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hand, heterogeneous catalysis of the reduction of CO2 to CO was carried out on Fe, Co, Ni, and 
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CHAPTER 1 

INTRODUCTION 

 

      A rapid decline of fossil fuels has led to the exploration of utilizing alternative carbon 

resources, such as CO2 (as a byproduct of fossil fuel combustion and as a green house gas) and 

lignin (as a sustainable and high energy content natural species). Novel and efficient catalytic 

process is an essential technology for realizing the chemical transformations of these feedstocks 

into fuels. Catalytic conversion of these materials necessitates efficient polar bond activation 

(cleavage of C-O), hydrogenation (creating C-H bonds) and hydrodeoxygenation (creation of C-

H and O-H bonds with removal of water). Studies of homogeneous catalysis would help better 

understand the chemical and mechanistic factors that control these reactions, while 

heterogeneous catalysis that supports the majority of industrial processes often lacks these 

insights due to the innate complexity of the catalytic material. The correlations between 

homogeneous and heterogeneous catalysis are crucial yet are often lacking due to the relative 

isolation of the two catalysis sub-communities from each other. Transition metal (TM) catalysts, 

with extraordinary catalytic properties, dominate both homogeneous and heterogeneous 

catalysis; metal centers play a significant role in the performance of such catalysts. Investigating 

the intrinsic behaviors of TMs in catalysis, as well as better understanding the similarities and 

differences between homogeneous and heterogeneous catalysis can contribute greatly to rational 

design of catalysts, which may ultimately lead to novel industrial processes. With advances in 

computer software, and hardware, quantum mechanics-based computational simulations allow 

systematic studies of TMs and enable direct comparisons between homogeneous and 

heterogeneous catalysis. 
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      An introduction of the computational methodologies and techniques utilized in this 

dissertation is presented in Chapter 2, specifically basis sets (all-electron and planewave basis 

sets), and computational methods (electron correlation methods, density functional (DFT) 

methods and composite methods).             

      In Chapters 3 to 5, homogeneous and heterogeneous catalysis of CO2 activation and 

conversion using 3d TM catalysts
1-4

 are discussed. The discussion of homogeneous catalysis is 

first focused on the reverse water-gas shift (RWGS) reaction and the hydrolysis of CO2 catalyzed 

by 3d metal β-diketiminate complexes. Based on the conclusion that the middle series metal 

complexes show the most promising thermodynamics in terms of both CO2 activation and 

hydrogenation, more detailed studies of the reaction mechanism of RWGS, as well as the 

hydrolysis of CO2 using Mn, Fe and Co complexes are presented. For the heterogeneous 

catalysis, CO2 reduction to CO on late 3d metal surfaces is discussed. Research is mainly 

focused on the investigations of the intrinsic catalytic properties of the metal and the comparison 

between homogeneous and heterogeneous catalysis. As described in these chapters, the 

thermodynamics of CO2 activation show energetic trends as a function of metal; earlier metal 

catalysts tend to have exergonic reactions and lower global barriers than later metal systems. The 

energetic trend of CO2 binding and activation is observed in both homogeneous and 

heterogeneous catalysis, showing strong structure-property correlations between these two sub-

disciplines of catalysis. This is, to our knowledge, the first time a direct comparison has been 

made between homogeneous and heterogeneous catalysis for transition metal mediated CO2 

activation. This important thermodynamic trend can help in the selection of metal centers for the 

design of new catalysts. 
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Chapter 6 describes the C-O bond cleavage of dimethyl ether mediated by late 3d (Fe, 

Co, Ni and Cu) and 4d (Ru, Rh, Pd and Ag) transition metal bare ions.
5
 The reaction 

thermodynamics is discussed in terms of comparisons among different metals, as well as the 

performance of DFT methods and the impact of percentage of Hartree-Fock (HF) exchange 

included in the functionals. As shown in this chapter, TMs play a similar role in activating DME 

with CO2 activation; the earlier metals tend to have a more exergonic reaction energy and a 

lower barrier when breaking the C-O bond than later metals Calculations show an interesting 

energetic trend as a function of metal; earlier transition metals tend to give smaller reaction 

barriers and more exergonic reaction energies than later metals. This applies to both 3d and 4d 

systems. Furthermore, this trend is very similar to the trend for CO2 activation discussed in 

Chapters 3 - 5. The percentage of Hartree-Fock (HF) exchange also plays an important role in 

the accuracy of DFT methods, and 25% HF exchange for 3d system and 35% HF exchange for 

4d system gave the lowest errors. Chapter 7 summarizes all of the research projects and describes 

current efforts and future interests. 

1.1 References 

1.  Liu, C.; Munjanja, L.; Cundari, T. R.; Wilson, A. K. J. Phys. Chem. A 2010, 114, 6207. 

2.  Liu, C.; Cundari, T. R.; Wilson, A. K. Inorg. Chem. 2011, 50, 8782. 

3.  Liu, C.; Cundari, T. R.; Wilson, A. K. J. Phys. Chem. C 2012, 116 (9), 5681.  

4.  Liu, C.; Cundari, T. R.; Wilson, A. K. Applications of Molecular Modeling to Challenges 

in Clean Energy, Chapter 5, 2013, 67. 

5.  Liu, C.; Peterson, C.; Wilson, A. K. J. Phys. Chem. A 2013, 117(24), 5140. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

 

2.1 The Schrödinger Equation 

One of the most important foundations of computational chemistry the Schödinger 

equation. 
1-5

 The Schrödinger equation (eq. 2.1) is an eigenfunction that describes the 

relationship between the structure and the energy of a system by using a Hamiltonian operator  ̂. 

The Hamiltonian operator operates on a wave function,  , which describes the electronic and 

nuclear structure of a giving system to produce the total energy of the system, E, as an 

eigenvalue.  

 ̂                                                                  (2.1) 

Since the Hamiltonian operator is independent of time, the time dependence of the 

wavefunction can be separated out as a factor.  In the non-relativistic, time-independent 

Schödinger equation, the Hamiltonian operator contains the kinetic ( ̂ ) and potential ( ̂ ) energy 

terms. 

                                          ̂   ̂   ̂    ̂    ̂     ̂      ̂      ̂                                           

(2.2) 

where   ̂   and   ̂   are the electronic and the nuclear kinetic energy term, respectively,  ̂   ,  ̂    and  ̂    

are the potential energy operators that represent the electron-nuclear, nuclear-nuclear, and electron-

electron interactions, respectively. Since nuclei are much heavier than electrons, their velocities are much 

slower. Thus an approximation can be made to separate the wave function into the electronic wave 

function for a fixed nuclear geometry and the nuclear wave function. This is the so-called Born-
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Oppenheimer approximation.
6
 Thus in the Hamiltonian operator of the electronic Schödinger 

equation, the nuclear kinetic energy term is 0, and the nuclear-nuclear potential energy is  

treatedas a constant. This Hamiltonian operator can be written as
7,8

: 

 ̂    ̂     ̂      ̂     
 

 
∑  

 

 

 

 ∑∑
  

|     |

 

 

 

 

  
 

 
∑

 

|     |
   

 

  

 

(2.3) 

where N is the number of electrons that are interacting with M nuclei,     is the Laplacian,    is 

the charge on nucleus A, |     | is the distance between electron i and nucleus A, and |     | is the 

distance between two electrons. The time-independent electronic Schödinger equation is the most 

common form that is used to solve ground state properties.  

The time-independent electronic wave function,   , is a mathematical function that 

describes the electron positions with fixed nuclei, and has no direct physical meaning. However, 

its squared modulus represents the probability density. In this case, the wave function may be 

interpreted statistically as a position function of the electrons, although the wave function may 

not be used to locate the exact position of the electrons, due to the Heisenberg uncertainty 

principle.
8
 In addition, certain restrictions must be made for the wave functions to remain 

physically viable: the wave function must be single-valued and continuous at all points in space, 

and zero-valued (for both the wave function and its derivatives) at the boundary conditions; the 

wave function must also be integrable; and the wave function must be antisymmetric (change 

sign) when interchanging the coordinates of two electrons, i.e., the Pauli exclusion principle.
5,7-10

 

With these restrictions, one method to write an N-electron wave function is using the Slater 

determinant:
11
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|  〉  
 

√  
 |

  (  )   (  )  

  (  )   (  )  
 

  (  )
 

  (  )
 
 

      (  )

      (  )
 

      (  )

|   
 

√  
∑(  )    

  

 

{  (  )      (  )}  

(2.4) 

where each column represent each electron orbital (defined as a wave function for a single 

particle, an electron) and each row represent each electron, 
 

√  
 is a normalization constant, 

(  )   is the parity of the ith term, and    is the permutation operator that interchanges the 

orbital indices. The term in brackets is a product wave function, which is called the Hartree 

product.
12-14

 Because in this mathematical form the exchange of two rows will lead to the change 

of sign, the anti-symmetry of a wave function is taken care of naturally.  

Since the non-relativistic Hamiltonian does not account for the electron spin, a spin 

component is introduced into the electron coordinates, xi = riσi (2.5), where ri is the spatial 

component and σi is the spin component. σi has either αi (spin up) or βi (spin down), and the spin 

functions | 〉  and | 〉 are orthonormal, i.e., ⟨ | ⟩      (2.6). This orthogonal nature of the spin 

functions and the anti-symmetry result in an exchange interaction for the Hamiltonian operator, 

especially the Vee term. The exchange interaction only occurs when the two electrons have the 

same spin, which lowers the total energy of the system. This also means that electrons of 

opposite spin are not correlated in a single Slater determinant.
15,16

 

To approximate the solutions for the Schödinger equation, the variational principle is 

employed (except for the Møller-Plesset Perturbation theory discussed later), which states that 

any approximate wave function has an energy that is above or equal to the exact energy: 

   
⟨  | ̂ |  ⟩

⟨  |  ⟩
 

(2.7) 
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where for a normalized wave function the donominator, ⟨  |  ⟩ is 1, and therefore the energy of 

a slater determinant wave function has the following form: 

 

   ⟨  | ̂ |  ⟩  ∫          
 (       ) ̂   (       ) 

(2.8) 

In order to obtain the best approximation to the exact solution of the Schödinger equation, an 

approximate wavefunction is created with variational parameters. These parameters of the initial 

wavefunction may be verified and adjusted until the expectation value of eq. (2.8) is minimized. 

The wave function that gives the minimized energy is then the best solution to the Schödinger 

equation under the variational principle. Choosing the variational parameters and constructing 

the initial wave function are the the most important topics in computational chemistry, which 

leads to the approximate methods to construct many-electron wave functions and basis set 

theory.
5,7,8

 

2.2 Methodologies  

2.2.1 Ab inito Philosopy and Hartree-Fock Approximation 

The term “ab initio” (Latin for “from the beginning”) is given to methods that are based 

on only fundamental physical laws and constants, with no bias from experimental data.
5,7,17

 In 

Hartree-Fock (HF) theory,
12-14,19

 each one-electron orbital is approximated as a linear 

combination of the fixed nuclear one-electron functions, called the linear combination of atomic 

orbitals (LCAO) theory:
5,8,18

 

  (  )  ∑     (  )
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(2.9) 

where   (  ) represents the one-electron orbital, K is the number of basis functions,     is the 

weight coefficient for each one electron function   . The weight coefficients {   }  can be 

adjusted to reach the minimum expectation value. With the assumption of HF theory that one 

electron interacts with the other electrons as an average field, the electron-electron interaction term of the 

Hamiltonian operator is replaced with and effective potential by fixing an electron’s coordinates and 

computing its interaction with the rest of N-1 electrons. Then the one-electron core-Hamiltonian operater 

and the electron-electron repulsion term can be written as: 

 (  )   
 

 
  

  ∑
  

|     |

 

 

 

 (2.10) 

    ∑[∫   |  (  )|
 
   

  ]

 

   

  (  )  ∑[∫     
 (  )  (  )   

  ]   (  )

 

   

 

(2.11) 

Now we introduce Coulomb operator   (  ) and exchange operater   (  ): 

  (  )  ∫   |  (  )|
 
   

   

  (  )  ∫     
 (  )  (  )   

   

(2.12) 

Then the Fock operator is defined as:
19

 

  (  )    (  )  ∑   (  )

 

 

   (  ) 

(2.13) 

And the the zeroth-order Hamiltonian operator of HF theory is written as: 
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 ̂  ∑  (  )

 

 

 

(2.14) 

Now with the HF approximation, the HF energy can be solved using the self-consistent field 

(SCF):
7 

    ∑⟨  |  (  )|  ⟩  

 

 

 
 

 
∑ 〈    ‖     〉

 

  

 

(2.15) 

Hartree-Fock (HF) theory,
12-14,19

 despite of its important fundamental assumption that 

each electron “sees” all the other electrons as an average field, was used in many ab initio 

methods because it provides a well defined starting point for more sophisticated and rigorous 

theories. Mathemetical and computational techniques have been developed to achieve the HF 

limit, which is the solution from solving the HF equations with an infinite basis set, with no 

additional approximations.  

2.2.2 Electron Correlation Methods 

Since HF wave function is based on a single Slater determinant (a single configuration), 

according to variational principle, no better results than the HF wave function can be obtained 

with a single determinant. HF theory well defines a system that is near the equilibrium (e.g., a 

system with a single electron configuration as the dominant configuration); however, it becomes 

less satisfactory as molecular bonds are stretched (e.g., more than one configuration becomes 

important).
20

 The number of combinations of 2K spin orbitals taken N electrons can be written as  

the binomial coefficient:  

(
  

 
)  

(  ) 

  (    ) 
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(2.16) 

The HF ground state is just one of these combinations. To describe these other 

determinants, one can consider the HF ground state to be a reference state and to classify the 

other determinants by verifying how much they are different from the HF ground state. These 

other determinants can been taken to describe approximate excited states of the given system, or 

they can be used in linear combination with the HF ground state for a more accurate description 

of the ground state or any excited state.
7
 Therefore, we can write the exact wave function for any 

state of the system as: 

| 〉    |  〉  ∑  
 |  

 〉

  

 ∑    
  |   

  〉
   
   

 ∑     
   |    

   〉
     
     

   

(2.17) 

where |  〉 is HF determinant, a, b, c, … are occupied spin orbitals in |  〉 and r, s, t, … are 

virtual spin orbitals in |  〉. The second term in eq. (2.17) represents all the unique doubly 

excited configurations, the third term stands for all the unique triply excited configurations, and 

so on. Thus the infinite set of N-electron determinants {|  〉}  {|  〉 |  
 〉 |   

  〉   } (2.18) is a 

complete set for any N-electron wave function. The exace energies of the ground and excited 

states for the system are the eigenvalues of the Hamiltonian matix formed from {|  〉}. This 

procedure is call comfiguration interation (CI). The lowest eigenvalue of the Hamiltonian matrix 

is the exact nonrelativistic ground state energy of the system within the Born-Oppenheimer 

approximation. When the HF limit is reached, then the energy difference between the exact 

energy and the HF energy is defined as the electron correlation energy:
5,7

 

                                                                         (2.19) 
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However, CI for the complete solution to the many-electron problem cannot be implemented 

practically because of the infinite basis sets. Nevertheless, if a finite set of spin orbitals (2K) is 

considered, although (
  

 
) determinants do not form a complete N-electron basis, diagonalizing 

the Hamiltonian matrix formed from these determinants will lead to the exact solutions within 

the one-electron subspace spanned by the 2K spin orbitals. This procedure is called full CI. 

Electron correlation may be split into two parts, dynamical correlation and non-

dynamical correlation. Dynamical correlation refers to the correlated motion of each electron 

with every other electron. Non-dynamical correlation, on the other hand, is associated to the 

interaction of the HF configuration with low-lying excited states. In other words, non-dynamical 

correlation is essentially caused by degeneracy or near-degeneracy.
21

 In a chemical system, 

degeneracy or near-degeneracy is responsible for the dissociation of a molecule into its 

component atoms, thus non-dynamical correlation becomes significant when a system consists of 

long-range interactions, bond breaking or formation, etc. 

Two types of electron correlation methods have been developed, i.e. single-reference 

methods and multi-reference methods. Single-reference methods use HF wave function as the 

reference, while in multi-reference methods a multi-configuration self consistent field (MRSCF) 

wave function was used, in which the wave function is a linear combination of multiple 

determinants. Since multi-reference methods are not utilized in this dissertation, only selected 

single-reference methods are introduced. 

2.2.2.1 Coupled Cluster (CC) Methods.  

Coupled cluster theory
25-28

 is one of the most mathematically extraordinary techniques 

for estimating the electron correlation. The goal of CC methods is to consider electron 
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correlation by adding all types of excited determinants (e.g., S, D, T, Q etc.) to a given reference 

wave function to infinite order (2, 3, 4 etc).
5
 The CC wave function is written as: 

      ̂                                                             (2.20) 

where the cluster operator is defined as: 
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(2.21) 

where  ̂ ,  ̂ , …,  ̂  operators represent single, douple, …, Nth excitated states, and t is the 

amplitude. 

With HF wave function as the reference (single-reference), a truncated CC method, 

CCSD(T), which has the corrections for all the singly excited states, doubly excited states, and a 

singles/triples coupling term (part of triply excited states), has shown the most robust 

performance and thus treated as the gold-standard level of theory for single-reference 

calculations.
29

 Single reference methods are suitable when the wave function can be reasonably 

well determined by a single configuration, i.e. HF determinant dominates in the linear 

combination of the different electron configurations. CC methods are sensitive to multi-reference 

character, in which the electron configurations besides HF determinant play an important role in 
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describing a wave function. However, including triple excitations often effectively corrects for a 

single-reference treatment of a system with weak or moderate multi-reference character.
22

 In 

Chapter 6, CCSD(T) is used as a bench mark method for the performance of density functional 

methods.  

2.2.2.2 Møller-Plesset Perturbation Methods 

Møller-Plesset (MP) perturbation methods
5,22,23 

are developed based on Many-body 

Perturbation Theory (MBPT).
24,25

 The assumption in MBPT is that a problem to be solved only 

differs slightly from a solved problem, and so the solution of a given problem is to some extent 

close to the solution of the solved problem. The Hamiltonian operator therefore can be split into 

two parts, a reference Hamiltonian,  ̂ , and a perturbation operator,  ̂, under the premise that the 

perturbation is in some sense small compared to the reference Hamiltonian:
24

  

 ̂   ̂    ̂                                                        (2.22) 

where λ is a parameter determining the strength of the perturbation. The wave function and the 

energy are written as: 

|  〉  |  
( )〉   |  

( )〉    |  
( )〉      |  

( )〉 

(2.23) 

     
( )

    
( )

     
( )

       
( )

 

(2.24) 

where  |  
( )〉 and   

( )
 are the nth order wave function and energy of the pth eigenstate of the 

given system, respectively. 

In MP perturbation theory, the reference Hamiltonian is selected to be the sum of the 

Fock operators, which, according to HF theory, account for the electron-electron repulsion twice. 
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This double counting has to be corrected. Thus in MP perturbation theory, the zero-order wave 

function uses the HF determinant, and the zero-order energy is just a sum of the molecular 

orbital energies. And the first-order energy corrects the double counting of the energy in the 

zero-order. Therefore MP1 does not give advance beyond HF level, and the MP1 energy is 

actually the HF energy. A popular perturbation method MP2 adds the second-order perturbation 

correction to the reference energy, which accounts for about 80 to 90% of the correlation energy. 

MP2 is the firest of the MP orders to provide a correlation to HF energies.The MP2 correction 

energy is represented as: 

 (   )  ∑ ∑
 ⟨    |    ⟩  ⟨    |    ⟩  

           

   

   

   

   

 

(2.25) 

where     and    are the orbital energies of the occupied orbitals,    and    , respectively, and    

and    are the orbital energies of the virtual orbitals,    and   , respectively. In MP2 method, 

not all two-electron integrals over the molecular orbitals are required; only the ones that are 

responsible for the combination of two occupied or two unoccupied molecular orbitals are 

necessary. Therefore MP2 is the most economical method to account for electron correlation, 

and the its scaling behavior is approximately N
5
, where N is the number of basis functions. MP2 

has been successfully used to predict thermochemical properties of many organic molecules, 

especially for single-reference systems.
22,23

  

2.2.3 Density Functional (DFT) Methods 

Most of the methods utilized in this dissertation are based on density functional theory.
30-

33
 In DFT, the ground state electronic energy of a many-particle system is characterized 

completely by the electronic density, as proposed to individual molecular orbitals in a wave 
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function.
34-37

 There is a one-to-one correspondence between the electronic energy of a system 

and the density.
7
 The approximate electron density is defined in terms of a set of auxiliary one-

electron functions, as: 

 ( )  ∑|  ( )|
 

 

   

 

(2.26) 

Different from wave function methods, the complexity of the electron density does not increase 

with the size of the system, but rather upon the coordinates of the electron density exclusively. 

The DFT energy of a given system consists of a kinetic energy term, a nuclei-electron repulsion 

term, a coulomb interaction term and an exchange-correlation term, each of which is a function 

of the electron density: 

                                                                   (2.27) 

In this formula the kinetic energy term,   , is calculated according Kohn-Sham theory
38

 which 

states that the electrons in the system are non-interacting and these non-interacting electrons 

reproduce the exact same energy with the real interacting electron system. Thus the remaining 

kinetic energy that is caused by electron correlation is absorbed in the exchange-correlation term, 

   . Since the form of the     is unknown, the goal of DFT methods is to develop suitable 

functionals to well describe the exchange-correlation energy.
5
  

Exchange-correlation energy may be divided into exchange energy and correlation 

energy. The correlation energy, as introduced in the last section, is defined as the exact energy 

minus HF energy, and can be split into long range (non-dynamical) and short range (dynamical) 

terms. The exchange energy in wave mechanics is defined as the total electron-electron repulsion 

minus the coulomb interaction, and can also be divided into a long range component and a short 
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range component. According to wave mechanics, the long range component of exchange energy 

essentially cancels non-dynamical correlation.
22

 However, in DFT methods, both exchange and 

correlation energies are defined locally, depending on the electron density or/and the derivatives 

of the density of a given point. Thus the cancellation between the two long range components is 

explicitly designed in the exchange-correlation functional of DFT. On the other hand, the many-

particle Hamiltonian guarantees that an electron will not interact with itself by the Coulomb 

potential exactly cancelling out by a similar term in the exchange potential. However, exchange 

is often treated by exchange functionals in an approximate way. Therefore, when approximate 

exchange functions are used to replace the exact HF exchange, self-interaction occurs, and must 

be corrected.
30,31

 Self-interaction is the spurious interaction of an electron with itself when the 

Coulomb and exchange energies cannot cancel each other.  

The hierarchy of DFT functionals is classically represented in Perdew’s Jacob’s Ladder,
39

 

i.e., several different approximations in DFT to calculate the exchange correlation energies, 

which includes local density approximation (LDA) (first rung), generalized gradient 

approximation (GGA) (second rung), meta-GGA (third rung), hybrid-GGA (fourth rung) and 

double hybrid functionals (fifth rung), etc.
39

 Herein we will only introduce from LDA to hybrid 

GGA, which are the most commonly used approximations. 

2.2.3.1 Local Density Approximation (LDA)  

LDA
40

 states that at some position the exchange correlation energy is explicitly 

determined by the value of the electron density at that position, where the density is treated as a 

uniform electron gas. Later on a more advanced approximation considering spin polarization, so-

called the local spin density approximation (LSDA) was developed for open shell systems. 

Popular LSDA methods includes VWN,
41

 PW91.
42

 These methods generally underestimate the 
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exchange energy and overestimate correlation energy, thus overestimate the strength of chemical 

bonds. 

2.2.3.2 Generalized Gradient Approximation (GGA)  

Since the electron density is not a uniform gas (especially for molecular systems), an 

improvement was made by considering how electron density changes, i.e., the gradient of the 

electron density, and this is known as generalized gradient approximation.
43-48

 Adding the first 

derivative of the density into the exchange correlation functional is shown to have remarkably 

improved the performance of DFT methods. Popular functionals includes BLYP,
45,49

 PBE,
50,51

 

long-range dispersion corrected B97-D.
52

 Both BLYP and B97-D utilize parameters that are 

optimized empirically, while PBE is developed based on rational function expansions of the 

reduced gradient.
22

 

2.2.3.3 Meta-GGA 

An improvement over the pure GGA approach is to include the second derivative of the 

electron density in the exchange correlation functional, i.e., meta-GGA.
22

 Modern meta-GGA 

often refers to methods that not only take into account the second derivative of the density 

(Laplacian), but also the kinetic-energy density; this formalism is numerically more stable. 

Commonly used meta-GGA functionals include TPSS,
53

 M06-L
54

 and so on. These methods 

have a comparable cost with pure GGA functionals, but are typically more accurate than the 

latter. 

2.2.3.4 Hybrid-GGA 

The idea of hybrid-GGA is to start with non-interacting electron system and convert it to 

the real interacting system. In this case, the exchange correlations energy of the interacting 
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electron system becomes the sum of the non-interacting part and the interacting part.
5,22

 The non-

interacting part represents the exchange energy of a non-interacting electron system, thus can be 

calculated using Kohn-Sham orbitals according to HF theory. This part of energy is also called 

the HF exchange energy. The interacting part, on the other hand, represents the energy 

somewhere between the non-interacting system and the completely correlated system. In other 

words, the interacting energy can be calculated by a coefficient multiply by the difference 

between the energy of the completely interacting system and the non-interacting part.
5 

This 

coefficient is a value between 0 and 1, and can be optimized using experimental data. Then the 

portion of the non-interacting part in the interacting part can be combined with the previous non-

interacting part. Therefore, the total exchange correlation energy can be written as the sum of a 

portion of HF exchange and a portion of DFT exchange correlation energy, and the sum of the 

coefficients of each part equals 1. This analysis is the basis of the so-called “adiabatic connection 

method” (ACM),
55

 because it connects the non-interacting and the completely interacting states. 

In some functionals, the exchange correlation energy is a mixture of LDA, GGA and HF 

exchange, such as the most popular hybrid functional is B3LYP.
45,56

 In B3LYP, the percentage 

of HF exchange is optimized to be 21%, and this functional has shown great success in 

predicting geometries, thermal chemical properties of many chemical systems especially organic 

molecules.
45

    

In general, DFT methods have the computational cost similar to HF theory, due to the 

dependence of energy explicitly on electron density, and many DFT functionals have shown 

sufficient accuracy. However, it is very crucial to distinguish the chemical systems that DFT 

methods are suitable for. DFT methods have had serious failure on systems that have long range 
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interactions (dispersion) and strong non-dynamical correlations, due to the localized exchange 

and correlation in DFT formulation.
22

  

2.3 Basis Sets 

The basis set is a set of mathematical functions that are used to describe the wave 

function.
5
 In Hartree-Fock (HF) theory, each molecular orbital is a linear combination of atomic 

orbitals (basis functions), and the HF limit is achieved with an infinite basis set, which allows a 

complete description of the molecular orbitals. However, an infinite basis set is not feasible in 

practice and some of the development in that field has focused on indentifying efficient finite 

basis functions to approach the HF limit as closely as possible. There are two common kinds of 

basis sets, the atomic orbitals basis sets and the plane wave basis sets.  

2.3.1 Atomic Orbitals Basis Sets 

Atomic orbitals basis sets are specifically designed to describe each atomic orbital in the 

system. There are two types of basis functions that are generally considered, Slater-type (STO)
8
 

and Gaussian-type orbitals (GTO).
56-58

 STOs satisfy the electron-cusp condition and asymptotic 

behavior of hydrogen-like orbitals:
59

  

 

 (     )     
 (   )                                            (2.28) 

where n is the principle quantum number and ζ is the exponential parameter that can have any 

positive value and determines that radial extent of the wave function. l and m are orbital and 

magnetic quantum numbers and Y is the spherical harmonic. Nevertheless, STOs fail to describe 

the radial nodes in atomic orbitals and no analytical solution can be performed to describe the 

four-center two-electron integrals in HF theory. GTOs, on the other hand, realize the analytical 

performance of the two-electron integral. In such functions, the dependence on the exponential 
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of the radius is changed to the exponential of the squared radius, which allows a radial decay of 

the STOs. The mathematical form of GTOs is written as: 

 (     )     
 (   ) (      )     

                                  (2.29) 

Although GTOs is computationally convenient, the shapes of GTOs do not represent real 

hydrogenic atomic orbitals, i.e., GTOs fail to describe the cusp of the radial function 

(discontinuous derivative) when the radius equals 0.
60

 In addition, the dependence on the 

exponential of the squared radius causes a rapid decrease on the amplitude of the radial function 

as the radius increases. To solve these problems, contracted GTOs are introduced to reproduce 

the STOs, which are a linear combination of a set of primitive GTOs, and each GTO has a 

weight coefficient.
5
 In this way, an atomic orbital can be accurately described with minimal cost 

due to the Gaussian product theorem.
7,11

  

The smallest number of basis functions required to describe all the electrons in an atom is 

called a minimum basis set, also a single ζ basis set.
1
 In other words, only enough basis functions 

are employed to contain all the electrons of a neutral atom, e.g., for hydrogen and helium, only a 

single s-function is considered, and for the first row elements only an s-function and 3 p-

functions are considered, and so on. STO-3G, as an example of a minimum basis set, represents a 

basis set that has 3 primitive GTOs to construct 1 contracted GTO to mimic each STO. The next 

level of basis sets is to double the basis functions (usually refers to the valence orbitals) of a 

minimum basis set, called the double ζ (DZ) basis sets. Similarly, tripling the basis functions 

give the triple ζ (TZ) basis sets, and four times the basis functions give the quadruple ζ basis sets 

(QZ), and so on.
5
 

In addition to multiplying the number of basis functions, extra level of orbitals can be 

added to each atom to better describe chemical bonding interactions. If electron correlation 



21 

 

methods are used, higher level angular momentum functions become important.
61

 Electron 

correlation interactions among electrons lower the total energy by “avoiding” one electron from 

another, and these interactions can be divided into two parts, the radial correlation and the 

angular correlation. The radial correlation basically describes the interaction when two electrons 

are on the same side of the nucleus, and one is close to the center of the nucleus while the other 

is far away. To describe the radial correlation, the same types of basis functions but with 

different exponents are needed. For systems that have highly excited electronic states, or weak 

interactions, the molecular orbitals are spatially diffused. In this case, a basis set needs functions 

that allow the weakly bound electrons to move further from the remaining electron density. 

Diffuse functions are then added to account for the radial correlation. Typically diffuse functions 

are the same types of orbitals with the regular basis functions, but with smaller exponents.  In 

calculations of acidities and electron affinities especially, diffuse functions are required.
5,22

 

The angular correlation, however, describes the correlation between two electrons that 

are on the opposite sides of a nucleus. To account for angular correlation, the basis set needs 

functions with the same exponent but different angular momentum. For example, a set of p-

orbitals can be added to hydrogen to account for the angular correlation of the s-function, and 

similarly d-orbitals can be added to describe the p-functions of the first row elements, f-orbitals 

for polarizing d-orbitals, etc. These extra orbitals accounting for important charge polarization 

interactions are called polarization functions. 
22

 

2.3.1.1 Pople Style Basis Sets 

Pople and co-workers
62-64

 have developed the K-NLMG basis sets. These basis sets are of 

the split valence type of basis sets, where k represents the number of primitive GTOs used for 

core electrons, and nlm after the dash represent the number of basis functions the valence orbitals 



22 

 

are split into and the number of primitive GTOs used for their representation. For example, a 3-

21G basis set indicates that the core orbitals are a contraction of 3 primitive GTOs, the inner 

valence orbitals is a contraction of two primitive GTOs and the outer valence orbitals consists of 

one primitive GTO. In Pople style basis sets, the nomenclature for polarization functions 

includes a “*” for the added polarization functions in parenthesis, and a “+” for diffuse functions. 

For instance, 6-311++G(d, p) (same with 6-311++G**) indicates that a set of d functions are 

added to p-orbitals of heavy elements and a set of p functions are added to s-orbitals of H or He. 

At the same time, a set of s and a set of p functions with small exponents are added as diffuse 

functions to the heavy elements and additional diffuse s functions are added to H or He.  

2.3.1.2 Correlation Consistent Basis Sets 

Dunning and co-workers
65-69 

developed the correlation consistent (cc) basis sets aiming to 

recover the correlation energy of the valence electrons. In this design, the basis functions that 

recover similar amounts of correlation energy are included in the same shell, independent of the 

function type. For example, the progression for adding polarization functions for H and B-He is 

in this order: 1d, 2d1f and 3d2f1g. Another feature of cc basis sets is that the error engendered 

from sp-basis are comparable to the correlation error raised from the incomplete polarization 

space, therefore the sp-basis increases as the polarization space is extended.
70

 Common cc basis 

sets include cc-pVDZ, cc-pVTZ and cc-pVQZ, etc, in which the acronym stands for correlation 

consistent polarized Valence (Double/Triple/Quadruple/etc.) ζ basis sets. In general they are 

called the cc-pVnZ basis sets. In addition, diffuse functions can be added on top of cc-pVnZ 

basis sets and are represented by “aug”, i.e., aug-cc-pVnZ. Also one set of diffuse functions are 

added to each angular momentum already present. Thus for example, aug-cc-pVTZ has diffuse f, 

d, p and s functions for heavy elements and diffuse d, p and s functions for H and He. Studies 
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have found that cc-pVDZ is able to recover about 65% of total (valence) correlation energy, cc-

pVTZ recovers about 85%, cc-pVQZ recovers about 93%, and cc-pV5Z recovers about 96% and 

cc-pV6Z recovers about 98% of correlation energy.
5
 With the systematic recovery of the total 

correlation energy, cc basis sets can be extrapolated to approximate the complete basis set limit. 

Several fitting functions have been put forth for the extrapolations, including the extrapolation 

developed by Xantheas and Dunning
71

 and Feller
72,73

: E(n) = A + B exp(−Cn) (2.30), and 

Peterson extrapolation
74

 (E(n) = EMP2/CBS + A*exp[-(n-1)] + B*exp[-(n-1)
2
]) (2.31), where n =the 

zeta level of the correlation consistent basis set (2=DZ,3=TZ, 4=QZ, etc.)  

2.3.1.3 Effective Core Potentials  

For elements that are the third row of the periodic table or higher, the core electrons can 

be replaced by suitable analytical functions that represent the combined nuclear-electronic core 

to the rest of electrons.
75

 These functions are called effective core potentials (ECPs) (or 

pseudopotentials). Also in ECPs, the scalar relativistic effects are taken care of without having to 

perform the relativistic calculations. Generally an all-electron wave function is generated for the 

atom, which will give the numerical (or Dirac) HF calculation. Then the valence orbitals are 

replaced by pseudo-orbitals which behave correctly in the outer part but with no nodes in the 

core region. Then the core electrons are replaced by a pseudopotential which is fitted to a 

suitable set of analytical functions, e.g., a set of GTOs, each of which is a function of the radius 

and the exponential function of the squared radius. All the parameters in the function depend on 

the angular momentum.
5,22

 This approach in many cases gives quite good results compared to 

experiment at a much lower computational cost, because often valence electrons play the 

important role in chemical interactions. The pseudopotential version of both Pople (e.g., CEP-6-

31g(d)
76-78

) and Dunning basis sets (e.g., aug-cc-pVnZ(PP)
79-83

) have been developed, in both of 
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which the core electrons of transition metals are treated with pseudopotentials, while the main 

group elements are often treated with all-electron basis sets. 

2.3.2 Plane Wave Basis Sets 

The ions in a perfect crystal are arranged in a periodic way (at 0 K), thus the external 

potential around the electrons are also periodic. Therefore, if the period is set to be the length of 

the unit cell L, for example, and the potential on an electron at position r will equal to the 

potential at position (r+L): 

 ( )   (   )                                                        (2.32) 

This is the so-called Bloch’s theorem.
84

 Using this theorem, the wave function of a infinite 

crystal can be expressed. The wave function is written as an exponential function of the 

imaginary number (i) multiply by position r: 

  ( )  ∑      

 

 { (   ) } 

(2.33) 

Here, G are the reciprocal lattice vectors, defined as G = 2πm/l, where l is a lattice vector of the 

crystal and m is an integer. This wave function has a natural periodicity which fits perfectly to 

describe periodic structures of crystals. 
85-86

  

Using the Bloch’s theorem, the infinite number of electrons can be expressed with wave 

functions that represent only the unit cell. The real space vectors of the unit cell are usually 

converted to reciprocal space vectors with in the first Brillouin zone (the smallest irreducible 

structure of the unit cell), k.
87-89

 In order to sample the Brillouin zone, k-points on three 

dimensions must be specified (a, b and c).
88

 In addition, the electronic functions at certain k-
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points are in principle infinite. The coefficients for the plane waves have a kinetic energy, which 

is defined as: 

  
  

  
(   )  

(2.34) 

The plane waves with smaller kinetic energy plays a more important role than the ones with 

higher kinetic energy. Thus a kinetic energy cutoff value can be specified to reduce the number 

of plane waves to a finite value. It is crucial to set up a reasonable energy cutoff in order to 

minimize the error to be arbitrarily small. Typically, to describe the 2p valence electrons of 

carbon require a large plane wave basis set large plane wave basis set, while the 3p valence 

electrons of silicon do not need such high energy since the low lying 2p core orbitals are 

orthogonal with the 3p orbitals, which are repelled.  In practice main group elements need higher 

energy cutoff than transition metals.
84

 

2.4 Composite Approaches 

Composite methods use combinations of lower cost methods to reproduce highly accurate 

results with a reduced computational cost. Examples of composite methods include the 

Gaussian-n methods (Gn),
90-92

 Weizmann-n methods (Wn),
93,94

 complete basis set (CBS-n) 

methods,
95-101

 the high-accuracy extrapolated ab initio  thermochemistry (HEAT) method,
102

 and 

the correlation consistent composite approach (ccCA).
103-107

 Generally speaking, each of these 

methods were developed to target a certain accuracy with respect to either reliable experimental 

results or highly accurate ab initio calculations (e.g., CCSD(T)/CBS). In the following, only the 

ccCA method is introduced since it is utilized in Chapter 3. 

The ccCA method utilizes the systematic behavior of the cc basis sets on recovering the 

correlation energy, and takes into account higher order correlation effects, core-core and core-
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valence interactions, and scalar relativistic effects. The overall mean absolute deviation (MAD) 

of approximately 1 kcal/mol (chemical accuracy) compared to reliable experimental results. (73-

80) In the ccCA formula, the geometry optimization of  each molecule is performed using 

B3LYP/cc-pVTZ. Harmonic frequencies are calculated at the same level of theory and then 

scaled by 0.9854 to account for anharmonicity.
103,104

 With the B3LYP/cc-pVTZ geometry, the 

single point energy in ccCA is calculated using the sum of the reference energy (Eref), higher 

order correction (ECC), core-core and core-valence interaction (ECV), and scalar relativistic (ESR), 

which are calculated using the following equations: 

Eref = E[MP2/aug‐cc‐pV∞Z] 

ΔECC = E[CCSD(T)/cc‐pVTZ]      E MP2/cc‐pVTZ] 

ΔECV = E[MP2(full)/aug‐cc‐pCVTZ]      E MP2(fc)/aug‐cc‐pVTZ] 

ΔESR = E[DK‐MP2/cc‐pVTZ‐D ]      E MP2/cc‐pVTZ] 

EccCA = Eref + ΔECC + ΔECV + ΔESR 

(2.35) 

The reference energy is calculated using MP2/aug‐cc‐pV∞Z, where aug-cc-pV∞Z 

denotes the CBS limit which is extrapolated using DZ, TZ and QZ basis sets. In the core-core 

and core-valence interaction energy, MP2(full) represents the standard atomic valence plus the 

(n-1)s and (n-1)p orbitals for main group elements, while MP2(fc) uses frozen core approach for 

(n-1)s and (n-1)p orbitals. The scalar relativistic correction is computed using the second-order 

spin-free Douglas-Kroll (DK) Hamiltonian
108,109

 and the DK contracted cc basis sets.
110

 Finally, 

the spin-orbit (SO) is included for each atom.
104
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CHAPTER 3 

CATALYSIS OF REVERSE WATER-GAS SHIFT REACTION USING FIRST-ROW 

TRANSITION METAL BETA-DIKETIMINATE COMPLEXES 

 

3.1 Introduction 

The increasing emission of carbon dioxide from fossil fuel combustion and other 

anthropogenic activities has motivated researchers to search for solutions to reduce the 

atmospheric concentration of this greenhouse gas. One effective approach is to recycle CO2 by 

converting it to useful chemicals.
1-9

 For example, conversion of CO2 to CO by catalytic 

hydrogenation has been acknowledged as a very promising process. Synthesis gases, H2 and CO, 

can be used to produce long chain hydrocarbons in industry, through the Fischer–Tropsch 

reaction.
11

 Thus, the reverse water gas shift reaction (RWGS), CO2 + H2 → H2O + CO, is one 

available method for producing CO.
10-14

 Goguet et al. investigated the reactivity of the surface 

species present over a 2%Pt/CeO2 catalyst during the RWGS reaction at temperatures up to 573 

K. Chen et al.
11

 reported the mechanism of RWGS over Cu/Al2O3 catalyst at a very high 

temperature (773 K). Also the activation of CO2 is receiving increased interest, e.g., Glezakou et 

al.
24

 recently reported the activation of CO2 on the low-index iron surface Fe(100) at a high  

 

† This chapter is presented in its entirety from Liu, C.; Munjanja, L.; Cundari, T. R.; Wilson, A. K., " Theoretical 

Studies on the Catalysis of the Reverse Water−Gas Shift Reaction Using First-Row Transition Metal β-Diketiminato 

Complexes" J. Phys. Chem. A 2010, 114, 6207, and Liu, C.; Cundari, T. R.; Wilson, A.  . “Periodic Trends in 3d 

Metal Mediated CO2 Activation”, Invited chapter for ACS book “Applications of Molecular Modeling to Challenges 

in Clean Energy” Applications of Molecular Modeling to Challenges in Clean Energy, Chapter 5, 2013, 67, with 

permissions from ACS. 
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pressure (150 GPa) using DFT methods. It is quite clear that most of the reactions are carried out 

at either high temperatures or high pressures, due to the stability (kinetically and 

thermodynamically) of the CO2 molecule. Conversion to useful products is difficult. Thus, 

activation of CO2 by catalysts is critical.
15-24

 Recently, both experimental and theoretical research 

on transition metal (TM)  

 

 

 A. η
2
(C,O)                          B. η

2
(O,O)                       C. η

1
(O)                         D. η

1
(C) 

Figure 3.1 Bonding modes of CO2 and metal centers in complexes (M= metal centers, L’= 

ligands) 

 

catalysts interaction with CO2 has received increased attention.
1,20-23

 Studies have focused on 

different types of reactions such as the adsorption of CO2 on metal or metal oxide surfaces,
1,9,30,31

 

insertion of CO2 into metal-nonmetal bonds, and the bonding of CO2 at TM centers.
1
 To assess 

the interaction between CO2 and catalysts, it is important to determine and compare the possible 
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bonding modes of CO2 with metal centers. These have been explicitly described by Gibson
2
 and 

Yin and Moss.
1
 Figure 3.1 shows four common linkage isomers for CO2-monometallic 

complexes. In A (η
2
(C,O)), the dπ orbital of the metal center has a π interaction with the anti-

bonding π* orbital of CO2, while in B (η
1
(C)) it is the doubly occupied dz

2
 orbital of the metal 

that forms an σ interaction with the π* orbital of CO2. The π* orbital is the LUMO of a ground 

state CO2. Coordination of CO2 results in a net transfer of electron density from the metal center 

to the LUMO of CO2 when the coordination occurs via the double bond or the slightly 

electrophilic carbon atom. Gaining the extra charge from the metal center makes CO2 molecule a 

bent structure that is similar to the anion CO2
-
. X-ray crystal structures of A (η

2
(C,O)) and B 

(η
1
(C)) have been reported for metal CO2 complexes.

25-29
 Linkage isomer C (η

2
(O,O)) affords 

the dπ orbital of the metal center bonding to the non-bonding π orbitals of CO2, which represent 

the lone pairs on the two oxygen atoms. This usually requires metal centers that are electrophilic. 

Finally, in the D (η
1
(O)) structure, the dz

2
 orbital of the metal interacts with the σ* orbital of CO-

2, which has higher energy than the π* orbital. In this sense, D (η
1
(O)) shows a weaker 

interaction between the metal center and CO2 compared to the other linkage isomers. Sakamoto 

et al.
25

 reported the first palladium CO2 complex Pd(CO2)(PMePh2)2, also with an η
2
(C,O) 

conformation. Herskovitz et al. 
32,33

 reported [Ir(dmpe)2Cl(η
1
-CO2)] (dmpe = 

(CH3)2PCH2CH2P(CH3)2)  and [Rh(diars)2(Cl)(η
1
-CO2)] (diars = o-phenylenebis 

(dimethylarsine)), in both of which the metal center has an octahedral configuration. Aresta et 

al.
34

 obtained an (η
2
(C,O)) complex, Ni(CO2)(PCy3)2, by reacting CO2 with Ni(PCy3)3 or 

[Ni(PCy3)3]N2 in toluene. A special example reported by Ishida et al.
26

 is trans-

W(CO)(dppe)2(CO2), formed by the reaction of AlEt3 with W(H)[η
2
-O2CN(CH2)4](CO)(η

1
-

dppe)(η
2
-dppe) (dppe = Ph2PCH2CH2PPh2) in a CO2 atmosphere. In addition, the η

1
(O) linkage 
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isomer has been found in several CO2 complexes with Cu, Pr, Nd, or Ru;
35-37

 spectroscopic 

studies on alkali metals
38-40

 indicate that M
+
CO2

-
 (M = Li, Na, K, Cs) have a rhombic ring 

structure of C2V symmetry, in which the metal center is binding both oxygen atoms (η
2
(O,O)).     

Theoretical studies have helped better understand the nature of the coordination modes 

and electronic structures of CO2-monometallic complexes. Sakaki et al.
41

 analyzed the possible 

bonding modes for CO2 in the  Co(N,N’-ethylenebis(salicydeneaminato))(CO2)]
-
 system using  

ab initio methods and found that η
1
(C) is the most stable conformation; Fujita et al.

42-49
 found 

that the formation of η
1
(C) and η

2
(C,O) is dependent on the molecular orbitals and electronic 

structures of both the CO2 and metal moieties. Both isomers A(η
2
(C,O)) and D(η

1
(C)) require 

that metal centers be nucleophilic because the electron-donating ligands are able to bind the 

slightly electrophilic CO2 molecule through the carbon atom.
20

 On the other hand, isomers 

B(η
2
(O,O)) and C(η

1
(O)) may be expected to be favored by metal centers that are electrophilic.    

Given the requirements for the formation of stable CO2 complexes, choosing a proper 

catalyst can be a significant challenge. Studies have shown that some transition metal complexes 

have the ability to activate the C=O bond of CO2, catalysts arising from the optimization of 

properly designed metal centers and ligands.
50

 For example, Isaacs et al.
50

 reported the 

electrocatalytic reduction of CO2 using aza-macrocyclic complexes of Ni(II), Co(II), and Cu(II). 

The electronic spectra indicate that the electrochemical reduction of CO2 is due to the presence 

of a formal 1+ metal, although the presence of the reduced ligand is also essential. Li et al.
51

 

reported theoretical studies on coupling reactions of CO2 with alkynes mediated by Ni(0) 

complexes, Ni(DBU)2(HC≡CX)  (DBU = diazabicycloundecene, X = Me, OMe, or CN). Their 

DFT (density functional theory) calculations show that an associative mechanism is preferred in 

the coupling reactions, which occurs via a direct electrophilic attack of CO2 at the π┴ bond of an 
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η
2
-coordinated alkyne substrate. Of three model terminal alkynes X = OMe gives the lowest 

barrier (17.1 kcal/mol). Allen et al.
52

 investigated the insertion of CO2 into metal hydride bonds 

of cis-Fe(dmpe)2H2 (dmpe = Me2PCH2CH2PMe2) and cis-Fe(PP3)H2 (PP3 = P(CH2CH2PMe2)3) 

and the addition of CO2 to Fe(PP)2Me2 (PP3 = P(CH2CH2PMe2)2). The dimethyl complexes 

reacts stiochiometrically with CO2 to produce mono- and bis-acetate products by insertion of 

CO2 sequentially into the two Fe-C bonds. The authors suggested a partial dissociation of one of  

NN

R1R1

R3

R2 R2

                   

N N
M R1R1

R2

R3

R2

 

Figure 3.2 Structures of β-diketiminato ligands and β-diketiminatometal complexes (where R1, 

R2, R3 can be H, alkyl, aryl, or silyl groups, M = metal) 

 

the bidentate phosphine ligands to give a free coordination site for CO2 binding prior to methyl 

group migration. Matthew et al.
53

 recently reported the formation of methylene diolate from CO2 

and two transition metal hydrides, (Ar[
t
BuCH2]N)2(η

2
-
t
Bu(H)CNAr)TaH and (Ar[

tBu
CH2]N)2(κ

2
-

CH2C(Me)2CH2NAr)TaH. This class of complexes stabilizes a bidentate H2CO2
2-

 ligand. Lu et 

al.
54

 studied Fe(I)-mediated reductive cleavage and coupling of CO2; the tris(phosphino)borate 

complex [PhBP
CH2Cy3

] of Fe reacts readily with CO2 at ambient temperature to generate two 

cleavage products, with a Fe(μ-CO)(μ-O)Fe core, and a Fe(μ-η
2
:η

2
-oxalato)Fe core, respectively.                

In addition to interest in varying transition metal centers, research has shown that some 

ligands also have significant impact upon the bonding and activation of small molecules and 

complexes. For example, β-diketiminatometal complexes and derivatives (Figure 3.2) show 



39 

 

outstanding catalytic properties.
55

 β-diketiminate ligands represent six-atom (including a metal 

center) rings and are monoanionic. These ligands are tunable in terms of their steric and 

electronic properties (by changing the R1 - R3 groups, which are typically H, alkyl, aryl, or silyl 

groups). Thus, the β-diketiminate ligands have a strong ability to stabilize low coordinate metal 

centers,
55

 and this high reactivity leads to an increasing array of synthetic applications, including 

uses as reagents for small-molecule activation, reductive coupling, metal–imide formation, 

etc..
21,22,51-62

 Experimental interest has focused on varying R1 groups (Figure 3.2) on nitrogen 

atoms (e.g., hydrogen or alkyl, aryl, or silyl groups), different oxidation states of TM centers, and 

interaction with small molecules. In the past few years, many β-diketiminatometal complexes 

have been reported and investigated with both experimental and theoretical methods.
21, 22, 55, 67-85

 

Complexes of metal centers with low oxidation states have been synthesized. For example, Tsai 

et al.
59

 reported the synthesis of divanadium sandwich complexes (µ-η
6
:η

6
-arene)[V(β-

diketiminate)]2, which efficiently generated V
I
(β-diketiminate). Bai et al.

63
 described the 

reduction of a Ni
II
 complex (β-diketiminate)Ni(µ-Br)2Li(THF)2 in toluene, which was a useful 

synthon to generate a set of novel Ni
I
 complexes. These researchers also probed P–H and P–P 

bond activation by Ni
I
 and Fe

I
 β-diketiminato complexes.

5
 The synthesis of two thermally stable 

neutral β-diketiminate copper(I) olefin complexes
81

 and a set of amidinate–iron(I) β-diketiminato 

complexes were also reported recently.
58

 In addition, the activation of small molecules by β-

diketiminatometal complexes has been well studied. For instance, Holland et al. reported several 

examples, including interactions with small molecules such as N2 and CO2.
21,22,56,79,80

 One recent 

study described the reduction of CO2 to CO and carbonate using a low-coordinate iron-

dinitrogen complex, L
tBu

FeNNFeL
tBu

 (where L
tBu 

 = 2,2,6,6-tetramethyl-3,5-bis-[(2,6-

diisopropylphenyl) imino]hept-4-yl), by forming a four-coordinate iron dicarbonyl complex, 
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L
tBu

Fe(CO)2, and a bridging carbonate complex, L
tBu

Fe(µ-OCO2)FeL
tBu

 [80]. Tekarli et al.
85

 

recently reported a DFT study of the activation of C―H and H―H bonds in small molecules 

(i.e., H2 and CH4) by copper-nitrenes, L’Cu (where L’= parent β-diketiminate, C3N2H5
-
), using 

DFT (density functional theory) and both single- and multi-reference ccCA (correlation 

consistent Composite Approach)  methods.
86-101

 

In this chapter, the modeling of a reaction mechanism (Equation 3.1 – 3.6) of the RWGS 

reaction (Equation 3.1) is discussed,
102

 using first-row transition metal catalysts L’M
I
 (L’ = 

parent β- diketiminate, hence R1 = R2 = R3 = H, M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) 

(Figure 4.2). The L’M
I
 catalyst model has been chosen to minimize the number of steric and 

electronic variables among different ligand sets and coordination geometries. Additionally, 

experimentally characterized β-diketiminatometal complexes have been reported for all 3d 

metals, making it convenient to compare/contrast different metal catalysts. The first step in our 

RWGS model reaction pathway is the coordination of a CO 2 molecule (Equation 3.2). The 

calculations predict that the intermediate L’M(CO2) is most likely to have an η
2
(C,O) 

coordination mode because of relatively nucleophilic TM metal centers (with lower oxidation 

states compared to common oxidation states) and the electron-donating β-diketiminate ligand; 

the second step is the scission of a CO bond of L’M(CO2) to produce L’M(CO) and L’M(O) 

(Equation 3.3) by adding L’M to L’M(CO2); this is followed by the hydrogenation of L’M(O) 

by H2 (Equation 3.4) to generate L’M(H2O); the last steps are the dissociation of H2O and CO 

products (Equations 3.5 and  3.6, respectively). A model catalytic cycle is shown in Figure 

3.3.
102

       

3.2 Computational Methods 

Geometry optimizations and frequency calculations were carried out using B3LYP within  
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CO2 + H2 → H2O + CO                          (3.1) 

L’M + CO2 → L’M(CO2)                                       (3.2) 

L’M (CO2) + L’M → L’M (CO) + L’M(O)       (3.3) 

L’M(O) + H2 → L’M(H2O)                      (3.4) 

L’M(H2O) → L’M + H2O                                           (3.5) 

L’M(CO) → L’M + CO                           (3.6) 

HN NH
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HN NH
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HN NH
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M
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Figure  3.3 Proposed catalytic cycle of RWGS 

the Gaussian03 program packages.
103

 Frequency calculations were also performed to identify all 

the stationary points as minima (zero imaginary frequencies) and to provide electronic energies 

and enthalpies at 298.15 K and 1 bar in the gas phase. The 6-311+G(d) basis set was used for 

initially identifying all pertinent minima and then the larger aug-cc-pVTZ basis set was used for 

further optimizing all found minima and obtaining the vibrational frequencies (unscaled) needed 

for the enthalpy calculations at STP. All ten transition metals have a +1 formal oxidation state 

for the L’M catalyst model, and the total charge of all species studied is thus zero. In each step of 

the reaction, we have considered all reasonable conformations (Figure 3.1) and possible 
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multiplicities of the complexes. The enthalpies (∆H) for each step of the reaction are calculated 

using both basis sets. The entire reaction enthalpy is calculated by B3LYP/6-311+G(d), 

B3LYP/aug-cc-pVTZ, and ccCA (correlation consistent Composite Approach)
86-101

 methods. 

3.3 Results and Discussions 

3.3.1 CO2 Binding to L’M: L’M + CO2 → L’M(CO2) 

For the catalyst models L’M, all reasonable multiplicities are taken into account (Table 

3.1). Relevant bond lengths and bond angles are shown in Table 3.2. All the L’M minima are 

shown to have planar C2v symmetry, thus the two N atoms are identical. The N-M-N angles are 

in the range of 87.67° - 113.22°; the N-Cu-N angle is 113.22°, and N-Mn-N angle is 87.67°. The 

optimized N-M bond lengths are 1.879 - 2.097Å: the N-Mn bond length is 2.097 Å, and the N-Ni 

bond length is 1.879 Å. From the ground state multiplicities displayed in Table 1, it is seen that 

for the early 3d transition metals, Sc, Ti, V, Cr, and Mn, the ground state electronic structures 

have the highest multiplicities; however, late transition metal complexes prefer lower spin states. 

One possible reason for this phenomenon is that in the complexes of metals with low-lying 

formally vacant d orbitals of appropriate symmetry, the β-diketiminate ligand participates not 

only in σ- but also in π-bonding,
55

 thus emphasizing the interaction between metals and the 

ligand. More importantly, late metals have smaller radii than early metals, which would make it 

difficult to unpair the electrons. 

To assess the preferred bonding mode of CO2 with the catalyst models in the intermediate 

L’M(CO2), all four conformations in Figure 3.1 were optimized. Conformation A (η
2
(C,O) in 

Figure 3.4) plays an important role in L’M(CO2) chemistry. The Sc, Ti, V, Cr, Mn, Fe, Co, and 

Ni complexes have interactions with both carbon and oxygen atoms and form a triangle 

structure. What is interesting is that in Sc, Ti, and V complexes, the carbon atom of CO2 is far 
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away from the oxygen atom bonded to the metal centers, with a distance of about 2.313 - 2.934 

Å, which indicates that the interaction with the metal has cleaved a carbon-oxygen atom of CO2 

to give, in effect, an oxo-carbonyl complex. This will, of course, facilitate the next step in the  

Table 3.1 Ground state multiplicity of all complexes studied 

 

 

 

Metal 

 

 

Calculated 

Most stable 

L’M L’M(CO2) L’M(CO) L’M(O) L’M(H2O) 

Sc 3,1 3 1 1 3 3 

Ti 4,2 4 2 2 4 4 

V 5,3,1 5 1 3 5 5 

Cr 6,4,2 6 4 4 6 6 

Mn 7,5,3,1 7 5 5 5 7 

Fe 6,4,2 4 4 4 4 4 

Co 5,3,1 3 3 3 3 3 

Ni 4,2 2 2 2 2 2 

Cu 3,1 1 1 1 1 1 

Zn 2 2 2 2 2 2 

 

modeled process, in which L’M(CO2) reacts with L’M to yield L’M(O) and L’M(CO). Also, for 

the Cr, Mn, Fe, Co, and Ni complexes, the coordinated carbon-oxygen bond length is longer than 

the other, as expected. The complexes 
1
L’Cu(CO2) and 

2
L’Zn(CO2) prefer conformation C 

(η
1
(O)) structure (Figure 3.4); the metal centers ligate to a single oxygen atom of CO2, which is 

slightly bent in both complexes, (e.g., in 
1
L’Cu(CO2), the O-C-O angle in CO2 ligand is 

179.84°). Another point of interest is that the MNCCCN ring is no longer planar for all the 

metals in the CO2 complexes, e.g., the ScNNC dihedral angle is 165.17°, which may be 

explained by steric crowding around the metal center
55,81,82

 or an electronic impetus to move 
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towards a pyramidal coordination mode at the metal. The N-M-N angles (87.76° - 107.32°) of 

most complexes become smaller, e.g., the N-Ti-N angle decreases 4.19° after the catalyst 

coordinates CO2; the N-M bond lengths (1.892 - 2.199 Å) for the CO2 complexes become larger  

Table 3.2 Calculated bond lengths (Å) and bond angles (°) of L’M 

L’M        M-N N-H N-C C-C N-M-N M-N-C 

L’Sc 2.064 1.014 1.349 1.392 87.94 127.87 

L’Ti 2.025 1.014 1.340 1.396 95.24 121.97 

L’V 2.017 1.013 1.328 1.397 93.98 123.19 

L’Cr 2.044 1.011 1.327 1.404 103.74 113.77 

L’Mn 2.097 1.012 1.321 1.396 87.67 126.98 

L’Fe 1.957 1.012 1.324 1.402 105.45 114.61 

L’Co 1.891 1.011 1.329 1.399 105.66 116.39 

L’Ni 1.879 1.010 1.324 1.399 105.51 116.80 

L’Cu 1.891 1.010 1.325 1.405 113.22 110.13 

L’Zn 2.008 1.010 1.319 1.396 93.55 123.69 

 

by ≤0.1 Å after they bind CO2, except for V, Cr, and Mn.  Meanwhile, all possible multiplicities 

for each molecule are considered for each conformation; the resulting ground state multiplicities 

are organized in Table 1. It is interesting that L’M(CO2)  for M = Sc, Ti, V, Cr, and Mn have 

lower multiplicities compared to the corresponding catalyst models; for instance, L’V has a 

ground state multiplicity of 5, while L’V(CO2) is a singlet. In other words, binding the CO2 

ligand contributes to changing the electronic structures of L’M for these metals, suggestive of 

covalent bonding. Nevertheless, the late metal (Fe, Co, Ni, Cu, and Zn) CO2 complexes maintain 
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the same multiplicities as calculated for their corresponding L’M complexes, suggesting that 

their bonding with the CO2 ligand is weaker than for the earlier 3d metals.  

3.3.2 Scission of L’M(CO2) into L’M(CO) and L’M(O)L: L’M(CO2) + L’M → L’M(CO) + 

L’M(O) 

To assess whether this reaction is more thermodynamically feasible than L’M(CO2) + 

L’M → L’M(C) + L’M(O2), we calculated the enthalpies for this reaction for all 3d metals. The 

calculations show the reaction enthalpies to form a carbide and dioxygen complex are far more 

endothermic than Equation 3.3, indicating that the products of this reaction are L’M (CO) and 

L’M(O), rather than L’M(C) and L’M(O2). The structures of the carbonyl and oxo intermediates 

are shown in Figures 3.5 and 3.6, respectively. For the L’M(CO) complexes, the metal centers 

bind the carbon atoms with a length of 1.799 - 2.136 Å; the C-Ni bond length is 1.799 Å, and the 

C-Sc bond length is 2.136 Å. The calculated carbon- oxygen distances range is from 1.137 to 

1.166 Å, which are slightly longer than the experimental carbon-oxygen triple bond length of 

free CO (experimental: 1.128 Å, calcd. 1.126 Å). L’Mn(CO), L’Cr(CO) and L’Cu(CO) show a 

linear structure for the M-CO moiety, while the others are slightly bent (by less than 4°). For the 

L’M(O) complexes, optimized M-O bond lengths vary  from 1.599 (V) to 1.828 (Zn) Å, and 

most of the MNCCCN rings are planar (except for Sc and Cr). The multiplicities of L’M(CO) 

given in Table 1 are similar to those noted above for L’M(CO2); L’M(CO) of the early 3d metals 

have lower multiplicities than L’M; however, all the L’M(O) keep the same multiplicities with 

L’M except for Mn. 

3.3.3 Hydrogenation of the Oxo Complex: L’M(O) + H2 → L’M(H2O) 

Hydrogenation of L’M(O) generates an aqua complex: L’M(H2O), Figure 3.7. Generally, 

the H2O ligand has an O-H bond length of 0.962 - 0.989 Å and an H-O-H angle from 105.88° to  
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Figure 3.4 Optimized structures of L’M(CO2) using the B3LYP/aug-cc-pVTZ method. The 

corresponding bond lengths (Å) and bond angles (°) are shown. 
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Figure 3.5 Optimized structures of L’M(CO) using the B3LYP/aug-cc-pVTZ method. The 

corresponding bond lengths (Å) and bond angles (°) are shown. 
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Figure 3.6 Optimized geometries of L’M(O) using the B3LYP/aug-cc-pVTZ method. The 

corresponding bond lengths (Å) and bond angles (°) are shown.  
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Figure 3.7 Optimized geometries of L’M(H2O) using the B3LYP/aug-cc-pVTZ method. The 

corresponding bond lengths (Å) and bond angles (°) are shown. 
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Table 3.3 Calculated bond lengths (Å) and bond angles(°) of CO2, H2, H2O and CO using ccCA 

method. 

CO2 H2 H2O CO 

C-O              1.160 H-H          0.743     O-H              0.962 C-O       1.126 

O-C-O         180.00    H-O-H          105.04  

 

Table 3.4 Reaction enthalpies (kcal/mol) for all the pathways using B3LYP/6-311+G(d) 

Pathway 

L’M+CO→ 

L’M (CO2) 

      L’M(CO2)+L’→ 

     L’M(CO)+L’M(O) 

L’M(O)+H→ 

L’M(H2O) 

L’M(CO)→ 

L’M+CO 

L'M(H2O)→ 

L’M+H2O 

Sc -48.78 -11.66 38.09 22.91 21.69 

Ti -62.48 -3.06 44.59 25.71 17.48 

V -44.16 -13.75 34.06 29.57 16.53 

Cr -18.98 -18.56 9.77 32.98 17.04 

Mn -16.91 6.45 -1.44 26.31 7.84 

Fe -16.93 -3.36 -10.04 37.30 15.28 

Co -9.39 4.31 -24.93 37.62 14.65 

Ni -4.00 25.60 -45.40 31.98 14.06 

Cu -1.30 45.20 -59.47 27.84 9.98 

Zn 1.29 32.34 -21.54 6.95 3.21 

 

109.31°, showing a similar structure with a free H2O

molecule (experimental data
104

 O-H = 0.957 Å; H-O-H = 104.47°).The distance between metal 

center and the oxygen atom varies from 2.07 to 2.43 Å. The coordination of the H2O ligand to  
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Table 3.5 ∆H (kcal/mol) of reactions (298.15K) at the B3LYP/aug-cc-pVTZ level of theory 

Pathway 

L’M+CO2→ 

L’M (CO2) 

L’M(CO2)+L’M→ 

L’M(CO)+L’M(O) 

L’M(O)+H2→ 

L’M(H2O) 

L’M(H2O)→ 

L’M+H2O 

L’M(CO)→ 

L’M+CO 

Sc -48.71 -10.39 32.89 17.66 23.07 

Ti -62.08 -2.05 40.12 13.12 25.41 

V -44.48 -13.48 29.83 12.83 29.83 

Cr -20.56 -17.54 5.46 13.90 33.26 

Mn -18.34 6.38 -5.30 4.71 27.07 

Fe -18.48 -2.37 -13.83 11.88 37.32 

Co -10.08 4.80 -28.94 11.10 37.65 

Ni -4.63 25.57 -49.49 10.72 32.36 

Cu -0.93 43.77 -63.34 6.77 28.26 

Zn 0.13 31.95 -26.09 0.89 7.64 

Table 3.6 Reaction enthalpies (kcal/mol) for the entire reaction CO2 (g) +H2(g) → CO(g) + 

H2O(g) at 298.15K 

 

 

 

 

the metal can best be described as bifurcated for most complexes. The ground state multiplicities 

of L’M(H2O) are the same as L’M, consistent with a dative interaction between the metal centers 

and H2O.  

Method 
B3LYP 

ccCA Experimental
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6-311+G(d) aug-cc-pVTZ 

∆H 

(kcal/mol) 
22.25 14.52 8.64 9.85 
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3.3.4 Dissociation of H2O and CO: L’M(H2O) → L’M + H2O, L’M(CO) → L’M + CO 

In these two reactions, the small molecules H2O and CO are released from the catalyst 

models. The calculated bond lengths and bond angles are shown in Table 3.3. The geometries of 

CO, H2, and H2O are as expected. 

3.3.5 Thermodynamic Analysis 

The enthalpies (∆H) of each step are calculated with the B3LYP functional in 

conjunction with the 6-311+G(d) (Table 3.4) and aug-cc-pVTZ (Table 3.5) basis sets. The two 

basis sets provide similar results for the steps of activation of CO2, scission of L’M(CO2), and

dissociation of CO products. The maximum difference in ∆H between calculations using each of 

these basis sets is less than 1.6 kcal/mol. However, the basis sets result in bigger, although not 

inordinate, differences (2.3 - 5.2 kcal/mol) for the hydrogenation of L’M(O) and the dissociation 

of H2O products. A possible reason is that these steps involve an H2O molecule, which has two 

lone pairs. Most importantly, however, the trends in the different reactions for the ten transition 

metals are the same for both basis sets.  Hence, this chapter will concentrate on the B3LYP/aug-

cc-pVTZ results.    

From the results of B3LYP/aug-cc-pVTZ calculations, the first step, coordination of CO2, 

is exothermic for all the metals except for Zn. Generally speaking, ∆H1 increases from Sc to Zn; 

the lowest ∆H1 is -62 kcal/mol for Ti, and the highest is 0.1 kcal/mol for Zn. Hence, CO2 

coordination becomes more favorable as one progress from right to left in the 3d series. The 

second step of the model catalytic cycle, (reduction of CO2) is exothermic for Sc, Ti, V, Mn, and 

Fe, while the rest are endothermic. For the second step of the model reaction sequence, early 

metal systems are generally more exothermic than are the late metal systems. In general, the 

reduction of CO2 becomes increasingly thermodynamically favorable as one traverses from right  
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Figure 3.8 “Spread” of reaction enthalpies (kcal/mol) for each metal (B3LYP/aug-cc-pVTZ). 

Depicted by bars of different colors, the reaction enthalpies for all the steps are “stitched” 

together. The shorter the bar, the smaller the thermodynamic “spread.” For example, Mn shows 

the shortest bar, so the total catalysis is most thermodynamically feasible using a L’Mn catalyst 

model, i.e., it contains no inordinately endothermic or exothermic steps. 

 

to left in the 3d series. By contrast, in the third step, (the hydrogenation of the oxo complex), the 

reaction for the first three early metals is much more endothermic than the late metals. For the 

fourth and fifth steps, all the reactions are endothermic as expected for ligand dissociation and 

the calculations do not reveal remarkable differences as a function of metals. In summary, the 

present calculations suggest that coordination and reduction of CO2 are the key discriminating 

steps for the modeled catalytic cycle for the RWGS reaction. Early 3d metals show a 

thermodynamic preference in these steps; however, late metals are more feasible 
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thermodynamically for the hydrogenation of the oxo complex. The dissociation of H2O and CO 

are endothermic for all the metals, as expected. For the entire reaction, Mn, and Fe complexes 

show more favorable thermodynamic profiles than the others for the following reasons. 

Compared to the late metals, these two metals are more effective at activation of the CO2 

molecule, and the intermediate products are more easily reduced. At the same time, it is more 

thermodynamically favorable for their oxides to react with H2 than the early transition metals 

(Figure 3.8). 

Additionally, the entire RWGS enthalpy was calculated by B3LYP/6-311+G(d), 

B3LYP/aug-cc-pVTZ, and ccCA methods, Table 3.6. Compared to experimental value (9.85 

kcal/mol),
106

 the ccCA method gives the most accurate enthalpy (8.64 kcal/mol), followed by 

B3LYP/aug-cc-pVTZ, however, B3LYP/6-311+G(d) shows a big difference (22.25 vs. 8.64 

kcal/mol).  

3.4 Conclusions 

New insight into the thermodynamics of elementary steps, and reaction intermediates for 

a model homogeneous, metal-catalyzed reverse water gas shift reaction (CO2 + H2→H2O + CO) 

by the first- row transition metal catalysts L’M (L’ = β-diketiminate; R1 = R2 = R3 = H; M =  Sc, 

Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn, Figure 3.2) were studied at two levels of theory, 

B3LYP/6-311+G(d) and B3LYP/aug-cc-pVTZ. All the reactions were simulated in the gas phase 

at STP. B3LYP/6-311+G(d) was used to obtain all of the optimized geometries, and B3LYP/aug-

cc-pVTZ was used to obtain the thermodynamic data. The catalytic reactions include the 

following pathways: 1. Initial Coordination of CO2: L’M + CO2 → L’M(CO2). 2. Scission of 

L’M(CO2) into L’M(CO) and L’M(O): L’M(CO2) + L’M → L’M(CO) + L’M(O). 3. 
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Hydrogenation of the Oxo Complex: L’M(O) + H2 → L’M(H2O). 4. Dissociation of H2O:  

L’M(H2O) → L’M + H2O, and 5. Dissociation of  CO :  L’M(CO) → L’M + CO.  

   The calculations show that the β-diketiminate metal catalysts are thermodynamically 

feasible for the coordination of CO2, especially the early 3d metal complexes; the metals 

generally display two linkage isomers for binding of CO2: η
2
(C,O) and η(O), among which 

η
2
(C,O) is predominant for the first eight metals from Sc to Ni. Some of the early metals not only 

coordinated CO2, but cleaved the C-O bond during the first step, e.g., Sc, Ti, and V. The 

reduction of L’M(CO2) gives L’M(CO) and L’M(O) intermediates. This step is exothermic for 

early metals but endothermic for late metals. Comparison of the multiplicities of complexes in 

the first two steps indicates that the coordination of the carbon atom in CO2 and CO to the metal 

change the electronic structures of the catalysts indicative of strong covalent bonding. The 

hydrogenation of L’M(O) by H2 displays different trends as a function of metal from the first two 

steps, i.e., hydrogenation of the late metal complexes is more thermodynamically favorable. The 

dissociations of H2O and CO -coordinated products are all endothermic, and yield no large 

differences among the metals studied. In general, metals from the middle of the 3d series – Mn, 

and Fe catalysts – show more favorable thermodynamic paths than the other metals, resulting 

from a balance between more favorable CO2 activation by early 3d metals and more favorable 

hydrogenation by late 3d metals. 
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CHAPTER 4 

REACTION MECHNISM OF REVERSE WATER-GAS SHIFT REACTION AND 

HYDROLYSIS OF CARBOND DIOXIDE USING IRON, MANGNESE AND COBALT 

COMPLEXES 

 

4.1 Introduction 

In the Chapter 3 we have reported a modeling study of the thermodynamics of the component 

reactions of a RWGS (reverse water gas shift) catalyst (CO2 + H2 → CO + H2O) using β-

diketiminate complexes L’M of all 3d metals (L’ = β-diketiminate; M = Sc, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu and Zn).
1
 B3LYP calculations showed that the β-diketiminate metal catalyst models 

were thermodynamically viable for the coordination of CO2. These metals generally displayed 

two linkage isomers for the binding of CO2: η
2
(C,O) and η

2
(O), between which η

2
(C,O) is 

predominant for the first eight metals from Sc to Ni. In general, metals from the middle of the 3d 

series – Mn and Fe catalyst models – displayed more favorable thermodynamics for the 

component reactions for the RWGS reaction than the other metals, arising from a balance 

between more favorable CO2 activation by early 3d metals and more favorable reduction 

reactions by the late 3d metals.  

 

†
 This chapter is presented in its entirety from Liu, C.; Cundari, T. R.; Wilson, A. K., “Reaction Mechanism of the 

Reverse Water–Gas Shift Reaction Using First-Row Middle Transition Metal Catalysts L’M (M = Fe, Mn, Co): A 

Computational Study”, Inorg. Chem. 2011, 50, 8782, and Liu, C.; Cundari, T. R.; Wilson, A.  . “Periodic Trends in 

3d Metal Mediated CO2 Activation”, Invited chapter for ACS book “Applications of Molecular Modeling to 

Challenges in Clean Energy” Applications of Molecular Modeling to Challenges in Clean Energy, Chapter 5, 2013, 

67, with permissions from ACS. 
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Based on the aforementioned thermodynamic results, it is interesting to investigate the reaction 

barriers of these reactions for the metals that display the most promising thermodynamics. 

Therefore, in this chapter, possible reaction pathways are assessed for the RWGS reaction 

catalysis. The research is focused on β-diketiminate complexes of Fe, Mn and Co.
2
 We 

understand that under experimental conditions a lot side reaction mechanisms need to be 

considered; however, in this study, we intend to investigate intrinsic CO2 chemistry  with 

different metal centers. The proposed reaction pathways are shown in Figure 4.1, and are 

inspired by recent experimental reports from the Peters
3
 and Holland

4-8
 groups.

9
 The first 

reaction (step A) occurs between L’M and CO2, and forms a L’M(CO2) complex, which then 

goes through a TS (transition state) for C=O activation to form L’M(CO)(O) (Steps B and C). 

Subsequently, L’M(CO)(O) may release CO and form L’M(O) (Step D) or react with L’M and 

form a bimetallic complex L’M(CO)OML’ (Step M). In Step D, the oxo complex L’M(O) may 

react with another L’M to give a oxo complex (L’M)2O (Step P), or react with H2 and form a 

L’M(OH) and H radical (Steps E and F). The species L’M(OH) and H mixture may form either 

an aqua complex L’M(OH2) (Step G), or a hydroxyl/hydride L’M(OH)(H). The latter may then 

form L’M(OH2) via a hydrogen migration TS (Steps H, I, K and L). The final product of the 

hydrogenation – L’M(OH2) versus L’M(OH)(H) – depends on the thermodynamic stability of 

these two complexes. It is notable that L’M(OH2) will release H2O and yield back the model 

catalyst; however, L’M(OH)(H) may also react with CO2.
10

 On the other hand, L’M(CO)OML’ 

may split into L’M(CO) and L’M(O), or release CO to form (L’M)2O, which may react with 

another CO2 and generate a bridging carbonate complex L’M(CO3)ML’. Since CO is one of the 

products in the RWGS reaction, it may conceivably ligate metal centers. The complex L’M(CO) 

may ligate another CO molecule and form a dicarbonyl complex L’M(CO)2. The detailed 
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reaction in Figure 4.1 provides insight as to the feasibility of the RWGS catalysis, including 

reaction barriers and side reactions. Combined with our previous research, we are able to 

describe reaction mechanisms and compare the favorability of the various pathways for Fe, Mn 

and Co catalyst models.
9
 

L'M
CO2

L'M(CO2)
M-TS-1

L'M(CO)(O)
CO

L'M(O)
H2 M-TS-2

L'M(OH) + H

CO

L'M(CO)

CO

L'M(CO)2

L'M

L'M(CO)OML'

L'M(CO) + L'M(O)

(L'M)2O

L'M

CO

CO2

L'M(CO3)ML'

L'M(OH2)

L'M(OH)(H)

A B, C D E F
H, I

K, LM

N
O

P

Q

R
G

J

S

M-TS-3

 Figure 4.1 Proposed reaction pathways and side reactions for RWGS reaction catalysis 

 

4.2 Computational Methods 

 The Gaussian09
10

 program was used to fully optimize all of the structures reported in this 

chapter using DFT methods. Geometry optimizations and frequency calculations were carried 

out using the B3LYP functional.
12-15

 Reaction barriers were also calculated using the B-97D 

functional,
16

 and results showed good agreement (within a few kcal/mol) with B3LYP results. 

However, B-97D geometry optimizations of complexes in this chapter took much longer than 

B3LYP optimizations, therefore, in the present research only B3LYP results are reported. 

Frequency calculations were performed to identify all of the stationary points as minima or 

transition states and to provide Gibbs free energies at 298.15 K and 1 bar in the gas phase. The 6-

311+G(d) basis set was used for initially identifying all pertinent minima and then the larger aug-

cc-pVTZ basis set was used for further optimizing all found stationary points and obtaining the 

vibrational frequencies (unscaled) needed for the free energy calculations at STP. These two 
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basis sets gave very similar results on reaction Gibbs free energies and reaction barriers (See 

Table 4.3). The maximum differences in reaction Gibbs free energies are 3.7 kcal/mol for Fe 

complexes, 3.9 kcal/mol for Mn complexes, and 2.1 kcal/mol for Co complexes. 

 Solvent effects were calculated for the reaction barriers using two n-pentane (ε = 1.8371) and 

diethylether (ε = 4.2400) and the Polarizable Continuum Modeling (PCM) solvent model in 

Gaussian 09.
11

 The results indicate that continuum solvents effects do not have a significant 

contribution to free energies. 

 The metals in the L’M catalyst models have a 1+ formal oxidation state to best coincide with 

complexes reported by Holland and coworkers.
5
 All reasonable conformations and possible 

multiplicities of the complexes are taken into account.  

4.3 Results and Discussions 

4.3.1 Geometries and Ground State Multiplicities 

 The pathways and side reactions considered are summarized in Figure 4.1. Figure 4.2 

shows the optimized structures of all Fe complexes studied, using the B3LYP/aug-cc-pVTZ level 

of theory; L’Fe, L’Fe(CO), L’Fe(O), L’Fe(CO2), and L’Fe(OH2) have been discussed in our 

previous report.
1
 The structures of Mn and Co complexes show strong similarity with Fe 

complexes, thus, for the sake of brevity only the Fe complexes are shown in Figures 4.1 and 4.2. 

Taking Fe complexes as an example, for steps A to F, Figure 4.1, the reactions go through two 

transition states, Fe-TS-1 and Fe-TS-2 (Figure 4.2). The imaginary mode of Fe-TS-1, C=O 

oxidative addition, was found to entail vibration between C4 and O2 (C4 and O2 move away 

from each other) indicating the formation of intermediate L’Fe(CO)(O). In Fe-TS-2, which 

connects L’Fe(O) and the system of L’Fe(OH) and H, the vibration in the imaginary mode 

occurs between the two hydrogen atoms, H6 and H7, in which H6 tends to bond O1 (coordinated 
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                      L’Fe                                      L’Fe(CO2)                                  Fe-TS-1 

                       

L’Fe(CO)(O)                                         L’Fe(O)                                           Fe-TS-

                                           

          L’Fe(OH)                               L’Fe(OH2)                                   Fe-TS-3 
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L’Fe(OH)(H)                                L’Fe(CO)                                        L’Fe(CO)2

                                                                

L’Fe(CO)OFe’L                                  (L’Fe)2O 

 

                                                                       L’Fe(CO3)Fe’L’ 

Figure 4.2 Optimized structures of Fe complexes (B3LYP/aug-cc-pVTZ) 

 

to Fe), while H7 is moving to the Fe atom. This leads to the generation of L’Fe(OH) and an H 

radical, which may then plausibly form either L’Fe(OH2) or L’Fe(OH)(O) if the H atom adds to  
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Table 4.1 Bond lengths and bond angles by calculations (B3LYP/aug-cc-pVTZ) and 

Experiments
7,17

 

LFeOFeL Modeled Exp.  Modeled Exp. 

L L' L
tBu

  L' L
tBu

 

Fe1-N1 2.016 1.966 Fe1-O1 1.808     1.750 

Fe1-N2 2.016 2.005 Fe2-O2 1.808     1.750 

Fe2-N3 2.016 1.966    

Fe2-N4 2.016 2.005    

Fe1-O1-Fe2 180.00 167.55    

LFe(CO3)FeL Modeled Exp.  Modeled Exp. 

L L' L
tBu

  L' L
tBu

 

Fe1-O1 2.041 2.079 C7-O1 1.270     1.256 

Fe1-O2 2.156 2.107 C7-O2 1.1.329     1.256 

Fe2-O3 2.041 1.982 C7-O3 1.270     1.323 

Fe2-O2 2.156 2.358       1.275 

O1-C7-O2 116.41 117.40  O1-Fe1-O2 63.47     63.53 

O1-C7-O3 127.18 126.20  O2-Fe2-O3 63.47     60.45 

O2-C7-O3 116.41 116.40    

LFe(CO)2 Modeled Exp.  Modeled Exp. 

L L' L
tBu

   L' L
tBu

 

Fe1-C4 1.800 1.784 C4-O1 1.146     1.151 

Fe1-C5 1.800 1.785 C5-O2 1.146     1.149 

Fe1-N1 1.947 1.967    

Fe1-N2 1.947 1.967    

Fe1-C4-O1 179.50 172.81  C4-Fe1-C5 89.58     81.45 

Fe1-C5-O2 179.50 172.92 N1-Fe1-N2 88.59     93.44 

 

the oxygen or metal, respectively. Another transition state, Fe-TS-3, connecting L’Fe(OH2) and 

L’Fe(OH)(H), involves vibration of atoms H7 and O1 (Figure 4.2).   
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Table 4.2 Ground state multiplicity of all complexes 

Metal L'M L'M(CO2) M-TS-1 L'M(CO)(O) L'M(O) 

Fe 4 4 4 4 4 

Mn 7 5 3 3 5 

Co 3 3 3 3 5 

Metal M-TS-2 L'M(OH) L'M(OH2) M-TS-3 L’M(OH)(H) 

Fe 6 5 4 4 4 

Mn 5 6 7 7 5 

Co 5 4 3 3 3 

Metal L’M(CO) L’M(CO)2 L’M(CO)OML’ (L’M)2O L’M(CO3)ML’ 

Fe 4 2 3 9 9 

Mn 5 - 11 11 11 

Co 3 - 5 7 7 

 

In addition to monometallic intermediates, some bimetallic complexes may also 

participate in the catalysis. L’Fe(CO)OFeL’ may be formed from the reaction of L’Fe(CO)(O) 

and L’Fe. The calculations show that during this reaction the Fe atom of L’Fe is more likely to 

bond with O1 in L’Fe(CO)(O) instead of C7 or O2 in L’Fe(CO)(O) (Figure 4.2). Then, 

L’Fe(CO)OFeL’ is possibly split into L’Fe(O) and L’Fe(CO), or may release a CO and form 

(L’Fe)2O. The latter may also form from the reaction of L’Fe(O) and L’Fe. The complex 

(L’Fe)2O formally has two lone pairs on O1, and could attract another CO2 molecule and form a 

carbonate bridge molecule L’Fe(CO3)FeL’, in which Fe2 bonds to O2 and O3, while Fe1 only 
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bonds to O1; the two β-diketiminate ligands are in different planes. The bridging carbonate is 

one of two products isolated by Holland et al.
7
 in the reaction of L

R
FeNNFeL

R
 with CO2.  

 The calculated structures of (L’Fe)2O, L’Fe(CO3)FeL’, and L’Fe(CO)2 are in good 

agreement with some bulkier β-diketiminate derivatives experimentally characterized by the 

Holland group.
17

 The corresponding bond lengths and bond angles from calculations and 

experiments are organized in Table 4.1. For instance, (L’Fe)2O shows similar structure with 

(L
tBu

Fe )2O that can be synthesized from (L
tBu

FeH)2 or (L
tBu

FeN)2.
18

 It has been reported that 

(L
tBu

Fe )2O reacts with CO2 rapidly at room temperature to generate a carbonate-diiron complex 

L
tBu

Fe(CO3)FeL
tBu

, which illustrates Step Q in Figure 4.1. The calculated structure of 

L’Fe(CO3)FeL’ is in good agreement with the crystal structure of L
tBu

Fe(CO3)FeL
tBu

.
7
 Moreover, 

L’Fe(CO)2 was found to have similar geometry to the crystal structure of L
tBu

Fe(CO)2, in which 

the C-Fe-C angle (81.44º) is smaller than that in L’Fe(CO)2 (89.58º), perhaps due to the steric 

effect of the bulky tBu ligands.
7
 

 Mn and Co complexes show very similar structural behaviors with Fe complexes. One 

exception for Mn complexes is L’Mn(CO)(O), which has a tetrahedral coordination geometry 

about the Mn while the Fe complex has a planar structure. For Co complexes, one exception is 

the transition state Co-TS-2: the position of H7 is quite far away (Co-H7 bond length is 2.86Å) 

from the Co atom, and thus quite different from Fe-TS-2 and Mn-TS-2, in which the vibrations 

of H7 show that H7 tends to move toward the metal center, while increasing its distance from 

H6. Also, the Mulliken atomic spin densities in L’Co(OH) show that the spin density at Co atom 

(2.46 e
-
) is significantly lower than those of Fe and Mn (Mn 4.72 e

-
, Fe 3.65 e

-
), which implies 

that in Co-TS-2, O1 has a greater propensity to react with H7 from a spin-coupling perspective, 

and form L’Co(OH2), compared with the O1 atoms in Fe-TS-2 and Mn-TS-2. However, the  
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 (a). Hydrogenation of L’Fe(O) 
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(b). Dissociation of CO from L’Fe(CO)OFeL’ 
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(c). Dissociation of Co from L’Mn(CO2) 
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 Figure 4.3 Reaction coordinate of involved spin-states (B3LYP/6-311+G(d)) 
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stability of the two tautomers, L’Co(OH2) and L’Co(OH)(H), depends on the thermodynamic 

calculations. 

4.3.2 Ground State Multiplicity and Spin-state Crossing  

 All feasible multiplicities for all of the complexes are considered in the present 

calculations (Table 4.2). Generally, most mono-Fe complexes maintain a multiplicity of 4. The 

bis-carbonyl complex, L’Fe(CO)2, shows a lower multiplicity of 2, which is reasonable due to 

coordination of the strong field ligand CO. L’Fe(CO3)Fe’L has a multiplicity of 9, indicating 

weak interaction between the two metal centers mediated by the bridging CO3
2-

 group. The 

calculated Mulliken spin densities of L’Fe(OH) (Fe: 3.65 e
-
; O: 0.22 e

-
) suggest that 

L’Fe(OH)(O) is more likely to form based on the Fe being a more “radical” center. However, the 

final structure significantly depends on the thermodynamics, BDE(O-H) is expected to be much 

stronger than BDE(Fe-H). For Mn complexes, three transition states Mn-TS-1, Mn-TS-2, and 

Mn-TS-3 were found to have similar imaginary frequencies as compared with the corresponding 

Fe transition states. Most Co complexes maintain a consistent triplet state. Since the spin states 

of the intermediates/transition states play an important role in the energetic landscape, we discuss 

below several examples of spin state crossing.  

 The hydrogenation of L’Fe(O) involves two spin states, quartet and sextet (Figure 4.3 

(a)). The ground state of L’Fe(O) is a quartet, while the sextet is 3.8 kcal/mol higher. The 

calculations indicate that there is a spin-state crossover on the way to the transition state Fe-TS-

2, and another spin crossover leading to a quartet product, L’Fe(H2O). A Minimum Energy 

Crossing Point (MECP) was indentified using the partial optimization method;
17,18

 MECP1 lies 

19.1 kcal/mol above quartet-L’Fe(O) + H2. L’Fe(OH) has a lower multiplicity (Table 1) than 

L’Fe(O) (Step F). Thus, the lowest energy pathway of reaction involves crossing from an initial 

quartet state L’Fe(O), to a sextet transition state, and eventually back to a quartet L’Fe(H2O). 



74 

 

 Another interesting spin crossing reaction is the dissociation of CO from L’Fe(CO)OFeL’ 

 (Figure 4.3 (b)). Three spin states participate in the reaction: triplet, septet, and nonet. 

Calculations found that the ground state of L’Fe(CO)OFeL’ is a triplet state, which has coplanar 

L’ rings (we call it S-L’Fe(CO)OFeL’, “S” stands “same plane”), while a septet ground state for 

L’Fe(CO)OFeL’ with the two L’ rings perpendicular to each other, only has 0.4 kcal/mol higher 

energy than S-L’Fe(CO)OFeL’ (termed P-L’Fe(CO)OFeL’, “P” stands for “perpendicular”). The 

tiny energy difference suggests that the rotation of L’ rings around the Fe-O-Fe axis should be 

facile, and the spin-state crossing from triplet S-L’Fe(CO)OFeL’ to septet P-L’Fe(CO)OFeL’ 

should also be quite feasible. Interestingly, calculations predict that (L’Fe)2O keeps a nonet 

ground state, whether or not the L’ rings are in the same plane. Thus, the proposed reaction 

coordinate is that L’Fe(CO)OFeL’ starts with a triplet S- structure, undergoes a quick internal 

rotation to cross to a septet P- structure, and then experiences another intersystem crossing from 

septet to nonet, yielding P-(L’Fe)2O + CO, and finally giving S-(L’Fe)2O + CO. The spin-state 

crossover from the septet P-L’Fe(CO)OFeL’ to the nonet P-(L’Fe)2O agrees with the report of 

Ariafard et al.
20

 It is notable that in their report they found the ground state of 

L
Me

Fe(CO)OFeL
Me

 to be a septet P- structure, instead of a triplet S- structure. This is possible 

because the methyl groups on the ligands could generate a steric effect to favor the perpendicular 

structure. Similar structural phenomena were observed for (L
Me

Fe)2O.  

 Reactions of Mn complexes also involve multiple spin states. An example is the 

dissociation of CO from L’Mn(CO2) (Figure 4.3 (c)). The ground state triplet L’Mn(CO2) was 

found to have a much lower energy (24.7 kcal/mol) than the quintet. However, the calculations 

did not locate either the triplet transition state Mn-TS-1 or the triplet intermediate 

L’Mn(CO)(O). The optimization of the triplet Mn-TS-1 and L’Mn(CO)(O) always result in 
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L’Mn(CO2). We suggest that the triplet Mn-TS-1 and L’Mn(CO)(O) probably have very high 

energy. Therefore, the lowest energetic pathway involves a triplet L’Mn(CO2) undergoing a 

quintet transition state Mn-TS-1 and a quintet intermediate L’Mn(CO)(O), and finally giving 

triplet L’Mn(O) + CO.  

4.3.3 Reaction Gibbs Free Energies and Reaction Barriers 

4.3.3.1 Fe Catalyst Models 

Figure 4.4 and Table 4.3 show the relative reaction Gibbs free energies and reaction 

pathways for Fe complexes. L’Fe first binds CO2 to form L’Fe(CO2) with a binding energy -9.3 

kcal/mol, and L’Fe(CO2) then goes through an endergonic reaction to form L’Fe(CO)(O), via 

transition state Fe-TS-1 with a reaction barrier of 24.1 kcal/mol (Steps B and C, ΔGr (B + C)= 

20.1 kcal/mol). Then L’Fe(CO)(O) experiences an endergonic dissociation reaction (Step D, ΔGr 

= 4.6 kcal/mol) and forms L’Fe(O), which then has a endergonic reaction with H2 to generate 

L’Fe(OH) and H radical through a transition state Fe-TS-2, with a reaction barrier of 21.1 

kcal/mol (Step E and F, ΔGr (E + F)= 10.5 kcal/mol). In the following reaction, L’Fe(OH) and H 

form L’Fe(OH2) (step G, ΔGr = -18.2 kcal/mol), which then may go through a small barrier (Step 

H, 10.7 kcal/mol) and rearrange to L’Fe(OH)(H). L’Fe(OH2) can also release a H2O molecule 

and form the catalyst again (discussed in Chapter 3). 

 On the other hand, it is easy to see that all the diiron complexes have much lower 

energies than the mono-Fe systems: the formation of L’Fe(CO)OFeL’ is highly exergonic (Step 

M, ΔGr = -58.9 kcal/mol) while the cleavage of L’Fe(CO)OFeL’ to afford L’Fe(O) and 

L’Fe(CO) is very endergonic (Step N, ΔGr = 36.5 kcal/mol), indicating that the formation of 

L’Fe(CO)OFeL’ is a thermodynamic sink and so the dissociation to form L’Fe(O) and 

L’Fe(CO), is then difficult. Thus, it is more likely favorable for a catalytic process if 
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L’Fe(CO)(O) dissociates into CO and L’Fe(O) directly, rather than reacting with another 

equivalent of L’Fe to form a diiron complex and then splitting into L’Fe(CO) and L’Fe(O). 

However, (L’Fe)2O can be formed by the reaction of L’Fe(CO)OFeL’ and L’Fe (ΔGr = -8.4 

kcal/mol, Step O), or by the reaction of L’Fe(O) and L’Fe (ΔGr = -71.9 kcal/mol, Step P). 

Subsequently, L’Fe(CO3)FeL’ may be generated by an exergonic reaction of (L’Fe)2O and CO2 

(Step Q, ΔGr = -7.4 kcal/mol), and then this carbonatediiron complex L’Fe(CO3)FeL’ could 

dissociate into CO3
2-

 and the original catalyst model L’Fe. The relative energies of 

L’Fe(CO)OFeL’, L’Fe)2O, and L’Fe(CO3)FeL’ agree quite well with the previous research by 

Ariafard et al.
20

 The side reactions, the additions of CO to L’Fe are strongly exergonic (Step R, 

ΔGr = -27.0 kcal/mol), as well as the coordination of a second equivalent of CO to L’Fe(CO) 

(Step S, ΔHr = -12.1 kcal/mol).  

In summary, from an energetic perspective, L’Fe(CO)(O) is very likely to react with an 

extra L’Fe, and form a stable diiron complex L’Fe(CO)(O)FeL’,which will make ensuing 

catalytic steps difficult. The stability of diiron complexes (L’Fe)2O, and L’Fe(CO3)FeL’ is 

consistent with the experimental research by Holland et al.,
7,17

 and the relative energies of 

L’Fe(CO)OFeL’, L’Fe)2O, and L’Fe(CO3)FeL’ are in good agreement with the research of 

Ariafard et al.
18

 Obviously, bimetallic complexes engender thermodynamic sinks in the reaction 

coordinate and would thus retard RWGS catalysis. Thus, one important issue for realistic CO2 

catalysis by late metal complexes would require avoidance of dimetallic pathways and favoring 

monometallic pathways. For example, upon L’Fe(CO)(O) splitting into the reactive transient 

L’Fe(O) plus CO, the former could react with H2 to favor the subsequent steps in RWGS 

catalysis. One may obviously attempt to inhibit formation of bimetallic complexes via the use of 

very bulky β-diketiminate substituents or sequestering complexes to a surface. Additionally, 
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different metals may have different thermodynamic predilections for the formation of bimetallic 

complexes. Hence, in order to explore the reactivity of the catalyst models, we choose to 

compare and contrast catalytic pathways for Fe complexes, as well as Mn and Co complexes.  

4.3.3.2 Mn Catalyst Models  

Many mono-Mn β-diketiminato complexes have been studied experimentally, as well as 

some bimetallic versions.
21-23

 For Mn complexes, the catalytic pathways display similar trends to 
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Table 4.3  Reaction Gibbs free energies (ΔGr, kcal/mol) calculated using B3LYP/aug-cc-pVTZ  

 

the reactions of Fe complexes, where the monometallic reactions (Steps A - I) delineate the 

preferred catalysis, but bimetallic reactions (Steps M - Q) generate unfavorable thermodynamic 

sinks. Generally, the energetic trend of Mn monometallic reactions is very similar to the trend of 

Fe reactions (Table 4.3 and Figure 4.5), except that the dissociation of CO from L’Mn(CO)(O) 

is exergonic (ΔGr = -5.4 kcal/mol, Step D), while for Fe it is endergonic (ΔGr = 4.6 kcal/mol). 

Relative to Fe, bimetallic Mn complexes such as L’Mn(CO)OMnL’ tend to be “deeper” 

thermodynamic sinks, e.g. Mn has a calculated ΔGr that is about 10 kcal/mol more exergonic for 

step M than Fe, but 10 kcal/mol higher ΔGr for step N, which forms L’M(CO3)ML’. 

Qualitatively, however, di-Mn reactions show the same thermodynamic trends as di-Fe reactions.  

4.3.3.3 Co Catalysts Models  

The results of the reaction Gibbs free energies and barriers show that Co complexes 

display similar energetics as compared to Fe and Mn complexes (Table 4.3 and Figure 4.6). As 

expected, calculated thermodynamic data show that the final structure of the hydrogenation is 

Pathway  

Metal A B C D E F G(J) H(K) I(L) ΔG
‡eff

 

Fe -9.3 24.1 -3.2 4.6 21.1 -10.6 -18.2 10.7 -20.5 46.5 

Mn -9.0 36.5 -7.6 -5.4 15.1 -3.7 -10.9 17.2 -40.7 38.6 

Co -1.0 33.0 -4.6 3.1 19.1 -10.6 -23.7 12.1 -18.4 50.6 

Metal M N O P Q R S    

Fe -58.9 36.5 -8.4 -71.9 -7.4 -27.0 -12.1    



80 

 

more likely to be L’Co(OH2), which has slightly lower energy (3.9 kcal/mol lower) than 

L’Co(OH)(H). Dimetallic reactions were also calculated, as Fe and Mn reactions, to form a 

thermodynamic sink. However, compared to Fe and Mn, bimetallic Co complexes tend to be less 

exergonic in relation to mono-metallic complexes, e.g., the formation of L’Co(CO)(O)CoL’ from 

the reaction of L’Co(CO)(O) and L’Co is less exergonic than that of Fe and Mn complexes(Step 

M, ΔGr (Co) = -57.5 kcal/mol, ΔGr (Fe) = -58.9 kcal/mol, ΔGr (Mn) = -69.2 kcal/mol ), and the 

later step, splitting L’Co(CO)(O)CoL’ to L’Co(O) and L’Co(Co) is less endergonic than that of 

Fe and Mn complexes (Step N, ΔGr (Co) = 32.9 kcal/mol, ΔGr (Fe) = 36.5 kcal/mol, ΔGr (Mn) = 

46.6 kcal/mol). These results indicate that varying transition metal centers could steer the 

catalysis towards more favorable monometallic pathways.  

4.3.4 Comparison of Different Transition Metals 

 In our previous research, which focused on the calculated thermodynamics of RWGS 

model component reactions, the middle members of the first row transition metals were 

identified as the most promising catalysis. Thus in this chapter the comparison is focused on the 

three middle transition series catalyst models, L’Fe, L’Mn and L’Co.        

Assuming that ligand sets could be constructed to avoid/reduce the formation of the 

bimetallics, this chapter has focused on monometallic reactions. The kinetics of the whole 

catalysis process significantly depends on the effective reaction barrier, ΔG
‡

eff, the Gibbs free 

energy difference between the highest energy TS and the lowest energy point that precedes it. 

According to the mechanism we have modeled, L’Mn shows the lowest ΔG
‡

eff (38.6 kcal/mol, 

Table 2), implying the highest reaction rate. L’Fe has a higher calculated effective barrier (46.5 

kcal/mol) than L’Mn, while a much higher ΔH
‡

eff was calculated for L’Co complexes (50.6 

kcal/mol).   
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Considering the individual reaction barriers, for the activation of CO2 (Step B, Table 

4.3), Fe shows the lowest barrier (23.9 kcal/mol), while Mn (38.1 kcal/mol) and Co (35.1 

kcal/mol) have much higher barriers. For the hydrogenation of L’M(O) (Step E, Table 4.3), Mn 

has a slightly lower barrier (19.0 kcal/mol) than the other two metals (Fe 24.8 kcal/mol; Co 21.0 

kcal/mol). In the rearrangement between L’M(OH2) and L’M(OH)(H) (Step H( )), Fe also has a 

smaller barrier (11.6 kcal/mol) than Mn (15.8 kcal/mol) and Co (13.9 kcal/mol). 

4.3.5 Hydrolysis of CO2 Mediated by β-diketiminate Complexes 

A remaining question in the reaction mechanisom is how CO2 interacts with the hydroxo 

hydride complex L’M(OH)(H) transformed from the aqua complex L’M(H2O). Previous 

calculations showed that L’M(H2O) can overcome a barrier of less than 20 kcal/mol to rearrange 

to L’M(OH)(H) (Figure 4.7 and Figure 4.8, Steps H-1 and H-2). This hydroxo hydride complex 

has a great potential to interact with another CO2 molecule, which leads to a new direction of 

CO2 activation, the hydrolysis of CO2. Transition metal hydroxo complexes interacting with CO2 

has been discovered in biological systems.
24-26

 The carbonic anhydrases are Zn metalloenzymes 

that catalyze the hydration of CO2.
24-28

 The most commonly accepted mechanism is as follows 

(52-54): (1) LZn(H2O) deprotonation, (2) CO2 binding to LZn(OH
-
), (3)  formation of 

LZn(HCO3
-
), and (4) release of HCO3

-
. Inspired by this mechanism,  the catalytic pathway of the 

hydrolysis of CO2 using L’M complexes (L’= β-diketiminate, M = Mn, Fe, Co) was proposed in 

this chapter (Figure 4.7): Binding of H2O to L’M (Step H-1) is considered as a reversible 

reaction because of the small values of reaction energies for the three metal systems (Step H, 

Figure 4.7). The L’M(OH)(H) rearranged from L’M(H2O) (Steps H-1 and H-2) first binds to 

CO2 through the O on the hydroxo group and forms an adduct (H-3). The adduct then transforms 

to L’M(HCO3)(H)-1 (Lindkog mechanism
27

) (H-4), which then goes through a proton transfer 
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and forms a more stable structure L’M(HCO3)(H)-2 (Lipscomb mechanism
28

) (H-5). The 

hydrogen on the metal center then transfers to one of coordinate oxygens and forms L’M(H2CO3)  
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Figure 4.7 Reaction pathway for the catalysis of CO2 hydrolysis  

 

(H-6 and H-7), which will release H2CO3 (H-8).  

The calculated reaction energies for all three metal systems are shown in Figure 4.8. 

Considering local barriers for the two transition states (TS-3 and TS-4), for both of which Fe 

tends to have the smallest barriers among the three metals. However, Mn and Fe systems showed  

higher effective barriers (33.5 and 24.5 kcal/mol, respectively) due to the highly stable 

L’M(OH)(H) leading the reaction coordinate to a thermodynamic sink (H-2), while Co showed a 

relatively small effective barrier (the energy difference between TS-4 and L’M(H2O), 19.8 

kcal/mol). The greater stability of L’Mn(OH)(H) is probably due to the stronger electron 

donation from the metal center to the coordinate H. In general, Co complex showed the most 

favorable energetic pathway for the hydrolysis of CO2. It is interesting that this catalytic trend is  
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Figure 4.8 Reaction coordinate for the catalysis of CO2 + H2O = H2CO3 using L’Mn, L’Fe, and 

L’Co 

 

opposite to the RWGS reaction, in which Mn showed the lowest effective barrier, followed by Fe 

and Co. On the other hand, in all cases the Lindkog intermediate (L’M(HCO3)-1) shows higher 

energy than the Lipscomb intermediate (L’M(HCO3)-2). This agrees with previous 

investigations.
26,28

 In summary, based on the calculated thermodynamics, Co and Fe complexes 

catalyze the CO2 hydrolysis efficiently; later metals tend to perform better than earlier metals.
29

 

4.4 Summary and Conclusions 

The catalytic cycle of a model reverse water gas shift reaction using middle series 3d 

metal catalysts, L’M (M = Fe, Mn, and Co, L’ = parent β-diketiminate) has been investigated. 

The thermodynamics and reaction barriers of the elementary reaction pathways and side 

reactions were studied at two levels of theory: B3LYP/6-311+G(d), and B3LYP/aug-cc-pVTZ. 

All of the reactions were modeled in the gas phase at STP. Plausible catalytic mechanisms and a 

few side reactions were modeled, including the formation of a set of monometal complexes 

(L’M(CO2), L’M(CO)(O), L’M(O), L’M(OH), L’M(OH2), L’M(OH)(H), L’M(CO), L’M(CO)2) 
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and dimetal complexes (L’M(CO)OML’, (L’M)2O, L’M(CO3)ML’). According to the calculated 

thermodynamic and kinetic data, the most favorable catalytic cycle primarily involves 

monometallic complexes: the catalyst model L’M first reacts with CO2 and forms a carbon 

dioxide complex L’M(CO2), which then forms a carbonyl oxo complex, L’M(CO)(O); 

L’M(CO)(O) then releases CO and generates L’M(O) that reacts with H2 to form either an aqua 

complex L’M(OH2) (for Co), or a hydroxo hydride L’M(OH)(H) (for Fe and Mn). A transition 

state between the two tautomers, L’M(OH2) and L’M(OH)(H), was also calculated. 

The L’Mn model shows the smallest calculated fluctuation in calculated reaction Gibbs 

free energies. The complex L’Mn yields the lowest calculated effective reaction barrier, ΔG
‡

eff, 

calculated to be ~8 kcal/mol lower than the calculated ΔG
‡

eff for L’Fe. However, Fe also shows 

favorable kinetic properties, with the lowest barriers for the activation of CO2 (breaking the C=O 

bond), and for the conversion between L’M(OH2) and L’M(CO)(O). In summary, monometallic 

Mn β-diketiminato complexes provide the most desirable catalytic properties for the reverse 

water gas shift reaction among the systems studied here.  

In experiments, formation of bimetallic intermediates (e.g., from reaction of L’M(CO)(O) 

and L’M(O) with the catalyst L’M) would be a problem due to the great stability of the 

bimetallic complexes. Therefore, avoiding the formation of such intermediates would be a 

challenge for this homogeneous catalysis. One direction to solve this problem is to modify the 

functional groups on the β-diketiminate ligand. For instance, substitution of hydrogen on the 

nitrogen and carbon atoms of the backbone with bulky groups would retard formation of 

bimetallics. Another direction would be to explore heterogeneous reactions. Metal centers play a 

significant role in the catalysis, thus metal surface mediated scission of CO2 is a possible strategy 

to avoid dimerization and oligomerization pathways to catalyst inactivation. On the other hand, 
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according to the reaction Gibbs free energy diagrams of the monometallic reactions (Figures 4.4, 

4.5, and 4.6), the ΔG
‡

eff depends on the energy difference between L’M(CO2) and M-TS-2. 

Therefore, “pushing up” the energy of L’M(CO2) by changing metal centers or perhaps using 

mixed metal complexes could reduce ΔG
‡

eff. 
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CHAPTER 5 

CARBON DIOXIDE REDUCTION ON TRANSITION METAL (FE, CO, NI, AND CU) 

SURFACES: IN COMPARISON WITH HOMOGENEOUS CATALYSIS 

 

5.1 Introduction 

Studies of CO2 adsorption and activation by transition metals have focused on both 

heterogeneous (e.g., metal/metal oxide surfaces
1-5 

and homogeneous catalysts (e.g., metal-

organic frameworks
6-9

 and TM complexes
10-15

). Such studies have shown that the properties of 

TM catalysts depend on not only the internal chemical properties of TM elements, but also on 

other properties, such as the structures of clusters (e.g., surfaces and frameworks) and the 

properties of ligands (e.g., for complexes). 

 Heterogeneous catalysts are widely used in industry. Carbon dioxide adsorption and 

activation on clean surfaces has become a subject of considerable investigation to probe 

fundamental issues in the heterogeneous catalysis of CO2. A broad range of TMs have been 

studied, including middle-late 3d metals. Iron,
16

 cobalt,
17

 nickel
18

 and copper
19

 were found to 

adsorb/activate CO2. Computational studies have helped to better understand the structures and 

energetics of metal surface/CO2 chemistry. For example, Glezakou et al.
20

 reported the reaction 

mechanism of CO2 absorption and corrosion on an Fe bcc (100) surface using generalized  

 

† This chapter is presented in its entirety from Liu, C.; Cundari, T. R.; Wilson, A. K., " CO2 Reduction on Transition 

Metal (Fe, Co, Ni, and Cu) Surfaces: In Comparison with Homogeneous Catalysis" J. Phys. Chem. C 2012, 116 (9), 

5681, and Liu, C.; Cundari, T. R.; Wilson, A.  . “Periodic Trends in 3d Metal Mediated CO2 Activation”, Invited 

chapter for ACS book “Applications of Molecular Modeling to Challenges in Clean Energy” Applications of 

Molecular Modeling to Challenges in Clean Energy, Chapter 5, 2013, 67, with permissions from ACS. 
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gradient approximation (GGA) with Perdew-Burke-Ernerhof (PBE)
21

 functional, showing that 

CO2 is spontaneously activated when in proximity to a clean Fe(100) surface. In addition, Ding 

et al.
22

 studied the adsorption CO2 on Ni(110) surfaces, using both experimental (temperature-

programmed desorption (TPD)) and computational (local spin density approximation (LSDA and 

GGA with PBE functional) methods. The research of Ding et al. suggested that CO2 is weakly 

adsorbed on Ni(110), and different chemisorbed structures with similar adsorption energies are 

possible. Recent studies have also focused on comparing catalytic properties on different faces of 

a metal surface. For instance, de la Peña O’Shea et al.
17

 studied the adsorption of CO2 on 

Co(100), Co(110), and Co(111) fcc surfaces using GGA methods with the exchange and 

correlation functional of Perdew and Wang (PW91).
23

 Their results showed that the interaction 

with CO2 is surface sensitive; the (110) surface showed the strongest interaction and CO2 

activation involves charge transfer from the metal surfaces to the substrate.  

 In addition to heterogeneous catalysts, a number of molecular TM complexes have also 

shown favorable catalytic properties for CO2 activation, especially middle to late 3d metals
13-

15,24-28
, as introduced in Chapter 3 and 4. In these chapters, the systematic investigation was 

carried out of the thermodynamics and kinetics of RWGS catalysis as a function of metal. The 

calculations showed that the β-diketiminate metal catalysts are thermodynamically feasible for 

the coordination of CO2; moreover, CO2 activation and reduction becomes less 

thermodynamically favorable from the left to the right in the 3d series. Thus, if the transition 

metal is the key factor for determining the kinetics and thermodynamics of CO2 homogeneous 

catalysis, then a number of interesting questions need to be addressed: would these energetic 

trends be similar or different for heterogeneous 3d metal catalysts? Do the TMs play 

similar/different structural and electronic roles in heterogeneous and homogeneous catalysts? 
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Although several researchers
16-21 

have reported CO2 interaction with TM surfaces or TM 

complexes, there is a paucity of research on the comparison (a) of heterogeneous systems among 

different metals, or (b) between heterogeneous and homogeneous catalysts.  

 In this chapter a study of CO2 adsorption and decomposition on Fe, Co, Ni, and Cu (100) 

surfaces is discussed. In order to more closely investigate the intrinsic catalytic properties of the 

3d elements, the energetics were compared among the four metals, keeping all the other 

parameters the same, i.e., the (100) surface of a face centered cubic (fcc) structure is used for all 

solid-state simulations. The ground states of Fe (bcc) and of Co (hcp) were also investigated for 

the sake of completeness as well as calibration of the present plane-wave DFT results versus 

literature data.
17, 19, 20, 37

A strong correlation was discovered between the intrinsic activity of 

heterogeneous and homogeneous CO2 catalysis as a function of 3d metal. 

5.2 Computational Details 

 The structures and total free energies were determined using plane-wave density 

functional theory (PW-DFT) calculations within the Vienna Ab initio Simulation Package 

(VASP).
29, 30

 Construction of surfaces was done with Materials Studio,
31

 and visualization of 

structures and electron densities was done with MedeA
32

 and Mercury.
33

 Spin polarization and 

dipole corrections were considered for all calculations. The total free energy was calculated 

using the GGA, with the PBE functional.
21

 The electron density was expanded in a plane wave 

basis set, whereas the effect of the inner core was taken into account through the projected 

augmented wave (PAW) method.
34

 After convergence tests for energy cutoff and k-points, a 550 

eV cutoff energy was chosen, and a 5×5×1 k-points grid within the Monkhorst-Pack scheme
35

 

was used to sample the Brillouin zone of the surface unit cell. All calculations were done at 0 K. 
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Transition state (TS) searches were carried out by the climbing image nudged elastic band (CI-

NEB) method. Along each reaction pathway, four images were taken into account. 

5.3 Surface models 

 The chemisorption of carbon dioxide to fcc (100) surfaces was modeled for Fe, Co, Ni  

and Cu.Identical surfaces were modeled for the convenience of comparison of intrinsic metal 

properties and their impact on C=O bond activation. However, surfaces derived from the ground 

state of Fe (bcc), and of Co (hcp) were also studied. In all cases, the slab models were initially 

constructed from the optimized lattices, Table 5.1. The PW-DFT calculated lattice parameters 

were in good agreement with the experimental values. A five-layer periodic slab was constructed 

along the (100) Miller plane, with an ~ 10 Å vacuum along the c-axis in order to avoid 

interactions between the surface slab and its periodic image, and between the small molecules 

(CO2, CO or O) and their images. The top three layers of the slab were allowed to relax, while 

the bottom two layers were fixed. A 3×3 supercell was used, which contained nine metal atoms 

per layer, and a total of 45 metal atoms. One CO2 molecule was adsorbed at a time on each metal 

surface, which is enough to avoid interactions between CO2 and its periodic image. Similar 

protocols have been used in modeling studies of transition metal surfaces and carbon dioxide.
17-21

 

 For CO2 adsorption, eight different starting configurations were considered, including 

different adsorption sites (top, bridge, three-fold, and four-fold), and various molecular 

orientations, to help identify the location of the global minimum for the CO2/M system. The 

binding energy of CO2 was calculated as in Equation 5.1: 

 

 Eads = E(CO2/Mslab) ― E(Mslab) ― E(CO2)  (5.1) 
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where the first term is the calculated energy of CO2 adsorbed metal system, and the second and 

third terms are the energy of the metal surface and the energy of CO2 molecule, respectively. For 

(CO + O)/M systems, four conformations were initially considered, although optimizations 

eventually yielded a single conformation. 

5.4 Results and Discussion 

 5.4.1. CO2 Adsorption: M + CO2 = CO2/M 

 The first modeled process is CO2 chemisorption on a metal (100) surface. Therefore, a 

Table 5.1 Calculated lattice parameters (Å) of unit cells vs. experimental data 

Metal Calculated Experimental
 36

 

Fe 

fcc 3.649 3.652 

bcc 2.861 2.860 

Co 

fcc 3.520 3.544 

hcp 2.251 (a, b), 4.070 (c) 2.251 (a, b), 4.070 (c) 

Ni  fcc 3.523 3.516 

Cu  fcc 3.639 3.636 

 

reduction in the CO2 angle from the linear O=C=O may be expected during the process, 

particularly if CO2 is reduced. Although several conformations of CO2/M were found for each 

metal, only the most stable structures for each metal are shown in Figure 5.1. 

 Fe fcc(100) Surface. Four stable configurations were found for the CO2/Fe system: four-

fold (A), four-fold (B), short-bridge (C), and top (D) (picture of A in Figure 5.1. In 

configurations A, B and C, the adsorbed CO2 molecule displays a bent structure (O-C-O angle 
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~120°), which is close to that expected for CO2
-
. However, in configuration D, the CO2 moiety 

maintains a near linear arrangement, and shows a weak interaction with the metal surface. In 

most configurations (A, B and C), the CO2 moiety is stabilized on the surface by several bonds 

to surface iron atoms, involving all three centers of CO2. All the configurations show negative 

adsorption energies, of which A shows the lowest adsorption energy, -33.4 kcal/mol (Table 5.2). 

It is notable that O2 (Figure 5.1) also has a weak interaction with Fe1 (O2-Fe1 = 1.99 Å) 

(Table5.2). One may surmise that additional energy may be necessary to “pull” O2 from the 

Fe(100) surface, and this might increase the kinetic barrier to CO2 decomposition. We return to  

 

Figure. 5.1 The most favorable calculated binding conformations (conformation A) of CO2 on 

fcc(100) surfaces 

 

this point in Section 5.2. As alluded to above, CO2 bending upon surface chemisorption suggests 

electron transfer from the metal surface to the CO2 moiety. Hence, the valence charge density 

was calculated for isolated CO2
-
, as well as for the CO2/Fe(100) system (configuration A). The 

valence charge density of isolated CO2
-
 has great similarity with that of the bound CO2 moiety. 

Figure 5.2(a) shows the valence charge density plot of configuration A for CO2/Fe(100), where  
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Table 5.2 Geometrical parameters and calculated adsorption energies of CO2 species on fcc 

(100) surfaces 

Parameter Fe Co Ni Cu 

dC-O1 (Å) 1.34 1.35 1.38 1.33 

dC-O2 (Å) 1.29 1.27 1.23 1.22 

dC-M1 (Å) 2.19 2.08 2.03 2.15 

dC-M2 (Å) 1.95 1.95 2.03 2.15 

dO1-M3 (Å) 2.08 2.07 1.97 2.09 

dO1-M4 (Å) 2.04 2.02 1.97 2.09 

dO2-M1 (Å) 1.99 2.13 - - 

O1-C-O2 (degrees) 120.5 122.9 124.2 127.7 

Eads (kcal/mol) -33.4 -9.6 -1.1 17.3 

 

the x axis shows the distance measured from the bottom of the slab, and the y axis shows the 

valence charge density ρ. For CO2/Fe(100) and Fe’(100) (i.e., the isolated surface of the CO2/Fe 

system, shown by purple solid and red dot lines, respectively), five high density peaks were 

observed, each of which represents the valence charge density of a metal layer. In the 

CO2/Fe(100) system, a relatively small density peak (at ~ 10 Å along the x axis) was observed, 

representing the valence charge density of the CO2 moiety on the surface, and it matches the 

density plot of the isolated CO2’moiety (the isolated CO2 structure from CO2/Fe, green dash line, 

Figure 5.2). It is clear that the interaction between Fe(100) and CO2 is primarily limited to the 

Fe interface region (z = 8 ~ 9 Å). Figure 5.2(b) shows the valence charge density difference 

(note the change in scale) between absorbed CO2/Fe (conformer A) and the sum of the Fe’  
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Figure 5.2 (a). Valence charge density plot of Fe’ surface, CO2’ moiety and CO2/Fe. (b). Charge 

density difference plot of CO2/Fe system: Δρ(z) = ρCO2/Fe(z) –  ρFe’(z) + ρCO2’(z)]. Fe’ denotes the 

Fe morphology from the CO2/Fe(100) system, and CO2’ is the bent CO2 moiety of the same 

CO2/Fe(100) system. 

 

surface and the CO2’ moiety. The density difference ∆ρ changes from slightly positive to 

negative upon crossing of the Fe interface (z = 8 ~ 9 Å) and reaches a minimum at z ~ 8.5 Å; it 

then becomes positive around the CO2 region (z = 9 ~ 10 Å). This evolution illustrates that the 

valence charge density flows from the Fe surface toward the CO2 moiety, which is transformed 
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Figure 5.3 The most stable calculated structure of CO2/Fe bcc (100) and CO2/Co hcp (1010) 

 

 

Figure 5.4 The most stable calculated structures of (CO+O)/M(100) (M = Fe, Co, Ni, Cu) 

 

effectively to a CO2
-
. 

Co fcc(100) Surface. For the CO2/Co(100) system, four configurations were obtained: 

four-fold (A), three-fold (B), short-bridge (C) and top (D) (picture of A in Figure 5.1. As with 

Fe,the global minimum of CO2/Co(100) also has a four-fold configuration, Figure 5.1, but with a 

much less negative adsorption energy of -9.6 kcal/mol (versus -33.4 kcal/mol for CO2/Fe(100)). 

This value is in excellent agreement with the study by de la Peña O’Shea et al.,
17

 who also 

observed a four-fold configuration for CO2/Co(100), with an adsorption energy of -9.7 kcal/mol. 

It is also worth noting that, the O2 oxygen has a very weak interaction with Co1 (O2-Co = 2.13 

Å) on CO2/Co(100).  

Ni fcc(100) Surface. Three stable configurations were found for the CO2/Ni(100) system: 

four-fold (A), three-fold (B), and top (C) (picture of A in Figure 5.1).  Only the four-fold  
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Table 5.3 Geometrical parameters and reaction energies of CO + O system on fcc (100) surfaces 

Parameter Fe Co Ni Cu 

dC-O2 (Å) 1.17 1.18 1.23 1.17 

dC-M1 (Å) - 1.91 1.88 2.00 

dC-M2 (Å) 1.77 1.92 1.88 1.99 

dO1-M(3,4,5,6) (degree) 1.98 1.98 1.97 2.01 

ΔEdec (kcal/mol) -24.1 -22.3 -20.4 -0.6 

 

configuration (A) has a negative adsorption energy, -1.09 kcal/mol. Unlike the Co and Fe 

surfaces, O2 does not have any direct interaction with the Ni(100) surface, and the CO2 plane is 

orthogonal to the metal surface. Also, the C-O1 bond (1.38 Å) on the Ni surface is slightly longer 

than the C-O1 bonds on the other surfaces (Table 5.2, Fe; 1.34 Å, Co: 1.35 Å, Cu: 1.33 Å). 

Cu fcc(100) Surface. Only one configuration was obtained for the CO2/Cu(100) system: 

four-fold. The four-fold configuration has a high positive binding energy 17.3 kcal/mol. It 

suggests that the attraction interaction between CO2 and Cu surface is so weak that spontaneous 

adsorption of CO2 will not occur on Cu(100) surface. However, in this chapter, the reactions 

between CO2 and Cu(100) are still compared with the reactions of the other metals. In summary, 

the adsorption energies of the four 3d metal systems follow a periodic trend, i.e., lower 

chemisorption energy as one traverses from left to right in the 3d series: Fe (-33.4 kcal/mol) < Co 

(-9.6 kcal/mol) < Ni (-1.1 kcal/mol) < Cu (+17.3 kcal/mol), which indicates that the early metals 

tend to have stronger interaction with CO2 than the late metals.  

CO2 Adsorption on Fe bcc (100) and Co hcp (1010) Surfaces. According to the metal 

calculated thermodynamics for CO2 chemisorption on late 3d metal (100) surfaces, it is clear that 
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Figure 5.5 Calculated reaction coordinates of CO2 reduction on Fe, Co, Ni and Cu (100) fcc 

surfaces. Total reaction barriers (relative to the energy of CO2 + M ) are: -6.3, 3.0, 11.1, 39.5 

kcal/mol. In addition, for Fe, the reaction pathway involves a C-Fe bond breaking to form a top 

conformation for CO from bridge, and this process has a small barrier about 0.2 kcal/mol. CO1 

bond distances in TS1 (Fe) is 1.78 Å; C-Fe distance in TS2 for Fe is 2.29 Å; C-O1 in TS(Co) is 

1.76 Å; C-O1 in TS(Ni) is 1.82 Å; C-O1 in TS(Cu) is 2.41 Å. 

 

the metal plays a significant role in the activation of CO2. Hence, questions arise: is the metal the 

most important factor in CO2 adsorption? How much would other factors such as structures of 

the surface impact the reaction thermodynamics? To address these questions, calculations were 
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Figure 5.6 Energy diagram of Fe bcc and fcc systems (kcal/mol) 

 

also performed on CO2 adsorption on the Fe bcc (100), and Co hcp (1010). Body centered cubic 

is the ground state of Fe, as is hexagonal close packed (hcp) for elemental Co. The optimized 

lowest energy structures for these CO2/M models are shown in Figure 5.3. For the bcc Fe(100) 

system, CO2 preferentially binds in long-bridge four-fold conformation, which differs from the 

CO2/Fe(100)-fcc system discussed above. Moreover, the adsorption energy for the Fe bcc system 

is calculated to be -14.8 kcal/mol (in agreement with -16.7 kcal/mol
20

), which is much less 

negative than that of the Fe fcc system (-33.4 kcal/mol) (Table 5.2). Figure 5.6 shows the 

energy relationship between Fe bcc (100) and fcc (100) systems that were modelled. For Co 

surfaces, on the other hand, CO2 adsorption on hcp (1010) is not as favorable as on the fcc (100) 

surface. The calculated adsorption energy is 2.0 kcal/mol for the hcp surface, compared to -9.6 

kcal/mol for the fcc surface. This indicates that spontaneous adsorption of CO2 is unlikely to 

occur on a Co(1010)-hcp surface. In summary, not only the intrinsic electronic structure of the 

3d metal, but also the morphology of the surfaces plays an important role in CO2 adsorption.  

Fe fcc (100) 

Fe bcc (100) CO2/Fe fcc (100) 

CO2/Fe bcc (100) 

31.8 -33.4 

13.2 

-14.8 
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Figure 5.7 Brønsted-Evans-Polanyi (BEP) relationship for C-O bond scission of CO2 on TM 

surfaces. Reaction barriers and reaction energies are relative to initial state gas phase energies 

 

5.4.2 CO2 Decomposition: CO2/M = (CO+O)/M 

Reaction Energies. Binding of CO2 is followed by breaking of the coordinated C-O1 

bond. Thus, the resulting structure will be a surface-bound oxygen and a surface-bound CO. The 

most stable conformation of (CO+O)/M isolated for each TM is shown in Figure 5.4. In the 

(CO+O)/Fe system, the oxygen atom binds to four Fe atoms (four-fold site), whereas the carbon 

of the CO moiety binds to one Fe atom. In all of the other metal systems, the oxygen also binds 

to four metal atoms (fourfold site), but the carbon of CO binds to two metal atoms (short-bridge). 

The reaction energies are shown in Table 5.3. The Fe(100) system shows the lowest reaction 

energy (-24.1 kcal/mol), followed by Co (-22.3 kcal/mol), and Ni (-20.4 kcal/mol). The CO2/Cu 

→ (CO+O)/Cu reaction energy, however, is only slightly downhill (-0.6 kcal/mol). It is notable 

that for Fe, Co and Ni (100) surfaces, the reaction energies are very close to each other, although 

in the first step (CO2 chemisorption) Fe has a much more negative binding energy than Co, 

which in turn has a much more negative CO2 binding energy than Ni. In other words, Fe does not 
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show much thermodynamic favorability in CO2 decomposition, possibly due to the stronger 

interaction of O2 and the surface for Fe in the first step, compared to Co, Ni and Cu surfaces. 

Therefore, even though Fe still has the lowest reaction energy in CO2 decomposition, this may 

not translate into a lower reaction barrier, since additional energy may need to be consumed for 

O2 to “escape” from the surface.  

Reaction Barriers. Reaction barriers for the decomposition of CO2 on the surfaces were 

calculated using the CI-NEB method. Four images were calculated for each metal system 

(Figure 5.5). For the Fe(100) surface, two transition states were found; a major transition state 

TS1 is obtained in which the C-O1 bond is breaking, and a insignificant barrier TS2 was found 

when breaking one of the C-Fe bonds resulting in CO forming a top conformation. The total 

reaction barrier (relative to the initial state gas phase energy) for CO2 reduction on the Fe surface 

is -6.3 kcal/mol, suggesting a high activity on the Fe surface. For Co, Ni and Cu (100) surfaces, 

the structures of the transition states found were similar to TS1 for the Fe surface, and the total 

barriers were calculated to be 3.0, 11.1 and 39.5 kcal/mol, respectively. In general, the total 

reaction barriers still keep the same trend with the reaction energies: Fe < Co < Ni < Cu. 

Moreover, the reaction barriers (ΔE
‡
) and the reaction energies (ΔE =

 
Eads + ΔEdec) follow a 

linear relationship for the C-O bond scission of CO2, and the BEP relationship was developed: 

ΔE
‡ 

= 0.63ΔE +26.7 (kcal/mol) (Figure 5.7). This BEP relationship could be important to 

estimate reaction barriers on other metal surfaces for the C-O bond scission of CO2. It is also 

notable that even Fe has the lowest total barrier, its system falls into a thermodynamics sink, due 

to the “overbinding” of CO2 on the Fe surface, and it requires 27.1 kcal/mol energy for CO2/Fe 

to climb over the barrier, which is much higher than that for Co (12.6 kcal/mol) and Ni (12.2 

kcal/mol). Therefore, the “overbinding” of O2 of CO2 greatly impacts the reaction coordinate on  
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Figure 5.8 Reaction mechanism of homogeneous catalysis of CO2 reduction 

                                       

Figure 5.9 Optimized structures of L’M(CO2) using B3LYP/aug-cc-pVTZ 

 

the Fe surface as we expected earlier, but not as remarkably for the Co surface. Thus, Co and Ni 

are more favorable in terms of a smaller fluctuation on reaction energies/barriers of the 

elementary catalytic steps. 

5.4.3 Dissociation of CO: (CO+O)/M = O/M + CO 

The reaction energy of CO dissociation from the surface was also calculated. The 

dissociation of CO from Cu(100) is expected to be less endergonic than the other surfaces, due to 

the weak interaction between Cu and CO; the calculated reaction energy is 19.5 kcal/mol, which 

is consistent with Wang’s calculation, 19.1 kcal/mol
19(a)

). On the other hand, CO dissociation on 

Fe, Co and Ni surfaces is highly endergonic, and the calculated reaction energies are 38.3 

kcal/mol, 38.4 kcal/mol (cf. Ge’s 37.1 kcal/mol 
37

), and 41.3 kcal/mol, respectively. 
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5.4.4 Comparison of Metal Surfaces and Correlation with Homogeneous Models 

Previously, we investigated CO2 activation and conversion mediated by first-row TM β- 

diketiminato complexes L’M (L’ = β-diketiminate, M = TM), using B3LYP/aug-cc-pVTZ.
27,28 

The mechanism of CO2 reduction using these homogeneous catalysts is quite similar to that 

using the metal surfaces (shown in Figure 5.8). For Fe and Co, the homogeneous catalysis starts 

with CO2 binding to the metal center, and forms L’M(CO2) (Figure 5.9, corresponding to 

CO2/M in this chapter). This CO2 complex then goes though a TS and forms a carbonyl oxo-

complex L’M(CO)(O), in which the coordinated C-O bond is broken. And L’M(CO)(O) then 

reacts with another catalyst molecule, and forms L’M(O) and L’M(CO) (corresponding to 

(CO+O)/M in this chapter). L’M(CO) eventually releases CO. For Ni and Cu complexes, on the 

other hand, the mechanism is similar to that of Fe and Co, except that the TSs for C-O bond 

breaking were not obtained. Potential energy surface scanning suggests that for Ni and Cu 

systems, L’M(CO2) reacts with another catalyst molecule without first breaking the coordinated 

C-O bond; since the reversible reaction is highly exergonic, the reaction barrier should be very 

close to the reaction energy. 

 Comparing the calculated the thermodynamics between the heterogeneous (fcc (100) 

surfaces) and the homogeneous catalyst models, an interesting trend was observed for both, as a 

function of metal (Figure 5.10); from the earlier metal Fe to the later metal Cu, reactions tend to 

be more endergonic. To wit, earlier metals tend be more favorable in terms of CO2 

adsorption/binding. However, for Fe system, CO2/Fe falls into a remarkable thermodynamic sink 

on the reaction coordinate, due to the O2 “overbinding” to the surface in the first step. 

“Overbinding” does not occur for the homogeneous catalysis, since no extra metal centers react 

with the uncoordinated O. The dissociation of CO in the homogeneous models is more  
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Figure 5.10 (a). Calculated relative reaction energies of CO2 adsorption and decomposition on 

Fe, Co, Ni and Cu fcc(100) surfaces (b). L’M(CO) Calculated reaction energies of CO2 

activation by L’M (L = β-diketiminate, M = Fe, Co, Ni and Cu ) 

 

endergonic for earlier metals, as expected; the reaction energies for Fe, Co, Ni and Cu β-

diketiminate complexes are 27.0, 27.6, 15.7 and 11.8 kcal/mol, respectively. These values are 

relatively low with respect to those of the heterogeneous systems, indicating the instability of 

L’M(O) and L’M(CO) system. In addition, in our previous study,
27, 28, 38, 39

 it was shown that the 

homogeneous system could have a reaction to form very stable bimetallic compounds, such as 

L’M(CO)OML’, which would lead the reaction to fall into a thermodynamic sink, and as a result 

terminate the catalysis. Nevertheless, such dimerizations can be avoided in the heterogeneous 

catalysis. In summary, the comparison shows that metal plays a very important role in the 

catalysis, indicating that the reactions for earlier metals are more exergonic than those of later 

metals. Earlier metal surfaces (Fe) tend to over bind CO2, which causes a thermodynamic sink on 

the reaction coordinate. However, among the four metal fcc (100) surfaces, Co and Ni show 

favorable thermodynamics and low reaction barriers on CO2 reduction.  
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5.5 Conculsions 

A DFT study was carried out to examine the CO2 adsorption and decomposition on Fe,  

Co, Ni, and Cu fcc (100) surfaces. Calculations show spontaneous chemisorption of CO2 and 

favorable thermodynamic properties for Fe, Co, and Ni surfaces, whereas the Cu surface has 

only a very weak interaction with CO2. Valence electron density calculations show that the 

activation of CO2 involves a charge transfer from the metal surface to the CO2 moiety. Reaction 

energies and total reaction barriers show an interesting trend as a function of metal: reactions of 

earlier metals are more exergonic and have lower total barriers than those of later metals. The 

BEP relationship was developed for the reaction energies and the total barriers of C-O bonding 

scission of CO2. The Fe surface is the most favorable surface for CO2 adsorption. However, the 

“overbinding” of CO2 on Fe surface engenders a thermodynamic sink on the reaction coordinate. 

Studies of CO2 adsorption on Fe bcc (100) and Co hcp (1010) surfaces indicate that not only 

metals but also the surface structures significantly affect the thermodynamics of the catalysis.  

 Comparison between the present heterogeneous catalyst models with our previous studies 

of homogeneous CO2 catalysis
27, 28, 38, 39

 using TM β-diketiminato complexes suggests that a 

thermodynamic trend occurs for both heterogeneous and homogeneous catalysis: from earlier 

metals to later metals, the reaction tends to be more endergonic. And the metal plays an 

important role in CO2 activation and reduction. The homogeneous catalysis is able to avoid the 

“overbinding” of CO2 that happened on the surfaces, while the heterogeneous catalysis does not 

have to concern about the unfavorable dimerization reaction that could happen in the 

homogeneous catalysis. Overall, of the four fcc (100) surfaces, both Co and Ni show favorable 

thermodynamics and low CO2 decomposition barriers for CO2 reduction. 
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In the massive experimental and computational studies on transition metal mediated 

small molecule activation and conversion, tremendously little research has been focused on the 

comparison between homogeneous and heterogeneous catalysis. Discovering the correlations and 

the differences between homogeneous and heterogeneous catalysis provides significant chemical 

insights to the intrinsic catalytic properties of transition metals, and helps guide the rational 

design of promising catalysts. 
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CHAPTER 6 

C-O BOND CLEAVAGE OF DIMETHYL ETHER BY TRANSITION METAL IONS  

 

6.1 Introduction 

C-O bond activation by transition metal catalysts has been of great interest because of its 

broad applications in organic synthesis
1-7 

(e.g., cross-coupling reactions for synthesizing 

polyaromatic molecules
2-5

), inorganic and bio- chemistry (e.g., CO2 activation
8-12

 and lignin 

degradation
13, 14

). Dimethyl ether (DME), as the simplest model of organic compounds 

containing a C-O single bond, was widely used in experiments to understand C-O and C-H 

activations by transition metal species.
15-20

 On the other hand, bare transition metal ions (M
+
) 

have been utilized on C-O activation to investigate the fundamental catalytic properties of 

metals.
18-20

 Previous experimental studies have shown that some of the 3d transition metal ions 

(e.g., Ti
+
, Fe

+
, and Ni

+
) are able to activate DME to generate methane as a natural product 

(Equation 6.1).
18-20

 For instance, mixed titanium-ether cluster ions were studied
20

 using a laser 

ablation-molecular beam method, showing that the primary reactions of Ti
+
 ions with DME and 

other primary ethers appear to be the cleavage of the three bonds in these molecules: i.e., C-O, 

C-C, and C-H insertions, with C-O bond insertion the dominant process. In addition, some 

computational studies have focused on the reaction mechanism of metal ions activating the C-O 

bond. Recently, Ding et al.
 18

 reported a density functional theory (DFT) study of the iron ion  

 

† This chapter is presented in its entirety from Liu, C.; Peterson, C.; Wilson, A. K., "C-O Bond Cleavage of 

Dimethyl Ether by Transition Metal Ions: A Systematic Study on Catalytic Properties of Metals and Performance of 

DFT Functionals" J. Phys. Chem. A 2013, 117(24), 5140, with permission from ACS. 
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interacting with DME using the B3LYP
21, 22

 functional with 6-311+G(d) (for the main group 

elements) and DZVP (for the metal) basis sets. The calculated thermodynamic pathway indicates 

that the quartet pathway is energetically more favorable than the sextet pathway, and C–O 

activation constitutes the rate-determining step.  

M
+
 +CH3OCH3 → M

+
OCH2 + CH4             (6.1) 

To date, the activation of the C-O bond of DME by transition metal ions provides insight 

about the intrinsic catalytic properties of transition metals on C-O bond cleavage. However, very 

little research has focused on a systematic study of different transition metal ions. Although 

catalysis by organometallic complexes or solid state surfaces/nanoparticles is rather complex 

compared to metal ion systems due to the impact of steric and electronic factors such as ligand 

effects and lattice structures, the intrinsic catalytic properties of metals play a significant role in 

catalysis; rationalizing such properties using representative models would help better 

demonstrate the correlations between homogeneous and heterogeneous catalysis and provide 

guidance for metal catalyst design. Previously, we have studied CO2 activation by 3d transition 

metal complexes and surfaces using DFT methods
8-10

 (i.e., B3LYP/aug-cc-pVTZ for the 

homogeneous catalysis and PBE0
23, 24

 with a plane wave basis set for the surface systems). The 

calculations showed a very interesting energetic trend as a function of metal: the reactions of 

earlier metals activating a C-O bond tend to be more exergonic and to have smaller barriers than 

those of the later 3d metals.
10

 This thermodynamic trend applies to both homogeneous and 

heterogeneous catalysis. This leads to a few questions: how do transition metals behave in the 

activation of a C-O single bond in an organic molecule? Would a similar energetic trend be 

observed as in the CO2 activation? Do heavier transition metals behave differently from 3d 

metals? To answer these questions, in this chapter, we discuss a systematic study on the 
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activation of the C-O bond of DME using middle to late 3d and 4d transition metal ions (3d: Fe
+
, 

Co
+
, Ni

+
 and Cu

+
; 4d: Ru

+
, Rh

+
, Pd

+
 and Ag

+
), which have been widely used in catalysis.  

The reaction pathway, as shown in Figure 6.1, starts with the metal center binding to the 

oxygen of DME through an oxidative addition and forming an adduct (M
+
O(CH3)2), which then 

goes through a transition state ([CH3OM
+
CH3]

‡
) to break the C-O bond and forms a complex, 

CH3OM
+
CH3. This complex then goes through a C-H bond activation and proton transfer and 

eventually splits to M
+
OCH2 and CH4. However, in this chapter we are interested in C-O bond 

cleavage, and the reactions after CH3OM
+
CH3 will not be discussed. Most of the previous 

computational studies have used B3LYP to predict the reaction energies of these ion systems.
18, 

20
 However, despite its good accuracy in the prediction of ground-state geometric parameters, 

B3LYP has shown large errors in the prediction of bond dissociation energies and reaction 

barrier heights,
25

 especially for highly correlated transition metal systems with low coordination 

number on the metal center, e.g., transition metal ions interacting with small molecules. Because 

these systems usually have partially occupied d sub-orbitals and nearly degenerate (n + 1)s and 

nd sub-orbitals, the non-dynamical correlation effects on the ground-state energies and electronic 

distribution can be large.
26

 Therefore, it is crucial to choose a suitable method for studying 

transition metal ion chemistry.  Despite DFT’s well-known deficiency of accounting for non-

dynamical correlations, some functionals performed surprisingly well in certain transition metal 

systems.
26

 Thus in this study, a set of popular generalized gradient approximation (GGA) 

functionals (including pure GGA, meta-GGA and hybrid-GGA) were tested, and the reaction 

energetics were calibrated with CCSD(T) results. The test functionals are limited to these three 

rungs of Jacob’s ladder of DFT
27

 because of their relative accuracy and computational efficiency 

especially for bigger molecular systems. The B97-D
28

 and M06-L
29

 functionals were chosen  
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Figure 6.1 Reaction mechanism of TM ion mediated C-O bond cleavage of DME 

 

specifically because they are designed to account for dispersion and non-covalent interactions.  

6.2 Computational Details 

A set of density functional methods have been used to study C-O bond activation. The 

DFT methods considered range from pure GGA (BLYP
30, 31

 and B97-D
28

), meta-GGA (TPSS,
32

 

M06 and M06-L
29

), to hybrid-GGA (B3LYP,
 21, 22

 B97-1
33

 and PBE0
23, 24

) functionals. CCSD(T) 

calculations have also been performed to compare with the functionals. All optimization and 

frequency calculations were carried out using B3LYP/aug-cc-pVTZ. Optimizations have also 

been performed using M06-L and B97-D, which showed minor differences in the geometry and 

insignificant differences to the overall results. The reaction energies considered in this chapter 

are Gibbs free energies. The thermochemical corrections from B3LYP/aug-cc-pVTZ frequency 

calculations were added to the single point energies calculated using each method. For the PBE0 

functional, the percentage of the Hatree-Fock (HF) exchange correlation has been varied to 

obtain the best energy value for the studied properties. Percentages from 0% to 50% HF 

exchange were considered. 

The basis sets used in all the calculations were the correlation consistent basis sets (cc-pVnZ, n = 

D, T, Q, etc.) developed by Dunning and coworkers.
34

 In these systems for this study, it is very 

important to describe long range interactions properly. To account for this, diffuse augmented 

functions have been added to the basis sets, denoted as aug-cc-pVnZ. The aug-cc-pVTZ basis set 

was used in all DFT calculations for carbon, oxygen, hydrogen, and all 3d metal atoms. For the 
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4d metal atoms, an energy-consistent relativistic effective core potential by the Stuttgart-Köhn  

group
35

 was utilized. The core, comprised of 28 electrons, has been replaced by a fully 

relativistic multi-electron fitted potential. Along with this potential, an aug-cc-pVTZ basis set 

was used for the 4d metal atoms.
36

 

Table 6.1 Calculated ground state multiplicities (CCSD(T)/aug-cc-pVQZ) 

Name 

Ground state multiplicity 

M
+
 M

+
O(CH3)2 TS CH3OM

+
CH3 

Fe 6 4 4 6 

Ru 4 4 4 4 

Co, Rh 3 3 3 3 

Ni, Pd 2 2 2 2 

Cu, Ag 1 1 1 1 

 

      The unique construction of the correlation consistent basis sets has resulted in a series of sets, 

for which properties, such as energies, converge systematically with respect to increasing basis 

set level to the complete basis set (CBS) limit, the point where there are no further errors in the 

energies due to an incomplete basis set. A three point mixed gaussian/ exponential extrapolation 

scheme has been used to obtain the CBS limit at the CCSD(T) level of theory, and this 

CCSD(T)/CBS limit can be used as a guage to compare the DFT results. An extrapolation 

scheme proposed by Peterson et al.
37

 has been considered; the total energy is obtained from a 

series of calculations utilizing double, triple, and quadruple-zeta basis set levels. This scheme 

takes the form described in Equation 6.2, 

  ))1(()1( 2  nn

CBSn CeBeEE  (6.2) 
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where B and C are parameterization constants and n is the ζ-level of the correlation consistent 

basis set. The En value is the total energy at the nth level and ECBS  is the total energy at the CBS 

limit. In addition, CCSD(T)/cc-pVTZ was also considered. All density functional calculations 

were carried out using the Gaussian 09 program package,
38

 while all CCSD(T) calculations were  

performed using the MOLPRO 2009 electronic structure program.
39

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

6.3 Results and Discussions 

In this section, I did calculations on the 3d systems and my coworker Charlie Peterson 

calculated the 4d metal systems, thus only 3d results are explicitly shown and the results for 4d 

systems are discussed for comparison. The discussion is first focused on the thermodynamics of 

the catalysis and comparisons among metals, specifically considering three important reaction 

energies: binding energy, global reaction barrier and total reaction energy. Then the performance 

of DFT functionals are discussed, in terms of root mean squared deviations (RMSDs) and the 

impact of HF exchange.  

6.3.1 Ground State Multiplicities 

The ground state multiplicities were determined by CCSD(T)/aug-cc-pVQZ level of 

theory, and all the reaction free energies in the study have been calculated using the ground-state 

energies of each species. As shown in Table 6.1, all the metal systems have spin allowed 

reactions except for Fe. Here we recall that in reference 18, the adduct Fe
+
O(CH3)2 is calculated 

to be a sextet ground state using B3LYP/DZVP+6-311+G(d), which does not agree with the 

quartet predicted by our CCSD(T)/aug-cc-pVQZ result. It is notable that even with a triple ζ 

basis set, aug-cc-pVTZ, B3LYP, PBE0, B97-1, M06, predicted CH3OAg
+
CH3 to be a triplet 

instead of its real ground state singlet. B3LYP and PBE0 also failed to predict the singlet 

CH3OCu
+
CH3 by treating the triplet to be more stable. On the other hand, Fe

+
 is known as a 
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Figure 6.2 Binding free energies of each metal system with different DFT functionals, 

CCSD(T)/VTZ and CCSD(T)/CBS 

 

Figure 6.3 Global reaction barriers of each metal system with different DFT functionals, 

CCSD(T)/VTZ and CCSD(T)/CBS 

 

Figure 6.4 Total reaction energies of each metal system with different DFT functionals, 

CCSD(T)/VTZ and CCSD(T)/CBS 
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sextet; however, BLYP, TPSS, M06 and B97-1 all predicted it to be a quartet. As well, BLYP, 

TPSS, B97-1, and M06 failed to predict the sextet as the ground state for CH3OFe
+
CH3, instead, 

predicting a quartet. In general, B3LYP failed to predict the ground-state multiplicities of all 

three CH3OM
+
CH3 (M = Fe, Cu and Ag) complexes.  Among all the DFT functionals tested, 

only M06-L and B97-D successfully predicted the correct ground state multiplicities for all of 

the compounds, in which M06-L was designed to treat non-covalent interactions,
29

 and B97-D 

includes corrections for dispersion.
28

 It is possible that long-range   interactions play an 

important role in the total energies of CH3OM
+
CH3 complexes, resulting in difficulties in the 

prediction of ground-state multiplicities by DFT. 

6.3.2 Reaction Energies 

Binding energies: M
+
 +CH3OCH3 → M

+
O(CH3)2 (6.3). The metal ion first binds to the O 

of DME and forms M
+
O(CH3)2, which is a highly symmetric molecule; all the non-hydrogen 

atoms of DME and the metal center are on the same plane. Calculated molecular orbitals show 

that in all cases the metal center bonds to the oxygen through a π interaction between the π* 

orbital of DME and the dπ orbital of the metal. In order to form a π bond with DME, the metal 

center needs to have vacancies on either nd or (n+1)s orbital for two incoming electrons from the 

oxygen lone pairs. According to the ground state multiplicity (Table 6.1), the electron 

configurations of the considered metal ions are Fe ([Ar] 3d
6
4s

1
), Co ([Ar] 3d

7
4s

1
), Ni ([Ar] 

3d
8
4s

1
), Cu ([Ar] 3d

10
), Ru ([Kr] 4d

7
), Rh ([Kr] 4d

8
), Pd ([Kr] 4d

9
), and Ag ([Kr] 4d

10
). Thus all 

the metal ions have the ability to gain two extra electrons. As expected, for both 3d and 4d 

systems, the binding reactions are highly exergonic, varying from about -30 to -50 kcal/mol 

(CCSD(T)/CBS, Figure 6.2). The order of the binding energies of 3d systems is Fe > Co > Ni > 

Cu, and that of 4d systems is Ru > Ag > Rh > Pd. It is interesting that both Ni
+
 and Pd

+
, which 
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belong to the same group, showed the strongest binding with DME. One possible explanation is 

that the bare Ni
+
 ion [Ar]3d

8
4s

1
 gains two electrons from DME and its configuration becomes 

[Ar]3d
10

4s
1
. The fully filled d orbital stabilizes the doublet adduct, Ni

+
O(CH3)2. Similarly, Pd

+
 

[Kr]4d
9
 changes to [Kr]4d

10
5s

1
 in the  doublet adduct, Pd

+
O(CH3)2. The other metal systems did 

not show an energetic trend in terms of binding energies.  

Most of the DFT methods predicted the binding interactions to be more exergonic than 

shown by the CCSD(T) results. B97-D showed the greatest deviation for Fe system, with a 31.7 

kcal/mol lower binding energy than the CCSD(T)/CBS value.  B3LYP also showed an unusual 

deviation for Ru, with a 30.9 kcal/mol lower binding energy than CCSD(T)/CBS value. These 

poor results generally reflect the problems of DFT with high-spin state systems.
26

 For singlet 

systems, Cu and Ag, on the other hand, the DFT results aligned well with the CCSD(T)/CBS 

values (within 5 kcal/mol difference for Cu and 3 kcal/mol for Ag).  

Global barriers: M
+
 +CH3OCH3 → [CH3OM

+
CH3]

‡
 (6.4). For the transition state, 

[CH3OM
+
CH3]

‡
, the carbon atom on the methoxyl ligand is no longer on the same plane with the 

other non-hydrogen atoms. The transition state energy relative to that of the reactants represents 

the global reaction barrier, shown in Figure 6.3. The CCSD(T) calculations showed positive 

barriers for all the metal systems, and all the metal systems except for Ag showed low overall 

barriers (under 20 kcal/mol). Ag has a 29.7 kcal/mol barrier according to CCSD(T)/CBS. It is 

interesting that a trend was obtained for the global barriers as a function of metal: earlier metal 

systems tend to have lower global barriers than later metal systems. This trend applies to both 3d 

and 4d species, and Fe and Ru showed the lowest overall barriers of 3d and 4d system, 

respectively. It is worth mentioning that the local reaction barriers relative to the adduct 

complexes, M
+
O(CH3)2, showed the same trend with the global barriers as a function of metal.  
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     All the global barriers, according to CCSD(T)/CBS, are positive, while the DFT functionals 

gave lower or more negative values, which indicate that DFT underestimates reaction energies. 

However, all the DFT functionals were able to predict the correct energetic trend as a function of 

metal. As for the binding energies, most DFT funcitonals underestimated the global reaction 

barriers. Again, B97-D and B3LYP performed poorly for Fe and Ru system, respectively. 

Total reaction energies: M
+
 +CH3OCH3 → CH3OM

+
CH3 (5). The calculated total 

reaction energies are shown in Figure 6.4. Similar with the global barriers, the earlier metal 

systems tend to have more exergonic reactions than later metal systems, and Fe and Ru showed 

the lowest reaction energies in 3d and 4d systems, respectively. All the group VIII metals gave 

negative reaction energies, while group IB metals showed positive reac.tion energies. 

DFT methods underestimate the total reaction energies, although all the functionals 

predicted the energetic trend among metals correctly. It is notable that B97-D and B3LYP 

systematically give inordinate values for Fe and Ru, respectively, for all three reaction energies, 

the binding energy, the global barrier and the total reaction energy. On the other hand, M06 

performed poorly on the total reaction energies of 3d system, while giving relatively better 

results for the global barriers than most functionals. 

6.3.3 Brønsted-Evans-Polanyi (BEP) relations of C-O activation 

It has been recently established that for dissociative chemisorption of a number of 

molecules the activation energy depends linearly on the reaction energy
40-42

 known as the 

Brønsted–Evans–Polanyi (BEP) behavior. Such a relation has often been assumed implicitly to 

hold for surface reactions, i.e., heterogeneous catalysis, and in a few cases BEP relations have 

been established for sets of catalysts.
40-42

 One important aspect in this chapter is to look at the 

intrinsic catalytic properties of these metal ions on organic C-O bond activation from  
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Figure 6.5 (a) Brønsted-Evans-Polanyi (BEP) relation for C-O scission using 3d late metal ions 

(b) BEP relation for 4d metal ions mediated C-O scission  

 

thermodynamic point of view. Based on the CCSD(T)/CBS results, a BEP relationship was 

developed for C-O bond scission using the late 3d and 4d metal ions, respectively (Figure 6.5). 

This is the first time that a BEP relation was developed for metal ion chemistry and transition 

metal homogeneous catalysis of polar bond activation. 

For 3d system, a remarkable linear relationship was obtained for the global barriers and 

total reaction energies; Fe showed the lowest barrier and reaction energy, while Cu gave the 

highest (Figure 6.5 (a)). This linear function can be utilized to predict the C-O bond activation 

barriers using other 3d metal bear ions. It is interesting that a similar BEP relationship was 

obtained for C-O cleavage of CO2 on Fe, Co, Ni and Cu fcc (100) surfaces, using PBE0 with a 

planewave basis set.
10

 This phenomenon suggested that metal center plays a similar role in both 

organic C-O single bond and inorganic C-O double bond cleavage; earlier transition metals are 

thermodynamically more favorable on breaking C-O bonds than later metals. On the other hand, 

for the 4d systems, although the BEP relationship is not quite linear, compared to 3d systems, the 

global barriers and the reaction energies still follow a similar trend: Ru < Rh < Pd < Ag (Figure 

6.5 (b)). These qualitative energetic trends as a functional of metal shall be transferred to future 
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design of metal catalysts on C-O bond related catalysis. Most of the DFT methods were able to 

describe the BEP behavior for 3d and 4d species, although the slopes and magnitudes showed 

deviations from the CCSD(T)/CBS results. 

6.3.4 Overall performance of DFT functionals as a function of the metal 

The mean signed deviations (MSDs) (Table 6.2) and root mean squared deviations 

(RMSDs) (Table 6.3) of each method were calculated in terms of each 3d metal and overall 3d  

and 4d species, with respect to CCSD(T)/CBS results. To start with, almost all the MSD values 

are negative showing that DFT methods generally underestimated the reaction energetics (Table 

6.2). CCSD(T)/VTZ has a low MSD of 1.7 kcal/mol for 3d system, and 0 kcal/mol for 4d 

system, compared to CCSD(T)/CBS results. Of all the DFT functionals considered, B97-D gave 

the most negative MSD values for both 3d (-24.5 kcal/mol) and 4d (-21.5 kcal/mol) systems; 

PBE0 gave the least negative MSD for 3d species (-2.8 kcal/mol), and M06 did for 4d species (-

3.7 kcal/mol). B3LYP gave acceptable MSD for both 3d (-6.4 kcal/mol) and 4d (-4.3 kcal/mol) 

systems (Table 6.2).  

For RMSDs, on the other hand, earlier metal species tend to have relative higher RMSDs than 

later metal systems, especially for 3d metals (Table 6.3). The closed-shell systems, e.g., Cu and 

Ag, showed lower RMSD values than the open-shell systems, as expected. B97-D functional 

gave the highest total RMSD of all the considered DFT functionals, with an extremely high 

RMSD for Fe compounds (42.6 kcal/mol). On the other hand, B3LYP gave higher 4d RMSD 

values than the meta-GGA functionals, M06-L and B97-D, because of the high RMSD value for 

Ru species. Overall, PBE0 performed well compared to the other DFT functionals, with a 3.4 

kcal/mol MAD for 3d and a 6.9 kcal/mol for 4d system. M06 also showed the lowest MAD for 

4d system. CCSD(T)/VTZ showed good agreement with CCSD(T)/CBS results, as expected,  
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Table 6.2 MSDs of each functional for each 3d metal and overall 3d and 4d species, with respect 

to CCSD(T)/CBS limit (kcal/mol)  

GGA %HF Method Fe Co Ni Cu 3d MSD 4d MSD 

Pure 0 B97-D -41.9 -21.7 -20.8 -13.5 -24.5 -21.5 

GGA 0 BLYP -26.1 -28.4 -22.8 -20.0 -24.3 -21.4 

Meta- 0 TPSS -24.2 -27.4 -21.8 -18.7 -23.0 -19.2 

GGA 0 M06-L -23.8 -24.1 -14.7 -13.3 -19.0 -10.1 

 27 M06 -18.3 -8.2 -9.1 -7.7 -10.8 -3.7 

Hybrid- 21 B97-1 -16.5 -11.3 -3.3 -4.5 -8.9 -6.3 

GGA 20 B3LYP -8.7 -5.4 -5.0 -6.2 -6.3 -4.3 

 25 PBE0 -3.8 -2.5 -2.6 -2.2 -2.8 -4.5 

 

 

CCSD(T)/VTZ 2.4 1.1 1.7 1.8 1.7 0.0 

 

with a total RMSD of 1.7 kcal/mol for 3d and 0.3 kcal/mol for 4d systems (Table 6.3). 

CCSD(T)/VTZ agrees very well with the CCSD(T)/CBS limit; the highest RMSD (Fe) is no 

more than 3 kcal/mol (Table 6.3). At this point, we can conclude that CCSD(T)/cc-pVTZ is 

probably sufficient as a benchmark for the reaction energetics of simple metal ion reactions. An 

interesting phenomenon for the total RMSDs of 3d and 4d systems is that pure GGA functionals 

always give the largest RMSDs, and when the second-derivative of the electron density and 

kinetic energy term were taken into account for the exchange correlation energy, i.e., meta-GGA 

was used, the RMSDs were slightly improved. Nevertheless, inclusion of a portion of the 

Hartree-Fock (HF) exchange (i.e., hybrid-GGA) dramatically reduced the RMSDs in most cases 

(Table 6.3). This phenomenon suggested that the accuracy of DFT methods for calculating  
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Table 6.3 RMSD of each functional for each 3d metal and overall 3d and 4d species, with 

respect to CCSD(T)/CBS limit (kcal/mol) 

GGA %HF Method Fe Co Ni Cu 3d RMSD 4d RMSD 

Pure 0 B97-D 42.6 24.7 23.6 15.7 28.4 23.6 

GGA 0 BLYP 27.0 30.2 26.4 22.7 26.7 23.7 

Meta- 0 TPSS 24.9 29.2 25.3 21.5 25.4 21.5 

GGA 0 M06-L 24.7 25.1 17.5 15.8 21.2 12.0 

 27 M06 22.1 18.4 13.6 12.5 17.1 7.1 

Hybrid- 21 B97-1 16.8 11.6 5.2 5.8 10.9 8.3 

GGA 20 B3LYP 9.9 5.9 6.6 7.1 7.5 15.7 

 25 PBE0 4.1 2.9 3.4 2.8 3.4 6.9 

 

 

CCSD(T)/VTZ 2.7 1.4 1.7 1.8 2.0 0.3 

 

reaction energies of this kind of systems has a strong correlation with the percentage of HF 

exchange.
43

 We will return to this point later.  

6.3.5 Overall performance of DFT functionals with respect to reaction types 

In addition to considering how DFT methods perform for different metals, it is also 

interesting to look at their performance in terms of different types of reactions, which in this case 

are the binding energy, global barrier and total reaction energy (Figure 6.6). First, for 3d 

systems, as shown in Figure 6.6 (a), in all cases of DFT functionals the binding energies showed 

the lowest RMSDs, followed by the global barriers. Total reaction energies gave the largest 

RMSD values of all three reaction types for all the DFT functionals except for B97-1, which 

showed an RMSD slightly lower than the global barrier. It is notable that M06 functional gave an  
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Figure 6.6 RMSDs of each method with respect to binding energy (BE), global barrier (TS), and 

total reaction energy (RE) for 3d system 

 

extremely large RMSD value (27.7 kcal/mol) for the total reaction energy, compared to the other 

hybrid-GGA functionals. This large RMSD of M06 occurs systematically for all four 3d metals, 

which can be seen in Figure 6.4, despite the fact that M06 performed relatively well in the total 

reaction energies for 4d system (Figure 6.4). The trend lines were added to each energy term to 

show how fast the RMSDs changed from pure-GGA to meta-GGA to hybrid-GGA (Figure 6.6). 

It is obvious that the RMSDs of the binding energy and the global barrier decreased more or less 

with the same magnitude before PBE functional brought them closer. The RMSD of the total 

reaction energy, however, changed much more dramatically among functionals. For all the pure-
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GGA and meta-GGA functional considered, all the RMSDs of the total reaction energy are much 

higher than those of the other two energy terms (Figure 6 (a)). On the other hand, despite the 

high deviation of M06 for the total reaction energy three out of the four hybrid functionals 

showed much lower RMSDs that are close to those of the global barriers (Figure 6 (a)). 4d 

systems showed a similar trend with the 3d systems, with respect to different DFT families 

(Figure 6 (b)). Nevertheless, the RMSDs of the binding energy (in black) was not always the 

lowest of all three energy terms. The RMSD of the global barrier became slightly lower than that 

of the binding energy when using M06-L functional, and the global barrier showed the lowest 

RMSD of all three energy terms for all the hybrid functionals (Figure 6.6 (b)). However, the 

RMSDs of these two energy terms are fairly close to each other, and similar to those of the 3d 

system, decreased with more or less the same magnitude from pure functionals to hybrid 

functionals. On the other hand, the RMSDs of the total reaction energy stay much higher than 

those of the other two energy terms until hybrid functional brought the RMSDs of all three to the 

same magnitude. In other words, the RMSD of the total reaction energy was reduced more 

dramatically than the other two energy terms by using hybrid functionals. Since all three reaction 

energies were calculated relative to the free energies of the reactants, it indicates that hybrid 

functionals gave much better predictions on the relative energy of the ground-state product 

concerned in this chapter, i.e., CH3OM
+
CH3. 

6.3.6 Performance of DFT functionals with respect to the percentage of Hartree-Fock exchange 

As discussed in the previous sections, compared to pure GGA and meta-GGA functional, 

hybrid functionals with a certain percentage of HF exchange dramatically improved the 

performance of DFT for both 3d and 4d systems, especially for the total reaction energies. 

Clearly, HF exchange plays a key role in the performance of DFT methods for these metal ion  
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Figure 6.7 RMSDs of PBE0 vs. percentage of HF exchange for 3d species 

 

reactions. Thus, we investigated the RMSDs of the PBE functional (PBE1PBE) by varying the 

HF exchange from 0 to 50%. RMSDs of each metal, binding energy, global barrier, total reaction  

energy, and overall RMSDs of 3d and 4d systems were taken into account. 

For 3d systems, the RMSDs of Fe, Co, Ni and Cu are shown in Figure 6.7. The RMSDs 

of Fe, Ni and Cu systems all showed smooth curves, and the minima all lay at 29% HF 

exchange. On the other hand, the RMSD curve of Co showed dramatic fluctuations. The first 

drop occurred at about 5% HF exchange, where the RMSD dropped to 19.6 kcal/mol, which is 

5.1 kcal/mol lower than none HF exchange and 2.2 kcal/mol lower than 10% HF exchange. 



125 

 

Much greater drops happened at around 25 ~ 26% HF exchange, which forms a “double-well” 

shape with another minimum at 40% HF exchange.  The first well gave the lowest RMSD value 

(2.3 kcal/mol) at 26% HF exchange, and the second well has an RMSD of 3.1 kcal/mol at 40% 

HF exchange. This dramatic “double-well” behavior of Co infected the RMSDs of the global 

barrier and the total reaction energy, as well as the overall RMSDs of 3d system. On the other 

hand, the small drop at 5% HF exchange only affected the curve of the binding energy, showing 

that the decrease of the RMSD for Co at this point is mainly due to the binding energy term. It is 

also interesting that unlike all the other curves, the binding energy curve is relatively “flat” 

suggesting it is less sensitive to the percentage of HF exchange; in a wide range of HF exchange 

(from about 16 to 37%), its RMSDs stayed under 5 kcal/mol. Overall, the global minima of the 

RMSD curves of all three energy terms for the 3d systems all lay at 25 ~ 26% HF exchange, 

which in this case can be treated as the optimal percentage of HF exchange for this kind of 3d 

metal ion systems. This observation agrees with Tekarli et al.’s report,
 44

  which observed that at 

25% HF exchange the enthalpies of formation gave the lowest MADs from experiment for a set 

of 3d metal complexes when using PBE0/cc-pVQZ.
44

 

For 4d system, the individual RMSD curves of Ru, Rh, Pd and Ag shifted their global  

minima further to 30, 36, 36, and 31% HF exchange, respectively. It is interesting that Ph also 

has the “double-well” behavior showing two minima at 36 and 39% HF exchange, although it is 

much less dramatic than Co. The RMSD curves of the three reaction energy terms for the 4d 

systems did not show a “double-well” behavior. The binding energy, global barrier and the total 

reaction energy curves have minima at 38, 34 and 35% HF exchange, respectively. As for 3d 

systems, the binding energy curve showed a smaller sensitivity to HF exchange than any other 

curve, although its minimum RMSD stayed as high as 5.6 kcal/mol. Finally, the minimum for 4d 
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systems lies at 34% HF exchange, the optimal percentage of HF exchange for 4d metal ions and 

ion complexes. It is worth noting that both Co and Ph have the “double-well” behavior, and Co 

curve has a more dramatic change and greater influence to the overall RMSD curve of 3d system 

than Rh curve to 4d system. 

In summary, the optimal percentage of HF exchange using the PBE functional for this 

type of metal ion reactions was found to be 26% for 3d and 34% for 4d system, suggesting that 

heavier metal elements tend to require more HF exchange than first row metals in order to 

receive the lowest RMSDs on reaction energetics.   

6.4 Conclusions 

In this chapter, we have studied the C-O bond cleavage mediated by late 3d and 4d metal 

ions using dimethyl ether as an example, in consideration of different DFT functionals. Some 

interesting energetic trends were observed among metals and among the considered DFT 

functionals. We can make conclusions from two perspectives, about the chemistry, and about the 

methodology. 

6.4.1 Chemistry  

In terms of breaking a C-O bond and forming an ion complex, earlier transition metal 

ions tend to have lower barriers and reaction energies than later metals. This trend applies to both 

3d and 4d systems. BEP relations were developed for both 3d and 4d systems, in which 3d 

system showed a remarkable linear behavior between the barriers and the reaction energies. 

Compared with our previous studies on CO2 activation using 3d metal complexes and metal 

surfaces,
8-10

 the metal centers, regardless if they are neutral complexes, or solid-state surfaces, or 

bare ions, behave very similarly for organic and inorganic C-O bond activation, that is the earlier 

metal systems are more thermodynamically favorable than later metals. This intrinsic catalytic 
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property of metal on C-O bond activation can serve as guidance in the selection of proper 

transition metals for rational design of novel catalysts. Based on our previous investigations of 

the correlations between homogeneous and heterogeneous catalysis of CO2 activation, at this 

point, we would expect similar observations as a function of metal to be obtained for 

heterogeneous catalysts of C-O bond activation of an organic system.  

6.4.2 Methodology 

A set of DFT methods including pure GGA (B97-D and BLYP), meta-GGA (TPSS and 

M06-L) and hybrid-GGA (B97-1, M06, B3LYP and PBE0) functionals with aug-cc-pVTZ basis 

set were compared against CCSD(T)/CBS results for the reaction energetics. Based on B3LYP 

geometries, M06-L and B97-D were the only functionals that predicted the ground-state 

multiplicities correctly for all the species considered. Generally speaking, all the functionals 

were able to predict the correct energetic trends among metals. In terms of each metal, DFT 

functionals tend to give larger RMSD values for higher spin metal systems than lower spin 

systems. Hybrid functionals performed generally better than pure and meta-GGA functionals, as 

expected, although M06-L gave a slightly smaller RMSD for 4d system than B3LYP functional. 

Among all the functionals, PBE0 gave the lowest RMSDs for both 3d (3.4 kcal/mol) and 4d (6.9 

kcal/mol) systems. B3LYP and B97-1 gave the second lowest RMSDs for 3d and 4d systems, 

respectively. With respect to the three reaction energy terms, the binding energy, the global 

barrier and the total reaction energy, the RMSD of the total reaction energy was reduced more 

remarkably than the other two energy terms by using hybrid functionals, compared to pure and 

meta-GGAs. Because all the three reaction energies were calculated relative to the free energies 

of the reactants, hybrid functionals gave much better predictions of the relative energy of the 

ground-state product, i.e., CH3OM
+
CH3. CCSD(T)/cc-pVTZ was shown to be sufficient for the 



128 

 

considered metal systems as a benchmark, with RMSDs of 2.0 and 0.3 kcal/mol for 3d and 4d 

systems, respectively. 

The RMSDs of the entire 3d and 4d species showed that meta-GGAs slightly reduced the 

RMSDs from pure GGAs, by taking the second-derivative of the electron density and the kinetic 

term into account; however, hybrid functionals, with a portion of HF exchange, dramatically 

improved the performance on reaction energetics. Therefore, an RMSD study against the 

percentage of HF exchange was carried out using PBE functional. The results showed that the 

optimal percentage of HF exchange is averagely 26% for 3d and 34% for 4d system, suggesting 

that heavier metal systems tend to require more HF exchange than 3d metals to obtain the best 

energetic results. It is also interesting that the RMSD curves of Co and Rh showed a “double-

well” behavior, giving two minimum RMSDs for each metal, and Co behaved much more 

dramatically than Rh. At the end, the analysis of DFT methods suggested the PBE functional is 

the best among all considered functionals in predicting the energetics of similar metal ion 

systems.    
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CHAPTER 7 

CLOSING REMARKS 

 

My dissertation is focused on two aspects. The first aspect is homogeneous and 

heterogeneous catalysis of CO2 activation and conversion using transition metal (TM) catalysts. 

For homogeneous catalysis, the reverse water-gas shift reaction is catalyzed using the metal β-

diketiminate complexes; for the heterogeneous catalysis, CO2 reduction to CO on TM surfaces 

was studied. Research has been mainly focused on the investigations of the intrinsic catalytic 

properties of the metal and the comparison between homogeneous and heterogeneous catalysis.
1-

4
 The second aspect has been the TM mediated C-O bond activation of dimethyl ether (DME) 

with TM bare ions as the catalysts.
5
  

7.1 Activation and Conversion of CO2 using Transition Metal Catalysts: In Consideration of 

Homogeneous and Heterogeneous Catalysis
1-4 

CO2 activation and conversion continues to gain much attention as a result of the 

alarming reports that link global warming and its potentially devastating effects with its rapidly 

increasing atmospheric concentration. However, because CO2 is a highly oxidized, 

thermodynamically stable compound, its conversion often requires high energy substances or 

reductive processes. Thus, it is a major challenge to carry out selective reactions on this molecule 

under mild conditions. The interactions between transition metals (TM) and CO2 have been of 

great interest in the field of catalytic CO2 activation, as coordination to TMs is one of the most 

powerful ways of activating small inert molecules. However, among the massive experimental 

and computational studies on transition metal mediated small molecule activation and 
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conversion, little research has been focused on the comparison between homogeneous and 

heterogeneous catalysis. 

A highlight of my Ph.D. research was merging homogeneous and heterogeneous catalysis 

in the conceptual sense. For CO2, not only were the roles of the metals systematically studied, 

but also interesting correlations were discovered between the homogeneous and the 

heterogeneous catalysis. In my studies, 3d TMs were chosen because of the promising catalytic 

properties and the practical use in industry. For the homogeneous catalysis, the reverse water-gas 

shift reaction was catalyzed by β-diketiminate metal complexes,
1, 2

 and CO2 reduction to CO + O 

on low index metal surfaces was studied for the heterogeneous catalysis project.
3
 Reaction 

mechanisms and thermodynamics were thoroughly investigated using density functional theory 

(DFT) based electronic structure methods. An energetic trend was obtained for both the 

homogeneous and the heterogeneous catalysis: for CO2 binding and C-O bond activation, earlier 

metal catalysts tend to have exergonic reactions and lower global barriers than later metal 

systems. This provides, for the first time, a direct comparison between homogeneous and 

heterogeneous catalysis on transition metal mediated CO2 activation, and this important 

thermodynamic trend can be used to help choose metal centers when designing new catalysts.
1-3

 

What is interesting in the homogeneous catalysis is that the hydrogenation step follows 

an opposite trend to the CO2 binding and activation; later metals are more favored than earlier 

metals in the thermodynamic perspective. However, the early metals were extremely exergonic 

for C-O activation, and extremely endergonic for hydrogenation, and vice versa for the late 

metals. In practice, an effective catalytic cycle would not consist of any highly endergonic or 

highly exergonic reactions, which, in this case, makes the middle series metal (Mn, Fe and Co) 

complexes the best choice for a monometallic catalyst.
1
 More detailed studies

3
 on these three 
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candidates suggested the order of the effective barriers on the reaction coordinated is Mn < Fe < 

Co. Nevertheless, with the presence of water in the system, the situation becomes more complex. 

Our studies showed that water molecule can interact with the metal center and form a hydroxyl 

hydride complex, M(OH)H, which has the potential to interact with CO2 and gives carbonic 

acid.
4
 However, Mn complex, forms a highly stable hydroxyl hydride intermediate, which leads 

the reaction to a thermodynamic sink and deactivates the catalyst. The Fe and Co complexes did 

not show a similar thermodynamic issue.
4
 Thus, choice of metal center depends on not only the 

reactivity but also the deactivation reactions. 

Another important perspective is to compare the advantages and disadvantages between 

homogeneous and heterogeneous catalysis. In my CO2 studies, for example, the homogeneous 

system is likely to generate bimetallic β-diketiminate complexes via the dimerization reactions of 

the monometallics. The great stability of these bimetallic intermediates would engender 

thermodynamic sinks on the reaction coordinate and thus retard the catalysis. However, this 

problem can be avoided in the heterogeneous catalysis on the metal surfaces. On the other hand, 

in the heterogeneous catalysis, the Fe surface tends to “overbind” CO2 and generate a stable 

CO2/Fe species, which causes a higher local barrier for C-O bond activation, compared to Co and 

Ni systems. Therefore, better understanding the similarities and differences between 

homogeneous and heterogeneous catalysis would help rationally design better catalysts.
3, 4

 

7.2 Transition Metal Mediated C-O Bond Cleavage of Dimethyl Ether
5 

Lignin degradation is one of the most significant challenges that must be addressed to 

achieve the full potential of lignocellulosic bio-fuels as fossil fuel replacements. The β-O-4-

glycerolaryl ether linkage comprise about 50% of all the linkages in a typical lignin structure. 

The β-O-4 linkage consists of two aromatic rings connected by two carbons and an oxygen. 
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Thus, breaking β-O-4 requires breaking a C-C or C-O bond, in which the latter tends to have 

lower bond dissociation energy. The C-O bond activation of β-O-4 is related to an important 

fundamental topic: activation of organic C-O bonds. My studies were initially focused on late 3d 

and 4d middle to late TM ions mediated activation of dimethyl ether. These purpose of these 

studies is to investigate the intrinsic catalytic properties of metals on organic C-O bond cleavage. 

A set of DFT methods were tested and the results were compared with CCSD(T)/CBS 

calculations.
5
 Calculations showed an interesting energetic trend as a function of metal; earlier 

transition metals tend to give smaller reaction barriers and more exergonic reaction energies than 

later metals. This applies to both 3d and 4d systems.
7
 Furthermore, this trend is very similar to 

the trend we observed for CO2 activation as a function of metal. The percentage of Hartree-Fock 

(HF) exchange plays an important role in the accuracy of DFT methods, and 25% HF exchange 

for 3d system and 35% HF exchange for 4d system gave the lowest errors.
5
 

7.3 Current Efforts and Future Interests 

Based on the above studies on the thermodynamic favorability of different transition 

metals, Group VIII metals, Fe, Ru, and Os, with “pincer” type ligands have been chosen for 

study as homogeneous catalysts for the C-O bond activation of β-O-4 linkage model compound 

(Ph-CHOH-CH2-O-Ph). So far, the reaction thermodynamics have been compared among the 

three metal centers among different functional groups on the ligand.
6
 Several complexes gave 

feasible catalytic properties suggesting the potential application for lignin degradation. Fe and 

Ru pincer complexes generally showed better thermodynamics than Os system, although Ru is 

slightly better than Fe.
6
 “PCP” ligand gave the lowest energetic pathways.  

In summary, the metal center is still a key factor for organic polar bond activation such as 

C-O cleavage, and a periodic trend for the bond cleavage energy was obtained as a function of 
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metal. According to the conclusions in CO2 activation, a hypothesis can be created that suggests 

the metal center intrinsically behaves similarly within both homogeneous and heterogeneous 

catalysis involving organic polar bond activation, in terms of reaction thermodynamics. Such a 

hypothesis is yet to be proven, but if done, would provide great aid in guiding fundamental 

research in catalysis.
6
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