

" (ij | ji)                                          (2.16) 

 

(i | ĥ | i) = !! i

*
(!x1) " 1

2
#2 "

Zq

r1qq

M

$
%
&
'

('

)
*
'

+'
! i (
!x1)d
"x1                                                         (2.17) 

 

describes the one electron term, which is kinetic energies of the electrons and the 

interactions between electrons and nucleus respectively. 

 

(ii | ij) = ! i (
!x1)

2 1
r12

! j (
!x2 )

2
d!x1 d
!x2!!                                                                   (2.18) 

 

(ij | ji) = ! i (
!x1)!

*
j (
!x1)
1
r12
! j (
!x2 )!

*
i (
!x2 )d
!x1 d
!x2!!                                                     (2.19) 

 

are the two electrons terms, which are called coulomb and exchange integrals, 

respectively. They describe the electron interaction for two electrons. EHF is a 

functional of the spin orbitals, EHF = E {! i}[ ] . By using variation theorem on the 

equation 2.16 for the choice of the orbitals, we can find the best orbitals that 

minimize EHF energy with the restriction that the orbitals are orthonormal. Thus, HF 

equation can be written as  

 

! 1
2
"2 !

Zq

riq
+ !(!x2 )

r12
d!x2#

q

M

$
%
&
'

('

)
*
'

+'
! i (
!x1)+ ! x (

!x1,
!x2 )! i (

!x2 )d
!x2 = ! i" i (

!x1)#                 (2.20) 

 

Here, ! i  are the orbital energies, the third term is exchange energy and! x , the non 

local exchange potential, is such that 

 

! x (
!x1! , !x2 )" i (

!x2 )d
!x2 = "

" j (
!x1)" j

*(!x2 )
r12

" i (
!x2 )d
!x2!

j

N

#                                           (2.21) 
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The HF equations represent the influence of the mean field potential consisting of the 

non-interacting electrons under the Coulomb potential and a non-local exchange 

potential. 

 

Although from this starting point, correlated methods (better approximations) for the 

wave function and the ground state energy can be obtained, such improvements 

computationally costs very high and the scales are so quickly with the number of the 

electrons treated [76]. Moreover, to obtain accurate solutions, a large basis set that 

means very flexible description of spatial variation of the electronic wave function 

should be used. For molecular calculations, many correlated methods were 

developed such as, MP2, MP3, MP4, CISD, CCSD, CCSD(T) [77]. The calculations 

carried out by CCSD(T) are accurate enough for predicting the chemical properties 

of systems, such as reaction rates, stability, etc. On the other hand, despite rapid 

advances in computer technology, the application of these methods to realistic 

models of systems of interest is not feasible due to their prohibitively high 

computational expenses [78].  

 

In condensed matter science, the discussion above refers that the direct solution of 

the Schrödinger equation is not currently possible. For the development and use of 

DFT, this is a major motivation since it can be possible to solve ground state energy 

without solving the Schrödinger equation and determining the 3N dimensional wave 

function find ground state energy, we may not need to solve Schrödinger equation 

exactly. 

 

2.5 Avoiding the Solution of the Schrödinger Equation 

 

It is not necessary to know 3N dimensional wave function to calculate the total 

energy. Knowledge of the two-particle probability density, i.e., the probability of 

finding an electron at !x1and an electron !x2  density of electrons is adequate. 

 

The second order density matrix for the analysis of the energy expression is defined 

as  
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P2 (
!x1
', !x2

' ; !x1 ,
!x2 ) =

N(N !1)
2

"*(!x1
', !x2

' ,...# , !xN
' )"(!x1,

!x2,...,
!xN )d
!x3d
!x4...d

!xN             (2.22) 

 

The diagonal elements of P2, often referred to as the two-particle density matrix, are 

 

P2 (
!x1,
!x2 ) = P2 (

!x1,
!x2;
!x1,
!x2 )                                                                                     (2.23) 

 

This equation is the required two-electron probability function and entirely defines 

all two-particle operators. The first order density matrix can be written in terms of P2 

as:  

 

P1(
!x '1,
!x2 ) =

2
N !1

P2 (
!x1
', !x2;
!x1,
!x2 )d
!x2"                                                                   (2.24) 

 

The total energy is defined in terms of P1 and P2: 

 

E = tr Ĥ P̂( ) = ! 1
2
"1
2 !

Zq

r1qq

N

#
$

%&
'

()
P1(
!x1
' )

*

+
,
,

-

.
/
/x1=x1'

d!x1 +
1
r12
P2 (
!x1,
!x2 )d
!x100 d!x2       (2.25) 

 

Hence, the total energy can be computed by the diagonal elements of the P1 and P2. 

This makes the calculation simpler since the solution of the Schrödinger equation for 

the wave function is not required and the problem in a space of 3N coordinates has 

been reduced to a problem in a 6 dimensional space. Shortly, it is enough to find the 

first and second order density matrixes rather than solving the Schrödinger equation 

exactly in order to determine the energy.  

 

Methods related to the direct optimization of E(P1, P2) have the particular problem of 

ensuring that the density matrices are constructible from an antisymmetric ". 

Imposing this constraint is an unsolved issue [79,80]. Thus, without calculating many 

body wave function, to calculate the total energy, the equation 2.25 is does not lead 

to a reliable method for computing the total energy. 
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2.6 The Hohenberg and Kohn Theorems  

 
Hohenberg and Kohn proved the following two theorems in 1964 [81]. The first 

theorem states: 

 

The electron density determines the external potential to within an additive 

constant.  

 

According to this statement, the electron density individually determines the 

Hamiltonian operator in the equation 2.3. The Hamiltonian is specified by the 

external potential and the total number of electrons, N, which can be computed from 

the density simply by integration over all space. Hence, in fact, the operator can be 

individually defined by the given charge density so the electronic wave functions " 

of all states and all properties of the systems can be determined.  

 

They did an explicit proof of the given theorem that became general to contain 

systems with degenerate states in proof given by Levy [82]. The theoretical 

spectroscopist E. B. Wilson came up with a very straightforward proof of this 

theorem in a conference in 1965 at which it was being presented. Wilson’s comment 

is that the electron density uniquely describes the charges and the positions of the 

nuclei and thus trivially determines the Hamiltonian. The proof based on the fact 

that, the electron density possesses a cusp at the nucleus:   

 

Z! = !1
2"(0)

""(r! )
"r!

#

$
%

&

'
(
r! =0

                                                                                       (2.26) 

 

where, !(!r )  is the spherical average of the charge density, !  such that one can 

uniquely determine Hamiltonian by examining charge density carefully. The 

Wilson’s observation causes to start the interest for the interaction between electrons 

and nucleus although Levy proof is more general. Shortly, the first theorem states 

that the energy is a functional of the density.   

 

The second theorem forms a variational principle:   
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For any positive definite trial density, "t, such that !t (
!r )d!r = N!

 
!t (r)dr = N! then E[!t ]! E0  

 

The second theorem’ proof is very clear since it is known from the first theorem that 

a unique trial Hamiltonian, H is found by the trial density. Hence, the trial wave 

function,! trial; E[!t ] = ! trial | Ĥ |! trial " E0  obeys the variational theorem for the 

Schrodinger equation (see the equation 2.15). By the second theorem, DFT is 

restricted to the studies for finding ground state. 

 

These two theorems lead to the following fundamental statement of DFT: 

 

! E["]! µ( "(!r )d!r ! N )"#
$

%
& = 0                                                                             (2.27) 

 

The minimum of some functional E[!]  corresponds the ground state energy and 

density provided that the density contains the correct number of electrons. The 

Lagrange multiplier of this limitation is the electronic chemical potential (!).  

 

The equation 2.27 indicates that there is an universal functional, independent of the 

external potential, which can be used to find the ground state density and energy by 

minimizing this functional if its form is known.  

 

2.7 The Energy Functional  

 

It can be concluded from the equation 2.3 that the energy functional consists of three 

terms, which are the electronic kinetic energy, the attraction between the electrons 

and nuclei (external potential), and the electron-electron interactions so the energy 

functional can be written as:  

 

E[!] = T[!]+Vext[!]+Vee[!]                                                                                (2.28) 

 

The external potential is trivial:  
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Vext[!] = V̂ext! !(!r )d!r                                                                                              (2.29) 

 

The remaining two terms are unknown. Direct minimization of the energy would be 

achievable on the condition that good approximations to those functionals could be 

found. There are a lot research on this possibility [83]. 

 

Kohn and Sham proposed the following method to approximate the kinetic energy 

and electron-electron functionals [84]. They presented fictitious system of N number 

of non-interacting electrons to be described by a single determinant wave function in 

N number of orbitals. The electron density and kinetic energy are identified from the 

orbitals in this system: 

 

Ts[!] = ! 1
2

" i "
2 " i

i

N

#                                                                                        (2.30) 

  

The kinetic energy here Ts[!]  is the energy of non-interacting electrons in the 

system rather than the true kinetic energy T[!] . That produces the ground state 

density: 

 

!(!r ) = ! i
2

i

N

!                                                                                                         (2.31) 

 

A set of orbitals forming explicitly the density confirms that it can be constructed 

from an asymmetric wave function.  

 

A significant component of the electron-electron interaction, which is the classical 

Coulomb interaction, can be written in terms of the density: 

 

VH [!] =
1
2

!(!r1)!(
!r2 )

r12
d!r1 d
!r2!                                                                                  (2.32) 

 

The energy functional may be modified as: 
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E[!] = Ts[!]+Vext[!]+VH [!]+ Exc[!]                                                                  (2.33)  

Here, the last term is the exchange-correlation functional, which can be expressed as:  

 

Exc[!] = (T[!]!Ts[!])+ (Vee[!]!VH [!])                                                              (2.34)  

 

The exchange correlation functional is basically the total of the error made in using a 

non-interacting kinetic energy and treating the electron-electron interaction 

classically. After writing the functional explicitly in terms of the density, and 

applying the variational theorem, we determine the orbitals which minimize the 

energy, satisfy the following set of equations with respect to the density: 

 

! 1
2
"2 + vext (r)+

!(r ')
r ! r '# dr '+ vxc (r)

$

%
&

'

(
)" i (r) = # i" i (r)                                              (2.35) 

 

 Here, vxc (r) , local multiplicative potential, is the functional derivative of the 

exchange correlation energy.  

 

vxc (r) =
!Exc["]

!"
                                                                                                    (2.36) 

 

The behavior of non-interacting electrons in an effective local potential is described 

by this set of non-linear equations called the Kohn-Sham equations. The orbitals 

produce the exact ground state density and energy by using the equation 2.31 and 

2.35 respectively when the exchange functional is provided.  

 

These Kohn-Sham equations and the HF equations, see the equation 2.20, have 

similar structure except that the non-local exchange potential of the HF equations is 

replaced by the local exchange-correlation potential, νxc. At this point, one should 

note that exchange-correlation potential here includes an element of the kinetic 

energy and is not the summation of the exchange and correlation energies as they are 

known in HF and correlated wave function theories [77].  
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The Kohn-Sham methodology establishes an exact correspondence of the density and 

ground state energy of a system comprising of non-interacting Fermions and the real 

many body system described by the Schrödinger equation. A cartoon that describe 

this relationship simply is given in Figure 2.1. 

 

 
Figure 2.1 The relationship between the real many body system (left side) and the 

non-interacting system of Kohn Sham density functional theory (right side) [77] 

 
 Only if the exact functional is known, the correspondence of the charge density and 

energy of the many-body and the non-interacting system can be exact. KS-DFT is an 

empirical methodology in the sense that we do not know the exact functional. Since 

the functional is universal namely independent of the materials that are studied in 

principle, we could solve the Schrödinger equation exactly and find the energy 

functional and its associated potential for any particular system. However, this costs 

greater struggle than a direct solution of the energy. Nonetheless, the capability of 

determining precise properties of the universal functional in a number of systems 

provides exceptional to the functional to be developed and utilized in a wide-rang of 

materials. This property is generally associated with an ab initio theory so that the 

approximations to density functional theory are often referred to as ab initio or first 

principle methods. 
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The computational cost of solving the KS equation scales normally as N3 due to the 

requirement of the orthogonality of N orbitals but in current practice is reducing to 

N1 through the exploitation of the locality of the orbitals [77] . 

In order to calculate local and global minima of the structures, DFT represents a 

useful and highly accurate option instead of the wave function methods mentioned 

before. The effectiveness of the DFT, in practice, depends on the approximation used 

for the exchange correlation energy. 

 

2.8 The Exchange Correlation Functionals 

 

There are some exchange correlational functionals, which can be classified as two 

main categories that are empirical and non-empirical functionals. The empirical 

functionals can be derived from the experimental results for particular materials 

while the non-empirical functionals are obtained from the results of first-principles 

calculations. In this thesis, the non-empirical functionals will be reviewed.  

 

The exchange correlational energy consists of two parts as mentioned before. One of 

the parts is that the exchange expression originates from the Pauli principle, which 

refers that two identical electrons cannot occuppy the same quantum state 

simultaneously. The correlation expression comes from the motion of the electrons, 

which we accept independent of each other. The other part is that the exchange 

energy term is precisely known from the HF method [85] whereas the correlation 

expression is identified merely in parameterized forms, and can be determined by 

using the Quantum Monte Carlo (QMC) method with some limiting cases [77].  

 

2.8.1 The Local Density Functional 

 
The most regularly used exchange-correlation functionals are known to be Local 

Density Approximation (LDA) and Spin-polarized Local Density Approximation 

(LSDA) [84]. The LDA exchange-correlation energy is defined as:  

 

Exc
LDA = !(!r )! xc

LDA["]d!r!                                                                                         (2.37) 
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Here, ! xc
LDA["]  is the exchange correlation energy per electron. In this approach, 

! xc
LDA["]  is accepted as a functional of the local density and is identified as: 

! xc
LDA["] = ! xc

hom                                                                                                        (2.38) 

 

where, ! xc
LDA["]  states the energy density of a homogenous electron gas per particle 

of the density ! . Hence, in this method, the exchange-correlation potential and the 

exchange correlation energy are substituted by the related terminologies for the 

homogenous electron gas. The homogenous electron gas is a system of a uniform 

density in its ground state. Thus, this density describes it. For this reason, LDA 

exchange correlational function is a good choice where the density of the system 

changes gradually. 

 

The exchange energy of the homogenous electron gas can be determined analytically 

whereas the correlation energy is obtained with quantum mechanical calculations. 

The form of the exchange energy density modified by Dirac [86] is shown as: 

 

! x["] = ! 3
4
( 3
#
)1/3"1/3                                                                                              (2.39) 

 

Perdew and Zunger derived the most known approximation for the correlation [87]. 

They used the output of quantum mechanical calculation of Ceperley and Alder [88]. 

 

LDA was preferred for those systems having quite smooth density such as bulk 

materials. However, there exist some weaknesses for this approximation such as over 

estimated dielectric constants, errors in binding energies up to 30 %, inadequate 

calculations for magnetic properties an the shorter lattice constants than the 

experiment values. 

 

2.8.2 The Generalized Gradient Approximation  

 

In order to allow for the influence on the inhomogeneity in charge density of the 

physical system, LDA needs to be modified the dependency of the density gradient 

!! . Functionals including the gradient of the density and holding the some rules and 
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negativity constraints conditions are known as Generalized Gradient Approximation 

(GGA), which can be generically written as: 

 

Exc
GGA[!" ,!# ] = f (! !" ,!# ,"!" ,"!# )d

!r                                                                (2.40) 

 

Where,  are electronic density for spin up and spin down respectively 

 

As usual, it is accepted that Exc
GGA  has two parts, which are exchange and correlation 

 

Exc
GGA = Ex

GGA + Ec
GGA                                                                                               (2.41) 

 

and the approximations of the functional are generally made separately for both of 

them. 

 

Perdew and Wang (PW91) exchange correlation functional includes no experimental 

parameter. This functional is obtained from the constant gas approximations with 

exact constraints in 1991 [89-91]. Perdew, Burke, and Ernzerhof, PBE exchange 

correlation functional did a correction on PW91 [92]. Lee, Yang and Parr (LYP) is 

another popular functional for the correlation [93]. It is not based upon uniform 

electron gas and obtained the correlation energy as an explicit functional of the 

density and its gradient. The LYP functional contains one empirical parameter. This 

correlation functional is usually associated with Becke’s exchange functional and is 

known as BLYP.  

 

Importantly, GGA does not offer a complete non-local functional. The only 

advantage of GGA is that it contains the local variation of the densities. Furthermore, 

for both the energy and potentials, GGA in its original form does not produce the 

simultaneous asymptotic behavior. In currently developed functionals, a cut-off 

procedure on density is implemented to obtain satisfactory results. Nonetheless, 

GGA has improvements over LDA in many systems in condensed matter physics and 

chemistry with the exception in the long-range weakly bound systems such as van 

der Waals interactions. 

!" ,!#
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2.8.3 The Meta-GGA Functionals 

 

Recently, for exchange correlation functionals, a rather elegant formalism, which 

depends on the semi-local information in the Laplacian of the spin density or of the 

local kinetic energy density, has been developed [94-96]. This kind of functionals is 

generally referred to as meta-GGA functionals.  

 

The general form of such functionals can be written as:  

 

Exc
GGA = !(!r )! xc (!, !! ,!

2!," )d!r"                                                                       (2.42) 

 

 !  is the kinetic energy density: 

 

! = 1
2

!" i
2

i
"                                                                                                        (2.43)  

 

The performance of these functionals will be discussed in the following sections. 

 

2.8.4 The Hybrid Functionals  

 

The non-interacting density functional system and the fully interacting many body 

system have an “exact” connection between each other by means of the integration 

of the work done in gradually turning on the electron-electron interactions. 

According to this adiabatic connection approach [97], the “exact” functional can be 

formally written as: 

 

Exc[!] =
1
2

[< !(!r )!(!r ') >!," !!(
!r )! (!r ! !r

!=0

1

""" ')] !e2
!r ! !r '

d!rd!r 'd!                        (2.44) 

 

where the expectation value < !(!r )!(!r ') >!,"  is the density-density correlation 

function, which is calculated at density !(!r )  for a system described by the effective 

potential: 
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Veff =Ven +
1
2

!e2
!ri !
!rji" j

#                                                                                           (2.45) 

Hence, on the condition that the variation of the density-density correlation function 

with the coupling constant (! ) is known, the exact energy could be determined. By 

replacing the pair correlation function with that for the homogeneous electron gas, 

the LDA is recovered.  

 

With the adiabatic integration approach, a different approximation for the exchange-

correlation functional is proposed. The non-interacting system corresponds 

identically to the HF ansatz at ! = 0  whereas the LDA and GGA exchange 

correlation functions are formed to be perfect approximations for the fully interacting 

homogenous electron gas, i.e. a system with ! =1. Thus, it makes sense to 

approximate the integral over the coupling constant as a weighted sum of the end 

points, i.e. we may set: 

 

Exc ! aEFock + bExc
GGA                                                                                               (2.46) 

 

Coefficients a and b to be computed by reference to a system for which the exact 

result is known. Becke used this method by defining a new functional with 

coefficients obtained by a fit to the observed energies such as atomization energies, 

proton affinities, ionization potentials and total atomic energies for several small 

molecules [98]. The resultant energy functional is as following: 

 

Exc = Exc
LDA + 0.2(Ex

Fock ! Ex
LDA )+ 0.72"Ex

B88 + 0.81"Ec
PW 91                                     (2.47) 

 

Where, !Ex
B88  and !Ec

PW 91 are extensively used GGA corrections [99] to the LDA 

exchange and correlation energy respectively. This kind of hybrid functionals are 

now very commonly applied in chemical applications, The accuracy of the 

calculations, such as binding energies, geometries and frequencies is better than the 

best GGA functionals especially for organic chemistry. 
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2.8.5 The Performance of the Exchange Correlation Functionals  

 

There is a natural hierarchy among the exchange correlational types. The studies for 

the corrections are going on the underlying functional form and the description of 

ground state properties is improving. The most remarkable recent advance is the non-

local nature of the exchange potential that is presented in one form or another. A 

current hierarchy is given in Table 2.1. 

 

Table 2.1 The hierarchy of exchange correlation functionals [77]  

Dependencies Family 

Exact exchange, !! , #  Hybrid 

!2! , $ Meta-GGA 

!!  GGA 

# LDA 

 

Kurth and coworkers and Adamo and coworkers have recently been studied the 

performance of some selected functionals in calculations for a number of molecular 

and material properties [96,100]. The details can be found in the references.  
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CHAPTER 3 

 

THE INFLUENCE OF UNSATURATED HYDROCARBON LIGANDS ON 

THE STABILIZATION OF PLATINUM TETRAMER  

 

3.1 Introduction 

 
Metal clusters (MCs) play an important role in catalysis, medical science and 

nanostructured electronic devices [6,101-103]. Using ligands with functional groups 

attached to the surface metal atoms allows for the construction of functional 

nanoassemblies and binding the clusters to surfaces of various substrates. Moreover, 

the ligand environment could significantly affect the electronic properties of the 

metal surfaces and the clusters themselves [104].  

 

Colloidal MCs are cardinal for comprehension of catalytic process by formulating 

model catalytic systems. Using industrial catalysts supported small MCs with large 

variations in size and shape generally leads to face with the problems related to 

control the distribution of the active sites of different reaction products on the 

catalyst surfaces [105,106]. For this reason, in the last few decades, the study of 

colloidal metal particles in solution, in the nanoscale regime, with tailored properties 

have been carried out as the high surface volume ratio of MCs for obtaining high 

amounts of active sites per metal mass and most catalytic reaction changed according 

to the surface characteristics for given metals are important keys to take under 

control catalytic reaction by controlling over the nanoparticle size and shape. Thus, 

colloidal of metal particles of technological application due to the stabilization of 

metallic particles efficiently in solution have recently attracted more attention to the 

systems related to the synthesis of colloidal metallic particles starting from single 

atoms, ions, or small clusters in the model catalytic systems [107-113]. To keep the 

growing units from coalescence into thermodynamic equilibrium phase, the ligands 

could significantly affect the growing units [114-117]. 
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Pt metal clusters are one of the ingredients of colloidal suspensions in the field of 

catalysis [118]. Approximately 1 nanometer sized Pt particles on chlorinated for 

industrial catalysts were introduced in the 1960s [119]. Lewis and co-workers 

contributed for the addition of Pt particles in catalytic hydrosylilation reactions 

[120]. After them, Colloidal metal nano particles started to use many homogenous 

catalytic reactions in solution, from hydrogen peroxide decomposition to cross 

coupling and supported metal nanoparticles on substrate-heterogeneous catalytic 

reactions [120,121]. Barcaro and Fortunelli studied Pt metalorganic complexes via 

changing the number of metal atoms and the quantity of organic ligands. They 

studied small Ptn(ligand)m (n=1 to n =3) clusters since very minute metallic clusters 

usually containing no more than 10 atoms, coated by solvent molecules can be 

produced by the metal vapor deposition technique but when producing these small 

metallic clusters, this technique has problem due to the low thermal stability of the 

solvates, which even if kept at low temperatures, decompose slowly with the 

formation of insoluble aggregates [122]. They tried to find possible solution for the 

stabilization of solvents by using ligands, which are used for inhibiting the 

coalescence of aggregates [110]. Mittendorfer and coworkers investigated the 

adsorption of the unsaturated hydrocarbons on Pt and Pd surfaces with the help of ab 

initio calculations [123]. Zaera and Langmuir studied species CH3, CH2 and CH on 

Pt surfaces experimentally. They showed both kinetic and spectroscopic evidence for 

the construction of adsorbed methyl (CH3) and methylene (CH2) moieties on Pt 

surfaces and additional kinetic data, which imply that methylidyne (CH) groups also 

form on the same substrate [124]. Wang and Andrews studied three Pt-C2H2 reaction 

product isomers experimentally and theoretically. They formed the vinylidene 

PtCCH2, reacting laser-ablated Pt atoms with C2H2 upon co-condensation in excess 

argon and neon [125]. Granatier and coworkers investigated the interaction between 

the Pt atoms and benzene molecules using a symmetric Pt'Bz half-sandwich 

complex with various level of wave function theory including several functionals of 

the Density Functional Theory [126]. Majumdar and coworkers examined the 

interaction (benzene)n (n=1,2,3) with Pt and Pt2  using a variety of the computational 

techniques. They found physisorbed structures and energetically lower chemisorbed 

species [127].  

 

In this part of our study we have investigated Pt4(CH)n (1( n(7) and Pt4(benzene)2 
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clusters within the framework of DFT. There is a number of studies available for Pt-

hydrocarbon complexes, however less theoretical emphasis has been given to the 

platinum atoms with unsaturated hydrocarbons including equal number of hydrogen 

and carbon atoms. Due to the interesting catalytic properties and strong chemical 

structure of Pt tetrahedron, we studied Pt tetrahedron molecules with very reactive 

CH units to see the stability and reactivity of these structures by increasing the 

number of CH ligands. To understand the influence of the unsaturated hydrocarbon 

ligands on the stabilization of pure Pt tetramer, the geometric, energetic, electronic 

properties, vibrational frequency and global reactivity indexes were studied by using 

density functional theory within spin polarized generalized gradient approximation 

and hybrid exchange correlation functionals. Locally stable isomers are distinguished 

from transition states by vibrational frequency analysis. We present the obtained 

results and discuss the influence of the unsaturated hydrocarbon ligands on the 

stabilization of the Pt tetramer in the following sections.   

 

3.2 Computational Details  

 

NWChem 6.0 package [128] has been used to perform geometry optimizations, and 

to find the total energies, the vibrational frequencies, and the highest occupied and 

the lowest unoccupied molecular-orbital (HOMO–LUMO) gaps by DFT 

calculations. CRENBL [129] basis set and relativistic effective core potential (ECP) 

have been chosen for Pt where the outer most 18-electrons (5s2 5p6 5d9 6s1) are 

treated as valence to reduce the number of electrons explicitly considered in the 

calculations. For C and H atoms the split valence 6-31G* basis set has been 

employed. The reliability of the CRENBL basis set and ECP were determined by 

comparing atomic excitation energies with accurate all-electron calculations where 

maximum errors were found to be less than 0.12 eV for Pt [129]. The default 

convergence criteria of the code have been employed during the calculations which 

are 1x10-6 Hartree for energy and 5x10-4 Hartree / a0 for energy gradient.  The hybrid 

B3LYP [93,98,130] exchange-correlation functional is chosen for the transition 

metal cluster with hydrocarbon ligands studied in the present work. In addition, the 

ground state geometrical structures obtained by B3LYP hybrid functional that have 

been re-optimized by BPW91 [92] GGA and SVWN5 [131] LDA functionals as 
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well. The geometry optimizations without any symmetry constraints in various 

electronic spin multiplicities were carried out.   

 

3.3 Results and Discussion 

3.3.1 Lowest Energy Structure 

 

The most stable structures of Pt4(CH)n (1!n!7) hydrocarbon Pt tetramers are 

presented in Figure 3.1 and Figure 3.2. It can be seen in these figures that CH is 

adsorbed on the Pt tetramer in a molecular form with carbon instead of hydrogen 

bonding to platinum for each case studied in the present work. The lowest energy 

structure of Pt4 is an equilateral triangular pyramid (distorted tetrahedron), which has 

C3v point group symmetry in the triplet magnetic state [132,133]. Addition of CH 

ligands to the Pt tetrahedron do not change the tetrahedral configuration of the metal 

cluster up to the species Pt4(CH)4 although Pt-Pt bond distances change in the lowest 

energy configurations. For the higher sizes, tetrahedral character of the Pt tetramer is 

lost except the size n=6. This exception is reasonable since benzene is a stable 

aromatic hydrocarbon, which can bind to the Pt tetramer strongly due to its 

delocalized electrons without affecting the structure of the metal cluster so much. 

The re-examination of the most stable structures obtained by using B3LYP with 

LDA (SVWN5) and GGA (BPW91) exchange-correlation functionals do not alter 

the geometric structures and bond lengths significantly. 

 

The first CH molecule absorbed on Pt tetramer on a hollow site forming 

Pt4methylidyne  (see Figure 3.1a) reduces the point group symmetry to Cs. The 

magnetic ground state of Pt4methylidyne is doublet. The magnetic multiplicities of 

all the ground state structures obtained in the present study are always the lowest 

multiplicities, namely singlet for the systems having even number of electrons and 

doublet for the ones having odd number of electrons. The hollow side absorption and 

four coordination of carbon indicate that sp3 hybridization in CH radical is 

energetically favorable in the reaction with Pt tetramer. Pt-Pt bond distances of the 

optimized structure of Pt4methylidyne (2.6 Å) slightly differ from that of pure Pt4 

(2.7 Å). 



 

 32 

  

(a) Pt4methylidyne (b) Pt4(CH)2      0.00 eV 

  

(c) Pt4ethyne-1     0.28 eV (d) Pt4ethyne-2   0.44 eV 

  

(e) Pt4(CH)3 (f) Pt4(CH)4 

 

 

(g) Pt4(CH)5  

Figure 3.1 The lowest energy structures and some isomers of Pt4(CH)n (n=1 to 5) 
clusters. 
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The absorption of CH results in a small decrease in the Pt-Pt distances and therefore 

the three-coordinated Pt atom gets close to the plane formed by the other three Pt 

atoms. The Pt-C bond length is 1.9 Å whereas the C-H bond distance is 1.1 Å. The 

second CH ligand prefers to be adsorbed again on another hollow site (see Figure 

3.1b), which means that the system has a tendency to optimize the metal-carbon 

interaction at the expense of the carbon-carbon interaction. The point group 

symmetry of the lowest energy structure of Pt4(CH)2 is C2v. The adsorption of the 

second CH molecule leads to a stretch in the Pt-Pt bond lengths where the average 

Pt-Pt bond distance becomes 2.9 Å. As a second isomer of Pt4(CH)2, Pt4ethyne (see 

Figure 3.1c) has Cs symmetry and its energy is 0.28 eV higher than that of the 

structure in Figure 3.1b. In this structure, there are two different bond lengths 

between Pt and C atoms: 2.1 Å and 1.9 Å whereas the C-C bond distance is 1.4 Å. 

The third isomer of Pt4(CH)2, which is the second low-lying isomer of Pt4ethyne, is 

given in the Figure 3.1d having Cs symmetry. The binding energy of this structure is 

0.44 eV higher than that of the lowest energy one. The Pt-Pt distances are 2.5 Å, 

while Pt-C bond distance is 2.0 Å in this structure. In summary, the chemical bond 

formation of two C atoms on Pt tetramer is not energetically favorable when the 

number of CH ligands is 2.  

 

After the size 2, as the number of CH ligands on the Pt tetramer is increased, the new 

coming CH radicals prefer to form C bonds rather than to form Pt bonds only since 

sharing some valence electrons between carbon atoms becomes favorable over 

constructing new metal-carbon interactions. Thus, the third CH molecule is adsorbed 

on a Pt-C bridge site by constructing a C-C bond of 1.4 Å (see Figure 3.1e). Pt–Pt 

distances are between 2.6 Å and 3.2 Å in this structure. As the two Pt atoms get 

closer to each other the others are separated. Similarly, the forth CH goes near to the 

two C atoms instead of binding to the single C (see Figure 3.1f). This structure of 

Pt4(CH)4 has Cs symmetry. The average C–C bond distance is 1.4 Å, which is similar 

to that of the previous case. There is no significant change in the part of the structure 

where the single C is bonded to the three Pt atoms and to the H. The average Pt-C 

bond distance is 2.0 Å. After the adsorption of the fifth CH molecule, the range of 

the Pt-Pt distances is 2.6 Å – 3.2 Å, which is similar to the previous size. In the 

lowest energy structure of Pt4(CH)5, four C atoms and a Pt atom construct a ring. 

Two of the C atoms in the ring are doubly bounded to each other (1.3 Å). Single C-C 
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bond distances are 1.5 Å. The lowest energy structure of Pt4(CH)6 is a Pt4benzene 

(see Figure 3.2a) having Cs symmetry where the ring of 6 C atoms adsorbed on a 

triangular surface of the Pt tetramer. The Pt-C bond lengths in this structure are 

approximately 2.2 Å. The second isomer of Pt4benzene shown in Figure 3.2b has 

higher energy (0.06 eV) than the first one. In this second structure, which has C2v 

symmetry, the benzene ring is adsorbed on the bridge site of Pt tetrahedron where the 

average Pt-Pt distance is 2.6 Å. This result can be interpreted as the following: the ) 

orbitals of the benzene ring have more overlap with the valence orbitals of the Pt 

tetramer when the ring is adsorbed on the surface of the cluster. The third isomer (see 

Figure 3.2c) is in the form of Pt4(H)2benzyne whose binding energy is 0.08 eV 

higher relative to the lowest energy structure of Pt4benzene. In this case, two of the 

six H atoms bind to Pt atoms instead of C atoms. When the seventh CH radical is 

added, we have a benzene ring and one CH molecule adsorbed on a hollow site in 

Pt4(CH)7. The average Pt-C bond distances do not change significantly. In the other 

lowest energy structure of Pt4(CH)7 (see Figure 3.2f), the benzene is isolated from 

Pt4CH structure and its energy is 1.28 eV higher than the first one. When we 

investigate Pt4(benzene)2  structures, we identified the lowest energy structure as two 

benzene molecules  adsorbed on different bridge sites of Pt tetramer (see Figure 

3.3a). The average Pt-Pt bond distance in this structure is 2.6 Å. The C-C (1.4 Å) and 

Pt-C bond distances (2.2 Å) are similar with those of the smaller sizes. A second 

isomer of Pt4(benzene)2  is given in Figure 3.3b, which has higher energy (0.50 eV) 

than the first isomer where one of the benzene rings is adsorbed on a bridge site 

while the other is adsorbed on a top side. In the third configuration (Figure 3.3c), we 

put second benzene molecule parallel to the previous one and relax the structure. The 

second benzene remains isolated at the end of the geometry optimization, however 

the total binding energy of this configuration is 1.80 eV higher than the first isomer. 

Pt4biphenyl is identified as a fourth isomer (Figure 3.3d) where an H2 molecule 

separated from the rest of the structure. 
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Figure 3.2 The lowest energy structures and some isomers of Pt4(CH)6 and Pt4(CH)7 
clusters  

 
  

  

(a) Pt4benzene-1   0.00  eV (b) Pt4benzene-2    0.06 eV 

  

(c) Pt4(H)2benzyne    0.08 eV (d) Pt4benzene-3    0.27 eV 

  

(e) Pt4(CH)7         0.00  eV (f) Pt4CH  + benzene      1.28 eV 
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(a) Pt4(benzene)2 -1       0.00 eV (b) Pt4(benzene)2 -2               0.50 eV 

  

(c) Pt4benzene  + benzene   1.80 eV (d) Pt4Biphenyl  + H2            2.30 eV 

Figure 3.3 The low-lying isomers of Pt4(benzene)2 clusters  

 

3.3.2 Energetics and Stability  

 

In order to predict the relative stabilities of the Pt4(CH)n (1!n!7 and n=12) 

structures, the binding energy per atom and the second finite difference in energies 

are calculated and plotted in Figure 3.4 and Figure 3.5 respectively. 

 

The binding energy per atom (BE/n) has been obtained in the following way: 

 

BE/n = (nE[C] + nE[H] + 4E[Pt] - E[Pt4(CH)n]) / n from n = 1 to n = 11            (3.1)
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where E[*] is the total energy of the neutral Carbon, Hydrogen, Platinum atoms and 

the metalorganic cluster, respectively. It is clear that the binding energies per atom of 

the species continuously increase with the increase of the number of CH molecules 

(see Figure 3.4), which indicates that the species can constantly gain energy during 

the growth process as the gained energy rate slows down. The binding energy per 

atom of the pure platinum tetramer is 2.4 eV/atom. After the absorption of the first 

CH molecule, the binding energy increased rapidly to 3.7 eV/atom. 

 

       

     Figure 3.4 The binding energies per atom for Pt4(CH)n (n=1 to 7 and n=12) 
clusters 
 

To further illustrate the stability of the species and their size dependent behaviors, we 

have considered the second finite difference in energies that is a sensitive quantity 

frequently used as a measure of the relative stability of the complexes and is often 

compared directly with the relative abundances determined in mass spectroscopy 

experiments. Moreover, clusters are especially abundant magic number sizes in mass 

spectra as they are most stable ones. The second finite different energies (Dn) can be 

calculated as  

 

                                                                                            (3.2) 

 

where En  is the total energy of the cluster Pt4(CH)n. The second finite difference (D) 

in energies versus cluster size plot is given in Figure 3.5. 
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            Table 3.1 Reaction energies with two xc functionals: B3LYP and BW91 

       

 
 
 
 
 

 

 

 

 

 
 

Due to the definition of the second finite difference in energies, we examined these 

energies for Pt4(CH)n  clusters from n = 2 to n = 6. The peak at the size of Pt4benzene 

indicates that this species is the most stable one in the present study. Pt4(CH)5 can be 

considered as the least stable structure as it corresponds to a dip in the plot. 
Commonly, the more stable the species, the lower reactivity of the species to absorb 

CH. Thus, Pt4benzene is expected to be more abundant in mass spectra when 

compared to the other sizes.  

 

Pt4(CH)n + CH ! Pt4(CH)n+1 

 

reaction energies calculated by B3LYP and BPW91 xc-functionals are given in 

Table 3.1. For each n, the reaction is exothermic. The most favorable reactions are 

 

Pt4 + CH ! Pt4CH and Pt4(CH)5 + CH ! Pt4benzene  

 

since the reaction energy for them are the least values in Table 3.1 for both of the xc-

functionals. On the other hand the least favorable reactions are  

 

 

 

Reaction  %E (eV) 
B3LYP 

%E (eV) 
BPW91 

Pt4                   +         CH    &   Pt4 methylidyne -7.12 -7.51 

Pt4CH              +         CH   &   Pt4(CH)2 -6.11 -6.54 

Pt4(CH)2          +         CH   &   Pt4(CH)3 -6.06 -6.30 

Pt4(CH)3          +         CH   &   Pt4(CH)4 -6.02 -6.36 

Pt4(CH)4          +         CH   &   Pt4(CH)5 -5.92 -6.78 

Pt4(CH)5          +         CH   &   Pt4benzene -8.11 -7.71 

Pt4benzene       +        CH   &   Pt4(CH)7 -6.68 -6.76 
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Table 3.2 The electronic properties of Pt4(CH)n (n=1 to 7 and n=12) clusters with 

B3LYP 

      

Table 3.3 The electronic properties of Pt4(CH)n (n=1 to 7 and n=12) clusters with xc 

BPW91 

 

 

Cluster Electron 
Affinity 
(eV) 

 I.P  
(eV) 

B.E per atom 
(eV/atom) 

HOMO-
LUMO gap 

(eV) 

Lowest and 
highest 
vibrational 
frequencies 
(cm-1)  

Pt4methylidyne 1.52 6.72 3.71 1.43 60-2208 

Pt4(CH)2 1.82 7.01 4.23 2.01 45-3017 

Pt4ethyne 2.10 6.26 4.20 1.46 15-3100 

Pt4(CH)3 0.00 6.41 4.55 2.34 57-3098 

Pt4(CH)4 0.78 9.38 4.75 2.41 59-3174 

Pt4(CH)5 1.82 6.14 4.89 2.20 37-3185 

Pt4benzene 2.09 5.99 5.13 2.28 66-3213 

Pt4(CH)7 2.14 6.40 5.24 1.96 32-3087 

Pt4(benzene)2 1.50 6.06 5.52 1.93 60-2208 

Cluster Electron 
Affinity 
(eV) 

 I.E  
(eV) 

B.E per atom 
(eV/atom) 

HOMO-
LUMO gap 
(eV) 

Lowest  and 
highest 
vibrational 
frequencies 
(cm-1)  

Pt4methylidyne 1.59 6.77 6.21 0.58 46-2943 

Pt4(CH)2 1.86 6.90 5.92 0.75 43-2950 

Pt4ethyne 2.00 
 

6.43 
 

5.86 
 

0.48 
 

57-3051 
 

Pt4(CH)3 1.69 6.38 5.72 1.19 50-3026 

Pt4(CH)4 0.90 6.83 5.59 1.14 29-3121 

Pt4(CH)5 1.82 6.87 5.53 1.47 63-3069 

Pt4benzene 2.02 6.10 5.55 0.05 72-3137 

Pt4(CH)7 2.12 6.38 5.50 0.83 29-3149 

Pt4(benzene)2 1.53 6.07 5.37 0.43 46-2943 
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Pt4(CH)2 + CH ! Pt4(CH)3 

Pt4(CH)3 + CH ! Pt4(CH)4 and 

Pt4(CH)4 + CH ! Pt4(CH)5 

 

The reaction energies calculated by employing BPW91 xc-functional is slightly 

different from those of B3LYP. In general BPW91 gives less reaction energies than 

B3LYP. For instance, the reaction energies of   

 

Pt4CH + CH ! Pt4(CH)2  

 

are -6.54 eV  and -6.11 eV by BPW91 and B3LYP, respectively. Interestingly this 

general trend has an exception at Pt4benzene species. BPW91 reaction energy (-7.71 

eV) of Pt4benzene is higher than B3LYP reaction energy (-8.81 eV). We can 

interpret this result as an indication of the observation that while B3LYP functional 

is more appropriate for organic molecules, BPW91 functional is more suitable for 

metallic clusters. Nevertheless, it can be said that the choice of the xc-functional 

does not affect the trend for the favorable reactions in the present study. 

 

           

         Figure 3.5 The second finite difference in energies for Pt4(CH)n (n=2 to 6) 
clusters 
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3.3.3 Electronic Properties  

 

Vertical ionization potentials (IP) and electron affinities (EA) are calculated as the 

total energy difference of neutral, anionic and cationic species in the following way:   

 

IP[Pt4(CH)n ] = E[Pt4(CH)n
+] - E[Pt4(CH)n]                                                            (3.5) 

EA[Pt4(CH)n] = E[Pt4(CH)n] - E[Pt4(CH)n 
-]                                                           (3.6) 

 

Here, E[Pt4(CH)n], E[Pt4(CH)n 
-] and E[Pt4(CH)n

+] refer to total energy of the neutral, 

anionic and cationic clusters respectively. The energy of the highest occupied 

molecular orbital (HOMO) can be considered as a measure of the tendency of the 

structure to give an electron, whereas the energy of the lowest unoccupied molecular 

orbital (LUMO) as a measure of the tendency of the structure to accept an electron. 

The higher the HOMO energy, the higher is the tendency to give an electron, and the 

lower the LUMO energy, the higher is the tendency to accept an electron. A large 

HOMO-LUMO gap (HLG) has been considered as significant requirement for 

chemical stability [134]. Calculated ionization potentials (IP), electron affinities 

(EA), HLGs and lowest and highest vibrational frequencies for both of the xc-

functionals are given in the Table 3.2 and 3.3. We have also given the 3D plots of the 

frontier orbitals, HOMO and LUMO for Pt4(CH)4 and Pt4benzene  in Figure 3.6. 

 

Pure Pt tetramer has 1.60 eV (B3LYP) HLG energy [132,133]. The successive 

adsorption of CH units on Pt tetramer leads to change the gap energy between 1,41 to 

2.41 eV (B3LYP). The two functionals have a qualitative agreement on the 

electronic properties (see Table 3.2). In general, BPW91 HLGs are about 1.00 eV 

less than B3LYP gaps. As Pt4methylidyne and Pt4ethyne have the lower gaps, and 

Pt4(CH)3, Pt4(CH)4, and Pt4(CH)5 have the higher gaps for both of the functionals, 

there is an anomaly in the calculated gaps of Pt4benzene due to the reason we 

mentioned above. The HLG of this system obtained by using BPW91 (0.05 eV) is 

the lowest value, while the same energy obtained by using B3LYP (2.28 eV) is one 

of the highest ones. Species having large HLGs can be expected to have less 

chemical activities, whereas those having small gaps are expected to have more 

chemical activities. The lowest EAs are obtained for Pt4(CH)3 and Pt4(CH)4 clusters, 

while the highest EAs in the present study are obtained for Pt4(CH)7, Pt4ethyne, and 
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Pt4benzene with both of the functionals. The Pt4(CH)4 and Pt4(CH)2 clusters have the 

highest IPs with both of the functionals. The calculated vibrational frequencies with 

both of the functionals are again in qualitative agreement with each other and these 

values can be compared with experimental values and can be assigned to different 

modes of vibrations in these systems. 

 

  

(a) HOMO of Pt4(CH)4 (b) LUMO of Pt4(CH)4 

 
  

(c) HOMO of Pt4benzene (d) LUMO of Pt4benzene 

Figure 3.6 HOMO and LUMO density plot of Pt4(CH)4 and Pt4benzene clusters. 
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3.3.4 DFT Chemical Reactivity Descriptors 

 

In this section, we center our attention on the characterization of the species we have 

studied in terms of reactivity descriptors such as chemical potential (µ), chemical 

hardness (!) and electrophilicity index (w). Those quantities are displayed in Table 

3.4. We calculated electronic chemical potential and chemical hardness according to 

the finite difference approximation [135]:  

 

µ= -(1/2)(IP+EA)                                                                                                    (3.7) 
 

!= -(1/2)(IP-EA)                                                                                                     (3.8) 

 

µ determines the escaping tendency of electrons from an equilibrium system and ! 

can be defined as a resistance to the charge transfer [136]. The global electrophilicity 

index is derived from the chemical potential and hardness as the following [135]:  
 

w=µ2/2!                                                                                                                  (3.9) 

 

w measures the stabilization in energy as the environment gives systems extra 

electronic charges. 

  

Table 3.4 The chemical reactivity descriptors indexes of Pt4(CH)n (n=1 to 7 and 
n=12) clusters in eV 

Clusters 
 

Chemical Potential (µ) Chemical Hardness (!) Electrophilicity 
 Index (w) 

 B3LYP BPW91 B3LYP BPW91 B3LYP BPW91 
Pt4methylidyne -4.12 -4.18 2.60 2.59 3.27 3.37 

Pt4(CH)2 -4.42 -4.38 2.60 2.52 3.75 3.80 

Pt4ethyne -4.18 -4.22 2.08 2.22 4.21 4.01 
Pt4(CH)3 -3.21 -4.03 3.21 2.35 1.60 3.46 

Pt4(CH)4 -5.08 -3.86 4.30 2.96 3.00 2.52 

Pt4(CH)5 -3.98 -4.34 2.16 2.52 3.66 3.74 

Pt4benzene -4.04 -4.06 1.95 2.04 4.19 4.03 

Pt4(CH)7 -4.27 -4.25 2.13 2.13 4.29 4.24 
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Pt4(benzene)2 -3.78 -3.80 2.28 2.27 3.14 3.18 
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Global indicators constitute good indexes to describe the reactivity and the intrinsic 

electronic properties of the system, and show the feasibility of the chemical change. 

It is harder to lose an electron but easier to take another one when µ becomes more 

negative [136]. It is observed in Table 3.4 that Pt4(CH)4 has the lowest chemical 

potential of -5.08 eV by B3LYP, however the same species has one of the highest 

chemical potentials (-3.86 eV) by BPW91 indicating an inconsistency of this 

functional with B3LYP. ! generally shows parallel tendency with chemical potential 

descriptors. Accordingly, Pt4(CH)4 is the hardest one for both of the functionals in 

our calculations. The smallest chemical hardness belongs to Pt4benzene with the 

values of 1.95 eV (B3LYP) and 2.04 eV (BPW91). According to the # values given 

in Table 3.4, the Pt4(CH)7 is the most susceptible from the external environment for 

both of the functionals. The electrophilicity index, which can be one of the essential 

parameter for the selection of a catalyzer, shows oscillating behavior in Table 3.4.  

 

3.4 Conclusion  

 

In this part of the study, we have performed spin-polarized DFT calculations to study 

the interaction of the Pt4(CH)n (n= 1 to 7 and n=12) metalorganic complexes by 

varying the number of CH ligands. The geometric properties, energetics and stability, 

electronic properties and chemical reactivity indexes have been discussed. From the 

analyses of the results, the following conclusions can be drawn: First of all, during 

the growth process with CH on Pt tetramer, atop site adsorption of CH to the species 

is not energetically favorable. CH is adsorbed on the tetramer in the molecular form 

with carbon instead of hydrogen bonding to platinum. The first and second 

adsorptions of CH ligands occur on the hollow sides of the Pt tetramer. After the size 

2, as the number of CH ligands on the Pt tetramer is increased, CH radicals start to 

form C bonds. This trend continues up to the size 6. The lowest energy configuration 

of Pt4(CH)6 becomes a Pt4benzene where the ring of 6 C atoms adsorbed on a 

triangular surface of the Pt tetramer. For Pt4(benzene)2  structures, the lowest energy 

structure is obtained as two benzene molecules adsorbed on different bridge sites of 

the Pt tetramer. Finally, regarding the relative stability criteria, reaction energies, 

chemical reactivity descriptor indexes and electronic properties of the studied 



 

 46 

clusters, Pt4(CH)4 and Pt4benzene metal unsaturated hydrocarbon complexes are 

found to be the most stable species among the studied sizes. 
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CHAPTER 4 

 

THE INTERACTION OF C2H WITH BIMETALLIC COBALT-PLATINUM 

CLUSTERS 

 

4.1 Introduction  

 

In recent years, a great deal of effort has been devoted to study magnetic CoPt 

nanoalloy clusters [137-165] due to their potential usage in ultra-high density 

magnetic storage applications [166]. The characterization of the magnetic anisotropy 

energy distribution of a diluted assembly of CoPt nanoparticles with a mean diameter 

of 3 nm by using superconducting quantum interference device magnetometry was 

reported by Tournus and coworkers. They found experimental evidence of a 

magnetic anisotropy constant dispersion with a comparison of unselected CoPt 

clusters and size-selected Co clusters [167]. Tizitzios and coworkers reported the 

synthesis of 3D ferromagnetic CoPt polypod–like nanostructures [150]. On the 

theoretical side, Sebetci studied small bimetallic CoPt clusters in terms of their 

structural, energetic, electronic and magnetic properties by using DFT method within 

the generalized gradient approximation. As a general trend, he found the average 

binding energies of Co-Pt metallic clusters increase with Pt doping [168]. Another 

theoretical study conducted by Feng and coworkers [169]. They examined magnetic 

and electronic properties of CoPt nanoparticles having equal number of Pt and Co 

atoms.  

  

The ethynyl radical (C2H) is a significant reactive intermediate in hydrocarbon 

combustion process [170-172]. It is also a widespread interstellar molecule including 

a variety of sources [173-177]. In the past decades, C2H radical has been attracted 

much attention [178-181]. Ervin et al. determined electron affinity of C2H as 2.97 eV 

[182]. Zhou et al. studied C2H and C2D radicals by slow electron velocity-map 

imaging of the related anion [178]. Investigating the interactions between metal and 
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organic molecules is significant in both heterogeneous and homogenous catalytic 

systems. Adsorption of a small molecule or atom may modify the electronic and 

magnetic properties and stability of the transition metal clusters. Experimental and 

theoretical works were performed to study the interaction complexes formed between 

metal atoms and ethynyl radical [183-187]. The linear geometric structure of CrC2H 

in the ground and excited states and the vibrational spectrum of CrC2H at the 11 100 

and 13 300 cm-1 region were reported by Brugh and coworkers [188]. By 

combination of resonance-enhanced two-photon ionization, laser induced 

fluorescence, and photoionization efficiency spectroscopy experiments with DFT 

calculations, Loock et al. determined the frequencies of different modes of YbC2H 

[189]. FeC2H-1 and PdC2H-1 were studied experimentally [190,191]. Da-Zhi Li and 

coworkers investigated the interaction of C2H radical with neutral and anionic small 

gold clusters [192]. Yuan et al. investigated the small anionic CoC2H complexes by 

mass spectrometry, the photoelectron spectra and DFT calculations [193]. However, 

to the best of our knowledge, there has been no study reported to date on the 

interaction between C2H radical and bimetallic clusters. Thus, it is worthy to 

investigate anionic bimetalic CoPtC2H nanoalloy complexes systematically in order 

to understand the mechanism and elucidate more details on the formation of small 

CoPtC2H nanoalloy complexes 

 

In the present part of the work, we have investigated the structural, energetic, 

electronic and magnetic properties of the [ConPtmC2H]-1 (2!n+m!5) clusters within 

the framework of DFT and addressed the following important questions: How does 

C2H adsorption change the properties of the structure at a given cluster size? How 

does it change the magnetic properties of bimetallic Co-Pt clusters? What is the 

influence of cluster size and chemical component on the reactivity of Co-Pt clusters 

with C2H adsorption? 

 

Locally stable isomers are distinguished from transition states by vibrational 

frequency analysis as well. We present the obtained results and discuss the 

interaction complexes formed between CoPt bimetallic clusters and ethynyl radical 

in the following sections. 
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4.2 Computational Details  

 

Computational details of this part are the same with that of the previous chapter. In 

addition to them, CRENBL basis set and ECP is used for Co where the outer most 

17-electrons (3s23p63d74s2) are treated as valence to reduce the number of electrons 

explicitly considered in the calculations. BLYP functional has been employed in the 

calculations. 

 

4.3 Result and Discussion  

 

The optimized geometries of the low-lying isomers of anionic [ComPtnC2H]-1 

(2!m+n!5) clusters obtained in this study are given in Figure 4.1, Figure 4.2 and 

Figure 4.3 for the structures with 2!m+n!3, m+n=4, and m+n=5, respectively. We 

have considered many spin multiplicities and various initial configurations. In 

addition, Table 4.1 represents spin moments, binding energies per atom, HLGs, 

vertical detachment energies (VDE) and highest and lowest vibrational frequencies 

of the studied clusters. 

 

4.3.1 [ComPtnC2H]-1 (m+n=2) 

 

Some of the low-lying isomers of anionic ComPtn-ethynyl (m+n=2) clusters are 

displayed in Figure 4.1. The C-C bond distance of the free ethynyl radical is 

calculated as 1.25 Å. The obtained results show that when the radical is adsorbed on 

an atop side, this bond length is not changed so much.  

 

The ground state geometry of [Co2C2H]-1 system has been identified as a linear 

structure with Cs symmetry. When C2H radical approaches to Co dimer, the C atom 

at the end of the radical binds to the Co atom. In this structure the Co-C bond 

distance is 1.92 Å, the Co-Co bond distance is 2.38 Å and the magnetic state is the 

quintet state (4 µB spin moment). The Co-Co bond distance of pure diatomic cobalt 

particle is given between 1.99 Å and 2.13 Å in the literature. These calculated values 

of bond lengths are in good agreement with the previous theoretical calculations of 

the Co-Co bond length as 2.43 Å and the Co-C bond length as 1.95 Å [193]. The BE 



 

 50 

per atom and VDE of this structure are calculated as 4.46 eV and 1.25 eV (see Table 

4.1). The magnetic moment of 1C is 6 µB while 1A and 1B are 4 µB and 1B has a 

relative energy of 0.91 eV with respect to the lowest energy structure 1A. The third 

isomer 1C having Cs symmetry is, see Figure 4.1, 1.27 eV higher in energy than the 

ground state configuration. The structure 1D is energetically the most unfavorable 

structure with 8 µB spin moment. 

 

The ground state configuration of [CoPtC2H]-1 is a linear structure with Cs group 

symmetry. The C2H is adsorbed onto the Co atom rather than the Pt atom where the 

C-Pt bond distance is 2.28 Å. The elongation between Co-Pt distance upon ethynyl 

radical absorption is by 0.04 Å while the Co-Pt bond length in pure bimetallic CoPt 

nanoalloy is 2.24 Å. The second low-lying minima of [CoPtC2H]-1 is also a linear 

structure, which has 0.59 eV higher energy than the lowest one. The magnetic 

moments of 2A and 2B are 3 and 1 µB respectively and the third isomer 2C has 3 µB , 

which has 0.78 eV higher energy than the ground state. The ground state 

configuration of the anionic Pt dimer-ethynyl cluster with Cs symmetry is nonlinear 

planer structure in the triplet magnetic state. The angle between Pt-Pt-C atoms is 

160°. The Pt-Pt distance in the pure Pt dimer is 2.21 Å. The adsorption of ethynyl 

radical leads to a stretch in the Pt-Pt bond length where the Pt-Pt bond distance 

becomes 2.46 Å. In addition, bridge site adsorptions have higher energy than atop 

site adsorption, which continues for the trend that atop site adsorption has lower 

energy than bridge site adsorption. The elongation for Pt-Pt and C-C distance is by 

0.24 Å and 0.05 Å respectively in bridge site adsorption whereas there is no 

significant change for the typical Pt-C distance in both adsorption types.  

 

4.3.2 [ComPtnC2H]-1 (m+n=3) 

 

The VDE of the particles for m+n=3 ranges from 4.29 to 5.06 eV (see Table 4.1). 

The doping of the Pt atom in these structures leads to increase in VDE. Furthermore, 

the C-C bond distance in ethynyl radical in the lowest ground state isomers is 

between 1.24 and 1.44 Å where the C'C bond of acetylene (1.20 Å) [194] and the 

C=C bond of  ethene (1.33 A) [195]. 
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Different research groups calculated the lowest energy structure of bare cobalt trimer 

and reported a triangular structure and a linear structure [196-200]. Yoshida and 

coworkers reported Co-Co distances of the anionic bare Co trimer in the linear 

structure between 2.25-2.50 Å in their experimental and theoretical calculations 

[201]. The lowest energy structure (4A) of the anionic Co3-ethynyl nanoparticle is a 

planar Y-like structure with a BE of 4.29 eV and it has high point group symmetry, 

C2v with 7 µB spin moment. The average Co-Co bond distance in this ground state 

structure, which has a perfect isosceles triangular Co3 unit, is 2.4 Å. Furthermore, the 

addition of one Co atom to the [Co2C2H]- leads to increase in VDE where the VDE 

in the structure 4A is 1.52 eV that is consistent with the results in Ref [193] (see 

Table 4.1). The second isomer 4B and the third isomer 4C have approximately the 

same relative energies with respect to the ground state energy although they are in 

different magnetic states. The forth isomer 4D is constructed by the bridge side 

binding of the terminal C atom of the ethynyl radical, which is in the octet magnetic 

state. The Co-C bond lengths are 2.04 and 1.96 Å in this structure. 

 

As one of the Co atoms is replaced by a Pt atom, the lowest energy structure of 

anionic Co2Pt-ethynyl nanoparticles becomes the structure of a triangular bimetallic 

unit including a Pt atom at the apex and two Co atoms at the base with average Co-Pt 

bond length of 2.44 Å. While the distances between Co and Pt atoms are stretched 

slightly as the amounts of 0.06 and 0.11 Å, the separation between Co atoms is 

shrunk as much as 0.15 Å after the adsorption of ethynyl radical. Its BE is 4.71 

eV/atom where the quintet magnetic state is the same with the bare Co2Pt cluster. In 

the second isomer 5B where ethynyl radical binds atop site, the Co-C bond distance 

is 1.92 Å with a relative energy of 0.49 eV with respect to the lowest energy 

structure. The third isomer 5C and the forth isomer 5D have average Co-C bond 

lengths of 1.91 Å and 1.98 Å, respectively. 

 

As Pt doping increases, the BE of anionic CoPt2-ethynyl increases to 4.89 eV. For 

this species (6A), ethynyl radical prefers energetically to bind Pt atom rather than Co 

atoms, which is different from the bridge side adsorption of the previous case.  
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Table 4.1 The electronic properties of ConPtm-ethynyl clusters with BLYP 
Cluster  Spin 

moment  

(µB ) 

BE per  

atom 

(eV) 

HOMO-

LUMO  

Gap 

(eV) 

VDE 

(eV) 

Lowest and Highest 

Vibrational 

Frequencies (cm-1) 

[Co2C2H]- Present 

Work 

4 4.46 0.33 1.25 55-3360 

 Literature    1.53*  

 Exp.    1.50*  

[CoPtC2H]- 

 

 3 5.08 0.63 2.53 37 -3369 

[Pt2C2H]-  2 5.26 0.28 2.66 43-3384 

[Co3C2H]- Present 

Work 

7 4.29 0.03 1.52 64-3368 

 Literature    1.59*  

 Exp.    1.81*  

[Co2PtC2H]-  4 4.71 0.73 1.47 68-3154 

[CoPt2C2H]-  3 4.89 0.72 2.26 56-3387 

[Pt3C2H]-  0 5.06 1.05 1.64 41- 2968 

[Co4C2H]- Present 

Work 

8 4.09 0.73 1.53 171-3191 

 Literature    1.82*  

 Exp.    1.63*  

[Co3PtC2H]-  7 4.41 0.71 1.70 58-3249 

[Co2Pt2C2H]-  4 4.70 0.74 1.87 42- 3175 

[CoPt3C2H]-  3 4.85 0.45 2.01 39-3216 

[Pt4C2H]-  2 4.95 0.16 3.09 28-3055 

[Co5C2H]- Present 

Work 

9 3.94 0.51 1.96 65-3183 

 Literature    2.15*  

 Exp.    1.88*  

[Co4PtC2H]-  8 4.24 0.63 2.82 35- 3195 

[Co3Pt2C2H]-  7 4.45 0.53 2.22 16-3224 

[Co2Pt3C2H]-  6 4.64 0.76 2.63 37 -3390 

[CoPt4C2H]-  5 4.76 0.33 2.44 25-3101 

[Pt5C2H]-  2 4.79 1.21 2.16 23-2975 

* Ref [193]  
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The C-Pt distance is 1.94 Å and the Pt-Pt distance is 2.81 Å while these bond lenghts  

of 3A is 1.95 and 2.46 Å respectively. The magnetic moments of all three isomers 

possessing Cs symmetry given in Figure 4.1 for this cluster are 3 µB, 1 µB and 3 µB 

respectively. It can be seen in Figure 4.1 that the second isomer 6B and third isomer 

6C have close ground state energies with 6A. In addition, in both of these two 

isomers 6B and 6C, adsorption of the ethynyl molecule occurs at the bridge instead 

of the top side adsorption of 6A.  

 

The BE of anionic Pt3-etynyl cluster is calculated as 5.06 eV which is the highest 

value for m+n=3 systems. It can be noted that the doping of Pt atom to the cluster 

leads to increase in BE value. However, the difference in the BE of [CoPt2C2H]-1 and 

[Pt3C2H]-1 (0.17 eV) is close to that of [Co2PtC2H]-1 and [CoPt2C2H]-1 (0.18 eV) 

while it is smaller than that of [Co3C2H]-1
 and [Co2PtC2H]-1 (0.42 eV). In this 

structure, four coordination of Carbon that indicates sp3 hybridization resulting from 

delocalized electrons in ethynyl radical was seen for the first time among all 

nanoparticles we have mentioned so far. This triggers to expand the C-C bond length 

in C2H radical importantly. In addition, the second isomer 7B has the same singlet 

magnetic moment as the case of the isomer 7A (see Figure 4.1) while the magnetic 

state of the third isomer 7C is triplet. 

 

4.3.3 [ComPtnC2H]-1 (m+n=4) 

 

Some of the low-lying isomers of anionic ComPtn-ethynyl clusters are displayed in 

Figure 4.2. In these structures, the trend of VDE, which  ranges from 1.53 eV to 3.09 

eV, continues so that doping of Pt to the clusters leads to increase in VDE. 

 

In the lowest energy structure of anionic Co4-ethynyl cluster, ethynyl is adsorbed on 

the bridge site with a total BE of 4.09 eV for the whole system. The ground state 

structure of bare Co4 in a previous study by Sebetci [196] was found as an out of 

plane rhombus while the ground state structure of bare Co4 by other theoretical 

calculations in the literature varies. It has been reported to be a planar rhombus 

structure or an out of plane rhombus structure and a distorted tetrahedral structure. 
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1A  Cs  4 µB  0.00 eV 1B  Cs 4 µB  0.91 eV  1C  Cs  6 µB  1.27 eV  1D  Cs   8 µB  4.00 eV 

 
 

 

 

2A  Cs  3 µB   0.00 eV 2B  Cs  1 µB  0.59  eV 2C  Cs  3 µB  0.78 eV 3A  Cs  2 µB  0.00eV 

  
 

 

 

3B C1  2 µB  0.96 eV 4A  C2V 7 µB  0.00 eV 4B  C1  7 µB   0.22 eV 4C  C1 5 µB  0.27 eV 

    

4D C1  7 µB  0.52 eV 5A  Cs  4 µB  0.00 eV 5B  C1  6 µB  0.49 eV 5C  C1  2 µB 0.49 eV 

    

5D  Cs    4 µB  0.73 eV 6A  Cs  3 µB   0.00 eV 6B  Cs  3 µB   0.02eV  6C  Cs   1 µB   0.19 eV 

   

 

7A  C1  0 µB   0.00 eV 7B C1   0 µB  0.44  eV  7C  Cs  2 µB  0.50  eV   

Figure 4.1 The optimized structures of some isomers of [ComPtnC2H]-1 (2!m+n!3)  
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The lowest energy structure of [Co4C2H]- obtained by Yuan et al. [193] is consistent 

with our result. Upon ethynyl adsorption, the magnetic moment of bare Co4 (10 µB) 

is reduced to 8 µB in the structure 8A, which is the same for the second isomer 8B 

(see Figure 4.2) while the third isomer 8C has 10 µB spin moment and a relative 

energy of 0.44 eV with respect to the lowest energy structure. The energy difference 

between the first isomer and the second isomer is relatively small.  

 

The Co-Co and Co-Pt edge bond lengths of the bare Co3Pt in the rhombus structure 

are 2.25 Å and 2.38 Å, respectively [196]. The adsorption of ethynyl radical leads to 

expand the Co-Co bond lengths. It can be noted that the doping of one Pt atom to 

anionic Co3-ethynyl nanoparticle causes to weaken the bond between cobalt atoms. 

In the second isomer of [Co3PtC2H]- (9B), which has 0.71 eV higher energy than the 

first isomer (9A), the adsorption occurs on the top side of the Pt atom, where the 

magnetic state is quartet and the average Pt-Co bond length is about 2.50 Å. The 

third and forth isomers given in the Figure 4.2 are not energetically favorable due to 

the big relative energies.   

 

As one of the Co atoms replaced by a Pt atom, the BE and VDE of the lowest energy 

structure of [Co2Pt2C2H]- becomes 4.70 eV and 1.87 eV, respectively. The BE and 

VDE of this structure is slightly lower and slightly higher than those of anionic 

CoPt2-ethynyl structure, respectively whereas they are lower than those of the 

anionic Co2Pt-ethynyl structure (see Table 4.1). The C-C bond distance in the first 

isomer 10A is 1.30 Å, which is longer than that of the C'C bond of acetylene (1.20 

Å) [194] and shorter than that of the C=C bond of ethene (1.33 Å) [195]. When the 

spin magnetic moments are considered, it is seen that there is an abrupt decrease 

from 7 µB to 4 µB where the transition from [Co3PtC2H]- to [Co2Pt2C2H]-. The 

magnetic state of the second isomer 10B with Cs symmetry is 6 µB while the third 

and forth isomers have 2 µB and 8 µB magnetic states, respectively. 

 

Compared with the bare CoPt3 given in the reference [168], the CoPt3 in the lowest 

energy structure of [CoPt3C2H]- obtained in the present study is distorted 

significantly while the CoPt3 units in the second and the third isomers are perturbed 

slightly. This indicates that the adsorption gives rise to considerable structural 

change for the lowest energy structure 11A. Besides obvious lengthening of Pt-C 
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bond length where two Carbon atoms prefer to bond to the same Pt atom, the Pt-Pt 

bond distance in this structure is longer than that of the corresponding pure Co-Pt 

nanoalloy cluster [168]. In addition, the magnetic moment of bare CoPt3 is 5 µB [196] 

while the magnetic moment of all the isomers of anionic CoPt3C2H given in the 

Figure 4.2 is 3 µB. The total energies of the second and the third isomers are 0.37 eV 

and 0.71 eV higher than that of the first one, respectively.  

 

The ground state structure of Pt tetramer is a distorted tetrahedron in triplet magnetic 

state with Pt-Pt bond distance of 2.60 Å. In the previous section, which is published 

as the reference [202], the Pt-C and the Pt-Pt distances in Pt4methylidyne were 

calculated as 1.95 Å and 2.63 Å, respectively and the two different bond lengths of 

Pt-C in Pt4ethyne are 2.1 Å and 1.9 Å. In addition, The BEs of Pt4methylidyne, 

Pt4ethyne, Pt4benzene and Pt4(benzene)2 are 3.71 eV, 4.20 eV, 5.13 and 5.52 eV, 

respectively. On the other hand, due to the adsorption of ethynyl radical, the Pt units 

in the structure 12A does not preserve its tetrahedral structural type in triplet 

magnetic state. The Pt-Pt bond lengths in this particle are 2.58 Å, 2.74 Å, and 3.16 

Å. The BE of this structure is 4.95 eV as well. As one Co atom replaced by Pt atom, 

The C-C bond distance in anionic Pt4C2H becomes longer than that of the 

[CoPt3C2H]- structure. The lengthening of the C-C bond distance can be due to losing 

of some sharing valence electrons between carbon atoms over new Pt-C interactions. 

In the second isomer possessing 0.31 eV relative energy with respect to the lowest 

energy structure, the tetrahedral unit of the bare Pt tetramer becomes a nonplanar, 

rhombus like structure. While the magnetic moments of the first and second isomers 

are 2 µB, the third isomers having distorted tetrahedral unit has 4 µB magnetic 

moment, which is not energetically favorable since it has a 1.32 eV relative energy. 

 

4.3.4 [ComPtnC2H]-1 (m+n =5) 

 

Some of the low-lying isomers of anionic ComPtn-ethynyl (m+n=5) clusters are 

displayed in Figure 4.3. The BE values of these species vary between 3.94 eV and 

4.79 eV. The increase rate of BE from anionic Co5-ethynyl to Pt5-ethynyl clusters is 

slowing down as seen in Table 4.1. 
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8A  C1 8 µB  0.00 eV 8B   C1  8 µB  0.09 eV       8C  C1  10 µB  0.44 eV   9A  C1 7 µB  0.00 eV 

    

9B  C1  3 µB  0.71eV 9C  C1  7 µB   1.28 eV   9D   C1  9 µB  2.04 eV   10A C1 4 µB   0.00 eV 

   
 

10B  Cs  6 µB  0.71 eV 10C  C1  2 µB   1.28 eV 10D  C1   8 µB  2.04 eV 11A  C1 3 µB  0.00 eV   

   
 

11B C1   3 µB   0.37 eV    11C  Cs   5 µB  0.71eV   12A   2 µB   0.00 eV  12B C1 2 µB  0.31 eV  

 

   

12C  C1  4 µB  1.32 eV     

Figure 4.2 The optimized structures of some isomers of [ComPtnC2H]-1 (m+n=4) 

 

 



 

 58 

The ground state structure of bare Co5 in a previous study was calculated as planar 

W-like structure [196] while it has been reported to be a C4v square pyramid [203], a 

C2v rhombus pyramid [204] and a D3h trigonal pyramid [199,205,206] in the other 

literature. The lowest energy structure of [Co5C2H]- obtained in the present work 

contains nearly planar W-like structure, which is consistent with the result found by 

Yuan et al. [193] where B3YLP xc functional was used in their optimizations. In the 

ground state structure of anionic Co5-ethynyl cluster, carbon atoms are absorbed on 

the bridge side with a total BE of 3.94 eV. The calculated VDE (1.96 eV) is close to 

the experimental value of 1.88 eV (see Table 4.1). In all isomers except for the third 

one, the magnetic moment is 9 µB but the bare Co pentamer and the third isomer have 

high magnetic moment: 11 µB. In the lowest energy structures of anionic Co2-3-

ethynyl clusters, the ethynyl radical binds only one Co atom where the C-C bond 

length is 1.24 Å, which is slightly longer than 1.20 Å of the triple C-C bond of the 

acetylene, whereas much shorter than 1.33 Å of the double C-C bond of the ethene. It 

can be inferred that ethynyl radical having triple C-C bond is slightly affected by the 

Co2-3 metal clusters. In the lowest energy structures of the anionic Co4-5-ethynyl 

structures, the C-C bond lengths are calculated as 1.29 Å and 1.30 Å, which are 

between the C'C and C=C bond distances. Therefore, the Co4-5 nanoparticles have 

more effect on the C'C bond of ethynyl radical than those of Co2-3 nanoparticles, 

which might be valuable for the C'C bond activation.  

 

As a Pt atom replaces a single Co atom, the lowest energy morphology does not 

change very much (see Figure 4.3), where two atoms are slightly out of the plane. 

The Co-Pt bond lengths of anionic Co4Pt-ethynyl cluster are 2.41 Å and 2.39 Å while 

the Co-Co distances are between 2.21 Å and 2.61 Å. The second isomer of the 

[Co4PtC2H]- is constructed by atop adsorption of C2H radical to one of the most 

coordinated Co atoms with a BE of 4.76 eV. In the second isomer, which has capped 

tetrahedron structure, the magnetic moment is 10 µB with a relative energy of 0.69 

eV. The third and forth isomers have similar structure with the first one in nonet 

magnetic state.  

 

The second, third, and fourth isomers of anionic Co3Pt2-ethynyl clusters have a 

triangular bipyramidal unit where Co atoms with the average Co-Co bond length of 
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2.43 Å are on the base of pyramid and Pt atoms with average Pt-Co distance of 2.51 

Å are on the apexes of pyramids. In the lowest energy structure of this specie, the 

metal atoms construct a rectangular pyramid. The second and the third isomers have 

the same magnetic moment with the first one and their BEs are 0.34 eV and 0.78 eV 

higher than that of the first isomer.  

 

In the ground state of the anionic Co2Pt3-ethynyl structure with a BE of 4.64 eV, 

ethynyl radical adsorbed on the Pt side instead of Co in septet magnetic state which 

is the same with the total spin magnetic moment of the bare Co2Pt3 cluster. In all 

isomers except the second one which has 0.55 eV relative energy with respect to the 

first isomer, the C2H radical prefers to be adsorbed on the atop site. The second 

isomer has 4 µB magnetic moment with the C-C bond length as 1.36 Å while the 

magnetic moment of the first isomer having Cs symmetry is 6 µB which has a C-C 

bond length of 1.24 Å.  

 

The lowest energy structure (17A) of anionic CoPt4-ethynyl cluster is a distorted 

pyramid where 4 Pt atoms with an average Pt-Pt bond length of 2.85 Å are on the 

base plane and the Co atom with an average Co-Pt bond length of 2.46 Å is at the 

apex of the pyramid. The ethynyl radical is absorbed on the Pt-Pt bridge side in the 

first isomer. In the second isomer (17B) possessing 5 µB magnetic moment, the 

ethynyl radical adsorbed on the Co-Pt bridge side. The third isomer has C4 point 

group symmetry where the ligand is adsorbed on Co atop site. The energy of the 

third isomer is 0.87 eV higher than that of the lowest energy structure.  

 

The BE of Pt pentamer-ethynyl nanoparticle is slightly higher than that of the CoPt4 

nanoparticle (see Table 4.1). Among Pt2-5-ethynyl clusters, the BE per atom of 

[Pt2C2H]- (5.26 eV) is the highest one. As depicted from Table 4.1, the BEs per atom 

of the [PtnC2H]- clusters are decreasing when n varies from 2 to 5. On the other hand, 

the VDEs given in Table 4.1 indicate an oscillating manner for Pt2-5-ethynyl clusters. 

The C-C bond length in the lowest energy structure of [Pt5C2H]- is calculated as 1.46 

Å, where both of the C atoms are four coordinated. 

 

  



 

 60 

   Figure 4.3 The optimized structures of some isomers of [ComPtnC2H ]-1 (m+n=5) 
 

    

113A C1  9 µB  0.00 eV   113B  C1 9 µB  0.25 eV 113C  Cs  9 µB 0.26 eV 113D  C1 11 µB  0.38 eV 
   

 

113E  C1 9 µB   0.51 eV 214A C1   8 µB   0.00  eV 214B  C1  10 µB   0.69 eV  214C  C1  8 µB  0.76eV   
   

 

 

 

 

 

 

214D  C1  8 µB  1.12 eV 315A C1  7 µB  0.00 eV   115B   C1  7 µB   0.34  eV  15C C1 7 µB  0.78 eV 

 

 

 

 

 

 

 

   

 

 

 

 

 

 115D  C1 5 µB  1.20 eV 416A Cs   6 µB 0.00 eV 416B   C1  4 µB    0.55 eV  416C  C1  8 µB  0.65 eV 
    

 

 

 

 

 

416D   C1    6 µB     0.70 eV 517A  C1 5 µB   0.00 eV       517B   C1      5 µB       0.75 eV 517C  C4    7 µB    0.87 eV    

 

   

618A C1 2 µB   0.00   eV  618B  C1 4 µB 0.16   eV   618C  C1 2 µB   1.02 eV  
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4.3.5 Energy and Electronic Structure 

 

The BE can generally be defined as a measurement of the clusters’ thermodynamic 

stability. Thus, to predict the relative stabilities of the ConPtm-ethynyl structures, the 

BEs per atom are tabulated in Table 4.1 and plotted in Figure 4.4. The BE per atom 

has been obtained in the following way:    

 

B.E = 2E[C]+ E[H ]+ nE[Co]+mE[Pt]! E[ConPtmC2H
! ]

n +m + 3
      for 2!n+m!5   (4.1) 

 

where E[*] is the total energy of C, H, Pt, and Co atoms and the clusters. The BEs 

per atom for the lowest energy structures we have studied vary from 3.81 eV to 5.06 

eV. From Table 4.1 and Figure 4.4 it can be seen that the highest BE belongs to the 

anionic Pt2-ethynyl structure while the lowest one belongs to the anionic Co5-ethynyl 

specie. It can be noted that the BEs of the species increase with Pt doping to the 

species having a certain total number of Co and Pt atoms. In other words, provided 

that the size of the species kept constant, this can be well understood as increasing Pt 

composition means more bonds involving Pt atoms, that is, the Pt-Pt or Pt-Co and Pt-

C bonds, which are stronger than those of the Co-Co and Co-C. However, increasing 

the size of the cluster leads to decrease the BEs of the clusters gradually. This 

indicates that the species cannot constantly gain energy during the growth process.  

 

To further illustrate the stability of the species and their size dependent behaviors, we 

have considered the second finite difference in energies that is a sensitive quantity 

frequently used as a measure of the relative stability of the complexes and is often 

compared directly with the relative abundances determined in mass spectroscopy 

experiments. Moreover, clusters are especially abundant magic number sizes in mass 

spectra as they are most stable ones. The second finite different energies (Dn) can be 

calculated as    

 

                                                                       (4.2) 

 

 

Dn,m = En+1,m!1 + En!1,m+1 ! 2En,m
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 Figure 4.4 The BE per atom of [ConPtmC2H ]- for 2!n+m!5 
 

where En,m is the total energy of the [ConPtmC2H]- cluster. The second finite 

differences in energies of the studied clusters are given in Figure 4.5. Due to the 

definition of the second finite difference in energies, we examined only 2, 3 and 4 

species consisting of 3, 4 and 5 metal atoms respectively. Noticeable peak at the size 

of ConPtm (m+n=4) indicates that the [Co2Pt2C2H]- cluster is more stable than the 

neighboring clusters. Anionic Co3Pt2-ethynyl structure can be considered as the least 

stable structure as it corresponds to a dip in the plot for n+m=5 species.  

 

In order to assess the adsorption strength of Co-Pt nanoalloy to anionic C2H radical, 

we obtained adsorption energies of anionic ethynly radical on the bimetallic ConPtm 

(2!n+m!5) clusters and plotted in Figure 4.5. The adsorption energies are given as  

 

  (2!n+m!5)                             (4.3) 

 

where E[*] is the total energy of given species in the equation. The adsorption 

energies reveal a growing tendency with the increasing ratio of Pt/Co for the studied 

species. The trend has no exception for the species having dimer and tetramer 
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!1]



 

 63 

metallic units. The global peak of the adsorption energies at the cluster [Pt4C2H]- is 

seen in Figure 4.5 while the adsorption energy of [Co2C2H]- corresponds to a dip in 

the plot. These two clusters have adsorption energy values of 6.09 eV and 3.59 eV, 

respectively. Furthermore, for anionic Co2-5-ethynyl clusters, the increase in the size 

of the cluster leads to an increase in the adsorption energies slightly. 

 

Another sensitive quantity to reflect the relative stability is the dissociation energy 

Edis. For the anionic ConPtmC2H species, the dissociation channels  

ConPtmC2H- &!"#$%&'()%*"+,%!-!"#&'(*!!
./0! 1$203(14.(05! 61(71$! (70! /.$40! #8! (70! 3(95*! .$5! (70! :#//03;#$51$4!
5133#:1.(1#$!0$0/4103!./0!:#);9(05!/03;0:(120<*= 
!!
Edis = E[Con!xPtm!yC2H

! ]+ E[CoxPty ]! E[ConPtmC2H
! ]                                     >?@?A!

!
The selected dissociation channels and the corresponding dissociation energies are 

given in Table 4.2. The most favorable dissociation channels are related to the 

minimum dissociation energies.  From our DFT calculations, when n+m and x+y are 

odd numbers, clusters prefer to dissociate Co or Pt monomers. This is consistent with 

experimental results on cationic and anionic metal clusters [207-209]. According to 

these experiments, small odd numbered clusters in the systems evaporate a neutral 

monomer. On the other hand, when n+m and x+y are even numbers, the clusters tend 

to dissociate a CoPt bimetallic molecule. 

 

For pure Pt-ethynly and Co-ethynly clusters, as depicted in Table 4.2, the 

dissociations of Pt and Co dimers are most favorable when the total numbers of Pt 

and Co atoms are even. From the data given in Table 4.2, it can be seen that the 

dissociation energy of Pt is larger than that of Co. This is consistent with the trend 

seen in the BEs. Furthermore, the most favorable reactions are 

 

Co3C2H-  ! Co2C2H- + Co  

Co3PtC2H-  ! Co2PtC2H- + Co 

Co3Pt2C2H-  ! Co2Pt2C2H- + Co     
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 Figure 4.5 The second finite energies and C2H- adsorption energies of [ConPtmC2H]- 

 

since the reaction energy for them are the least values in the Table 4.2. On the other 

hand the least favorable reactions are  

 

Co2Pt3C2H-  ! Co2C2H-  + Pt3          

Co3Pt2C2H-  ! Co3C2H-  + Pt2        

 

since they have the highest reaction energies.  

The HOMO energy is related to the ability of the cluster to give an electron, whereas 

the LUMO energy is an indicator of electron acceptance. The energy gap between 

HOMO and LUMO reveals the ability of electrons to bounce from HOMO to LUMO 

and determines a molecule to involve in chemical reactions to some degree, that is, a 

large HLG has been considered as significant requirement for chemical stability.  
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The calculated HLGs and lowest and highest vibrational frequencies are presented in 

the Table 4.1. We have also plotted HLGs and VDEs of [ConPtmC2H]- species in the 

Figure 4.6.   

 

[Co3C2H]- has the lowest HLG with the value 0.03 eV in the given study. It was 

found that the HLG of pure Co3 is 1.04 eV [197]. By a comparison to the Sebetci’s 

study where the same xc functional and basis functions are used, it can be pointed 

out that the adsorption of the C2H radical tends to decrease the energy gap for       

[Pt2-5C2H]-, indicating that the species become more conductive while for            

[Co2-5C2H]-, it tends to increase the energy gap, indicating that the species become 

more stable.  

 

According to the Table 4.1, [Pt3C2H]- and [Pt5C2H]- clusters possess high chemical 

stability due to their large HLGs (1.05 eV and 1.21 eV, respectively) when they are 

compared to the other species.  

 

VDE is expressed as the energy difference between neutral and ionic clusters at 

optimized geometry of the neutral clusters. The VDE results we have obtained for 

[Co2-5C2H]- species as well as the corresponding experimental and theoretical results 

are given in Table 4.1. As seen in Table 4.1, the calculated VDE values in the present 

study are in an agreement with the previous experimental and theoretical results. The 

peak in Figure 4.6 is at [Pt4C2H]- with a value of 3.09 eV, while the dip is seen at 

[Co2C2H]- (1.25 eV). As the VDE increases with the increasing number of Pt atoms 

in the species with n+m=4, it oscillates for n+m=5 species with the number of Pt 

atoms. 

 

Locally stable isomers are distinguished from transition states by vibrational 

frequency analysis.  The lowest and highest vibrational frequencies of all the species 

studied in the present work are given in Table 4.1.  
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Table 4.2 The dissociation channels of selected anionic ConPtm-ethynyl clusters 

[ConPtmC2H]-  Dissociation Channel  Edis (eV) 

[Co3C2H]- Co2C2H-           +     Co  2.44 

[Co2PtC2H]-  Co2C2H-       +     Pt  4.97  

[CoPt2C2H]-  CoPtC2H-     +     Pt 3.96 

[Pt3C2H]-  Pt2C2H-        +     Pt  4.07 

[Co4C2H]-  Co2C2H-       +     Co2  2.68 

[Co4C2H]-  Co3C2H-       +     Co  2.88 

[Co3PtC2H]-  Co3C2H-       +     Pt 5.14 

[Co3C2H]-  Co2PtC2H-    +     Co 2.61 

[Co2Pt2C2H]-  CoPtC2H-     +     CoPt   3.53 

[Co2Pt2C2H]-  Pt2C2H-        +      Co2   3.99 

[Co2Pt2C2H]-  Co2C2H-       +     Pt2 5.29 

[CoPt4C2H]-  Pt3C2H-        +     Pt 4.29 

[Pt4C2H]-  Pt2C2H-        +     Pt2  4.05 

[Co5C2H]-  Co4C2H-       +     Co 2.90 

[Co5C2H]-  Co3C2H-       +     Co2 3.14 

[Co5C2H]-  Co2C2H-       +     Co3  3.24 

[Co4C2H]-  Co3PtC2H-    +     Co 3.06 

[Co4C2H]-  Co2PtC2H-    +     Co2 3.03 

[Co4PtC2H]-  Co3C2H-       +     CoPt 4.22 

[Co4PtC2H]-  CoPtC2H-     +     Co3 3.56 

[Co3Pt2C2H]-  Co2Pt2C2H-   +     Co 2.65 

[Co3Pt2C2H]-  CoPt2C2H-    +     Co2 3.56 

[Co3Pt2C2H]-  Co2PtC2H-    +     CoPt 3.31 

[Co3Pt2C2H]-  Co3C2H-       +      Pt2 5.50 

[Co2Pt3C2H]-  Co2C2H-       +      Pt3  5.81 

[Pt5C2H]-  Pt4C2H-        +      Pt   3.67 

[Pt5C2H]-  Pt3C2H-        +      Pt2 3.65 

[Pt5C2H]-  Pt2C2H-        +      Pt3  4.04 
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Figure 4.6 The HOMO-LUMO gaps and VDEs of [ConPtmC2H]- 

 

4.3.6 Magnetic Properties   

 

The total spin magnetic moments of low-lying isomers of ConPtm and [ConPtmC2H]- 

species within the range of the study are given in Figure 4.7. For the bare and ethynyl 

clusters, the total spin magnetic moment decreases with doping of Pt atoms in to the 

species. For more than the half of the studied species, the magnetic moments of 

lowest energy structure of the anionic ethynyl clusters are close to those of bare 

ConPtm clusters. The total spin magnetic moments of some certain species are 

decreased 2 µB upon the ethynyl adsorption. That indicates that the magnetic 

moments of bare clusters are sometimes affected by the adsorption of ethynly 

radical. Contrary, for bare Co clusters, according to the Knickelbein, the electronic 

structures of the cobalt species are affected importantly upon chemical adsorption of 

benzene molecules, which leads to quench their magnetic moments [210]. This effect 

can be explained as the interaction between the ( electrons of benzene molecules and 

the d orbitals of Co atoms is very strong due to the formation of the Co-benzene 
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species as sandwich or rice-ball structures, whereas ethynyl radical reacts with only 

one or two Co atoms through its terminal carbon atom.  

 

 

Figure 4.7 Total spin magnetic moments of the ground state, bare ConPtm and 
anionic ConPtm-ethynly clusters (2!n+m!5) 
 

4.4 Conclusion  

 

The DFT study carried out in the present work on the small bimetallic anionic 

ConPtm-ethynyl clusters indicates that the ground state structures of these 

nanoparticles are generally three-dimensional structures with low symmetry. As the 

number of Pt atoms in these systems increases, BE of the clusters increases. In 

general C2H- radical prefers to bind on an atop side for n+m<4, and on a bridge side 

for the higher sizes with a few exceptions. The species [Co2PtC2H]-, [Co2Pt2C2H]-, 

[Co4PtC2H]-, and [CoPt4C2H]- are found to be more stable than their neighboring 

sizes since they have relatively high second finite energies. The highest HLGs 

belong to [Pt3C2H]- and [Pt5C2H]- species which indicates their chemical stability. 

The most preferred dissociation channel of anionic ConPtm-ethynyl clusters is Co 

atom ejection. The favorable dissociation channel is independent of cluster size. The 

calculated magnetic moments of anionic [ConPtmC2H]- systems indicate that a weak 

quenching of moments occurs for some of the species after ethynyl adsorption. The 

lowest and the highest vibrational frequencies are reported to guide further 

experimental studies.  
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CHAPTER 5 

 

THE INFLUENCE OF LiXO LIGANDS ON THE STRUCTURE OF 

PALLADIUM COBALT CLUSTERS  

 

5.1 Introduction 

 

Thanks to advance in new experimental techniques, scientists and engineers in the 

field of the material science or engineering can currently synthesize, characterize and 

design distinct materials with required size and arrangement and this encourages 

them to study specific structures. Importantly, in the field of catalysis, this 

motivation has resulted in great advances in order to get better catalysts.  

 

In the chemical industry, the study of nanoalloy catalysts is of high interest. Such 

materials are noteworthy since one of the metal particles can adjust and/or modify 

the catalytic properties of the other ones due to the consequences of structural and 

electronic effects. It is known that in numerous bimetallic nanoalloy particles, a 

common geometry is the one in which the central part of the structure is mainly 

occupied by one of the constituents and its surface holds most of the other element. If 

the active metal in terms of catalytic reaction is the one that separates from the 

surface, smaller volume of that metal may be required to attain similar results as 

those obtained by single pure element catalysts. For this reason, it is significant to 

state that PdCo nanoparticles form ordered patterns at low temperatures and Pd 

inclines to segregate to the surface in the case of macroscopic samples of PdCo 

bimetal nanoalloys [64]. Furthermore, PdCo particles have shown improved 

selectivity over pure Co particles, in Fisher-Tropsch reactions [65-67]. Due to the 

recent abrupt variations in the prices of hydrocarbons, the artificial production of 

fuels by converting carbon monoxide and hydrogen is attracting a lot of research in 

this field.  
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The mixed metal catalysis to obtain better catalysis than pure metals catalysis is used 

in different areas. For a direct methanol fuel cell, Serov et al. [211] examined the 

efficiency of platinum-free palladium‒cobalt catalysts in oxygen reduction. They 

found the dependence of catalytic activity on precursor nature for palladium chloride 

and palladium nitrate. Another study done by Jung and coworkers [212] is related to 

the Lithium air batteries. They studied metal-air batteries due to their high energy 

density but the critical challenges of these technologies involve slow kinetics of the 

oxygen reduction that is evolution reactions on a cathode. The slow rates of the 

oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) of metal-

air batteries under development results in charge overpotentials that means large 

voltage gaps and low round-trip efficiency [213-215]. Hence, for both ORR and 

OER, lessening the overpotentials by electrocatalysts is of great significance for 

improving round-trip efficiency and cyclability. The catalysts that have been 

classically used for ORR and OER are made up of costly metals, such as Pt and Ir 

[155,216,217]. Their high cost restricts extensive usage in large-scale applications. 

Vital efforts have been made over the years in the improvement of cost-effective 

catalysts based on mixed transition metal oxides [218-220]. Among various types of 

metal oxides, perovskites have recently received a lot of attention due to their high 

catalytic activity and stability in aqueous alkaline electrolytes [221,222].  

 

There is a number of studies available for metal or mixed transition metal catalysis 

with LixOy in the field of Li-air batteries. However, to the best our knowledge, there 

has been no studies reported to date on the interaction of PdCo nanoparticles with 

Li2O and LiO compounds. Thus, it is worthy to investigate PdCoLixO nanoalloy 

complexes systematically in order to understand the mechanism and elucidate more 

details on the formation of such complexes. This study may provide useful 

information for future experiments concerning the improvement of catalysis of Li-air 

batteries.   

 

In the present part of the work, we have investigated the structural, electronic and 

magnetic properties of PdnComLixO  (2!n+m!4 and x=1,2) bimetallic clusters within 

the framework of DFT. We present the obtained results and discuss the interaction 

between PdCo bimetalic clusters and LixO in the following sections. 
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5.2 Computational Details  

 

NWChem 6.0 package [128] has been used to achieve local geometry optimizations, 

and to determine the total ground state energies and HLGs by DFT calculations. 

CRENBL [129] basis set and relativistic ECP have been chosen for Pd and Co where 

the outer most electrons are treated as valence to reduce the number of electrons 

explicitly considered in the calculations. For Li and O atoms, the split valence         

6-311++G** basis set has been employed. The default convergence criteria of the 

code have been employed during the calculations, which are 1x10-6 Hartree for 

energy and 5x10-4 Hartree/a0 for energy gradient. The GGA of Becke’s exchange 

functional [130] and Lee-Yang-Parr correlational functional [93] is chosen in the 

present work. The geometry optimizations without any symmetry constraints in 

various electronic spin multiplicities were carried out.   

 

5.3 Results and Discussion   

 

5.3.1 Lowest Energy Structures of PdnComLiO (2!n+m!4)  

 

The most stable structures of PdnComLiO (2!n+m!4) bimetallic lithium monoxide 

are presented in Figure 5.1 and the HOMO and LUMO density plots are given in 

Figure 5.2. In addition, Table 5.1 indicates total spin moments, BEs, Fermi energies 

and HLGs of the studied clusters. The BEs per atoms of these species is plotted in 

Figure 5.3. LiO is, see Figure 5.1, adsorbed on the PdCo nanoparticles in a molecular 

form with oxygen instead of lithium bonding to PdCo nanoparticles for each case 

studied in the present work. LiO molecule absorbed on PdCo surface on a top or 

bridge site and prefers to bind Co atom in these structures.  

 

The lowest energy structure of Pd2LiO has Cs point group symmetry in the quartet 

magnetic state. The Pd-Pd bond distance of Pd2LiO is 2.44 Å. The absorption of LiO 

results in the Pd-O bond distance as 1.90 Å whereas the Li-O bond distance is 1.68 

Å. The LiO molecule prefers to be adsorbed on PdCo on the top site of the Co atom 

(see Figure 5.1b). 
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(a) (b) (c) 

   

(d) (e)   (f) 

   

(g) (h) (i) 

  
 

(j) (k) (l) 

Figure 5.1 The optimized structure of PdnComLiO (2!m+n!4)  
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The point group symmetry of the lowest energy structure of PdCoLiO is Cs with a 

BE of 2.61 eV. The Pd-Co bond distance is 2.27 Å. The bond distance between Li 

and O in the PdCoLiO nanoparticle is slightly different from that of the Pd2LiO 

structure. The replacement of Pd atom with Co leads to a very little stretch in the Co-

O bond length where the Co-O bond distance becomes 1.75 Å. The BE of Co2LiO 

having 5 µB spin moment is 2.65 eV. This value is the highest one among the species 

with m+n=2. For these species, when the ratio of Co/Pd increases, the BE increases.  

 

In the ground state structure of Pd3LiO (see Figure 5.1d), LiO is adsorbed at the 

bridge site of the triangularly oriented Pd atoms. When compared with the structure 

of Pd2LiO, the Li-O bond length is stretched by 0.14 Å, whereas the Pd-O bond 

length is elongated as 0.1 Å. The average Pd-Pd bond length of Pd3LiO is 2.73 Å. 

The total spin moment of Pd3LiO is 1 µB and the point group symmetry of this 

structure is Cs. The HLG is calculated as 0.50 eV and its Fermi energy is found to be 

3.78 eV. Its BE per atom is 2.36 eV (see Table 5.1).  

 

As one of the Pd atoms replaced with Co, the lowest energy structure of Pd2CoLiO 

becomes the structure possessing triangular bimetallic unit including a Co atom at 

the apex and two Pd atoms at the base. Replacement of the Pd atom with the Co (see 

Figure 5.1e) has very little effect on Li-O bond length (1.83 Å), which was 1.82 Å in 

Pd3LiO. While distances between Pd and Co atoms are 2.40 Å and 2.41 Å in 

CoPd2LiO, the Pd-Pd bond distance is longer by 0.18 Å than that of Pd2LiO 

nanoparticle. LiO molecule prefers to be adsorbed on the top site of the Co rather 

than Pd with a 1.71 Å of Co-O bond length. Its BE per atom is 2.64 eV in quintet 

magnetic state. The HLG of this structure having Cs point group symmetry is 0.73 

eV.  

 

As the Co/Pd ratio increases, the triangular unit of the bimetallic part does not 

change its shape. Thus, PdCo2LiO nanoparticle has also a triangular unit with 

increasing BE of 2.65 eV, which is the highest BE for m+n=3 species. LiO molecule 

prefers to bind to two Co atoms in this structure. The Co-O distances are 1.85 and 

1.91 Å and the Co-Co distance is 2.36 Å, which is 0.25 Å longer than that of 

Co2LiO. Co-Pd bond distances are 2.43 Å and 2.49 Å, which are slightly longer than 

that of PdCoLiO. 
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Figure 5.2 The HOMO and LUMO density plots of PdnComLiO (2!m+n!4)  
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Due to the doping of Co atom, the Li-O bond length seems to be affected slightly in 

this structure. The magnetic moment of PdCo2LiO is 5 µB. The HLG is 0.83 eV, 

while the Fermi energy of this structure is 3.27 eV.  

 

The BE per atom of Co3LiO nanoparticle is calculated as 2.53 eV, which is not 

consistent with the trend that replacement of Pd atom with Co increases the BE. The 

HLG and the Fermi energy of this species is 0.46 eV and 3.61 eV, respectively. The 

Fermi energy is 0.17 eV less than that of Pd3LiO. The magnetic ground state of 

Co3LiO is septet. When the LiO molecule is adsorbed on the bridge site as in the 

case of Co3LiO, a typical Li-O bond length is 1.76 Å, whereas a typical value of the 

same bond length for atop adsorptions is 1.83 Å for the species with n+m=3. These 

values can be compared with Li-O bond length of free LiO molecule, which is 

calculated as 2.43 Å. This indicates that Li-O bond length is shrunk significantly 

upon the adsorption of the molecule on the Pd-Co nanoparticles.   

 

The Pd4LiO structure has tetrahedral unit (see Figure 5.1h) where the average Pd-Pd 

bond length is 2.72 Å. The LiO is adsorbed on a bridge site of the Pd tetramer, where 

the Pd-O distances are 2.08 Å and 2.09 Å, which are very close to those of Pd3LiO, 

while the Li-O bond length is 1.79 Å. It can be concluded that the addition of a Pd 

atom to Pd3LiO leads to expand the length of the triangular unit consisting of Pd 

atoms that is a face of Pd4LiO structure. The total magnetic moment of this structure 

is 3 µB with C1 symmetry. The HLG is 0.03 eV, whereas the Fermi energy is 2.11 

eV.  

 

In the lowest energy structure of Pd3CoLiO, LiO binds to the Co site. The Co-O 

bond length is 1.71 Å, which is similar to the other atop site absorptions. The 

addition of a Pd atom to Pd2CoLiO has little effect on the Li-O bond length. The BE 

of Pd3CoLiO is 2.65 eV in quintet magnetic state. The Fermi energy of this structure 

is 3.59 eV whereas the HLG is 0.50 eV. The magnetic moment of Pd2Co2LiO 

(Figure 5.1j) is 5 µB with Fermi energy of 3.36 eV. The HLG is 0.49 eV. The Co-Co 

bond distance after LiO adsorption is 2.30 Å, which is similar to that of PdCo2LiO 

nanoparticle. The LiO molecule is adsorbed on the Co-Co bridge site where Co-O 

bond length is 1.90 Å, whereas the Li-O bond distance is 1.80 Å. 
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Table 5.1 The electronic properties of PdnComLiO (2!n+m!4) structures 
Cluster Symmetry Spin 

moment  

(µB ) 

BE per  

atom 

(eV) 

Fermi 

energy 

(eV) 

HOMO-

LUMO  

Gap 

(eV) 

Pd2LiO Cs 3 2.07 2.05 0.42 

PdCoLiO Cs 4 2.61 2.51 0.05 

Co2LiO Cs 5 2.65 2.81 1.26 

Pd3LiO Cs 1 2.36 3.78 0.50 

Pd2CoLiO Cs 4 2.64 3.65 0.73 

PdCo2LiO C1 5 2.65 3.27 0.83 

Co3LiO C1 6 2.53 3.61 0.46 

Pd4LiO C1 3 2.33 2.11 0.03 

Pd3CoLiO C1 4 2.65 3.59 0.50 

Pd2Co2LiO Cs 5 2.68 3.36 0.49 

PdCo3LiO Cs 8 2.61 3.87 0.61 

Co4LiO C1 9 2.57 2.83 0.95 

 

 

   
Figure 5.3 The BE per atom of PdnComLiO clusters (2!m+n!4)  
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Furthermore, the BE of Pd2Co2LiO is 2.68 eV with Cs point group symmetry. The 

metallic unit of PdCo3LiO is an out of plane rhombus rather than a tetrahedron. The 

LiO molecule again prefers to bind on a Co-Co bridge site, where Li-O bond length 

is 1.84 A. The HLG of this specie is 0.61 eV, while the Fermi energy is 3.87 eV. 

This structure has Cs point group symmetry and 2.61 eV BE per atom. The total spin 

magnetic moment is 8 µB. The Co4LiO nanoparticle (see Figure 5.1l) has 0.95 eV 

HLG, while the Fermi energy is 2.83 eV. The BE of this structure having 9 µB is 

calculated as 2.57 eV. The average Co-Co bond distance is 2.35 Å, whereas Co-O 

bond distances are 1.88 Å and 1.89 Å, while Li-O bond length is 1.68 Å. 

 

5.3.2 Lowest Energy Structures of PdnComLi2O (2!n+m!4) 

 

The most stable structures of PdnComLi2O (2!n+m!4) clusters are presented in 

Figure 5.4 and the HOMO-LUMO density plots are given in Figure 5.5. Table 5.2 

indicates the total spin moments, BEs, Fermi energies and HLG of these clusters. 

The BEs per atoms of these species is plotted in Figure 5.6. Li2O is, see Figure 5.4a, 

adsorbed on Pd2 dimer molecularly at the top site where O is bond to one of the Pd 

atoms. For PdCo, Li2O molecule is absorbed on the Co atom. The BE of the lowest 

energy structure of Pd2Li2O is 2.48 eV. This structure has zero magnetic moment. 

The HLG energy of Pd2Li2O cluster having Cs symmetry is 0.77 eV, while its Fermi 

energy is 1.93 eV. The ground state structure of the PdCoLi2O is in the quartet 

magnetic state with Cs symmetry. The Li-O bond length is 1.82 Å in this structure 

while that bond length in PdCoLiO nanoparticle is 1.66 Å. The addition of the Li 

atom to LiO molecule at the PdCo cluster leads to expand Co-Pd distance by 0.1 Å. 

The HLG of the particle is 1.02 eV, whereas the Fermi energy is 1.25 eV. The BE of 

PdCoLi2O is 2.66 eV.  

 

The Co-Co bond distance of the Co2 dimer after Li2O adsorption became 2.20 Å, 

which is longer than that of Co2LiO structure. Furthermore, the Co-O bond length is 

1.83 Å, while Li-O bond lengths in this structure (see Figure 5.4c) are 1.69 and 1.78 

Å. The HLG energy is 0.73 eV. The BE per atom of this structure, which has 4 µB 

magnetic moment, is 2.56 eV. 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   

(j) (k) (l) 

Figure 5.4 The optimized structures of PdnComLi2O clusters (2!m+n!4) 
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Figure 5.5 The HOMO-LUMO density plots of PdnComLi2O clusters (2!m+n!4) 
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Table 5.2 The electronic properties of PdnComLi2O (2!n+m!4) structures  
Cluster Symmetry Spin 

moment  

(µB ) 

BE per  

atom (eV) 
Fermi 

energy 

(eV) 

HOMO-

LUMO  

Gap (eV) 

Pd2Li2O Cs 0 2.48 1.93 0.77 

PdCoLi2O Cs 3 2.66 1.25 1.02 

Co2Li2O C1 4 2.56 1.73 0.73 

Pd3Li2O C1 2 2.44 3.97 0.15 

Pd2CoLi2O C1 3 2.65 1.04 0.84 

PdCo2Li2O C1 4 2.58 2.98 0.46 

Co3Li2O C1 7 2.56 2.59 0.89 

Pd4Li2O C1 2 2.45 3.10 0.07 

Pd3CoLi2O C1 3 2.66 3.18 0.59 

Pd2Co2Li2O C1 6 2.69 1.76 0.57 

PdCo3Li2O C1 7 2.64 3.01 0.72 

Co4Li2O Cs 8 2.60 2.71 0.66 

 

As Pd doping increases, Pd3Li2O has a triangular unit like Pd3LiO cluster. The 

magnetic state of this structure is triplet. The BE of the cluster is 0.04 eV less than 

that of Pd2Li2O. The adsorption of Li2O is again on a top site, which is always the 

case for the lowest energy structures of PdnComLi2O clusters investigated in the 

present work. The average Pd-Pd distance is 2.62 Å, while this bond length is larger 

in Pd2LiO, which means that the addition of the second Li atom to LiO leads to an 

elongation of Pd-Pd bond length. Pd-O bond distance is 2.06 Å, which is larger than 

that of Pd2LiO. Furthermore, the HLG energy of this structure is 0.15 eV.  

 

As one of the Pd atoms replaces with a Co atom, BE of the lowest energy structure of 

Pd2CoLi2O becomes 2.65 eV, where O binds to the Co atom. The Fermi energy of 

this structure is 1.04 eV, while the HLG is 0.84 eV. The Co-Pd distances are 2.56 

and 2.37 Å and the Co-O bond length is 1.80 Å, which is longer than the Co-O bond 

length of Pd2CoLiO. The BE per atom of PdCo2Li2O is 2.58 eV. The lowest energy 

morphology is similar to that of Pd2CoLi2O. Li2O is adsorbed on the Co side as 

usual. The magnetic state of PdCo2Li2O is quintet. The Co-Co bond length of this 

cluster is 2.21 Å, which is nearly the same as that of Co2Li2O cluster. The HLG of 

Co3Li2O is calculated as 0.89 eV, while the Fermi energy is 2.59 eV. 2.56 eV BE of 
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Co3Li2O is 0.02 eV less than that of PdCo2Li2O. The Co-O bond length is also very 

similar to that of the previous cluster. Li-O bond lengths are 1.71 Å and 1.77 Å in 

this case. The lowest energy configurations of Co3LiO and Co3Li2O are highly 

different.  

 

The ground state structure of Pd4Li2O has distorted tetrahedral metallic unit in triplet 

magnetic state with average Pd-Pd bond distance of 2.72 Å, which is longer than that 

of the Pd3Li2O. The BE of this structure is, see Table 5.2, 2.45 eV with Pd-O bond 

length of 2.07 Å, while Fermi energy is 3.10 eV. The HLG is calculated as 0.07 eV. 

Placing a Co atom instead of a Pd atom leads to stretch the bonds between Li and O, 

which are 1.77 Å and 1.82 Å in Pd3CoLi2O, while they are 1.69 Å and 1.75 Å in 

Pd4Li2O. The Co-O bond length in Pd3CoLi2O is nearly the same with that of 

Pd2CoLi2O. Moreover, the distorted tetrahedral configuration of metallic unit is kept 

in Pd3CoLi2O cluster. The BE per atom for this specie is calculated as 2.66 eV with a 

Fermi energy of 3.18 eV, while the HLG is calculated as 0.59 eV. The magnetic 

moment of the structure is found as 3 µB.  As Co doping increases by keeping fixed 

the total number of metallic atoms, there is no important change for Li-O and Co-O 

bond lengths. However, the tetrahedral metallic unit becomes an out of plane 

rhombus for Pd2Co2Li2O. Li2O molecule binds to the top site of a Co atom where the 

Co-O bond length is 1.79 Å, while this bond length in the Pd2Co2LiO is 1.90 Å, 

where adsorption is occurred on the bridge site. Moreover, the average Co-Pd bond 

distance is 2.48 Å and the Co-Co bond distance is 2.25 Å in this structure (see Figure 

5.4j). The HLG is 0.57 eV, while Fermi energy is 1.76 eV. The BE of the structure is 

2.69 eV in the quintet magnetic state. 

 

When one of the Pd atoms of Pd2Co2Li2O is changed with a Co atom, the rhombic 

morphology does not change. In the ground state structure of PdCo3Li2O, BE is 

calculated as 2.64 eV, where Li2O is adsorbed on the Co side again. The Co-Co bond 

distances are 2.24 Å and 2.38 Å (see Figure 5.4k) and the Co-Pd bond distances are 

2.45 Å and 2.53 Å. The magnetic moment of this structure is 7 µB while the Fermi 

energy is 3.01 eV. The HLG energy of Pd3CoLi2O cluster is 0.59 eV. 
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               Figure 5.6 The BE per atom of PdnComLi2O clusters (2!m+n!4) 
 

The BE per atom of Co4Li2O cluster with Cs symmetry is 2.60 eV. Its magnetic state 

is 8 µB. The replacement of the single Pd atom of PdCo3Li2O structure by a Co atom 

has little effect on Li-O bond length. The Co-Co bond distance of 2.28 Å is 0.10 Å 

longer than the corresponding distances of Co3Li2O structure. It can be concluded 

that the addition of a new Co atom to Co3LiO cluster leads to an expansion in the 

Co-Co distances. Moreover, the Fermi energy of this structure is 2.71 eV, whereas 

the HLG is 0.66 eV.  

 

5.3.3 Stability and Electronic Properties  

 

The BEs of the clusters can be used as a measure for their thermodynamic stabilities. 

Accordingly, to predict the relative stabilities of the PdnComLixO structures, the BEs 

per atom are calculated, tabulated in Table 5.1 and Table 5.2 and plotted in Figure 

5.3 and Figure 5.6. The BEs per atom have been obtained in the following way: 

 

BE = mE[Co]+ nE[Pd]+ xE[Li]+ E[O]
n +m + x +1

 for 2!n+m!4  and x=1 or 2             (5.1) 

 

where E[*] is the total energy of Co, Pd, Li and O atoms respectively. While the BEs 

of the lowest energy structures of PdnComLiO vary between 2.07 eV and 2.68 eV, 
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that of PdnComLi2O changes from 2.44 eV to 2.69 eV.  

 

For the Pd-Co clusters with LiO, the highest BE belongs to Pd2Co2LiO, while the 

lowest one belongs to Pd2LiO. Similarly, for the Pd-Co clusters with Li2O, the 

highest BE belongs to Pd2Co2Li2O, while the lowest one belongs to Pd3Li2O. 

Concerning the BEs of all the species studied in the present work, the following 

conclusions can be drawn:  for a given size, the lowest BE is calculated for the 

species containing no Co atom, while the species having equal or nearly equal 

number of Pd and Co atoms have the highest BEs.  

 

Since HLG indicates the ability of electrons to bounce from HOMO to LUMO and 

governs a molecule to involve in chemical reactions to some degree, a large HLG has 

been considered as significant requirement for chemical stability. Pd4LiO (0.03 eV) 

and Pd4Li2O (0.07 eV) have the lowest HLGs among the species studied in this 

work. Thus, one can expect high chemical activities for these two clusters. On the 

other hand, the highest HLGs belong to Co2LiO (1.26 eV) and PdCoLi2O (1.02 eV) for 

which high chemical stability can be expected. 

 

5.4 Conclusion  

 

The structural, electronic, and magnetic properties of small, neutral, PdnComLixO 

structures where 2!m+n!4 and x=1 or 2, were studied by using DFT method with 

BLYP xc-functional. The lowest energy isomers of these systems are obtained. The 

effect of LiO and Li2O adsorptions on small Pd-Co bimetallic clusters was examined. 

It is found that while LiO molecule can be adsorbed at atop or bridge sites of small 

Pd-Co bimetallic clusters, Li2O molecule prefers to be adsorbed on atop sites only in 

the lowest energy structures. We do not observe any hollow site adsorption in any of 

the studied species. LixO (x=1,2) molecules like to bind to Co atoms instead of Pd 

and O atoms construct the binding rather than Li atoms. The morphology of the bare 

Pd-Co bimetallic clusters generally does not change upon LixO adsorptions. The 

complexes consisting only Pd atoms and LixO molecule but not Co have the least 
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BEs for their sizes. The structures having equal or nearly equal number of Pd and Co 

atoms possess the highest BEs.   
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CHAPTER 6 

 

CONCLUSION 

 

The small neutral and/or ionic ligand-passivated metal nanoparticles have been 

studied in terms of the geometric, electronic, and magnetic properties. The 

adsorption of a number of organic molecules or metal oxides on Pt, Co, Pd, and their 

alloy clusters is investigated by means of DFT calculations. Since the method 

requires heavy quantum mechanical calculations, the High Performance Computing 

facilities of Zirve University are used to find out the ground state structures, low-

lying isomers and to determine electronic and magnetic properties of these structures. 

Various interaction patterns between the ligands and the metal clusters are examined 

and screened with extensive structural searches for the low-lying isomers of the 

ligand-protected complexes. Thus, the optimal adsorption sites are identified and the 

corresponding electronic and magnetic states are analyzed. Locally stable isomers 

are distinguished from transition states by vibrational frequency analysis. 

 

Pt4(CH)n (1(n(7) and Pt4(benzene)2 metal-organic complexes have been 

investigated. Our calculations indicate that Pt4(CH)4 and Pt4benzene metal 

hydrocarbon complexes are the most stable structures among the studied species for 

CH protected Pt4 clusters. CH is adsorbed on the tetramer in the molecular form with 

carbon instead of hydrogen bonding to Pt. The first and second adsorptions of CH 

ligands occur on the hollow sides of the Pt tetramer. After the size 2, as the number 

of CH ligands on the Pt tetramer is increased, CH radicals start to form C bonds. This 

trend continues up to the size 6. The lowest energy configuration of Pt4(CH)6 

becomes a Pt4benzene where the ring of 6 C atoms adsorbed on a triangular surface 

of the Pt tetramer. For Pt4(benzene)2  structures, the lowest energy structure is 

obtained as two benzene molecules adsorbed on different bridge sites of the Pt 

tetramer.  
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As a second example of ligand protected metal clusters, we examined the effect of 

anionic ethynyl radical on the CoPt nanoalloys and/or the effect of CoPt nanoalloys 

on the anionic ethynyl radical extensively, where the total number of Co and Pt 

atoms is less than or equal to 5. As the number of Pt atoms in [ConPtmC2H]-1 systems 

increases, BE of the clusters increases. In general C2H- radical prefers to bind on an 

atop side for n+m<4, and on a bridge side for the higher sizes with a few exceptions. 

The species [Co2PtC2H]-, [Co2Pt2C2H]-, [Co4PtC2H]-, and [CoPt4C2H]- are found to 

be more stable than their neighboring sizes since they have relatively high second 

finite energies. The highest HLGs belong to [Pt3C2H]- and [Pt5C2H]- species which 

indicates their chemical stability. The most preferred dissociation channel of anionic 

ConPtm-ethynyl clusters is Co atom ejection. The favorable dissociation channel is 

independent of cluster size. The calculated magnetic moments of anionic 

[ConPtmC2H]- systems indicate that a weak quenching of moments occurs for some 

of the species after ethynyl adsorption. 

 

In the last part of the thesis, the study of the PdnComLixO structures, where 2!m+n!4 

and x=1 or 2, has been carried out with a GGA xc functional. The lowest energy 

isomers of these systems are obtained. The effect of LiO and Li2O adsorptions on 

small Pd-Co bimetallic clusters was examined. It is found that while LiO molecule 

can be adsorbed at atop or bridge sites of small Pd-Co bimetallic clusters, Li2O 

molecule prefers to be adsorbed on atop sites only in the lowest energy structures. 

We do not observe any hollow site adsorption in any of the studied species of these 

systems. LixO (x=1,2) molecules like to bind to Co atoms instead of Pd and O atoms 

construct the binding rather than Li atoms. The morphology of the bare Pd-Co 

bimetallic clusters generally does not change upon LixO adsorptions. The complexes 

consisting only Pd atoms and LixO molecule but not Co have the least BEs for their 

sizes. The structures having equal or nearly equal number of Pd and Co atoms 

possess the highest BEs.   
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