
 

SELECTIVITY OF ZEOLITE SUPPORTED RHODIUM AND IRIDIUM 

CATALYSTS FOR THE HYDROGENATION OF ALKENES AND ALKYNES 

 

         

 

          

 

 

 

by 

Aylin Saltuk 

B.S., Chemistry, Boğaziçi University, 2018 

 

 

 

 

 

 

 

Submitted to the Institute for Graduate Studies in 

Science and Engineering in partial fulfillment of  

the requirements for the degree of  

Master of Science 

 

 

 

 

 

Graduate Program in Chemistry 

Boğaziçi University 

2022 



iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my family...



iv 

 

ACKNOWLEDGEMENTS 
 

 

         Firstly, I would want to express my respect and thanks to my thesis supervisor, Assoc. 

Prof. Oktay Demircan for being his student. I am grateful to him for sharing his knowledge 

and experience with me. His directions and efforts have made a huge contribution to the 

thesis. I would also like to express my respect and thanks to Prof. Viktorya Aviyente, my 

thesis co-supervisor, for her invaluable scientific guidance, continuous support and patience. 

Her belief in me and her encouragement to strive for the best kept me motivated throughout 

my master's degree.  

  I wish to extend my appreciation to my thesis committee members: Assoc. Prof. Ece 

Bulak and Assoc. Prof. Alper Uzun. I am thankful to them for their experience, guidance 

and valuable remarks during the study.  

 I would also like to express my gratitude to my colleagues in the Computational 

Chemistry at Bogazici University (CCBU) for their assistance and collaboration during this 

time. Foremost, I am grateful to Deniz Akgül for her encouragement, support and help from 

the first day. 

 Finally,  I wish to thank my parents and my siblings for their love, endless support and 

the understanding they have shown throughout. I dedicate my thesis to my beloved family. 

 

 

 

 

 

 



v 

 

ABSTRACT 

 

SELECTIVITY OF ZEOLITE SUPPORTED RHODIUM AND IRIDIUM 

CATALYSTS FOR THE HYDROGENATION OF ALKENES AND ALKYNES 

 

Alkene and alkyne hydrogenation reactions are currently one of the most common 

industrial procedures for reducing unsaturated organic compounds to a variety of useful 

chemicals. In the catalytic hydrogenation of alkenes and alkynes under both homogeneous 

and heterogeneous conditions, several metal-based catalysts have been used.  Metals in 

supported catalysts are usually cationic and chemically bonded to the supports when they 

are atomically distributed. The study of noble metals in this class is continually expanding, 

resulting in the discovery of novel catalysts with unique features. In this study, the selectivity 

of zeolite supported Rh and Ir catalysts for the hydrogenation of alkenes and alkynes is 

investigated by using Density Functional Theory (DFT). The reaction pathways for the 

hydrogenation have been modeled to monitor which pathway is energetically more favorable 

by comparing the activation barriers between the states. The results have shown that ethylene 

production is selective with zeolite supported Rh(C2H2)2 catalyst. Moreover, the ethylene 

selectivity for the hydrogenation is more favorable when the metal is Ir. However, the 

regeneration of the catalyst is facile with Rh metal. This outcome is elucidated by analyzing 

geometric parameters, ligand bond dissociation energies and potential energy surfaces. This 

study contributes to a better understanding of ethylene selectivity along the hydrogenation 

of acetylene. This study is expected to shed light on the synthesis and usage of single atom 

catalysts for the hydrogenation of acetylene and ethylene. 
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ÖZET 

 

ALKENLERİN VE ALKİNLERİN HİDROJENASYONU İÇİN ZEOLİT 

DESTEKLİ RODYUM VE İRİDYUM KATALİZÖRLERİNİN SEÇİCİLİĞİ 

 

         Alken ve alkin hidrojenasyon reaksiyonları, doymamış organik bileşiklerin çeşitli 

faydalı kimyasallara indirgenmesi için halen en yaygın endüstriyel yöntemlerden biridir. 

Alkenlerin ve alkinlerin hem homojen hem de heterojen koşullar altında katalitik 

hidrojenasyonunda, çeşitli metal bazlı katalizörler kullanılmıştır. Destekli katalizörlerdeki 

metaller genellikle katyoniktir ve atomik olarak dağıldıklarında desteklere kimyasal olarak 

bağlanırlar. Bu sınıftaki soy metallerin incelenmesi, benzersiz özelliklere sahip yeni 

katalizörlerin keşfedilmesiyle sonuçlanmakta ve sürekli genişlemektedir. Bu çalışmada, 

alken ve alkinlerin hidrojenasyonu için zeolit destekli Rh ve Ir katalizörlerinin seçiciliği, 

Yoğunluk Fonksiyonel Teorisi (YFT) kullanılarak araştırılmıştır. Hidrojenasyon için 

reaksiyon yolları, temel konumlar arasındaki aktivasyon bariyerlerinin karşılaştırılarak 

hangi yolun daha az enerjiye ihtiyaç duyacağı sorgulanmakta ve modellenmektedir. 

Sonuçlar, etilen üretiminin zeolit destekli Rh(C2H2)2 katalizörü ile seçici olduğunu 

göstermiştir. Ayrıca, hidrojenasyon için etilen seçiciliği, metal Ir olduğunda daha 

elverişlidir. Bununla birlikte, katalizörün rejenerasyonu Rh metali ile kolaydır. Bu sonuç, 

geometrik parametreler, ligand bağ ayrışma enerjileri ve potansiyel enerji yüzeyleri 

değerlendirilerek açıklanmıştır. Bu çalışmanın, asetilenin hidrojenasyonu boyunca etilen 

seçiciliğinin daha iyi anlaşılmasına katkıda bulunacağı, asetilen ve etilenin hidrojenasyonu 

için tek atomlu katalizörlerin sentezi ve kullanımına yol gösterici olması beklenmektedir. 
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1. INTRODUCTION 

 

Alkene and alkyne hydrogenation reactions are currently one of the most common 

industrial procedures for reducing unsaturated organic compounds to a variety of useful 

chemicals [1-3]. In the catalytic hydrogenation of alkenes and alkynes under both 

homogeneous and heterogeneous conditions, several metal-based catalysts such as nickel, 

palladium, ruthenium, rhodium, iridium, and platinum have been used [4-5]. The ability to 

elucidate the catalytic behavior of transition metal catalyzed homogeneous molecular 

hydrogenation reactions is currently centered on ligand design obtained so far demonstrate 

that the coordination environment around the metal atom is the key to control the catalytic 

behavior of these catalysts. Ligands have important roles for stabilizing metals, so the metal 

sites in these supports often need ligands [6]. 

Because they present unique catalytic capabilities and effective use of expensive 

transition metals, atomically dispersed metal catalysts on supports gain a lot of attention. 

Despite numerous studies into the structure and performance of metal-oxide supports, little 

is known about how to modulate their catalytic capabilities [7]. The compositions and 

structures of metals bound to the supports determine the electron donor characteristics of the 

supports. Molecules in close near to contact metal centers on surfaces can also behave as 

ligands [8-10]. 

 

Figure 1.1. Stepwise hydrogenation reactions of acetylene [15]. 

 

The selective hydrogenation of alkynes to the corresponding alkenes, i.e., 

semihydrogenation, is an important and. challenging type of conversion in synthetic organic 

chemistry with major practical applications [11].  
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Because acetylene undergoes two sequential hydrogenation processes, the catalysts 

used in acetylene semi hydrogenation must be highly selective and must be exceedingly 

active [12]. Metals such as platinum and palladium, are commonly used as catalysts in these 

types of processes [13]. However, palladium like catalysts' over hydrogenation of ethylene 

to ethane remains a major disadvantage, and palladium shortage has inspired renewed 

research in alternative selective hydrogenation catalysts [14].  

Because of their microporous crystalline nature, zeolites are a valuable family of 

catalysts with a wide range of commercial applications [15-21]. Among zeolite-supported 

catalytic processes, hydrocarbon transformations to create higher alkenes via C-C coupling 

are quite widespread [22-25]. Alkene hydrogenation and oligomerization processes have 

been known to be catalyzed by site-isolated Rh(I) complexes anchored on strongly de-

aluminated zeolite HY (faujasite, FAU) [26-27]. The structural characterization of such 

catalysts provides great chances for elucidating the reaction mechanisms and the selectivity 

of the catalytic processes. During the past decade, computational modeling of zeolite and 

reactions have complemented the experimental studies for a better understanding of the 

complex reaction mechanisms taking place inside zeolite [28−35]. 

 

1.1.  Aim of the Study 

 

In this study, hydrogenation reaction mechanism of Rh complexes bonded to zeolite 

support have been investigated with the aim of understanding the catalytic activity and 

selectivity. The reaction pathways have been modeled to monitor which pathway is 

energetically more favorable by comparing the activation barriers between the states. In 

addition, the modification of the transition metal is examined to indicate the effect of the 

electronic environment and electron-donor/acceptor properties on metal-oxide supported 

complex. 

The study will include 2 parts: 

i. Usage of zeolite supported-Rh(C2H2)2 as a catalyst 

ii. Comparison of Rh(C2H2)2 and Ir(C2H2)2 catalysts. 
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2. METHODOLOGY 

 

Quantum chemistry is mainly concerned with the behavior of electrons in the presence 

of an electromagnetic field generated by nuclear charge. While classical mechanics 

illustrates systems by specifying velocities and positions, quantum mechanics employs a 

mathematical vector known as a wavefunction, which theoretically contains all the 

information about a system. By solving the Schrodinger equation, all the characteristics of 

this system may be stated as follows: 

  Ĥ 𝜓 =  𝐸 𝜓.                                                         (2.1) 

Ĥ denotes the Hamiltonian operator, E is the system's total energy, and ψ corresponds to the 

wave function. The Ĥ operator is made up of the kinetic and potential energy terms of nuclei 

and electrons given as follows: 

where electrons are represented by i and j, nuclei by k and l, and nuclei and electron weights 

by mk and me, respectively. ℏ stands for “h/2π” which represents Planck's constant, e is 

electron charge, Z is atomic number, r is the distance between particles and ∇2 for the 

Laplacian operator. The system's energy is expressed by all five components in Equation 

(2.2). The kinetic energy of electrons and nuclei is given by the first two terms. The potential 

energies arising from Coulomb interactions of nucleus-electron, electron-electron and 

nucleus-nucleus are denoted by the other terms.  

The Schrödinger equation is correct for small systems such as the hydrogen atom and 

hydrogen-like ions, but it cannot provide an exact solution for many-particle systems due to 

particle associative movements. Nuclei are much heavier than electrons, so they appear as a 

stationary charged point when compared to electrons. Thus, their kinetic energy terms will 

be zero.  

 

Ĥ=- ∑
ℏ2

2me
i

∇i
2- ∑

ℏ2

2mk
∇k

2

k

- ∑ ∑
e2Zk

rik
ki

+ ∑
e2

rij
i<j

+ ∑
e2ZkZl

rkl
,

k<l

 
                                                            

(2.2)   
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 The Born-Oppenheimer (BO) [36] approximation proposes that the motion of the 

nuclei and electrons of the atom be separated, that the motion of the nuclei be ignored and 

considered stationary, and that the nucleus-electron attraction be eliminated. In this 

approach, the Hamiltonian operator becomes 

                                                      𝐻𝑒𝑙  =  𝐸𝑘
𝑘𝑖𝑛  +  𝑈𝑘𝑖  +  𝑈𝑖𝑗 ,                                  (2.3)         

where Uki and Uij are the nucleus-nucleus and electron-electron potential energies, 

respectively. When this approximation is applied to the Schrödinger equation, it becomes: 

                                                    (𝐻𝑒𝑙 + 𝑉𝑛𝑛) 𝜓𝑒𝑙 = 𝐸𝑒𝑙𝜓𝑒𝑙 ,                                           (2.4) 

where Vnn represents the nucleus-nucleus repulsion energy constant, and the Eel as an 

eigenvalue, represents the electronic energy. The variational concept allows the Schrödinger 

equation to be applied for all other systems. When both sides of Equation (2.1) are multiplied 

by 𝜓, the result is 

                            𝜓𝐻 𝜓 =  𝜓𝐸 𝜓.                                                (2.5) 

Integration of both sides in a volume (dτ) yields the following for many electron systems as 

follows: 

This theorem states that calculated energy (E) can be equal to or greater than ground state 

energy E0. It provides an approximate solution to Schrödinger's equation. This study's 

methodology is mostly based on density functional theory, which is a variational method. 

The theory will be explained in detail in the following section. 

 

2.1. Density Functional Theory 

 

         Density Functional Theory (DFT) [37], a commonly used quantum chemistry 

approach, was proposed by Hohenberg and Kohn [38-39] in 1964. This method relies on the 

Hohenberg-Kohn Existence Theorem [40]. It allows calculating the electrical structure of 

molecules. According to the theorem, the wavefunction may be computed if the system's 

ground state density is known. Hohenberg and Kohn also demonstrate that the external 

potential V(r) is proportional to the electron density ρ(r).  

 

          𝐸 =
∫ 𝜓𝐻 𝜓𝑑𝜏

∫ 𝜓2 𝑑𝜏
 

                                                  

(2.6) 
. 
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Electron density can be defined as follows: 

                               𝜌(𝑟): 𝑁 ∫. . . ∫|Ψ(𝑟1, 𝑟2, … 𝑟𝑛)|2𝑑𝑟1 𝑑𝑟2 … 𝑑𝑟𝑛                                    (2.7) 

The electron density is defined by Equation (2.7), where ri denotes the electron coordinates.  

According to the Hohenberg Variational Theorem, when the charge density is in the ground 

state, the energy content gets its minimal value. The electronic energy of the ground state as 

a function of electron density becomes 

                         𝐸[𝜌(𝑟)] = ∫ 𝑉(𝑟)𝜌(𝑟)𝑑𝑟 + 𝑇[𝜌(𝑟)] + 𝑉𝑒𝑒[𝜌(𝑟)] ,                          (2.8) 

where T [ρ(r)] represents the kinetic energy of interacting electrons and Vee [ρ(r)] represents 

the energy of interelectronic interaction. Equation (2.8) can be reformulated using Kohn and 

Sham's concept for noninteracting electrons [41], the equation has become 

              𝐸[𝜌(𝑟)] = ∫ 𝑉(𝑟)𝜌(𝑟)𝑑(𝑟) + 𝑇𝑛𝑖[𝜌(𝑟)] + 𝐽[𝜌(𝑟)] + 𝐸𝑋𝐶[𝜌(𝑟)],            (2.9) 

where J[ρ] and Tni[ρ] denote the Coulomb energy and kinetic energy of noninteracting 

electrons, respectively and EXC[ρ] represents the exchange-correlation energy functional. 

The Coulomb energy of electron-electron interactions is written as: 

                                     𝐸𝑋𝐶[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜖𝑋𝐶(𝜌(𝑟))𝑑𝑟 .                                         (2.10)   

By solving the Kohn-Sham equations, the independent orbitals ψi also known as Kohn-Sham 

orbitals, are established as follows:  

                                                               ℎ𝑖
𝐾𝑆χ𝑖 = ε𝑖χ𝑖  .                                                        (2.11)   

The Kohn-Sham Hamiltonian hi, is described as:   

where VXC denotes the exchange-correlation potential and is proportional to the exchange 

correlation energy by  

 𝑉𝑋𝐶 =
𝛿𝐸𝑋𝐶

𝛿𝜌
 .   (2.13) 

VXC is separated into two: an exchange functional and a correlation functional: 

The correlation term refers to interactions between electrons with opposite spins, whereas 

the exchange term refers to interactions between electrons with the same spin. It is unknown 

what the exact form of exchange-correlation energy is. 

 

 

ℎ𝑖
𝐾𝑆 = −

∇2

2
− ∑

𝑍𝑘

|𝑟𝑖 − 𝑟𝑘|

𝑀

𝑘

+ ∫
𝜌(𝑟)

𝑟𝑖𝑗
𝑑𝑟 + 𝑉𝑋𝐶 , 

                                                                                     

(2.12) 

               𝐸𝑋𝐶[ρ] = 𝐸𝑋[ρ] + 𝐸𝐶[ρ] . (2.14)  
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2.2. Functionals 

 Because the actual exchange-correlation term is unknown, numerous approximations 

were devised as DFT progressed to estimate the approximate exchange-correlation term. The 

first approximation to determine Exc is the Local Density Approximation (LDA). According 

to this approach, the electron density of a given system is the same in each site, as if it were 

a uniform gas, and the system becomes neutral when electrostatic energy of positive charge 

Eb is provided. The energy expression is 

                          𝐸[ρ] = 𝑇𝑛𝑖[ρ] + ∫ ρ(𝑟)𝑣(𝑟)𝑑𝑟 + 𝐽[ρ] + 𝐸𝑥𝑐[ρ] + 𝐸𝑏 .                        (2.15) 

Since the electron density and positive charge density are equal, the equation can be 

simplified to  

                                                  𝐸[ρ] = 𝑇𝑛𝑖[ρ] + 𝐸𝑥𝑐[ρ].                                               (2.16) 

Exc can be divided into 2 functionals: an exchange functional and a correlation functional:         

                                                          𝐸[ρ] = 𝑇𝑛𝑖[ρ] + 𝐸𝑥[ρ] + 𝐸𝑐[ρ] ,                                  (2.17) 

where 𝑇𝑛𝑖[𝜌] is the kinetic energy functional. 

                                                               Tni[ρ] = CF ∫ ρ(r)5/3 dr.                                                 (2.18) 

CF is a constant that equals 2.8712. The following equation can be used to calculate the 

exchange functional. 

                                                     𝐸𝑥[ρ] = −𝐶𝑥 ∫ ρ(𝑟)4/3 𝑑𝑟.                                               (2.19) 

The Cx constant is 0.7386. The correlation energy term, Ec[𝜌], is obtained by parametrizing 

the results of a set of quantum Monte Carlo calculations. However, since electron 

concentrations vary throughout a molecule, it cannot be dispersed uniformly. As a result, 

LDA is not suitable for determining the exact exchange-correlation functional.  

 Due to LDA's inadequacies on this topic, the Generalized Gradient Approximation 

(GGA) [42] approach is developed. The electron density is considered nonhomogeneous by 

GGA because the exchange and correlation energies are affected by the density gradient. 

The energy expression is given by           

                                            𝐸𝑋𝐶
𝐺𝐺𝐴[𝑛] = ∫ 𝑑𝑟𝑛(𝑟)ϵ𝑋𝐶(𝑛(𝑟), |∇𝑛(𝑟)|).                                    (2.20) 
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 PBE [43] is the most universal GGA and can be used on both molecules and solids, 

including metals. It is neither the most accurate GGA for tiny organic molecules [44] nor the 

best for bulk solids lattice characteristics [45]. However, the relevance of being universal is 

that once a functional works for a specific property/system, it is unavoidably applied more 

broadly. Organic reactions on metal surfaces, for example, have been extensively 

investigated, and PBE (or a version) is therefore required to properly treat the bulk metal 

[46]. Alternative approaches that combine GGA with a proportion of Hartree-Fock (HF) 

exchange are hybrid density functional methods. The Hartree-Fock (HF) exact exchange is 

combined with LDA or GGA exchange-correlation functionals to form hybrid functionals. 

For example, the PBE0 hybrid functional [47] yields the total energy given by 

                                       𝐸𝑋𝐶 = 𝐸𝑋𝐶
𝑃𝐵𝐸 +

1

4 
[𝐸𝑋

𝐻𝐹 −  𝐸𝑋
𝑃𝐵𝐸] ,                                         (2.21) 

where PBE refers to the Perdew-Burke-Ernzerhof GGA exchange-correlation functional. 

 

                                                2.3. Basis Sets 

 

A basis set [48] is a collection of functions used to characterize the orbitals of a system. 

Linear combinations of atomic orbitals (LCAO) with varying coefficients are used to expand 

basis functions as follows: 

where ϕ𝑖 denotes molecular orbitals, fµ atomic orbitals, cµi coefficients and K represens the 

total number of basis functions for atomic orbital functions. 

Basis sets are divided into two types: Slater-type orbitals (STOs) and Gaussian-type 

orbitals (GTOs). Although STO is correct in providing the solution to the Schrödinger 

equation for hydrogen atoms, it has a significant computational cost. GTOs, on the other 

hand, are superior to STOs since increasing the number of integrals increases the 

computational time. S. Francis Boys' [49] GTOs are extensively used basis sets in DFT 

studies. They are the best approximations to STOs.  

ϕ𝑖 = ∑ 𝑐μ𝑖𝑓μ

𝐾

μ=1

 (2.22)  
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         Pople et al. developed split-valence basis sets that treat the core and valence orbitals 

differently. The most well-known are 3-21G, 6-21G, 6-31G*, 6-311G**, and 6-31++G**. 

The first number represents the number of primitives used for inner shell orbitals, while the 

numbers after the hyphen represent the number of primitives used for valence orbitals. To 

get a better approximation to the exact electronic energy, the basis sets can be modified by 

adding two functions: polarization and diffuse functions. An asterisk (*) at the end of a basis 

set or (d) indicates the addition of a polarization function for heavy atoms, but a double 

asterisk ** or (d,p) is used for light atoms such as hydrogen or helium. Furthermore, diffuse 

functions are denoted by "+," and they allow orbitals to occupy bigger spaces. One plus sign 

implies that diffuse functions are exclusively added to heavy atoms, whereas "++" indicates 

that diffuse functions are also added to hydrogen atoms.  

2.4. Population Analysis 

 

Since there is no quantum mechanical observable for atom charges in a molecular 

system, there is no original definition for quantum charges. Charges on atoms are assigned 

using population analysis methods. The partial atomic charge of an electron density covered 

positively charged atomic center ZA is defined as [50] 

                                                  (𝑞)𝐴 = 𝑍𝐴 − ∫ 𝜌𝐴 (𝑟)𝑑𝑟,                                             (2.23) 

where (q)A denotes the atomic charge and ZA denotes the charge on the nucleus of an atom 

A. The total number of electrons in the system (N) is the second term in Equation (2.23) and 

can be expressed as 

                                                                   𝑁 = ∑ (𝑃𝑆)μμ𝐴𝑂
μ  ,                                                 (2.24) 

P denotes the electron density and S is the overlap population. 

 The new Charge Model 5 (CM5) model generates class IV partial atomic charges by 

mapping from Hirshfeld population analysis of density functional electronic charge 

distributions. The CM5 model is applicable to any charged or uncharged molecule made of 

any periodic table element in the gas phase or solution.  
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 The CM5 model predicts dipole moments for the tested molecules that are more 

accurate than those predicted by the original Hirshfeld approach or many other common 

methods such as atomic polar tensor and Löwdin, Mulliken, and natural population studies. 

Furthermore, the CM5 charge model is mostly independent of a basis set. It may be utilized 

with bigger basis sets; hence this model outperforms the earlier charge models CMx (x = 1-

4 or 4M) and other methods that are susceptible to basis set sensitivities. Atomic charges in 

a molecule (neutral or ionic) are defined by the following equations in the CM5 model:  

                                                        𝑞𝑘
𝐶𝑀5 = 𝑞𝐾

𝐻𝑃𝐴 + ∑ 𝑇𝑘𝑘′𝐵𝑘𝑘′𝑘′ ≠ 𝑘  ,                                 (2.25) 

                                                        𝐵𝑘𝑘′ = exp [−α(𝑟𝑘𝑘′ − 𝑅𝑍𝑘
− 𝑅𝑍𝑘′)] ,                         (2.26) 

where k and k′ are indexes that cover all atoms in the molecule. RZ is the atomic covalent 

radius, and Zk and Zk′ are the corresponding atomic numbers. 𝑞𝐾
𝐻𝑃𝐴  is the partial atomic 

charge from population analysis by Hirshfeld (HPA). The values where Tkk′ = -Tk′k are model 

parameters that must be determined. The quantity Bkk′ refers the Pauling bond order [51]. 

The CM5 model uses the Pauling bond order, which is based only on molecular geometry, 

rather than electronic-structure bond orders, such as the Mayer bond [52-54] order utilized 

in previous CMx models. This modification substantially simplifies the mapping of class II 

charges without compromising accuracy, making a CM5 calculation less computationally 

intensive. It should result in a faster and more stable convergence of a self-consistent reaction 

field process inside the extended Born dielectric continuum approximation, where the 

reaction field depends on the atomic charges [55]. 
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3. LITERATURE BACKGROUND 

 

3.1. Catalysis 

 

Catalysis is a crucial area of chemistry [56-58]. Berzelius proposed the word 

"catalysis" in 1836, derived from the Greek word "καταλεινν" (=loose down, dissolve), to 

explain well-known experimental findings such as wine and beer fermentation and sulfuric 

acid (oil of vitriol) synthesis, starch transformation to sugar by acids, H2O2 decomposition 

by metals, ethanol oxidation to acetic acid on Pt, and so on. Catalysis, by definition, is a 

process in which the rate of a reaction is increased by a little amount of the so-called catalyst, 

which theoretically does not vary during the reaction, in contrast to surface or stoichiometric 

reactions. Some 60 years later, Berzelius recognized the kinetic nature of this process and 

defined it in 1895: "a catalyst is a substance that modifies the rate of a chemical reaction 

without appearing in the products." A catalyst, according to IUPAC (1976), is a substance 

that, when present in small amounts, speeds up the process of reaching chemical equilibrium 

without incurring chemical change [59]. It has been established that the catalyst works by 

lowering the energy required to progress along the reaction pathway, i.e., the activation 

energy Ea that must be overcome to yield products. This activation energy is the amount of 

energy necessary to break through the reaction barrier and influences how quickly a reaction 

proceeds. In other words, the reaction will be faster, if the activation barrier is lower. It is 

important to note that the thermodynamics of the reaction are unaffected by catalyst action, 

and the resultant effect is that the catalyst influences only the reaction rate.  

Catalysis can be divided into two forms based on the relationships between the phases 

of catalysts and reactants, namely homogeneous and heterogeneous catalysis [60]. In 

homogeneous catalysis, catalysts are in the same phase as the reactants, and often the 

products as well, allowing for enough contact between the catalyst and the reactant, resulting 

in high catalytic efficiency. Many homogeneous catalysts are made up of a (transition) metal 

atom or a cluster of a few atoms that are stabilized by suitable ligands. As a result, active 

sites can be used effectively and are easily identified. Furthermore, by modifying the ligand, 

the catalyst characteristics and catalytic performance can be rationally controlled.  
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As a result, homogeneous catalysts typically not only have the high activity but also 

extremely high, and most often adjustable, selectivity but the major issue of separating 

homogeneous catalysts from the raw materials and the products has limited their industrial 

application [61]. Heterogeneous catalysis, on the other hand, refers to all conditions in which 

catalysts and reactants are in different phases. Although heterogeneous catalysts are typically 

less active and/or selective than homogeneous catalysts, they are more stable and easier to 

remove from the reaction system. As a result, most industrial catalysis is currently based on 

heterogeneous catalysis methods [62]. To make use of the benefits of both homogeneous 

and heterogeneous catalysts, heterogenization of homogeneous catalysts has been explored 

since the late 1960s, often by attaching the homogeneous catalyst to an insoluble substrate 

via various physical or chemical interactions, a process known as homogeneous catalyst 

heterogenization [63]. This process is quite appealing and has been thoroughly investigated. 

However, decades of research have shown that it is incredibly difficult for a variety of 

reasons [64]. Nonetheless, newly developed single atom catalysis may give an alternative to 

heterogenization of homogeneous catalysts and may serve as a bridge between homogeneous 

and heterogeneous catalysis. 

 

3.1.1. Single Atom Catalysis 

 

The term “single‐atom catalysis” was first introduced in 2011 by Prof Zhang Tao and 

coworkers [65]. Single atom catalysis refers to catalysis using a "single atom catalyst" 

(SAC), which is a catalyst made up of exclusively isolated single atoms spread on a substrate 

[66]. This concept has sparked a lot of interest in the field because SACs considerably 

improve the utilization rate of the catalysts' active components. The most important 

characteristic of SACs is that they have isolated, individual atoms dispersed on the support, 

which not only maximizes the metal's atomic efficiency but also gives more uniform, well-

defined active sites than common heterogeneous catalysts, which have a variety of active 

sites [67]. For many reactions, this makes SACs more active and selective than typical 

heterogeneous nanocatalysts, and they act like homogeneous catalysts in terms of both local 

structure and catalytic activity.  
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In summary, SACs are heterogeneous catalysts and hence highly stable and easy to 

separate; at the same time, they have isolated active sites comparable to homogeneous 

catalysts, giving them the advantages of both homogeneous and heterogeneous catalysts. 

SACs with atomically distributed metals have been developed as a brand-new class of 

heterogeneous catalysts, attracting great deal of interest owing to their enhanced atomic 

usage catalytically active metals. The first atomically distributed heterogeneous catalysts 

were developed in the 1990s [68]. With the passing of time, new advancements in the study 

of SACs have been made. Yan et al. [69] employed graphene as the carrier and took 

advantage of its unique features to create a Pd1/graphene SAC for the selective 

hydrogenation of 1,3-butadiene in 2015.  

Over the last three decades, computational chemistry has evolved into a strong tool for 

investigating the fundamental stages and mechanisms of many catalytic reactions at the 

atomic scale, which are difficult to research experimentally [70-72]. The use of theoretical 

calculations, particularly density functional theory (DFT) modelling, to identify the nature 

of active sites and reaction processes in the context of SACs is particularly beneficial. 

3.1.2. The Application of SACs in Selective Hydrogenation 

 

SACs have been demonstrated to have higher catalytic performance in a variety of 

processes, including ammonia synthesis [73-74], selective hydrogenation [75-77], CO 

oxidation [78-79], CO2 conversion [80-81] and (reverse) water-gas shift reactions [82-84]. 

Selective hydrogenation is frequently utilized in medicine, chemical manufacturing, printing 

and dyeing, health-care products, and other industries. There are various types of selective 

hydrogenation, as demonstrated in Figure 3.1, including alkyne (C≡C), alkadiene (C=C), 

nitrogen–oxygen unsaturated bond (N=O), carbon–oxygen unsaturated bond (C=O), and 

carbon–nitrogen unsaturated bond (C=N) hydrogenations [85]. The term "selective 

hydrogenation" refers to the hydrogenation of only one of the functional groups when there 

are two or more unsaturated functional groups in substrates, or when the catalytic system 

contains distinct unsaturated substrates [86].  
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When both alkynes and alkenes are present, selective hydrogenation can only be 

implemented on the alkynes. Thus, in most chemical synthesis processes, selective 

hydrogenation is the best option. In industrial production, the Pd/CaCO3 (Lindlar catalyst) 

catalyst is the most extensively employed [87-89].  

The supported metal cluster catalyst's high activity is attributable to the presence of 

well distributed nanoclusters in the form of metal active components on the carrier with a 

high specific surface area, which can effectively use the catalytically active sites and enhance 

the catalyst's reaction activity [90-91]. 

 

 

Figure 3.1. Diagram of single atom catalysts for various types of selective hydrogenation 

[85]. 

 

 However, using precious metal resources to provide catalyst selectivity at the cost of 

activity is wasteful [92]. For instance, Palladium (Pd) is a pricey heavy metal that is also 

extremely detrimental to the environment [93-94]. Furthermore, despite their small size, 

nanocatalysts have several active centers and are not the most efficient active sites. As a 

result, researchers have been progressively lower the size of active metal particles to 

generate SACs with 100% atom utilization, driven by the maximal development and use of 

metal atoms [95]. 
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3.1.2.1. Selective Hydrogenation of Alkynes. Semihydrogenation of acetylene is a common 

industrial method for removing trace acetylene from crude ethylene. Pd-based catalysts have 

been shown to be effective for acetylene conversion, however increasing selectivity to 

ethylene is difficult [96]. Li and colleagues [97] revealed that PdIn(110) with single-atom 

Pd sites is more selective towards ethylene than Pd3In(111) with adjacent Pd trimer sites 

relying on DFT modeling, which is supported by experimental data. In PdIn(110), C2H2 

adsorbs on two neighboring Pd atoms, whereas C2H4 coordinates on one Pd atom via weak 

𝜋 bonding. The adsorption energy of intermediates and the hydrogenation barrier of 

elementary stages indicate that semihydrogenation of acetylene and desorption of ethylene 

are both simple processes (Figure 3.2) [97] 

 

 

Figure 3.2. Hydrogenation mechanism of acetylene to ethane on the PdIn(110) 

surface [97]. 
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4. RESULTS 

 

4.1. Computational Procedure 

 

         Density functional theory (DFT) techniques have been used since they are 

computationally cost effective for the integration of electron correlation effects to complex 

systems [98].  

 In this study, the PBE [99] exchange correlation functional was used. The 6-31G(d,p) 

basis set for H, C, O, Al, Si as well as LANL2DZ basis set of Hay and Wadt were used for 

Rh and Ir [100]. Metal clusters including transition metals are challenging systems for 

theoretical studies because they have partially filled d shells typically resulting in very 

narrow energy range [101,102]. Therefore, it is very important to determine appropriate 

methods for DFT calculations involving transition metals. In theoretical chemistry, the M06-

2X and PBE functionals have been applied to predict structures and their energies [103,104]. 

The PBE functional has been widely used in the study of complexes and compounds 

containing transition metals [105]. Wang has reported the accuracy of the PBE functional 

for transition metals by performing computations on small scandium clusters. (Scn, n=1-3) 

[106]. Therefore, it's critical to figure out the best DFT methods for transition metal 

calculations [107]. The Gaussian 09 series of programs [108] were used to perform all 

calculations. The PBE functional, along with the standard 6-31G(d,p) basis set, were used to 

perform full geometrical optimizations and conformational searches for the transition state 

structures in vacuum [109]. All ground state geometries have been characterized with 

positive frequencies whereas transition states have one imaginary frequency. Charge 

analysis was carried out using charge model 5 (CM5). The ideal gas approximation at T = 

298.15 K and 1 atm for vacuum calculations was used. 
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4.2. Usage of zeolite supported-Rh(C2H2)2 as a catalyst 

 

 In this study, the structure-catalytic property connections for zeolite supported 

rhodium and iridium complexes are utilized to catalyze acetylene reactions. Because of its 

crystalline structure, zeolite was chosen as the support because it enables the production of 

structurally uniform supported species [110]. 

 A simpler structure for computational efficiency is chosen.  Besides from the zeolite 

support, the ligands include acetylene (C2H2) modulates reactivity through electronic effects. 

The initial complex is shown in Figure 4.1 (the one on the right is Rh(C2H2)2 on simpler 

zeolite structure and the one on the left is Rh(C2H2)2 on crystal structure of silicalite 

faujasite). 

 

Figure 4.1. 3D structure (left) and 2D model (right) of the Rh(C2H2)2-zeolite complex. 

 

 First of all, the reaction mechanism of the hydrogenation of acetylene on the zeolite 

supported Rh complexes was modeled in Figure 4.2. According to the mechanism, in 

complex 1, coordination of H2 to the Rh center in trans position to the acetylene leads to 

formation of complex 2. Complex 2 is transformed to species 3 by an oxidative addition of 

H2 to the Rh center. From 3 to complex 4, insertion of alkyne to the metal H bond is observed; 

then, one of the hydrogens is captured by one acetylene group to give one ethylene group 

which is complex 5.  

 

 

 
 
 

 

 



17 
 

3D ground state geometries of (1-3), (4-6) and (7-9) with CM5 charges on Rh metal are 

shown in Table 4.1, Table 4.2, and Table 4.3 respectively. It is observed that complex 4 has 

the highest positive charge and complex 9 has the lowest positive charge in Table 4.2 and 

Table 4.3.  

 Transition state geometries of Path 1 are also given in Table 4.4. From complex 5, the 

insertion of H2 leads to formation of complex 6.  In this case, one of the hydrogens is captured 

by ethylene group to form complex 9 which has one acetylene and one ethane group. 

 

Figure 4.2. 2D mechanism for the hydrogenation of acetylene on the zeolite supported Rh 

complexes (Path 1). 

 During C2H2 hydrogenation reactions (C2H2 + H2 →C2H4) on Rh metal surface, C2H2 

and H2 molecules are firstly co-adsorbed on the same site. After the dissociation of H2 

molecule as two H atoms, one of them combines with C2H2 to generate the intermediate 

product C2H3. Then, C2H3 reacts with the other H atom to form the final product C2H4. The 

reaction process of C2H4 hydrogenation (C2H4+ H2 → C2H6) is analogous to that of C2H2 

hydrogenation. C2H5 and C2H6 molecules serve as intermediate and end products in these 

saturation hydrogenation processes, respectively. After the complex 8 is formed, although H 

is closer to C2H2 with 2.09 Å, it is captured by C2H5 group with 2.39 Å rather than C2H2. 
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Table 4.1. Ground state geometries, bond distances (Å) and CM5 charges of (1-3). 

 

 

Molecule ID 3D Ground State Molecules CM5 Charge 

on Rh metal  

 

 

 

 

 

 

1 

  

 

 

 

 

 

 

0.5336 
 

 

 

 

 

 

 

 

2 
 

  

 

 

 

 

 

 

0.5329 
 

 

 

 

 

 

 

 

3 

  

 

 

 

 

 

0.4375 
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Table 4.2. Ground state geometries, bond distances (Å) and CM5 charges of (4-6). 

 

 

 

Molecule ID 3D Ground State Geometries CM5 Charge 

on Rh metal  

 

 

 

 

 

 

4 

  

 

 

 

 

 

 

0.5608 
 

 

 

 

 

 

 

 

5 
 

  

 

 

 

 

 

 

0.5361 
 

 

 

 

 

 

 

6 

  

 

 

 

 

 

0.5352 
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Table 4.3. Ground state geometries, bond distances (Å) and CM5 charges of (7-9). 

 

 

Molecule ID 3D Ground State Geometries CM5 Charge 

on Rh metal  

 

 

 

 

 

 

7 

  

 

 

 

 

 

 

0.5255 
 

 

 

 

 

 

 

 

8 
 

  

 

 

 

 

 

0.5020 
 

 

 

 

 

 

 

9 

  

 

 

 

 

 

 

0.4369 
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Table 4.4. Transition state geometries and bond distances (Å) for Path 1. 

 

Transition States Geometries of Path 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

TS2-3 

 
 

 

 

 

 

 

 

 

 

 

 

 

TS3-4 
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TS6-7 
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TS8-9 
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 From these calculations and optimizations, the potential energy surface (PES) diagram 

is shown in Figure 4.3 by examining the relative Gibbs free energies of both ground and 

transition states from complex 1 to complex 9 (Path 1). 

 

 

Figure 4.3. Potential energy surface diagram for the acetylene hydrogenation of zeolite-

supported complexes (Path 1). 

 According to the PES diagram from Figure 4.3, when sufficient hydrogen is given, the 

produced ethylene can be further hydrogenated to ethane because it is still an unsaturated 

hydrocarbon. However, ethylene can take priority over hydrogenation in terms of desorption 

from surfaces if its hydrogenation barrier is larger than its desorption barrier [111]. Thus, 

the hydrogenation process of ethylene was also calculated. A surface vinyl (C2H3) 

intermediate (3 →TS3-4) is formed when a hydrogen atom on the metal reacts with 

acetylene. The distance between the nearest hydrogen atom and the acetylene is examined 

to find the intermediate structure, and an initial estimate for the intermediate structure is 

determined. Therefore, the surface vinyl intermediate is optimized on the complex to 

determine its most stable structure and its relative energy is calculated as 18.5 kcal/mol. In 

addition, from the diagram, it is easy to observe that the partial hydrogenation of one C2H2 

(acetylene) to C2H4 (ethylene) (1→5) is facile since the 4 →TS4-5 barrier is 20.9 kcal/mol. 

However, the rate determining step is 8 → TS8-9 step since it has the highest activation 

energy barrier (28.7 kcal/mol) among all steps.  

C
2
H

2 
+ H

2
 → C

2
H

4 
 C2H4 + H2 → C2H6  
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 The ethyl on the surface tilts along the Rh metal, bringing it closer to one side. This 

indicates that the Rh atom interacts more strongly with the surface ethyl. Surface ethyl has 

Rh-C length of 2.062 Å which is the shortest Rh-C bond in the mechanism. The Rh-C bond 

aids in stabilizing the CH2 group's electron deficiency in the ethyl intermediate.The reduced 

contact between H atoms and C2H4 raises the hydrogenation barriers, making over-

hydrogenation of C2H4 difficult. The activation energy of this barrier is calculated as 28.7 

kcal/mol where the highest point of the profile is the TS8-9 for the insertion of an alkyne to 

the metal Rh center. Ethane is produced when a surface ethyl intermediate reacts with atomic 

hydrogen. The result shows that ethane adsorption on Rh metal is not stable due to the steric 

hinderance. The activation energy for ethane production (second stage) is higher than that 

for acetylene to ethylene hydrogenation.Therefore, it is difficult for the reaction to generate 

complex 9 from complex 5. As a result, in line with the purpose of the study, ethylene 

production is selective rather than ethane production for Path 1. In other words, 

hydrogenation of ethylene to ethane is not observed easily because of high activation energy 

barrier. Uzun et al. have studied experimentally zeolite supported Rh catalyst and their 

finding is such that the ethylene selectivity is 88.1%. In addition, the regeneration of the 

catalyst and the emission of C2H4 (ethylene) via reaction mechanism (Path 1A) is analyzed. 

The reaction pathway from complex 5 to complex 1 is shown in Figure 4.4. The replacement 

of ethylene on Rh metal with the acetylene group in the reactor is investigated.  

 

 

Figure 4.4. 2D mechanism for the replacement of ethylene with acetylene on the zeolite 

supported Rh complexes (Path 1A). 
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 Figure 4.4 explains that the presence of C2H2 (acetylene) group can relocate with the 

currently found C2H4 (ethylene) group on the Rh metal. The ground and transition state 

geometries of Path 1A are given in Table 4.5.  

 

Table 4.5. Ground and transition state geometries and bond distances (Å) for Path 1A. 

 

 

 

Ground State Geometries Transition State Geometries 
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 The PES diagram of Path 1A supports the pathway (Figure 4.5). According to this 

path, C2H4 (ethylene) is released easily since it has relatively low (8.7 kcal/mol) activation 

energy barrier from 10→TS10-11. Moreover, the catalyst which is complex 1 is regenarated 

at the end. 

 

 

Figure 4.5. Potential energy surface diagram for the regeneration of the catalyst and 

emission of ethylene (Path 1A). 

 

 The reaction pathway from complex 5 to complex 1 which is Path 1A and the reaction 

pathway which is Path 1 are demonstrated together in Figure 4.6. In the reaction medium, 

there are enough H2 and C2H2, so after the complex 5 is produced there are two competitive 

pathways; either Path 1 or Path 1A is traced.  
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Figure 4.6. Comparison of the 2-D mechanisms of Path 1 for the hydrogenation of 

acetylene and Path 1A for the regeneration of the catalyst in the zeolite supported Rh 

complexes. 

 As the potential energy surface diagram (Figure 4.7) is plotted by calculating relative 

Gibbs free energy of ground and transition states,  it is seen that Path 1A is energetically 

more favorable than Path 1 by comparing their relative energies. The activation energy 

barrier of TS10-11 (8.7 kcal/mol) is lower than the activation energy barrier of TS6-7 (28.7 

kcal/mol). Therefore, reaction pathway prefers proceeding Path 1A. As a result, catalyst is 

regenerated and C2H4 is emitted from the reactor. 

 

Path 1A 

Path 1 
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Figure 4.7. Potential energy surface diagram of Path 1 and Path 1A. 

 

         In addition, the regeneration of the catalyst and the emission of C2H6 (ethane) via 

reaction mechanism is analyzed as well. The reaction pathway from complex 9 to complex 

1 (Path 1B) is shown in Figure 4.8. The replacement of ethane on Rh metal with the acetylene 

group in the reactor is investigated.  The ground and transition state geometries of Path 1B 

are given in Table 4.6.  

 

Figure 4.8. 2D mechanism for the replacement of acetylene with ethane on the zeolite 

supported Rh complexes (Path 1B). 
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Table 4.6. Ground and transition state geometries and bond distances (Å) for Path 1B. 

 

 According to the PES diagram (Figure 4.9) of Path 1B, the activation energy barrier 

from 12→TS12-1 is 8.9 kcal/mol which is relatively low. If the ethane is released; in other 

words, complex 9 is formed, it is easy to regenerate the catalyst since the reaction is 

exergonic with -32.7 kcal/mol energy. 

 

 

Figure 4.9. Potential energy surface diagram for the regeneration of the catalyst and 

emission of ethane (Path 1B). 

Ground State Geometry Transition State Geometry 

 

 
12 

 

 
 

TS12-1 



29 
 

         From the hydrogenation mechanism of acetylene of Path 1, the coordination of second 

H2 to complex 5, leads to formation of complex 6 and then complex 7 by oxidative addition. 

When the complex 7 is formed, hydrogen can be captured by ethylene group or acetylene 

group. If the H2 is captured by ethylene group, Path 1 is followed. If the H2 is captured by 

acetylene group, Path 2 is followed (Figure 4.10). Therefore, both Path 1 and Path 2 are 

modeled to figure out which path is more favorable. The potential energy surface (PES) 

diagrams are shown in Figure 4.11 by indicating the relative Gibbs free energies of both 

ground and transition states for Path 1 and Path 2. According to PES diagram, the energy 

barrier of Path 2 is relatively low compared to Path 1 that is the energy barrier of TS7-14 is 

5.6 kcal/mol wheras the energy barrier of TS8-9 is 34.4 kcal/mol. Therefore, the ethylene 

production yielding complex 15 is selective, rather than complex 9 which has ethane group 

on Rh metal. 

 

Figure 4.10. 2D mechanism of the hydrogenation of ethylene or acetylene on the zeolite 

supported Rh complexes. 

Path 1 

Path 2 
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Table 4.7. Ground and transition state geometries and bond distances (Å) for Path 2. 

 

 

Transition State Geometries Ground State Geometries 
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Figure 4.11. Potential energy surface diagram  for the selectivity of acetylene versus 

ethylene for Path 1 and Path 2. 

 

         As complex 15 is produced, hydrogenation of ethylene groups (Path 2A) on the Rh 

metal is pursued in Figure 4.12. 

 

 

Figure 4.12. 2D mechanism for the hydrogenation of ethylene groups on the zeolite 

supported Rh complexes (Path 2A). 
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         During C2H4 hydrogenation reactions (C2H4 + H2 →C2H6) on Rh metal surface, C2H4 

and H2 molecules are firstly co-adsorbed on the same site (16). After the dissociation of H2 

molecule as two H atoms (17), one of them combines with C2H4 to form the intermediate 

product C2H5 by oxidative addition (18). Then, C2H5 reacts with the other H atom to form 

the final product C2H6. C2H5 and C2H6 molecules serve as intermediate and end products in 

these saturation hydrogenation processes, respectively. However, after 19 is generated, the 

pathway is unlikely to occur because the transition state, TS20-21, of ethane formation, is 

27.8 kcal/mol from the potential energy surface diagram  (Figure 4.13). 

 

 

Figure 4.13. Potential energy surface diagram for the ethylene hydrogenation in zeolite-

supported Rh complexes (Path 2A). 

 

The coordination of a second H2 molecule to the Rh center in complex 19 is slightly 

endergonic and yields complex 20. In any case, since ethane has no  bonds unlike acetylene 

and ethylene, it is diffucult to be held on Rh metal; therefore, ethane is released as a gas and 

the formation of ethane from the intermediates is an endothermic process. 3D ground state 

geometries of (16-19) and transition state geometries of (TS16-17, TS17-18, TS18-19) are 

shown in Table 4.8 and Table 4.9 respectively.  
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Table 4.8. Ground state geometries and bond distances (Å) for Path 2A. 
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Table 4.9. Transition state geometries and bond distances (Å) for Path 2A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molecule ID Ground State Molecules 
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 In addition, the regeneration of the catalyst and the emission of C2H6 (ethane) via 

reaction mechanism (Path 2B) is analyzed. The reaction pathway from complex 15 to 

complex 1 is shown in Figure 4.14. The replacement of two ethylene groups on Rh metal 

with the acetylene groups in the reactor is investigated.   

 

 

Figure 4.14. 2D mechanism for the replacement of two ethylene groups with acetylene 

groups on the zeolite supported Rh complexes (Path 2B). 

 

 Figure 4.14 explains that the presence of C2H2 (acetylene) group can be replaced with 

the currently found C2H4 (ethylene) groups on the Rh metal. The ground and transition state 

geometries of Path 2B are given in Table 4.10.  
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Table 4.10. Ground and transition state geometries and bond distances (Å) for Path 2B. 

 

 The PES diagram of Path 2B (15-1) supports the pathway which is given in Figure 

4.15. According to this path, C2H4 (ethylene) is released easily since it has relatively low 

(6.3 kcal/mol) activation energy barrier from 25→TS25-5. Total reaction energy is 

calculated for the replacment of ethylene groups with acetylene groups to be exothermic by 

-7.8 kcal/mol. The catalyst which is complex 1 is regenarated at the end. 

 

 

Ground State Geometries Transition State Geometries 
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Figure 4.15. Potential energy surface diagram for the regeneration of the catalyst and 

emission of ethylene (Path 2B). 

 

 In addition,  when the PES diagrams of Path 2A and Path 2B are compared, it is 

observed that Path 2B is energetically more favorable than Path 2A by comparing their 

relative energies. For instance, the activation energy barrier of TS24-25 (6.0 kcal/mol) is 

lower than the activation energy barrier of TS16-17 (14.5 kcal/mol) or the activation energy 

barrier of TS25-5 (6.3 kcal/mol) is also lower than the activation energy barrier of TS18-19 

(26.0 kcal/mol). Therefore, the ethylene production is selective and reaction pathway prefers 

to proceed via Path 2B. As a result, catalyst is regenerated and C2H4 is emitted from the 

reactor.  

4.3. Comparison of zeolite supported Rh(C2H2)2 and Ir(C2H2)2 catalysts 

The catalytic activity and selectivity of ligand binding to the various Group 9 metal 

complexes can be deduced by comparing them. In this study, the same paths mentioned 

above are investigated by changing Rh metal with Ir metal. The aim is to observe how the 

metal change affects the selectivity for the hydrogenation and the regeneration of the 

catalyst. Therefore, to compare the differences between zeolite supported Rh(C2H2)2 and 

Ir(C2H2)2 catalysts, bond lengths (metal–ligand (M-C) and metal-oxygen (M-O) distances), 

ligand bond dissociation energies (LDEs), potential energy surfaces (PESs) and charges on 

metal are discussed in following sections. 
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4.3.1. Bond Lengths 

 In this part of the study, the bond lengths (metal–ligand and metal-oxygen distances) 

of  molecular zeolite-supported site-isolated rhodium and iridium complexes including 

typical hydrocarbon ligands (C2H2 and C2H4) are examined by using DFT. The acetylene 

and ethylene ligands are adsorbed to the Rh and Ir complexes by forming two M-C bonds. 

In addition, there are two M-O bonds arising from metal and the oxygen atoms at the acidic 

Al site of zeolite support. The 3D geometries including M-C and M-O distances of  

complex 1, 5 and 15 for Rh and Ir metals are shown in Figure 4.11. These complexes are 

chosen to be compared since they have different ligands on the metal. The ordering of M-

C bond distance in the all complexes is d(Ir-C) < d(Rh-C) which as shown in Table 4.12. 

The stronger Ir-C bonding leads to weaker C-C bonding in the acetylene and ethylene 

ligands. This means that the Ir complex has a higher effect on the C≡C triple bond and 

C=C double bond in acetylene and ethylene than the Rh complexes. The ordering of M-O 

bond distance in the all complexes is d(Ir-O) < d(Rh-O) which is also given in Table 4.12. 

Moreover, it is observed that the strength of M(Rh/Ir)-C bonds decreases or the length of 

M(Rh/Ir)-C bonds increases for complex 1, 5 and 15 as the ligand changes from C2H2 to 

C2H4. Strong -donor ligands like CHCH3, CCH3, and C2H2 can improve back-bonding 

between molecules [112].  

In terms of comparing experimental data and computations, Uzun et al. have 

provided numerous good examples. They presented findings from several studies on the 

structure and catalytic characteristics of atomically distributed iridium on zeolite. 

According to the EXAFS data, each Ir atom was bonded to four carbon atoms at an average 

distance of 2.10 Å, which is compatible with the existence of two ethylene ligands per Ir 

atom and with the IR spectra confirming -bonded ethylene ligands. The EXAFS results 

further show that each Ir atom was bound to two oxygen atoms of the zeolite at a distance 

of 2.15 Å [113]. The observed and computed results were found to be in good agreement 

for zeolite supported Ir(C2H4)2 which are shown in Table 4.12. 
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Table 4.11. 3D geometries of complex 1, 5 and 15 with M-C and M-O bond 

distances (Å). 

M = Rh M = Ir 
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Table 4.12. M-C and M-O bond distances (Å) for complexes 1, 5 and 15. 

 

Table 4.13. C-C triple and double bond lengths (Å) for complexes 1, 5 and 15. 

 

 The C-C triple and double bond distances in the ligands for complex 1, 5 and 15 for 

Rh and Ir metals are shown in Table 4.13. It is observed that as the hydrogenation 

mechanism proceeds that is C2H2 ligand turns into C2H4, C≡C triple bond and C=C double 

bond elongate. Since  back donation from metal to ligand increases p character, it weakens 

the bond strength. Moreover, it is seen that this donation is stronger for Ir since C-C triple 

and double bonds in ligands are longer for Ir than Rh.  

4.3.2. Ligand Bond Dissociation Energies (LDEs) 

 The energy required to break a chemical bond is known as bond dissociation energy. 

It's a way of measuring the strength of a chemical bond [114]. Since ligands (C2H2 and C2H4) 

on the metal are used in this study, ligand bond dissociation energies are reported.  

 

Ligand(s) M = Rh M = Ir 

 d(M–C) d(M–O) d(M–C) d(M–O) 

     C2H2/C2H2 

(1) 
2.098, 2.098 2.132 2.075, 2.075 2.122 

C2H2/C2H4 

(5) 
2.082, 2.124 2.150 2.078, 2.114 2.134 

C2H4/C2H4 

(15) 
2.108, 2.112 2.172 2.098, 2.098 2.153 

Ligand(s) M = Rh M = Ir 

  d(C≡C) d(C=C) d(C≡C) d(C=C) 

   C2H2/C2H2 

(1) 
1.266 - 1.276 - 

C2H2/C2H4 

(5) 
1.269 1.414 1.279 1.428 

C2H4/C2H4 

(15) 
- 1.418  1.432 
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To calculate the LDEs, complex 5 is chosen for Rh and Ir complexes since it has both 

acetylene and ethylene ligands on the metal. The LDE calculation is carried out by scanning 

the distance between M(Rh/Ir) and C ligand (C2H2 / C2H4) by 0.5 Å in each step starting 

from the structure corresponding to the global minimum. The difference between the initial 

and final electronic energies are calculated. The LDEs have been determined as shown in 

Table 4.14 and the electronic energies versus M-C distances are illustrated in Figure 4.16- 

4.19. 

Table 4.14. Ligand bond dissociation energies (kcal/mol) of complex 5 for Rh and Ir 

complexes 

Metal Complex LDE(C2H2) LDE(C2H4) 

Rh(C2H2)(C2H4) 62.4 57 

Ir(C2H2)(C2H4) 83.8 74.9 

 

According to Table 4.13, the results imply that C2H2 ligand is more strongly bonded 

for the Rh or Ir complexes because the energy to dissociate the M-C2H2 bond is relatively 

high compared to C2H4 ligand. This outcome also overlaps with the bond length results in 

Section 4.3.1. The bond length of M-C2H2 ligand is shortest, thus it is stronger bond 

compared to others. In addition, it is seen that C2H2 ligand is more strongly bonded to Ir 

metal (21.4 kcal/mol higher) than Rh metal. This case is also valid for C2H4 ligand. The LDE 

of C2H4 for Ir is 17.9 kcal/mol greater than for Rh. The C2H4 ligand is more bent out of plane 

compared to C2H2. The Ir- C2H4 distortion reduces the overlap between the Ir and C=C 

electron densities, lowering the C2H4 bond energy. Although C2H2 is a η2 bonding ligand, 

the steric effect of Ir(C2H2) supported on zeolite is relatively low. The ordering of the LDEs 

for Rh and Ir is significant in predicting the selectivity of catalytic reactions, especially in 

hydrocarbon activation processes where the reaction kinetics of the intermediate ligand 

complexes are important. 
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Figure 4.16. Ligand bond dissociation energy for C2H2 in the Rh(C2H2)(C2H4) complex. 

 

 
Figure 4.17. Ligand bond dissociation energy for C2H2 in the Ir(C2H2)(C2H4) complex. 
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Figure 4.18. Ligand bond dissociation energy for C2H4 in the Rh(C2H2)(C2H4) complex. 

 

 

Figure 4.19. Ligand bond dissociation energy for C2H4 in the Ir(C2H2)(C2H4) complex. 
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4.3.3. Potential Energy Surfaces  

 

  In this section, the comparison of the theoretically calculated potential energy surfaces 

(PESs) of paths using zeolite supported Rh and Ir catalysts are investigated. The variations 

in the stabilities of the intermediates on the PES's for M = Rh and Ir result in significantly 

different energetics for the C2H2 and C2H4 hydrogenation reaction on these M-zeolite 

catalysts. The PES diagram of the hydrogenation for Rh(C2H2)2 and Ir(C2H2)2 catalysts with 

2D structures of each complex with relative Gibbs free energies (kcal/mol) are represented 

in Figure 4.20 and Figure 4.21. Potential energy surface diagrams are represented in Table 

4.15 and Table 4.16. According to these PESs, it is obvious to comprehend the relatively 

small barriers of Ir (green) compared to Rh (red). This situation is also mimiced for the 

hydrogenation for Rh(C2H4)2 and Ir(C2H4)2 (Table 4.17). The zeolite-supported iridium 

complex's catalytic activity was found to be approximately 35 times higher than that of the 

similar rhodium complex [113]. On the contrary, the regeneration of  catalysts and the 

emission of C2H4 and C2H6 is facile with Rh. The PES diagrams are represented in Figure 

4.23, Figure 4.24 and Figure 4.25. 2D structures with relative energies are given in Table 

4.18 and Table 4.19.    
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Table 4.18. 2D structures of each complex with relative Gibbs free energies (Path 1A). 

 

 

Figure 4.23. Potential energy surface diagram for the regeneration of zeolite-supported               

Rh(C2H2)(C2H4) and Ir(C2H2)(C2H4) complexes (Path 1A). 

 

 According to Table 4.18, for Ir, the rate of reaction is controlled by the last stage of 

the catalytic cycle (11 →TS11-1), the production and release of C2H4. The PES reaction for 

Ir reveals that the intermediates are extremely stable, implying that removing the C2H4 is 

significantly more difficult. While the activation energy barrier (11 →TS11-1) for Rh is 0.7 

kcal/mol, the activation energy barrier (11 →TS11-1) for Ir is 8.3 kcal/mol. 

 

 

 

 

 

      5         10         TS10-11       11         TS11-1         1 

 

 
     

 M = Rh 
       0.0 

              4.02                  12.7 9.36           10.1      -0.51 

  M = Ir       4.49           7.62 3.01           11.3     -0.93 
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      9         12         TS12-1       1 

 

    

 M = Rh 
       0.0 

          -7.25         1.61 -32.7 

   M = Ir            9.16         28.0           -30.4 

Table 4.19. 2D structures of each complex with relative Gibbs free energies (Path 1B). 

 

 

 

  

 

 

Figure 4.24. Potential energy surface diagram for the regeneration of zeolite-supported 

Rh(C2H2)(C2H6) and Ir(C2H2)(C2H6)  complexes (Path 1B). 

 

 Similarly, in Table 4.19 from Ir to Rh, the energy required to release C2H6 declines 

as a result of the stability of the intermediates. While the activation energy barrier (12 

→TS12-1) for Rh is 8.86 kcal/mol, the energy required to release C2H6 (12 →TS12-1) for 

Ir is 19.2 kcal/mol. 
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Table 4.20. 2D structures of each complex with relative Gibbs free energies (Path 2).

 

 

 

Figure 4.25. Potential energy surface diagram for the acetylene hydrogenation of zeolite-

supported Rh(C2H2)(C2H4) and Ir(C2H2)(C2H4) complexes (Path 2). 

 

 The PES diagram of the hydrogenation for Rh(C2H2)(C2H4) and Ir(C2H2)(C2H4)  

complexes with 2D structures and relative Gibbs free energies (kcal/mol) are represented 

in Table 4.20. Likewise the hydrogenation mechanisms of Path 1 and Path 2A, the 

relatively small barriers of Ir (green) compared to Rh (red) are observed. As the calculated 

LDE results in Section 4.3.2 indicate, Ir makes the stronger M- C2H4 bonds compared to 

Rh. The stronger Ir-C bonds substantially weaken the C=C and C≡C bonds. This infers 

two meanings  in the catalysis of the acetylene and ethylene hydrogenation reactions. One 

of these meaning is that the adsorbed acetylene or ethylene can be most extensively 

activated by the Ir catalyst. Therefore, the hydrogenation mechanisms are facile with Ir. 

The other meaning is that the release of the hydrogenation product C2H4 and C2H6 is more 

challenging for the Ir catalyst. For ethylene hydrogenation processes, the Ir catalyst 

performs better than the Rh catalyst experimentally [112]. 

 

      7         TS7-14       14       TS14-15         15 

 

     

 M = Rh 
       0.0 

4.1     -30.1 -24.4     -48.1 

  M = Ir 0.7     -32.6 -26.3     -47.0 
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4.3.4. Charges on Metal  

     Charge analysis was carried out using charge model 5 (CM5). The charges on metals 

are given in Table 4.20. For Path 1, Rh metal is more positively charged than Ir. It is logical 

since Ir has more electron and these electrons are close to the surface due to the screening 

effect. Because Ir has f orbitals which are weakly attracted to the nucleus, they are unable to 

shield the nucleus, resulting in a poor shielding effect. Moreover, this effect can explain the 

convenience of hydrogenation reaction. The metal (Rh or Ir) for complex 4 in Path 1 has the 

most positive charge and has less electrons on the surface. The metal (Rh or Ir) for complex 

9 has negative charge meaning to has more electron on it since the one of the ligands on the 

metal is C2H6. 

Table 4.21. CM5 charges on metal for the hydrogenation of Rh(C2H2)2 and Ir(C2H2)2 

complexes (Path 1). 

PATH 1 

Molecule ID Charge on Rh Charge on Ir 

1 0.5336 0.4801 

2 0.5329 0.4806 

3 0.4375 0.4235 

4 0.5608 0.4952 

5 0.5361 0.4842 

6 0.5352 0.4843 

7 0.5255 0.4885 

8 0.5020 0.4613 

9 0.4369 0.3619 

 

Table 4.22. CM5 charges on metal for the regeneration of Rh(C2H2)2   and Ir(C2H2)2 

complexes (Path 1A). 

Path 1A 

Molecule ID Charge on Rh Charge on Ir 

5  0.5361  0.4842 

10  0.5313  0.4823 

11  0.5729  0.5665 

1  0.5336  0.4801 
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Table 4.23. CM5 charges on metal for the regeneration of Rh(C2H2)2   and Ir(C2H2)2 

complexes (Path 1B). 

Path 1B 

Molecule ID Charge on Rh Charge on Ir 

9 0.4369 0.3619 

12 0.4821 0.3873 

1 0.5336 0.4801 

 

         According to Table 4.21, the same trend (Rh is more positively charged than Ir) is 

observed. These paths (Path 1A nad Path 1B) refer to the emission of C2H4 and C2H6, 

respectively. For Path 1A, Rh and Ir is more positively charged when the metal is in complex 

11. This complex has three ligands (2C2H2 + C2H4) on the metal. For Path 1B, complex 1 is 

most positively charged among complex 9 and 12 since while they have ethane and acetylene 

groups on the metal, complex 1 has only 2 acetylene groups on the metal which are given in 

Table 4.22. 
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5. CONCLUSION 

        

         In the first part of the thesis, the hydrogenation reaction mechanism of Rh complexes 

bonded to zeolite support are investigated by modeling the pathways. These paths include  

zeolite supported Rh(C2H2)2 hydrogenation, the regeneration of  the catalyst and the 

comparisons of the two. It is concluded that, for Path 1, ethylene production is more selective 

than ethane production since the activation energy barrier from ethylene to ethane is 

relatively high. The regeneration of the catalyst as well as the emission of C2H4 (ethylene) 

via the reaction mechanism Path 1A are also investigated and this path is more favorable 

than Path 1. If the C2H6 (ethane) is released at the end of the hydrogenation reaction (Path 

1); it is easy to regenerate the catalyst via Path 1B. Moreover, the production of Rh(C2H4)2 

is preferred rather than the Rh(C2H2)(C2H6) and as the Rh(C2H4)2 is hydrogenated (Path 2A), 

it is observed that two ethylene groups on Rh cannot form two ethane groups, but the catalyst 

is again regenarated in Path 2B. 

         In the second part of the thesis, the Rh metal is replaced with Ir metal to see the 

influences of metal on the selectivity for hydrogenation and catalyst regeneration. When the 

metal is Ir instead of Rh metal, the hydrogenation mechanism is facile as observed from the 

activation energy bariers; however, the regeneration of the catalyst is more likely to occur 

with Rh metal. The difference in activity arises from the ligand bond dissociation energies 

(LDEs). Higher LDEs are calculated for Ir metal for the dissociation of ligands (C2H2 and 

C2H4). LDE is associated to the electron density distribution in the ligand. Correspondingly, 

bond lengths (metal-ligand and metal-oxygen) are shorter with Ir metal. Rh metal has more 

positively charged than Ir owing to the screening effect of f orbitals. Because of the poor 

shielding, these electrons are near to the surface and f orbitals are weakly attached to the 

nucleus, thus they can't shelter the nucleus.   

         Overall, the choice of metal and additional ligands can improve the reactivity of the 

catalyst. The catalytic activity and confinement effects are not fully reflected by small cluster 

models of zeolites.  
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 Larger supports can be used to confirm the results or supports having different electron 

donor/acceptor properties such as MgO, SiO2, La2O3, Fe2O3, TiO2 can be used to tune the 

catalytic properties.  

  Newly emergent SACs also contribute to the development of the hydrogenation 

reactions. The metals different from single Rh and Ir atoms can be good candidates for 

further applications. The computational results, together with the experimental observations, 

are expected to a better view of the catalytic hydrogenation of acetylene and ethylene on 

single site supported Rh and Ir catalysts, as well as suggestions for future experimental 

investigations. 
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