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CHAPTER 1 

INTRODUCTION 

Quantum chemistry is a branch of theoretical chemistry that applies quantum 

mechanics to the explanation and prediction of chemical phenomena. Computational chemistry 

incorporates quantum chemical methods into computer programs to calculate chemical 

properties and predict structures of molecules of different sizes and scales. The basic goal of 

chemical research is to interpret and predict properties and chemical reactivity of substances 

and this is the primary concern of quantum chemistry. Computational chemistry has grown 

recently to become a practical tool for chemists. The development of improved computational 

methods coupled with increasing computing power have allowed quantum mechanical models 

to be applied to molecules and systems large enough to be of interest in many other fields in 

addition to chemistry, including materials science and biology. 

The scope of work in this dissertation has comprised several major investigations on 

applications and theoretical studies of ab initio quantum mechanics and density functional 

theory where those techniques were applied to the following: (i) investigation of the 

performance of density functionals for the computations of molecular properties of 3d 

transition metal containing systems (Chapter 3); (ii) guidance for experimental groups for 

rational design of macrometallocyclic multinuclear complexes with superior π-acidity and π-

basicity that are most suitable for p- and n-type semiconductors of metal-organic molecules 

and nanomaterials (Chapter 4); (iii) investigation of the metallo-aromaticity of multi-nuclear 
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metal complexes (Chapter 5); (iv) investigation of the kinetics and thermodynamics of copper-

mediated nitrene insertion into C-H and H-H bond (Chapter 6); and (v) accurate computations 

of dissociation energies of hydrogen-bonded DNA duplex moieties (Chapter 7).  

Density functional theory (DFT) has become one of the most popular quantum chemical 

methods because of its low computational cost compared to wavefunction-based ab initio 

methods and its demonstrated utility in the prediction of molecular properties such as 

geometries, spectra, electronic properties, atomic charges, orbital energies, and 

thermochemistry. Of the many DFT methods developed, most, if not all, of them have been 

developed for a certain subset of chemical systems and for certain properties and, thus, caution 

must be taken when utilizing a DFT method for a system and a property of interest. Chapter 3 

discusses the performance of DFT methods for predicting the enthalpies of formation of 3d 

transition metal systems.  

Cation-π interaction plays an important recognition role in biological receptors. 

MacKinnon won the 2003 Nobel Prize in chemistry for structural and mechanistic studies of ion 

channels, or what is called gating. Cation-π interactions impact applications in materials design, 

acid-base chemistry, molecular biology, gas-phase chemistry, and metalloaromaticity. A field 

effect transistor (FET) is a practical application of such interactions and is arguably the most 

important invention of the 20th century, being used in radios, televisions, computers, and cell 

phones. Metal organic FETs (MOFETs) use a metal-organic semiconductor in its p- and/or n-

channel and are cheaper, lighter, and more energy efficient compared to crystalline silicon or 

inorganic semiconductors. Chapter 4 describes the computational modeling and design of 

MOFETs that helped guide experimentalists in the selection of systems and hence device 
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fabrication. The electron-rich and electron-poor metal-organic cyclotrimer models studied have 

been predicted to be potentially useful not only for hole and electron transport in p- and n-type 

MOFETs, respectively, but also for charge and exciton blocking in organic light-emitting diodes. 

Chapter 5 addresses the fundamental concept of aromaticity in organic molecules and 

investigates its applicability in metal organic trinuclear complexes, i.e., what has been termed 

metalloaromaticity. While the aromaticity concept is well-documented for organic molecules, it 

is less common and more controversial in metal complexes. If metalloaromaticity does occur, 

the obvious question then is: can it be quantified? In addition to the fundamental concept of 

metalloaromaticity, this non-covalent interaction is potentially important in device design since 

it is a weak intermolecular interaction that could be used along with tried and true concepts 

such as hydrogen-bonding and π-stacking to design condensed phase architectures. Hence, the 

ability to quantify and control metalloaromaticity could lead to improved design of metal-based 

optical materials, catalysts, electronic devices, etc., applications where intermolecular 

interactions in condensed phases are a key component to performance. 

Comparisons of three DFT methods and single- and multi-reference correlation 

consistent composite approaches for the determination of geometries, reaction energies, 

transition states and transition state energies of C-H and H-H bond activation reactions by 

copper nitrenes are described in Chapter 6. Copper nitrenes play an essential role as 

intermediates in the catalytic aziridination of olefins, C-H bond amination, and organometallic 

catalysis where they can be used in the production of useful products from petroleum, and 

natural gas. Aziridination is used to construct the synthetic and biological building blocks of 

medicines. Copper is of interest primarily due to its relatively low cost compared to other 
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metals that are commonly used in metal catalysts. 

The last chapter (Chapter 7) departs from transition metal chemistry and describes the 

application of the correlation consistent composite approach (ccCA) to weakly bound systems 

of a widely used test set. Specifically, this chapter discusses the impact of using the resolution 

of the identity (RI) formulation of ccCA, RI-ccCA, for the calculation of interaction energies of 

non-covalent systems. The chapter is concluded by demonstrating the efficiency of RI methods, 

which are key to accessing larger molecular systems. 
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CHAPTER 2 

COMPUTATIONAL QUANTUM CHEMISTRY 

2.1 The Schrödinger Equation 

The ultimate goal of most computational methods in quantum chemistry is the solution 

to the non-relativistic, time-independent Schrödinger equation (Eqn. 2.1).1-6 In its simplest 

form, it is comprised of a Hamiltonian operator (


H ) that operates on a wavefunction ( Ψ ) to 

give the total energy eigenvalue ( E ) and the eigenvector ( Ψ ). 

 
H Ψ = E Ψ (2.1) 

In molecular quantum chemistry, the wavefunction is described by the basis set – a set 

of mathematical functions (basis functions) that represent the atomic orbitals. The Hamiltonian 

operator has the form,  

 

 NNeeeNNe VVVTTH  (2.2) 

and is comprised of five terms: the electronic kinetic energy (


eT ); the nuclear kinetic energy 

(


NT ); the potential energy of electron attraction to the nuclei (


eNV ); the potential of the 

Columbic electron-electron repulsion (


eeV ),  and the potential energy of the nuclear-nuclear 

repulsion (


NNV ). For a system with electrons (i,j) and nuclei (A,B), it can be rewritten as, 
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where 2  is the Laplacian operator, AM  is the mass of nucleus A ,  Z  is the atomic number, 

and r  is the distance between particles. The complexity of the Schrödinger equation makes it 

insoluble in a practical sense for all but the simplest systems - one electron species. For the 

majority of chemical systems studied in practice, an approximate solution of the Schrödinger 

equation takes place where the theoretical method treats the system as a finite one-electron 

particle basis. 

 

2.2 Born-Oppenheimer Approximation 

When solving the Schrödinger equation, the nuclear and electronic motions are coupled 

implying that no particle is moving independently of all the others. However, the electronic and 

nuclear motions can be separated because the nuclei of molecular systems are moving 

significantly slower than electrons. Decoupling the electronic and nuclear motions is referred to 

as the Born-Oppenheimer approximation.7 Thus, for electronic calculations the nuclei are kept 

fixed and the electronic Hamiltonian (Ĥelec) is used, which only solves the first, third, and fourth 

terms of the Hamiltonian in Eqn. 2.3. This approximation is key to the computational methods 

utilized here and usually has very little effect on the prediction of electronic structure or other 

properties. 

 

2.3 Ab initio Methodology 

Ab initio, or “from the beginning,” methods are so-called because there is no inclusion 
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of experimental data, rather, only fundamental physical laws and constants (e.g., Coulomb’s 

law, the elementary charge, the masses of subatomic particles, Planck’s constant, the speed of 

light) are employed.8-10 In ab initio methods, an approximate wavefunction is chosen as a 

reference, and then that reference is used to approximate the exact solution to the Schrödinger 

equation. 

 

2.3.1 Hartree-Fock Approximation 

The fundamental ab initio approximation to the solution of the Schrödinger equation is 

the Hartree-Fock approximation (HF),11-15 In the HF method, the direct Coulombic electron-

electron repulsion is not specifically considered and instead only the net effect of each electron 

interaction with the average electronic potential is considered. This method breaks the many-

electron Schrödinger equation into many simpler one-electron equations. Each equation is 

solved to yield a single-electron wave function (i.e., orbital) and energy (i.e., orbital energy). 

The orbital describes the behavior of an electron in the net field of all other electrons. This is a 

variational calculation where the approximate energies calculated are all equal to or greater 

than the exact energy - it generally recovers ~99% of the total electronic energy. The 

computational cost of a typical HF calculation scales formally as N4, where N is the number of 

basis functions. To solve the HF equations with the equivalent of a one particle basis set, the HF 

limit could be reached and the energy error (electron correlation, Ecorr) associated with the HF 

approximation for a given system is 

 
Ecorr = E – EHF 

(2.4) 
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which is defined as the difference between the exact ground state energy (E) and the 

ground state HF energy (EHF).
16 

 

2.3.2 Møller-Plesset Theory (MPn) 

Although electron correlation generally accounts for ~ 1% of the total electronic energy, 

a good description of electron correlation is necessary for the accurate prediction of chemical 

properties, especially for transition metal systems, which often require correlation in order to 

obtain results that are qualitatively correct. Electron correlation methods have schemes that 

account for (or correlate) specific electron-electron interactions, causing a dramatic increase in 

the computational cost due to the number of direct electron-electron interactions that must be 

considered. Most of these approaches are much more computationally expensive as compared 

to HF and scale as N5 or higher. Computational expense includes CPU time, disk space, memory, 

etc.  

Electron correlation can be added as a perturbation from the HF wave function. This is 

called Møller-Plesset perturbation theory17 and is referred to as MPn where n is the order at 

which the perturbation theory is truncated (e.g., MP2, MP3, etc.). In mapping the HF wave 

function onto a perturbation theory formulation, HF becomes a first order perturbation and a 

minimal amount of correlation is added by using the second order MP2 method – the 

computational scaling of MP2 is N5. 

 

2.3.3 Coupled Cluster Theory 

Another way for estimating the electron correlation energy is coupled cluster (CC) 
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theory. For example, CCSD(T) incorporates the correlation of electrons in a cluster operator that 

includes all single and double excitations along with quasiperturbative triple excitations from 

the reference wavefunction.18-24 
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As shown in Eqn. 2.5, Te



 is a general cluster operator that includes all excitations of a 

given reference wavefunction grouped together by the type of excitation. In Eqn 2.5, the first 

term (1) comes from the zeroth order wavefunction, the second term ( 1



T ) includes all single 

excitations. The third term (


 2

12

2

1
TT ) includes both the product of two single excitations 

(


2

1
2

1
T ) and a double excitation ( 2



T ), and so on. A full discussion of this methodology is beyond 

the scope of this dissertation and can be found in Ref. 18-24. The iterative CCSD steps of the 

CCSD(T) method scale as N6 while the single perturbation (T) part scales as N7, which 

significantly limits the size of the chemical system studied, however, the perturbation (T) part 

will often provide accurate results. 

 

2.4 Frozen Core Approximation 

This approximation was first introduced by Hans Hellmann25 in 1935 where the 

correlation of the core electrons is not included in electron correlated methods - known as the 

frozen-core approximation. The frozen core approximation assumes that chemical properties 

are dominated by valence electron effects, and, thus, only valence electrons need to be 

correlated. The remaining core electrons are left frozen, that is, uncorrelated in post-Hartree-
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Fock (HF) methods. This is the typically used approximation in computing thermochemical 

properties with post-HF methods. The frozen core approximation significantly decreases the 

computational cost (CPU time, memory and disk space) that otherwise accumulate 

exponentially with all-electron calculations on heavy atom systems. In chapters 6 and 7, the 

frozen core approximation is not used whereby the electrons in the core are included in the 

correlation space, and the core valence basis sets were used which are specifically designed for 

this purpose. This allows for a more accurate description of the correlation energy to be 

obtained, which is sometimes needed in order to compute electronic properties within 

chemical accuracy (±1 kcal mol-1). 

 

2.5 Effective Core Potentials (ECP) 

Since the inclusion of the correlation energy of all electrons in the chemical system is 

often not computationally tractable especially in the case of transition metal-containing 

systems, one of the ways to alleviate the computational cost is the introduction of a 

pseudopotential. A pseudopotential effectively replaces the core electrons by including a 

potential term in the Hamiltonian (Eqn. 2.3). The potential term is parameterized empirically, 

from atomic spectroscopic data, or theoretically, from all-electron Dirac-Fock calculations and it 

includes relativistic effects such as the lanthanide contraction and spin-orbit coupling which 

become increasingly important for heavy elements.26,27 To clarify, the ECP approximation is 

different from frozen core approximation in that ECP completely removes the core electrons 

rather than not correlating them. Thus, the ECP makes the computation more efficient. 
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2.6 Density Functional Theory 

An alternative to solving Schrödinger wavefunction based equations to solve for the 

total energy in a given system is to use density functional theory (DFT). The entire field of DFT 

rests on two fundamental mathematical theorems by Hohenberg and Kohn (HK) and the 

derivation of a set of equations by Kohn and Sham in the mid-1960s.28,29 The first HK theorem, 

which is the central premise to DFT, states that the ground state energy of a system can be 

expressed as a “function” of the electron density (ρ) instead of a wave function. Another way to 

restate Hohenberg and Kohn’s result is that chemical properties (e.g. geometries, spectra, 

thermochemistry, orbital energies, etc.) can be derived from the ground state electron density. 

Unfortunately, the theorem says nothing about what the best functional is. The second HK 

theorem defines an important property of the functional: The electron density that minimizes 

the energy of the overall functional is the true electron density corresponding to the full solution 

of the Schrödinger equation. If the “true” functional form was known, then we could vary the 

electron density until the energy from the functional is minimized, resulting in a prescription for 

finding the relevant electron density.  

Kohn and Sham (KS) were the first to introduce the use of orbitals (namely the KS 

orbitals) to DFT, which allow for a more realistic description of molecules.29 As shown in Eqn. 

2.6, using DFT to solve for the ground state energy of a system includes terms which describe 

the various interactions in the molecule, which are analogous to the terms in the Hamiltonian 

(Eqn. 2.3). 

 
E = ET(ρ) + EV(ρ) + EJ(ρ) + EXC(ρ) 

(2.6) 
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In Eqn. 2.5, the ground state energy is the sum of the kinetic energy (ET), potential 

energy of the nuclear-electronic attraction (EV), Columbic electron-electron repulsion (EJ), and 

the electronic exchange and correlation energy (EXC). The last term, EXC, can be separated into 

two different parts, the exchange (EX) and the correlation (EC). There are many different means 

for constructing these two components, and these various means define the type of 

“functional”, or method, that is used. Difficulties arise in providing the exact formalism (i.e., a 

functional) which correctly links the electronic density to the kinetic, potential, exchange 

(energy that arises from the correlation electrons of like spins), and correlation (energy that 

emerges from the interaction electrons of opposite spins) energies. Over the past years, a 

multitude of different functionals have been developed to address this problem. These 

functionals have seen widespread utilization for the study of molecular properties, largely due 

to the means to account for electron correlation at a low computational cost (formally N4, but 

in practical use scales as N3). 

 

2.7 Basis Sets 

When ab initio or density functional theory calculations are performed, a basis set must 

be specified. As noted in the beginning of this chapter, a basis set is a set of functions used to 

describe the shape of the orbitals in an atom. Molecular orbitals and entire wavefunctions are 

created by taking linear combinations of basis functions and angular functions. The type of 

method and basis set chosen are two central factors in determining the accuracy of results. 
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2.8 Composite Methods 

Model chemistries represent “a theoretical model that should be uniformly applicable 

to molecular systems of any size and type, up to a maximum size determined only by the 

practical availability of computer resources.”30  A special class of model chemistries called 

composite methods, in which the total energy of the system is obtained by adding the energies 

from different levels of theory and basis sets, aim to achieve highly accurate results compared 

to a higher level of theory.18,19 With increasing system size and including transition metal 

atoms, only the valence correlation energy is computed (as discussed earlier in the frozen core 

approximation, section 1.4), yet the correlation between core and valence electrons (called 

core‐valence correlation) is important for accurately computing chemical properties. Further, 

most computational methods are non‐relativistic, but atoms from the second row of the main 

group, and heavier, can have significant relativistic effects. To include core valence correlation 

and scalar relativistic energy components, a composite method may compute these corrections 

at a low level of theory like MP2 using the specific basis sets (aug-cc-pCVTZ and aug-cc-pVTZ-

DK, respectively). These energy components are then added to a reference energy that was 

computed at a different level of theory. There are several composite methods in popular use 

including the Gaussian‐n (Gn),31-33
 complete basis set (CBS‐n),34-40 high accuracy extrapolated 

ab initio thermochemistry (HEAT),41 Weizmann‐n (Wn),42,43
 and correlation consistent 

composite approach (ccCA) methods.44-51 Chapter 8 discusses the ccCA formalism in detail, 

including the use of resolution of identity (RI)52-59 implemented by Prascher et al.60 on the ccCA 

method for non-covalent systems. 
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CHAPTER 3 

PERFORMANCE OF DENSITY FUNCTIONAL THEORY FOR 3D TRANSITION METAL-CONTAINING 

COMPLEXES: UTILIZATION OF THE CORRELATION CONSISTENT BASIS SETS 

3.1 Introduction 

Density functional theory (DFT)1 has seen increasing use in transition metal (TM) 

computational chemistry over the past decade.4 The reason for this growth is primarily due to 

its low computational cost and its success in predicting molecular properties (e.g. geometries, 

thermodynamics, infrared spectroscopy etc.). Such successes have made the development and 

improvement of density functionals a very active area of research.5-14 Although a large number 

of density functionals are available, problems remain in selecting the appropriate functional for 

a particular scientific problem of interest. The choice of a specific DFT method should be guided 

by careful consideration of the original calibration and further, system-specific testing of the 

selected functional. For example, although many common density functionals have been 

developed and even parameterized for a limited set of molecules (such as main group 

molecules), these functionals are often applied to transition metal (TM) complexes without 

subsequent validation of their applicability. 

To assess the appropriateness of DFT methods for TM systems, comprehensive studies 

must be carried out where a wide variety of functionals are tested for a diverse set of TM 

                                                      
 This entire chapter is adapted from S. M. Tekarli, M. L. Drummond, T. G. Williams, T. R. Cundari, A. K. Wilson, 
“Performance of Density Functional Theory for 3d Transition Metal-Containing Complexes: Utilization of the 
Correlation Consistent Basis Sets.” J. Phys. Chem. A 2009, 113, 8607, with permission from the American Chemical 
Society.  
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molecules, as has been explicitly called for in one recent study.19 Notable work along these lines 

includes studies by Zhao and Truhlar,18,21-26 in which the M05 and M06 suite of functionals (i.e., 

M05, M05-2X, M06, M06-2X, M06-L, M06-HF) were developed and evaluated. Fitting 

parameters in these functionals were optimized for a robust database that included main group 

atomic and molecular properties, as well as properties for TM atoms, complexes, and reactions. 

Zhao and Truhlar have recommended that M06 and M06-L be used for the calculation of TM 

atomization energies, metal-ligand bond energies, and reaction energies, based on comparison 

with the 3d transition metal reaction energies (TMRE48) database that includes 9 TM dimer 

atomization energies, 21 metal-ligand bond dissociation energies (BDE), and 19 TM reaction 

energies.25,26 The average mean absolute deviation (AMAD) was approximately 6 kcal mol-1 for 

both M06 and M06-L using this database. They noted that to reduce calculated errors in 

reaction barrier heights, a “high” percentage of Hartree-Fock (HF) exchange should be included; 

for example, M05-2X incorporates twice the percentage of HF exchange (56%) as compared to 

M05. However, such an increase in the percentage of HF exchange included in a functional can 

adversely affect the accuracy of calculated ground-state properties, such as atomization 

energies, for TM systems. 

In another recent study,7,8 the performance of 57 functionals for evaluating TM 

properties was examined with double- and triple-zeta basis sets. The study suggested that 

G96LYP, MPWLYP1M, XLYP, BLYP, MOHLYP, and mPWLYP be used for modeling TM-ligand 

BDEs, metal-metal and metal-ligand bond lengths, and both binding and atomization energies 

for TM dimers. A study by Furche and Perdew of 62 transition metal-containing compounds has 

also been reported.13 In this study, the performance of six functionals paired with triple- and 
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occasionally quadruple-zeta basis sets was examined for dissociation energies, bond lengths, 

and vibrational frequencies of 3d TM systems including TM dimers, monohydrides, monoxides, 

mononitrides, and monofluorides;13 BP86 and TPSS were recommended. 

Few studies, however, have analyzed the use of DFT methods in determining enthalpies 

of formation, ΔHf°, of TM systems,32,33 even though this fundamental thermodynamic quantity 

is not only of great experimental importance, but also provides a rigorous test of the accuracy 

of a computational method. In a study of calculated ΔHf° by Riley and Merz for 94 TM 

systems,32 12 functionals were examined using two different basis sets, 6-31G** and TZVP. The 

lowest mean absolute deviation (MAD) for the compounds in their test set was 9.1 kcal mol-1 

using the TPSS1KCIS functional with the TZVP basis set, which is well above the traditional 

definition of “chemical accuracy” (i.e., ±1 kcal mol-1). Based on recent, high-level ab initio 

calculations of the enthalpies of formation of TM complexes by DeYonker et al.,33 it was 

suggested that a target for “transition metal accuracy” for calculated enthalpies of formation 

should be set at ±3 kcal mol-1, due to the larger experimental uncertainties common to such 

complexes. In the study by Riley and Merz,32 the average error in the experimental enthalpies 

of formation was ±3.6 kcal mol-1, roughly one-third the calculated MAD of TPSS1KCIS. They also 

observed that the functional that produced the lowest MAD was dependent upon the TM, the 

number of ligands, the type of ligands, and the basis set utilized. 

In similar studies about the relative efficacies of ab initio methods (such as MP2 and 

CCSD(T)), insight has often been gained through the utilization of the correlation consistent 

basis sets (e.g., cc-pVnZ, aug-cc-pVnZ, cc-pCVnZ, aug-cc-pCVnZ, where n = D, T, Q, 5, and 6).37-44 

Due to the unique construction of this family of basis sets, systematic, monotonic convergence 
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in the description of molecular properties is observed upon increasing the quality of the basis 

set.48-50 At the complete basis set (CBS) limit, the remaining source of error can therefore be 

attributed solely to the selected method, thereby providing a gauge of the error inherent in a 

methodology. Such a relationship is not necessarily guaranteed for DFT, however,5,6,51-54 as it 

has been shown6,55,56 that there are some molecules for which basis sets should be 

recontracted to ensure monotonic convergence to the Kohn-Sham (KS) limit. Despite this 

caveat, the correlation consistent basis sets span an array of sizes, and thus the common 

assumption that DFT calculations exhibit basis set convergence at the triple-zeta level5,6,52,53 can 

be assessed through use of the cc-pVQZ basis set. Indeed, some prior work51,53,58 has suggested 

that larger basis sets may be required for saturation in DFT. This behavior of DFT may be 

especially pronounced for TM species, which have been shown by ab initio methods59 to be 

particularly sensitive to basis set size. In any event, the all-electron correlation consistent basis 

sets designed specifically for TMs60,61 have not yet been extensively studied for DFT 

calculations, and thus the present work provides a succinct means to guide the selection of not 

only the most accurate density functional, but also the appropriate accompanying basis set. 

One trend that emerges from previous DFT studies7,8 of TM species is that certain 

properties, including metal-metal and metal-ligand BDEs, bond lengths, and ionization 

potentials, are poorly described by hybrid functionals, inarguably the most popular type of 

functional in use in molecular quantum chemistry, presumably due to the inclusion of HF 

exchange. In Riley and Merz’s study,32 errors from calculations utilizing hybrid functionals for 

metal-metal bonded systems are in excess of 30 kcal mol-1. In this study, we seek to evaluate 

the degree to which extant density functionals, including those with HF exchange, can 
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accurately calculate enthalpies of formation. Additionally, the present work carefully considers 

the extent to which basis set saturation impacts calculated properties of TM complexes. The 

findings of this work are expected to be of use in computational applications on systems of real 

interest, as it provides a gauge of method performance with respect to basis set for TM species 

using ΔHf°, a fundamental physical property that not only determines the stability of a 

molecule, but that can also be used to evaluate the amount of energy needed or released in 

any reaction, ranging from catalytic cycles to detonation. 

 

3.2 Computational Methodology 

All calculations in this study were carried out using the Gaussian03 package.47  

Geometry optimizations were carried out at both the triple-ζ and quadruple-ζ level (cc-pVTZ 

and cc-pVQZ, respectively) for all functionals, and frequency calculations were carried out at 

the triple-ζ level for each functional to determine the zero point energy and enthalpy 

corrections for the molecules. These corrections were not scaled, as many of the 

functional/basis set combinations listed below lack published scaling factors, and it has been 

shown64 that both these factors and their attendant uncertainties vary from method to 

method. Moreover, concerns have previously been identified65 about differences in scaling 

behavior between diatomic and polyatomic molecules, both of which are present in the test set 

described below. Previous studies on calculated enthalpies of formation19 and vibrational 

frequencies13 have also eschewed these empirical corrections. 

For calculations involving sulfur and chlorine, the cc-pV(n+d)Z (n=T,Q) basis sets for 

sulfur and chlorine40 were utilized in place of cc-pVnZ,38,40,51,53,69-71 as it has been shown by 
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Wilson et al. that these modified basis sets can result in substantial improvements in the 

evaluation of energetic properties. For some of the compounds in the test set, the cc-pVTZ 

basis set was uncontracted; results are presented in Supporting Information but overall have an 

effect on the mean absolute deviation (MAD) of less than 0.2 kcal mol-1. The enthalpy of 

formation was determined with a standard procedure72 from the calculated atomization energy 

of each molecule, calculated enthalpy corrections (from absolute zero to 298.15 K) for each 

molecule, experimental enthalpies of formation of the constituent atoms,20,73 and experimental 

enthalpy corrections for the constituent atoms.20,73 

Previous computational work76,77 on 4s to 3d excitations has suggested that, even for 

the 3d series, relativity must be considered to obtain meaningful results with DFT. For 

calculations on large TM systems of interest, such as catalytic intermediates, these effects are 

typically incorporated via an effective core potential (ECP), such as in the LANL2DZ ECP and 

valence basis set.78 However, ECPs have only been published within the correlation consistent 

framework for the Cu and Zn.79 The all-electron results discussed in this work can therefore 

serve as an upper limit of accuracy, against which future efforts in 3d TM ECP development can 

be gauged. In the meantime, the magnitude of scalar relativistic effects here have been 

investigated with a second order Douglas-Kroll (DK) Hamiltonian81 (and accompanying cc-pVTZ-

DK basis set82) for the functional that gives the lowest MAD of calculated enthalpies of 

formation in this work, B97-1.30 The results are presented in full as Supporting Information, but 

overall the MAD for this functional is improved by the inclusion of relativistic effects by less 

than 0.5 kcal mol-1. Thus, it appears that ΔHf° may be less sensitive to relativity than s/d 

splitting,75,77 which might be expected given the known difference84 between s orbital 
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contraction and d orbital expansion under the influence of relativity. Previous work on 

calculated BDEs for zinc compounds has also shown85 that the functionals that perform best 

with relativistic effects included also perform best in nonrelativistic calculations. Given this past 

finding, as well as the small and unsystematic effect of relativity found in this work, we expect 

our conclusions about functional accuracy to remain the same irrespective of the inclusion of 

relativistic effects.  Therefore, results presented in this work do not include these effects. 

The set of transition metal species examined is comprised of 19 species with one to six 

coordinating groups, different metal-ligand bonding types, and different ligand sizes: ScS, VO, 

VO2, Cr(CO)6, MnS, MnCl2, MnCl(CO)5, FeCl3, Fe(CO)5, CoH(CO)4, NiCl2, Ni(CO)4, CuH, CuF, CuCl, 

ZnCl, ZnH, ZnO, and Zn(CH3)2. These species, although generally smaller than TM systems 

typically studied, still experience many of the difficulties pervasive in TM chemistry, such as 

low-lying, nearly degenerate electronic states, partial d shell occupancies, and so forth.  

However, as these compounds have both published experimental ΔHf° values with low 

experimental error bars and well-established experimental ground states (Table 3.1), they serve 

as a suitable data set for comparison. The spin state of each system was matched with the 

reported experimental ground state, regardless of whether or not the functional/basis set 

combinations predicted a lower energy electronic state. 

The 44 functionals utilized in this study are listed in Table 3.2 and can be grouped into 

three categories: generalized gradient approximation (GGA), meta-GGA (MGGA), and 

generalized gradient exchange (GGE) methods. The GGA functionals depend on both the 

electron density and the gradient of that density, while MGGA functionals also depend on the 

kinetic energy. These two groups can also include Hartree-Fock (HF) exchange, giving rise to 
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the hybrid GGA (HGGA) and hybrid MGGA (HMGGA) classes of functionals. The GGE functionals 

proposed by Hertwig and Koch87 are similar to GGA functionals, except that the GGA correlation 

functional is replaced with a local spin density approximation (LSDA) correlation functional that 

depends only on the density. Because previous studies on TMs using DFT methods8,32,76 have 

shown that hybrid functionals are better suited to assess the ΔHf° of the metal-ligand systems, 

we have included more HGGA and HMGGA functionals than pure functionals. Table 3.2 

provides the percent of HF exchange included for the hybrid functionals, as well as references 

for all functionals. All told, the functionals chosen here fulfill a previously published request19 to 

investigate additional functionals for evaluating enthalpies of formation.  

Table 3.1 Experimental gas phase enthalpy of formation [Hf° (298.15 K)], electronic 

ground state, uncertainty and the average uncertainty for the set of TM species, reported in 
kcal mol-1. 

 
Ground State Hf° Uncert. Ref. 

CuF 1Σ+ 1.1 3 2 
CuH 1Σ+ 65.9 2 3 
CuCl 1Σ+ 19.262 2 3 
Cr(CO)6 

1A1g -240 1.1 3 
FeCl3 

6A1‘ -60.5 1.2 20 
Fe(CO)5 

1A1’ -173 2.0 3,18 
CoH(CO)4 

1A1 -136 0.5 3 
MnCl2 

6Σg -63 0.5 3 
MnCl(CO)5 

1A1 -219.5 3.1 20 
MnS 6Σ+ 63.31 2.0 3 
NiCl2 3B1 -17.7 0.05 20,28 
Ni(CO)4 

1A -144 2.5 20 
ScS 2Σ+ 41.747 3.1 3 
VO 4Σ 31.8 2 31 
VO2 

2A1 -41.6 3.3 31 
Zn(CH3)2 1A 12.6 1.4 20 
ZnCl 2Σ+ 6.5 1.0 3 
ZnH 2Σ+ 62.909 0.5 3 
ZnO 1Σ+ 52.8 0.9 3 
  Average uncert. 1.7  
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3.3 Results and Discussion 

3.3.1 Effect of Basis Set 

To determine the effect of the quality of the basis set on predicted thermochemistry, 

triple-ζ and quadruple-ζ quality correlation consistent basis sets (cc-pVTZ and cc-pVQZ, 

respectively) were combined with all 44 functionals to calculate the enthalpies of formation of 

all species. As shown in Table 3.3, only a limited improvement was seen when the basis set 

Table 3.2 Generalized gradient approximation (GGA), meta GGA (MGGA), generalized 
gradient exchange (GGE), hybrid GGA (HGGA) and hybrid MGGA (HMGGA) functionals utilized 
in this study and the percent Hartree-Fock exchange included in the hybrid functionals. 

Class 
Functional Ref.  Class Functional % HF Ref. 

GGA    HGGA    
 BLYP 15,16   B3LYP 20.00 15-17 
 BP86 15,18   B3P86 20.00 15,18 
 BPBE 15,27   B3PW91 20.00 15,28,29 
 BPW91 15,28   B97-1 20.00 30 
 G96LYP 16,34   B97-2 21.00 35 
 HCTH 30,36   B98 21.98 45 
 mPWLYP 16,46   BH&HLYP 50.00 15,16,47 
 mPWPBE 27,46   MPW1K 42.80 28,46,57 
 mPWPW91 28,46   mPW1PW91 25.00 28,46 
 OLYP 62   MPW3LYP 21.80 8,16,46 
     MPWLYP1M 5.00 7 
MGGA     O3LYP 11.61 63 
 BB95 15,66   PBE1PBE 25.00 27,67,68 
 mPWB95 15,46,66   X3LYP 21.80 16,74 
 mPWKCIS 46,75,76      
 PBEKCIS 27,75  HMGGA    
 TPSSKCIS 75,80   B1B95 28.00 15,66 
 VSXC 83   BB1K 42.00 15,66,76 
     M05 28.00 21,86 
GGE     M05-2X 56.00 22 
 BVWN5 7,15   mPW1B95 31.00 15,46,66,76 
 G96VWN5 7,34   MPW1KCIS 15.00 46,75,76 
 mPWVWN5 7,46   MPWKCIS1K 41.00 46,75,76 
 OVWN5 7   PBE1KCIS 22.00 27,75 
 PBEVWN5 7,27   TPSS1KCIS 13.00 28,75,76,80 
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Table 3.3 Mean absolute deviations (MAD) from experiment and the deviations between cc-pVTZ and cc-pVQZ calculations (Δ) 
for all 44 functionals, in kcal mol-1 for all nineteen molecules. 

    cc-pVTZ cc-pVQZ Δ      cc-pVTZ cc-pVQZ Δ 

GGA BLYP 17.3 16.2 -1.2  HGGA B3LYP 15.9 12.5 -3.3 
 BP86 33.6 34.0 0.4   B3P86 12.5 11.3 -1.2 
 BPBE 25.1 25.1 -0.1   B3PW91 11.0 7.3 -3.6 
 BPW91 24.2 24.1 -0.1   B97-1 6.9 3.1 -3.8 
 G96LYP 13.4 12.2 -1.1   B97-2 9.7 6.0 -3.7 
 HCTH 13.4 8.3 -5.0   B98 10.7 7.0 -3.7 
 mPWLYP 22.6 21.6 -1.0   BH&HLYP 66.4 64.3 -2.1 
 mPWPBE 30.9 31.1 0.2   MPW1K 42.2 39.7 -2.5 
 mPWPW91 30.0 30.1 0.2   mPW1PW91 18.5 15.8 -2.7 
 OLYP 11.0 9.3 -1.8   MPW3LYP 11.2 7.8 -3.4 

 Avg. 22.2 21.2 -1.0   MPWLYP1M 21.7 20.4 -1.4 
       O3LYP 14.1 11.0 -3.0 
MGGA BB95 36.7 37.3 0.6   PBE1PBE 12.5 9.3 -3.2 
 mPWB95 43.0 43.8 0.8   X3LYP 17.1 13.8 -3.3 

 mPWKCIS 38.6 39.1 0.5   Avg. 19.3 16.4 -2.9 
 PBEKCIS 37.3 37.6 0.3       
 TPSSKCIS 19.7 19.2 -0.5  HMGGA B1B95 12.4 8.9 -3.5 
 VSXC 11.5 9.9 -1.6   BB1K 31.5 28.3 -3.2 

 Avg. 31.1 31.2 0.1   M05 15.6 11.9 -3.8 
       M05-2X 32.6 28.5 -4.1 
GGE BVWN5 16.0 13.5 -2.5   mPW1B95 12.7 9.2 -3.5 
 G96VWN5 21.5 19.1 -2.4   MPW1KCIS 13.5 11.7 -1.8 
 mPWVWN5 11.6 9.8 -1.8   MPWKCIS1K 35.6 32.8 -2.8 
 OVWN5 23.1 20.3 -2.8   PBE1KCIS 8.1 5.7 -2.4 
 PBEVWN5 12.0 10.6 -1.5   TPSS1KCIS 9.6 6.9 -2.7 

 Avg. 16.8 14.7 -2.1   Avg. 19.1 16.0 -3.1 
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quality was increased from cc-pVTZ to cc-pVQZ for all pure GGA and MGGA functionals, except 

HCTH. In fact, only about half of the pure GGA and MGGA functionals showed a concomitant 

increase in accuracy upon increasing the basis set size. Indeed, for BP86, mPWPBE, mPWPW91, 

BB95, mPWB95, mPWKCIS, and PBEKCIS, the MAD actually increased upon improving the basis 

set. In contrast, all GGE, HGGA, and HMGGA functionals showed improved accuracy when the 

basis set quality increased from triple- to quadruple-ζ. For the GGE functionals, this decrease in 

MAD ranges from 1.5 kcal mol-1 for PBEVWN5 to 2.8 kcal mol-1 for OVWN5; from 1.2 kcal mol-1 

for B3P86 to 3.8 kcal mol-1 for B97-1 for the HGGA functionals; and from 1.8 kcal mol-1 for 

MPW1KCIS to 4.1 kcal mol-1 for M05-2X for the HMGGA category. Therefore, for this set of 

molecules, the hybrid functionals are more dependent upon the basis set size than pure 

functionals. 

 

3.3.2 The Accuracy of Pure vs. Hybrid Functionals 

Among the 44 functionals studied in this work, there are a number of pairs of 

functionals that differ only with respect to the inclusion of HF exchange (e.g., BLYP and B3LYP, 

mPWPW91 and mPW1PW91, TPSSKCIS and TPSS1KCIS, etc.). In almost all cases there is a 

significant reduction in the MAD when HF exchange is included. For example, the MAD of the 

pure functional BB95 is 37.3 kcal mol-1, whereas the MAD of the corresponding hybrid 

functional B1B95 is 8.9 kcal mol-1 (at the cc-pVQZ level). The sole exception is for the OLYP and 

O3LYP pair of functionals: OLYP has a MAD of 11.0 and 9.3 kcal mol-1 for cc-pVTZ and cc-pVQZ 

basis sets, respectively, whereas O3LYP has a MAD of 14.1 and 11.0 kcal mol-1 for cc-pVTZ and 

cc-pVQZ, respectively. Overall, the AMAD of the pure GGA and MGGA functionals at the cc-
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pVQZ basis set level is 24.9 kcal mol-1, while the AMAD of the HGGA and HMGGA functionals is 

a significantly lower 16.2 kcal mol-1. 

The present results also show that this reduction in MAD upon inclusion of HF exchange 

is far more significant for the MGGA functionals than it is for the GGA functionals. With the cc-

pVQZ basis set, the AMAD for the HGGA functionals is 16.4 kcal mol-1 (cf. 21.2 kcal mol-1 for the 

GGA functionals), while the AMAD for the HMGGA functionals is 14.3 kcal mol-1 (cf. 25.6 kcal 

mol-1 for the MGGA functionals). 

Figure 1.1 shows the calculated MAD (with the cc-pVQZ basis) for the test set of 3d 

metal complexes plotted against the percentage of HF exchange included in each DFT 

functional. There is an obvious dichotomy in the accuracy of the calculated enthalpies of 

formation between the functionals with a lower percentage HF exchange (defined ad hoc as 5 - 

31%) and those with a higher percentage (>40%). The hybrid functionals in the former category 

all have calculated MADs that are under 21 kcal mol-1, whereas those in the latter group all 

have MADs in excess of 28 kcal mol-1. Within the low range of HF exchange, there is no obvious 

correlation between the amount of HF exchange included and accuracy. It can be conjectured 

that lowering the amount of HF exchange below 10% leads to an increase in MAD, as indicated 

by both the larger MAD of MPWLYP1M (5%) and the behavior of the GGAs and MGGAs in 

general, but further investigation along these lines is warranted. Within the high range of 

included HF exchange, the functional with the most included HF exchange, M05-2X (56%), is 

only 0.2 kcal mol-1 less accurate than BB1K, the most accurate functional in this regime. It 

should be noted that M0521 was parameterized against 3d TM dimer atomization energies and 

metal-ligand bond energies (in addition to various main group molecular and reaction 
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properties); M05-2X22 is identical to M05, save for a doubling of the HF exchange, and thus its 

(relative, i.e., in the high HF exchange category) accuracy for calculating  ΔHf° is not unexpected. 

 

3.3.3 Carbonyl-containing Compounds 

Compounds containing the carbonyl ligand are ubiquitous in TM chemistry, and so it is 

of great concern that earlier ab initio studies of transition metal compounds have shown that 

 

Figure 3.1 Pictorial representation of the mean absolute deviation (MAD) from experiment 
in kcal mol-1 versus the percent Hartree-Fock (HF) exchange of the hybrid functional utilizing the 
cc-pVQZ basis set. (Table 3.2 lists each hybrid functional and its corresponding percent HF 
exchange.)  
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Table 3.4 Mean absolute deviations (MAD) from experiment for the five carbonyl containing species versus those without 
carbonyls for all 44 functionals, in kcal mol-1. 

  Carbonyl Containing  Non-carbonyl    Carbonyl Containing  Non-carbonyl 
    cc-pVTZ cc-pVQZ  cc-pVTZ cc-pVQZ      cc-pVTZ cc-pVQZ  cc-pVTZ cc-pVQZ 

GGA        HGGA       
 BLYP 35.2 36.8  8.2 8.2   B3LYP 36.2 33.4  4.9 4.7 
 BP86 89.0 91.1  12.6 12.7   B3P86 19.0 22.4  6.8 6.9 
 BPBE 62.3 64.3  10.2 10.3   B3PW91 20.8 15.8  4.0 4.0 
 BPW91 59.4 61.5  10.0 10.1   B97-1 5.9 3.2  3.1 2.9 
 G96LYP 17.3 19.6  9.0 9.0   B97-2 16.5 13.3  3.2 3.1 
 HCTH 15.5 12.4  7.8 6.4   B98 20.9 17.9  3.0 2.9 
 mPWLYP 55.8 56.8  8.4 8.4   BH&HLYP 187.7 184.1  20.6 20.1 
 mPWPBE 83.2 84.8  11.0 11.1   MPW1K 121.5 117.9  11.3 11.0 
 mPWPW91 80.2 81.9  10.7 10.9   mPW1PW91 39.8 37.2  7.5 7.6 
 OLYP 13.7 14.1  6.9 7.0   MPW3LYP 21.4 19.0  3.7 3.6 
 Avg. MAD 51.2 52.3  9.5 9.4   MPWLYP1M 23.1 22.6  18.5 18.3 
MGGA         O3LYP 30.1 27.6  4.9 4.8 
 BB95 102.7 104.7  12.2 12.3   PBE1PBE 24.4 21.4  4.7 4.6 
 mPWB95 123.4 124.9  13.8 13.9   X3LYP 39.3 36.7  5.5 5.3 
 mPWKCIS 112.9 114.5  11.4 11.4   Avg. MAD 43.3 40.9  7.3 7.1 
 PBEKCIS 103.4 104.8  12.7 12.7  HMGGA       
 TPSSKCIS 40.4 42.0  10.2 10.3   B1B95 25.7 22.2  4.0 3.8 
 VSXC 17.0 19.6  6.0 6.0   BB1K 86.5 82.5  8.7 8.3 
 Avg. MAD 83.3 85.1  11.1 11.1   M05 31.5 29.1  5.9 5.3 
GGE         M05-2X 86.6 80.2  9.5 9.4 
 BVWN5 25.6 23.2  9.5 9.4   mPW1B95 26.8 23.5  3.9 3.8 
 G96VWN5 44.0 41.0  10.7 10.5   MPW1KCIS 25.1 26.6  6.1 6.0 
 mPWVWN5 11.4 11.8  8.5 8.5   MPWKCIS1K 97.7 94.4  10.4 10.1 
 OVWN5 58.3 53.8  8.0 7.8   PBE1KCIS 8.1 9.0  4.2 4.3 
 PBEVWN5 14.3 16.1  8.0 8.0   TPSS1KCIS 12.3 10.3  5.3 5.3 
  Avg. MAD 30.7 29.2  8.9 8.8    Avg. MAD 44.5 42.0  6.4 6.3 
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the deviation from experiment for calculated enthalpies of formation for M(CO)n systems can 

be on the order of tens of kcal mol-1, with a particularly large sensitivity to basis set size.33 For 

that reason, we scrutinized the performance of the functionals used in this study when applied 

to carbonyl-containing compounds. Table 3.4 details the comparison between the calculated 

accuracy for the carbonyl-containing species [i.e.,  Cr(CO)6, Fe(CO)5, CoH(CO)4, Ni(CO)4, 

MnCl(CO)5] and those complexes without CO ligands. For all functionals, the carbonyl-

containing compounds have a much higher MAD than the non-carbonyl species. The most 

pronounced example of this is for the MGGA group, where four of the six studied functionals 

show calculated MADs over 100 kcal mol-1 for the five carbonyl-containing molecules. The 

HGGA B97-1 results in the overall lowest MAD for the carbonyl compounds, 3.2 kcal mol-1 (with 

the cc-pVQZ basis). Table 3.4 also demonstrates that the improvement seen (vide supra) with 

the cc-pVQZ basis set can be directly attributed to the increased accuracy of calculated 

enthalpies of formation of the carbonyl species. For example, the change upon progressing from 

cc-pVTZ to cc-pVQZ with the B3PW91 functional results in a reduction in MAD for the carbonyl 

species from 20.8 to 15.8 kcal mol-1, whereas the non-CO species show no improvement upon 

increasing the basis set size. 

From the poor performance in evaluating ΔHf° for carbonyl-containing TM species, it 

seems DFT may have difficulties describing the metal-carbonyl bond environment. Conversely, 

a Furche and Perdew study13 suggested that density functionals can perform adequately in the 

determination of carbonyl BDEs for Cr(CO)6, Fe(CO)5 and Ni(CO)4. A possible explanation for 

why DFT performs better for these BDEs than for enthalpies of formations is that, in the 

determination of BDEs, the error generated is often similar in magnitude for both the parent 
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molecule and its constituent fragments [e.g., Ni(CO)4  Ni(CO)3 + CO].  However, the enthalpies 

of formation determined in this study utilize the atomization energy approach,72 where 

reactant and product chemical states are starkly different (e.g., Ni(CO)4  Ni + 4C + 4O), and 

therefore fortuitous cancellation of errors should not be expected. 

 

3.3.4 Performance Evaluation of All Functionals 

The spread of MADs for the five groups of functionals is represented in Figure 3.2.  At 

first glance, it appears that most of the functional categories, except GGE, cover a large range of 

accuracy (≈30 kcal mol-1). However, the two obvious outliers for HGGA are BH&HLYP and 

MPW1K, two functionals (Figure 3.1) with a high amount of HF exchange. Similarly, the three 

 
Figure 3.2 Mean absolute deviation spread of GGA, MGGA, GGE, HGGA, and HMGGA 
functionals in kcal mol-1. 
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higher-lying points in Figure 3.2 for the HMGGAs (which appear as two points due to overlap) 

are the high HF exchange functionals MPWKCIS1K, BB1K, and M05-2X. If these poorly 

performing functionals are removed from consideration, then the HGGA and HMGGA 

functionals are both quite closely spaced (standard deviations in MAD of 4.7 and 2.5 kcal mol-1, 

respectively), comparable to GGE (with a standard deviation of 4.8 kcal mol-1). This behavior 

stands in contrast to the GGA and MGGA functionals, which show much larger spreads with 

respective standard deviations of 9.3 and 13.4 kcal mol-1. 

Overall, the density functionals that had the lowest MAD (in kcal mol-1) are B97-1 (6.9), 

PBE1KCIS (8.1), TPSS1KCIS (9.6), B97-2 (9.7), and B98 (10.7) at the cc-pVTZ basis set level and 

B97-1 (3.1), PBE1KCIS (5.7), B97-2 (6.0), TPSS1KCIS (6.9), and B98 (7.0) at the cc-pVQZ basis set 

level. These functionals all include of HF exchange, ranging from 13% for TPSS1KCIS to 22% for 

PBE1KCIS. The best performance by a pure functional was found for HCTH, which, when paired 

with the cc-pVQZ basis set, yielded a MAD of 8.3 kcal mol-1 (This functional, also referred to as 

HCTH/407,36 was fitted against, among other properties, TM complex dissociation energies). To 

further illustrate the importance of the inclusion of HF exchange, PBE1KCIS had the second-

lowest MAD, but its pure counterpart PBEKCIS had the fifth-highest MAD. The same five 

functionals are the most accurate for this dataset for both the cc-pVTZ and cc-pVQZ bases. The 

five least accurate DFT methods (in kcal mol-1, with the cc-pVQZ basis) are PBEKCIS (37.6), 

mPWKCIS (39.1), MPW1K (39.7), mPWB95 (43.8), and BH&HLYP (64.3). Three of these 

functionals are MGGAs, whereas the other two possess >42% HF exchange. 

As the B97-1 functional resulted in the lowest MADs by far for calculated enthalpies of 

formation with both basis sets, it is worth noting its development. The B97-1 functional30 was 



35 

made from the B97 functional,88 which was designed by Becke and was parameterized for the 

G2/97 test set.89 The G2/97 test set includes atomization energies, ionization potentials, and 

electron and proton affinities of more than one hundred first- and second- row atomic and 

molecular species. The B97-1 functional, developed by Hamprecht et al., resulted from a self-

consistent reoptimization of the original B97 parameters; it was found that 21% HF exchange 

was optimal. Though the functional was not parameterized for transition metal species, it has 

been used to predict metal-ligand bond energies of Cr(CO)6, Fe(CO)5, Ni(CO)4, CrO2F2, CrO2Cl2 

and Fe(C5H5)2, and it was found to be more accurate than B97 and B3LYP.30 A similar functional, 

B97-2,35 also performed well for these species. In earlier studies, the B97-2 functional was 

found to outperform B97-1 when used for the prediction of first and second row main group 

atomization energies, bond lengths, bond angles, static isotropic polarizabilities, and isotropic 

NMR shielding constants. B97-2 was less accurate than B97-1 for total energies and ionization 

potentials, and it is less accurate than its predecessor B97-1 in the current study as well, 

although both are among the most accurate functionals. 

Previous work19 by Riley and coworkers determined that TPSS1KCIS was the best 

functional for their 3d test set and the triple- ζ basis set TZVP,90 with a MAD of 9.1 kcal mol-1.  

For our test set with the comparable cc-pVTZ basis set, we find a similar MAD for TPSS1KCIS of 

9.6 kcal mol-1, which is outperformed by both B97-1 and PBE1KCIS (MADs of 6.9 and 8.1 kcal 

mol-1, respectively). Additionally, each of these functionals shows improved accuracy when the 

basis set is increased in size to cc-PVQZ. 

As a final test of the accuracy achievable with DFT for TM complexes, the most accurate 

functional in this study – B97-1 paired with a cc-pVQZ basis set – was compared against two 
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recent highly accurate ab initio studies. The G4(MP2) method91 and the ccCA-tm approach33 are 

both composite model chemistries that utilize coupled cluster calculations and basis set 

extrapolation schemes to approximate the results of a prohibitively expensive high level/large 

basis set calculation; G4(MP2) also includes an empirical correction. These two methods have 

been applied to different TM test sets that contain eight (G4(MP2)) and six species (ccCA-tm) in 

common with the current work. The G4(MP2) calculations yield a MAD of 2.3 kcal mol-1 for 

CuCl, CuH, FeCl3, MnS, NiCl2, VO, ZnMe2, and ZnH; B97-1/cc-pVQZ gives a MAD of 3.0 kcal mol-1 

for this subset. The ccCA-tm results for VO, VO2, FeCl3, NiCl2, CuF, and ZnMe2 show a MAD of 

2.8 kcal mol-1, while B97-1 gives a MAD of 3.8 kcal mol-1. Thus, for both subsets, B97-1 paired 

with a quadruple-ξ basis set yields results within one kcal mol-1 of more accurate 

methodologies. Work is underway to evaluate the performance of this functional for a far larger 

set of TM compounds. 

 

3.3.5 Conclusions 

The performance of 44 density functionals has been examined with respect to their 

accuracy in predicting enthalpies of formation at 298.15 K for a set of nineteen 3d TM-

containing molecules. For this set of complexes, which spans the entire 3d series, the effect of  

improving the basis set quality from cc-pVTZ to cc-pVQZ was examined; for GGE, HGGA, and 

HMGGA functionals, this increase in basis set quality leads to a noticeable reduction in the 

deviation from experiment, in some cases leading to results improved by over 3 kcal mol-1. This 

finding illustrates that the calculation of TM energetic properties with DFT are more sensitive to 

basis set size than main group species. This behavior can almost entirely be attributed to the 
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accuracy of calculated enthalpies of formation of carbonyl systems. Not only are these species 

much more sensitive to the basis set size, but they are also poorly described (MAD>10 kcal mol-

1), even at the quadruple-ζ level, by every functional except B97-1 and PBE1KCIS. 

The inclusion of Hartree-Fock exchange within the functional is also shown to be 

important for the accurate prediction of ΔHf° of transition metal-ligand bonded systems. For 

example, the MAD for the calculated ΔHf° for the pure functional BPW91 utilizing the cc-pVQZ 

basis set is 24.1 kcal mol-1, whereas its hybrid counterpart B3PW91 shows a MAD of 7.3 kcal 

mol-1. However, the inclusion of too much exchange, defined in this study as >40%, leads to a 

precipitous decline in accuracy. For the entire set, the functionals with the lowest MAD for the 

enthalpy of formation are B97-1, PBE1KCIS, and B97-2 which have MADs of 3.1, 5.7, and 6.0 

kcal mol-1, respectively at the cc-pVQZ basis set level. The most accurate functional, B97-1, can 

produce calculated enthalpies of formation for 3d TM species within 1 kcal mol-1 of high level 

ab initio methods. Work is currently in progress to evaluate the behavior of this functional with 

a larger set of TM species. 
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CHAPTER 4 

RATIONAL DESIGN OF MACROMETALLOCYCLIC TRINUCLEAR COMPLEXES  

WITH SUPERIOR π-ACDITY AND π-BASICITY* 

4.1 Introduction 

A cation-π-interaction is a strong, multicenter, presumably primarily noncovalent 

bonding force between a cation and the π-molecular orbitals of an aromatic structure (Chart 

4.1). This type of interaction has been observed and studied extensively over the past 20 years 

with organic π-systems.1-7 Cation-π-interactions play an important role in many areas of 

chemistry, such as materials design, acid-base chemistry, molecular biology, gas-phase 

chemistry, and metalloaromaticity.1-7 For example, Ngola et al. studied the effect of fluorination 

of cyclophane upon altering the molecular recognition properties of aromatic systems.5 It was 

                                                      
*
 This entire chapter is adapted from S. M. Tekarli, T. R. Cundari, M. A. Omary, “Rational Design of 

Macrometallocyclic Trinuclear Complexes with Superior π-Acidity and Basicity.” J. Am. Chem. Soc. 2008, 130, 1669, 
with permission from the American Chemical Society. 

 

 
Chart 4.1 A model of basic cation-π interaction showing a generic cation placed over 
benzene along the 6-fold axis. 
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found that fluorination of the benzene rings in cyclophane leads to a decrease in cation binding 

affinity, which suggested that fluorination alters the electrostatic binding properties of the 

cyclophane aromatic rings.5 Gallivan and Dougherty reported that cation-π-interactions occur 

between the cationic side chains of lysine, arginine, and tyrosine and the aromatic side chains 

of phenylalanine, tyrosine, and tryptophan in proteins. These researchers concluded that 

tryptophan has the strongest cation-π-interaction as compared to the other aromatic amino 

acids.1 Other experimental studies of cation-π-interactions have been made in both the gas 

phase and in aqueous media.8  

Dougherty and co-workers have reported a computational study of metal cation-π-

interactions.4 Computational chemistry studies of the binding energies of sodium cation (Na+) 

to the π-face of several aromatic compounds, such as benzene, fluorobenzene, p-

difluorobenzene, aniline, pyridine, indicate that inductive effects play a more important role 

than resonance effects in the binding of Na+ to the π face of the aromatic ring.3 This result is 

particularly interesting, as one expects inductive effects such as electronegativity to be 

primarily transmitted through the σ-framework of the aromatic moiety. The study by 

Dougherty et al. for aromatic molecules inspired us to conduct an investigation of cation-π-

interactions for the Macrometallocyclic trinuclear complexes of the coinage metals.  

Cyclic trinuclear complexes of d10 monovalent coinage metal ions - cyclo-M3(μ-L)3 - 

possess planar, nine-membered M3NxC6-x rings. These complexes represent a significant class of 

coordination compounds with a remarkable range of properties that are relevant for a plethora 

of fundamental and applied areas of chemistry that include π vs. Brønsted vs. Lewis acid-base 

chemistry, metalloaromaticity, metallophilic and excimeric bonding, supramolecular host/guest
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chemistry, and metal-organic optoelectronics. For example, several groups including our own 

have reported remarkably rich photoluminescence, supramolecular, acid-base, and donor-

acceptor properties for a variety of cyclotrimeric d10 complexes such as those illustrated in 

Chart 4.2.9-28 Boldyrev and Wang29 have recently reviewed metalloaromaticity, focusing on 

main group species but also providing some discourse on coinage metals. Other interesting 

studies in the field of metalloaromaticity include the combined theoretical-experimental 

investigation of Cu3C4 - by Alexandrova et al.30 and the work by Tsipis et al., which suggests that 

cyclo-Mn(μ-H)n models (M = Au, Ag, Cu; n = 3-6) are aromatic!31  

A systematic study of π-acidity and π-basicity is important in determining the electronic 

and molecular structures of π-coordination of M3NxC6-x macrocyclic rings with one another, 

with cations and anions, with organic aromatic substrates such as benzene and larger polycyclic 

rings (e.g., naphthalene, pyrene, and pentacene), with apo- and metal-containing porphyrins 

and phthalocyanines, and with several other possible classes of planar organic and metal-

organic molecules known for their electron-rich or electron-poor properties. Some of these 

reactivities have been already realized. For example, the Balch group showed that Au(I)-

carbeniate complexes (such as the first structure in Chart 4.2) form deeply colored charge-

transfer adducts with the organic acceptors polynitro-9-fluorenones.19 Fackler et al. reported 
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Chart 4.2 Structures of representative [M(µ-L)]3 cyclotrimers. 
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supramolecular assemblies involving electron rich cyclic trinuclear gold(I) complexes with 

various electron poor entities that included heavy-metal cations (Tl+ and Ag+), a trinuclear Hg(II) 

complex (Chart 4.2), and organic Lewis acids (C6F6 and C10F8) and electron acceptors 

(TCNQ).11,21,22 These authors also reported structural evidence (based on 2-D NMR) of acid-base 

π-stacking in solution for binary trinuclear complexes of Hg(II) and Au(I).32 Gabbäı and co-

workers showed that a trinuclear Hg(II) complex (Chart 4.2) forms 1:1 π-acid base stacks with a 

variety of arenes and sensitizes their phosphorescence at room temperature.12,13,16,17,20  

Significant optoelectronic applications are anticipated for this class of trimers in view of 

the fascinating luminescence properties reported and their sensitivities to multiple factors such 

as temperature, solvent, molecular structure, and concentration. In collaboration with the Dias 

group, we have reported studies of the effect of changing the metal (Cu, Ag, and Au) on the 

supramolecular structure and acid-base stacking of trinuclear pyrazolates. It was found based 

on DFT calculations that the relative basicity of these trinuclear compounds was Ag < Cu < Au.27 

In support of this computational prediction, which was made on the basis of molecular 

electrostatic potentials (MEP, vide infra), the synthesis of a π-stack of toluene and {[3,5-

(CF3)2Pz]Au}3 was attempted and successfully realized.27 Subsequent studies by the Dias group 

have led to isolation of several π-acid-base adducts of {[3,5-(CF3)2Pz]Ag}3 with unsubstituted 

and substituted benzene.14,15  

This paper reports a comprehensive computational study of the π-acid-base properties 

of cyclic trinuclear complexes of monovalent coinage metals with all the bridging ligands that 

have been experimentally investigated thus far (shown in Chart 4.3). The calculations assess the 

interplay of the effect of the ligand, coinage metal, and substituents in cyclo-M3(μ-L)3 vis-à-vis 
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the rational design of π-acids and bases with tunable properties for various optoelectronic 

applications. A comparison is also presented with organic analogues, both in terms of 

fundamental aspects vs. the cation-π-systems studied by Dougherty et al.1-8 and applied aspects 

vs. molecules commonly used in organic electronics. 

 

4.2 Computational Methodology 

Geometry optimizations of the bridging ligands and of the trimer complexes [M(μ-L)]3 

[where M = Cu, Ag, or Au; L = carbeniate (Cb), imidazolate (Im), pyrazolate (Pz), pyridiniate (Py), 

and triazolate (Tz)] were performed using the Gaussian 03 suite of programs.33 All calculation 

were done using the B3LYP34-36 hybrid functional in conjunction with the CEP-31G(d) basis 

set,37-39 where the (d) signifies addition of a d-polarization function to main group elements. 

The CEP-31G pseudopotentials include scalar relativistic effects as they are derived from Dirac-

Hartree-Fock all-electron wave functions; in our modeling of coinage metal chemistry, we have 

seen no diminution in accuracy as one traverses from copper to gold. Molecular electrostatic 

potential (MEP) surfaces were plotted using the GaussView03 program;40 values for the 

isosurfaces are denoted in the figure captions. The HOMO and LUMO energies were 

determined by the time dependent DFT (TD-DFT) method. 

N

CN
OR

N N

R R

N N

N
R R

N

N
R R R

Pyridiniate Imidazolate Pyrazolate TriazolateCarbeniate  
Chart 4.3 Structure of bridging ligands (L in cyclo-M3(μ-L)3) that are studied in this paper. 
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The proton affinities of the neutral bridging ligands (LH) were calculated from 

B3LYP/CEP-31G(d)-determined enthalpies (1 atm, 298.15 K, unscaled vibrational frequencies) in 

order to determine their intrinsic Lewis (i.e., σ) acid-base properties, viz.  

 proton affinity (L-) = HLH – (HL- + HH+)  

Using the GAMESS program,41,42 positive charge attraction (PCA) calculations were made 

by placing a positive charge along the 3-fold axis normal to the M3 plane and passing through 

the center of the compound. The positive charge was moved through different distances (r) 

ranging from 10 Å above to 10 Å below (in 0.1 Å increments) the plane of the ring, as depicted 

in Chart 4.4. 

 

4.3 Results and Discussion 

4.3.1 Molecular Electrostatic Potentials of Cyclo-M3(μ-L)3 Trimers 

Three chemical effects are studied to assess the π-acidity/π-basicity of the cyclic 

trinuclear cyclo-M3(μ-L)3 compounds on the basis of MEP: bridging ligand (L), metal (M), and 

substituents (R in Chart 4.3) on the ligand. For the sake of comparison with the present metal-
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Chart 4.4 Approach used in PCA computations for cyclo-M3(μ-L)3. For clarity purposes, 
only the metals and the coordinating atoms of the bridging ligands form the 9-membered 
metallocyclic ring are shown here but the computations involved the full ligands. See Charts 
4.2 and 4.3. 
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organic π-acids/bases, prototypical organic aromatic molecules are also evaluated using the 

same computational approaches. 

 

a. Bridging Ligands (L) and MEP 

An assessment of the impact of the bridging ligand (L) on the π-acid-base properties of 

cyclo-M3(μ-L)3 is made. Unsubstituted ligands are used for this purpose (R = H in Chart 4.3). We 

first describe our attempts to establish a relationship between the proton affinity (PA) – and 

thus the intrinsic Brønsted basicities of each anionic bridging ligand (L-) and the resulting 

acid/base properties of cyclo-M3(μ-L)3 in a π-cation situation. We find from B3LYP/CEP-31G(d) 

calculations that the relative Lewis basicity is as follows: triazolate (PA = 340.3 kcal mol-1) > 

pyrazolate (PA = 359.2 kcal mol-1) > carbeniate (PA = 391.2 kcal mol-1) > imidazolate (PA = 396.2 

kcal mol-1) > pyridiniate (PA = 406.6 kcal mol-1). These values are in good accord with the 

available experimental gas-phase PAs: triazolate (PA = 344.2 ± 2.1), pyrazolate (PA = 353.7 ± 

2.1), imidazolate (H+ removed from ligating N atom, PA = 350.1 ± 2.1), and pyridiniate (PA = 

391.0 ± 2.5).43-45 The calculated proton affinities indicate that the energy of removing a proton 

from a carbon (i.e., for pyridiniate, imidazolate, and carbeniate) is considerably higher (>30 kcal 

mol-1) than removing a proton from a nitrogen (i.e., for pyrazolate and triazolate), which is 

inherently reasonable on the basis of electronegativity arguments. 

It is now imperative to assess whether differences in the acidity of LH (and thus the 

basicity of its conjugate base, L-) are manifested in coinage metal cyclo-M3(μ-L)3 complexes. 

Such a link, if established, is potentially very valuable, as it would provide a design criterion for 

rationally tuning the π-acid/base properties of metal-organic cyclotrimers. The calculated MEP 
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surfaces of cyclo-M3(μ-L)3 are shown in Figure 4.1 and indicate the relative π-basicity of the 

trinuclear compounds as a function of the bridging ligands. To minimize chemical variables, the 

metal was chosen to be gold for the set of initial calculations. Note that the red region 

represents the most basic region of the trimer, whereas the blue region represents the least 

basic region of the molecule. From the distribution of the MEP surfaces, it is clear that these 

cyclo-M3(μ-L)3 are multi-centered, π-acids/bases, presumably with synergistic interactions 

among the coinage metals (mediated by L), as opposed to simple assemblages of three Lewis (ς) 

acids/bases.  

Figure 4.1 shows that the calculated relative π-basicity is [Au(μ-Im)]3 > [Au(μ-Py)]3 > 

[Au(μ-Cb)]3 > [Au(μ-Pz)]3 > [Au(μ-Tz)]3. Indeed, it is apparent from Figure 4.1 that acid-base 

properties can substantially change with ligand modification, giving [Au(μ-Im)]3 the MEP profile 

of a base while [Au(μ-Tz)]3 is clearly acidic in its comportment. The same trend in π-

acidity/basicity of cyclo-M3(μ-L)3 is followed when using Cu and Ag as the coinage metal (not 

shown). Both the results of the calculated proton affinities and the molecular electrostatic 

[Au(µ-Im)]3 [Au(µ-Py)]3 [Au(µ-Cb)]3 [Au(µ-Pz)]3 [Au(µ-Tz)]3

 
Figure 4.1 MEP surfaces showing the relative π-basicity of cyclo-M3(μ-L)3 cyclotrimers as a 
function of the bridging ligand; isosurface value = 0.02. 
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potential surfaces are comparable at least for the weakest and strongest base, and thus, the 

former give valuable insight as to how the intrinsic acid-base properties of the ligand are 

transmitted through the cyclo-M3(μ-L)3 framework to produce a multi-centered π-acid/base. 

For example, the PA for imidazolate = 340.3 kcal mol-1, whereas the PA for triazolate is much 

higher, 396.2 kcal mol-1; this result for the isolated anionic ligand is consistent with [Au(μ-Im)]3 

being a π-base while [Au(μ-Tz)]3 is a π-acid. The results from calculated proton affinities of L 

are, therefore, a simple assessment tool for the π-acidity/π-basicity of the trimer and support 

the contention that the ligand L has a more than nominal role in the overall chemistry of these 

coinage metal cyclotrimers.  

 

b. Metals (M) and MEP 

Figure 4.2 shows the effect of varying the metal on the π-acidity and π-basicity of 

unsubstituted carbeniate and triazolate cyclotrimers. The metal effect on π-basicity is Au (most 

basic) > Cu > Ag (least basic). This trend is the same as that reported earlier9,10,25-28 for the 

pyrazolate trimers. The MEP surfaces in Figure 4.2 have smaller isosurface values than those 

used in Figure 4.1; the choice of a smaller isosurface value is a reflection of the great impact of 

the ligands in modifying the π-acid/base properties of cyclo-M3(μ-L)3 complexes. While other 

bridging ligands may be more or less “tunable” in their π-acid/base properties by modification 

of the coinage metal, the order of π-basicity of cyclo-M3(μ-L)3 is always Au > Cu > Ag for all L 

ligands investigated (Chart 4.3).  
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c. Substituents and MEP. 

It is apparent from the experimental literature that the electronic factor likely plays a 

greater role than the steric factor of the substituents on the bridging ligand L in determining the 

structural, chemical, and photophysical properties of cyclo-M3(μ-L)3 complexes. For example, 

Dias et al. have found that replacing alkyl substituents such as Me and i-Pr with one or two CF3 

substituents in the 3- and 5-positions alters the stacking of Cu(I) pyrazolate trimers from dimer-

of-trimer structures with short intertrimer distances to chain-of-trimer structures with long 

intertrimer distances.25 

[Au(µ-Pz)]3 [Cu(µ-Pz)]3 [Ag(µ-Pz)]3

 
Figure 4.2 MEP surfaces showing the relative π-basicity of cyclo-M3(μ-L)3 cyclotrimers as a 
function of the metal with L = pyrazolate. MEP surfaces are mapped on electron densities of 

the molecule (MEP color scale is such that basicity increases in the direction: blue  green  

yellow  orange  red). The isosurface value = 0.0004. 
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In this section, we seek to investigate the electronic consequences of substituent 

modification on the π-acid-base properties through the use of the MEP. The inductive effect (as 

seen above) is an obvious factor with respect to the role of the substituent in modifying the 

acid/base properties of cyclo-M3(μ-L)3. An electron-withdrawing group on the bridging ligands 

is expected to cause the trimer to become more π-acidic. The more electron-withdrawing the 

group, the more acidic the trimer is expected to become. However, the substituent is typically 

separated from the metal by several bonds and thus it is reasonable to ask, to what extent are 

the inductive effects of the substituents manifest in the π-acid/base properties of the resultant 

trimeric complex? Figure 4.3 shows a comparison of the MEP among an electron-withdrawing 

(i.e., trifluoromethyl), an electron-donating (i.e., methyl), and an electron-neutral (i.e., H) 

bridging ligand substituent. It is seen that π-acidity increases noticeably with the increasing 

 [Ag(µ-Tz)]3 [Ag(µ-Tz-CF3)]3 [Ag(µ-Tz-CH3)]3 

 
Figure 4.3 Relative π-basicity of silver triazolate as a function of the ligand substituents; 
isosurface value = 0.0004. 
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strength of the electron-withdrawing group. Thus, Figure 4.3 makes it apparent that inductive 

effects can be transmitted through the molecular skeleton to be manifested in the π-acidity/π-

basicity, and thus, ligand substituents are Very useful to fine-tune the π-acidity/π-basicity of the 

trimer. 

 

4.3.2 Positive Charge Attraction along the Three-Fold Axis of Cyclo-M3(μ-L)3 

From the MEP results in the previous section, it is evident that the π-acidity/π-basicity is 

“centered” not at a coinage metal atom but rather at the centroid of the M3NxC6-x ring (Figures 

4.1-4.3). Therefore, calculations were made to quantify the attraction of a positive point charge 

placed along the 3-fold axis (Chart 4.4) at various distances from the centroid of the M3NxC6-x 

ring. As before, the same three chemical effects, bridging ligand, metal, and the bridging ligand 

substituents are studied using positive charge attraction energy. The positive charge attraction 

calculations should provide a quantitative way to assess the extent of cation-π-interactions and 

π-acid/base properties of cyclo-M3(μ-L)3, as studied in the following section in comparison to 

selected organic prototypes. 

 

a. Metal, Bridging Ligands, Substituents, and PCA 

As shown in Chart 4.4, the x-axis represents the distance in Å from the M3NxC6-x ring 

centroid. Hence, in a PCA plot, the y-axis represents the attraction energy in kcal mol-1, thus 

defining a π-base (y < 0) or a π-acid (y > 0), Figure 4.4. Similarly, the same PCA approach is 

assessed for the attraction of a positive charge with the centroids of the rings in organic 

aromatic molecules, and the results are correlated with those previously reported by Dougherty
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et al.4,7 For the organic molecules, the π-basicity order indicated by the PCA plot in Figure 4.4 is 

benzene > pyrazole > imidazole > pyridine > triazole.  

Moving to the coinage metal cyclotrimers, the MEP and PCA (cf. Figures 4.1 and 4.5) 

analyses of the bridging ligands show a consistent trend: as the positive charge attraction 

energy increases, the π-basicity increases. Further analyses of PCA curves like those in Figure 

4.5 show that the minima in attractive  PCA curves for π-bases correspond to a distance 

between the positive charge and the center of the cyclotrimers of ca. 1.5 - 2.0 Å. Interestingly, 
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Figure 4.4 Positive charge attraction (PCA) energy curve showing the relative π-basicity of 
the organic compounds benzene, pyridine, imidazole, triazole, and pyrazole. 
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unlike the organic counterparts, the PCA is attractive at the centroids of some metal-organic 

trimers, such as [Au(μ-Im)]3 and [Au(μ-Py)]3 (-14.0 and -10.0 kcal mol-1, respectively), which 

implies that a relatively small cation (e.g., Li+ or Na+) may bind in the M3NxC6-x ring plane of the 

trimer.  

As for the other two modifiable chemical components of these coinage metal trimers 

the metal and the ligand substituents analysis of the quantitative results from the PCA curves 

leads to conclusions that mimic the qualitative results derived from the MEP calculations. 
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Figure 4.5 Positive charge attraction energy curve showing the relative π-basicity of M3(μ-
L)3 metal-organic trimers as a function of the bridging ligand (L). See Chart 4.3 for ligand 
designations. 
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Therefore, there is a direct correlation between the MEP and PCA results. This is not surprising, 

due to the electrostatic nature of the cation-π-interaction, which makes its evaluation via the 

PCA approach a function of the extent of π-basicity inferred from the MEP analysis. 

 

b. Organic versus Metal-Organic PCA Curves 

Positive charge attraction curves were generated for an assortment of arene 

compounds, including ones studied earlier in Dougherty’s work (e.g., benzene, cyanobenzene, 

aniline),4 neutral aromatic molecules whose anions form neutral cyclotrimers with monovalent 

 
Figure 4.6 Positive charge attraction energy illustrates examples of relative π-basicity of the 
organic compounds vs. the metal-organic trimer complexes. 
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coinage metal ions [e.g., imidazole, pyrazole, triazole, 3,5-bis(trifluoromethyl)triazole, and 3,5-

(dimethyl)triazole], as well as other arenes that are known to have applications in molecular 

electronic devices (e.g., pentacene and perfluoropentacene). The PCA curves are compared for 

these arenes with those for coinage metal cyclotrimers (Figure 4.6). What is striking from these 

results is that, at typical π-cation bonding distances (~2 - 3 Å), the metal-organic trimers easily 

span both ends of the acidity and basicity scale of the organic congeners (Figure 4.6). The 

complex [Ag(μ-Tz-2CF3)]3 is much more π-acidic compared with the organic analogue 3,5-

bis(trifluoromethyl)triazole. Likewise, [Au(μ-Py)]3 is substantially more π-basic than pyridine 

(Figure 4.6). These results thus further support the emerging theme from this research 

regarding the synergism among the M and L fragments to influence the resulting π-acidity/π-

basicity of these remarkable coinage metal trimers. 

 

4.4 Potential for Applications in Molecular Electronics 

Another pair of arene compounds, pentacene and perfluoropentacene, were evaluated 

in terms of their π-acidity/π-basicity using calculated PCA curves and were compared to the 

coinage metal trimers. Pentacene, a planar aromatic p-type semiconductor, was chosen for 

these purposes, as it has been widely studied in relation to organic field-effect transistors 

(OFETs), materials that have applications such as plastic electronics, electronic papers, and 

flexible displays.46 Sakamoto and co-workers have synthesized perfluoropentacene as an n-type 

semiconductor (a highly sought after material type) to complement the p-type, pentacene, in 

order to produce bipolar transistors.46 Impressive electronic (e.g., electron and hole mobilities 

and on/off ratios) and physical (e.g., stability and lattice match) properties were noted by these 
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researchers for pentacene/perfluoropentacene electronics. Because the conduction of these 

OFET materials occurs through π- and π*-molecular orbitals, their π-acidity and π-basicity are 

obviously relevant.  

In the light of the work by Sakamoto and co-workers,46 here we evaluate the π-

acidity/π-basicity of two among the most π-basic, [Au(μ-Im-2CH3)]3, and most π-acidic, [Ag(μ-

Tz-2CF3)]3, metal-organic cyclotrimers in comparison with the organic arenes pentacene and 

perfluoropentacene using the PCA procedure. The results are graphed in Figure 4.7. 

-20.00

0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

200.00

220.00

240.00

260.00

0.00 1.00 2.00 3.00 4.00 5.00

Benzene

N

Pyridine

N N

Pyrazole

N

NN
Triazole

N

N
Imidazole

r (Å)

E
n

e
rg

y
 (
K

c
a

l/
m

o
l)

Basic

Acidic

 
Figure 4.7 Positive charge attraction (PCA) energy curve showing the relative π-basicity of 
the organic compounds benzene, pyridine, imidazole, triazole, and pyrazole. 
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Interestingly, *Au(μ-Im-2CH3)]3 is found to be much more π-basic than pentacene, and *Ag(μ-Tz-

2CF3)]3 is much more π-acidic than perfluoropentacene. Hence, the metal-organic coinage metal 

cyclic trimers appear to be very promising candidates for n- and p-type semiconductors as 

metal-organic field-effect transistors (MOFETs). We caution, however, that (a) the calculations 

are carried out for monomeric models while the functional form is a solid-state thin film in 

which the hopping of charge carriers between packed molecules may not necessarily favor the 

metal-organic cyclotrimers and (b) the band gap is much smaller for the organic 

semiconductors while most coinage-metal cyclotrimers are generally wide-band gap materials. 

Nevertheless, the findings in this work, as illustrated in Figure 4.7, suggest that it is worthwhile 

to investigate the use of the most electron-rich and electron-poor cyclotrimers as MOFETs.  

Another application for the metal-organic cyclotrimers inferred from the computational 

work herein is exciton blocking in organic light-emitting diodes (OLEDs). This application is 

illustrated by Figures 4.8 and 4.9. Figure 4.8 shows the HOMO and LUMO energies predicted by 

TD-DFT calculations for various cyclic trimers. Zhang and Musgrave47 have recommended on 

the basis of their survey of HOMO and LUMO energies with a variety of density functionals that, 

rather than directly calculating the LUMO orbital energy, this quantity is more reliably derived 

from the HOMO energy plus the HOMO-LUMO gap as obtained from a TD-DFT calculation. This 

is the approach employed here to obtain LUMO orbital energies. The values are demonstrated 

to be reliable on the basis of comparison with values determined by experimental methods 

(UPS, electronic absorption, and cyclic voltammetry) for pentacene and perfluoropentacene,46 

as well as representative cyclotrimers.48 For the [Hg(μ-C6F4)]3 trimer, for example, the 
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computed HOMO and LUMO energies of 7.34 and 3.60 eV, respectively, are in very good 

agreement with the corresponding experimental values of 7.5 and 3.4 eV.48 The overall 

computational data in Figure 4.8 indicate that the HOMO and LUMO levels of a variety of metal-

organic cyclic trimers can be both fine- and coarse-tuned over a large energy range.  

The strongly π-acidic cyclo-M3(μ-L)3 are characterized by low-lying LUMO and HOMO 

orbitals, while the strong π-acids are characterized by high-lying LUMO and HOMO orbitals. The 

consequence of these findings on OLEDs research is illustrated in Figure 4.9. The very deep 
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Figure 4.8 Computational HOMO/LUMO data for various cyclic trimers considered for 
exciton confinement in OLEDs. The trimer models computed are identified by the 
“metal_ligand_substituent” combination (e.g., Ag_Tz_2CF3 ) {μ-[3,5-(CF3)2Tz]Ag}3). 
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HOMO energies (7.5 - 8.5 eV) of π-acidic trimers such as the [Ag(μ-Tz-2CF3)]3, [Ag- (μ-Pz-2CF3)]3, 

or [Hg(μ-C6F4)]3 fluorinated trimers should make them excellent hole blockers, better so than 

common organic hole blockers such as BCP (2,9-dimethyl-4,7-diphenylphenanthroline; HOMO = 

6.5 eV) or TPBI (1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene; HOMO = 6.1 eV). The 

aforementioned fluorinated trimers should outperform even commercially unavailable 

perfluorinated organic aromatic compounds such as the C60F42 starburst dendrimeric phenylene 

molecules “CFY” and “CF-X” (HOMO ) 6.56 and 6.65 eV, respectively), the use of which has 

 
Figure 4.9 A proposed OLED structure based on conventional host:dopant systems while 
achieving exciton blocking from both the anode and cathode sides by a π-basic Au trimer (in 
pink) and a π-acidic Ag trimer (in red), respectively. The common host CBP is 4,4’-N,N’-
dicarbazolebiphenyl. 
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enabled OLEDs exhibiting power efficiencies of over 70 lm/W and nearly 100% internal 

quantum efficiencies.49  

On the other hand, the proposed device structures in Figure 4.9 should also achieve 

exciton blocking from the anode side, due to the shallow LUMO (<1 eV) of the strongly π-basic 

trimers such as [Au(μ-Im-2CH3)]3. Furthermore, the HOMO and LUMO energy levels of the 

metal-organic trimer materials should allow them to serve a dual function such that, in addition 

to their exciton-blocking role, the π-basic trimers can act as hole transporters while the π-acidic 

trimers can act as electron transporters. This should allow the construction of simpler device 

structures with a smaller number of layers without sacrificing undue barriers for the transport 

of electrons and holes. For example, the cathode side in the conventional approach for efficient 

phosphorescent OLEDs contains both an electron transporter, such as Alq3 (tris-(8-

hydroxyquinoline)aluminum; LUMO = 3.2 eV; HOMO = 5.9 eV), and a hole blocker, such as BCP 

(LUMO = 3.0 eV; HOMO = 6.5 eV). The deeper LUMO of Alq3 reduces the barrier for electron 

transport from the cathode, while the deeper HOMO of BCP increases the barrier for holes to 

propagate past the emissive layer (thus making it a good hole blocker). Thus, layers of both 

materials are usually required in the conventional device design of phosphorescent OLEDs.50,51 

In contrast, the device architecture suggested in Figure 4.9 entails a single layer of a π-acidic 

trimer [Ag(μ-Pz-2CF3)]3 that can serve both functions even better than the two layers in the 

conventional approach because this trimer has a LUMO (3.56 eV) that is deeper than that of 

Alq3 for the electron-transport function and a HOMO (8.50 eV) that is much deeper than that of 

BCP for the hole-blocking function! We caution, however, that mobility of electrons and holes, 

which the computations herein do not predict, are also important in addition to HOMO and 
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LUMO energies.52 

 

4.5 Conclusions 

Three main effects upon the chemical properties of cyclo-M3(μ-L)3 are studied in this 

paper: changing the bridging ligand (L), changing the metal (M), and changing the ligand’s 

substituents. For a given coinage metal, changing the bridging ligand yields the following 

relative π-basicity: [M(μ-Im)]3 > [M(μ-Py)]3 > [M(μ-Cb)]3 > [M(μ-Pz)]3 > [M(μ-Tz)]3. The present 

study, in addition to previous studies,9,10,25-28 predicts that the order of π-basicity is Au > Cu > Ag 

when changing the metal. As for the substituents on the bridging ligand, the π-basicity can be 

substantially impacted by inductive effects. Therefore, [Au(μ-Im-2CH3)]3, with an electron-

donating group, will produce a strong π-basic trimer, and a strong π-acidic trimer must be 

[Ag(μ-Tz-2CF3)]3, with a strong electron-withdrawing group. Both the molecular electrostatic 

potential (MEP) and the positive charge attraction (PCA) calculations show that varying the 

bridging ligand (L) in the trimer complex most substantially affects the π-basicity character of 

the complex. The MEP calculations indicate that the π-acidity/π-basicity results from a ligand-

mediated synergism. Upon comparing cyclo-[M(μ-L)]3 with organic analogues, it is calculated 

that the former have a much wider range of π-acidity and π-basicity than the former at typical 

bonding distances. We close by noting that this research has demonstrated that the π-

acidity/π-basicity of cyclo-[M(μ-L)]3 can be both coarsely and finely tuned via judicious 

manipulation of the chemical environment. As a result, one may envision, and calculations 

presented here support, a wide range of promising optoelectronic applications, such n- and p-

type semiconductors for metal organic field-effect transistors (MOFETs) and exciton blockers 
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for organic light-emitting diodes (OLED) devices. Indeed, the present calculations are guiding 

ongoing experimental efforts in this direction. 
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CHAPTER 5 

PROBING METALLO-AROMATICITY IN METAL-ORGANIC CYCLOTRIMERS:  

A NOVEL EXPERIMENTAL AND COMPUTATIONAL INVESTIGATION* 

5.1 Introduction 

Aromatic compounds have been known since Faraday’s discovery of  benzene (“bi-

carburet of hydrogen”) in 1825.1 Forty years later, the concept of aromaticity was first 

introduced by Kekulé in 1865 with his work on the structure of benzene, in which he 

hypothesized a six-membered ring with alternating single and double bonds.3 Since that time, 

aromaticity has been a central concept in organic chemistry and the syntheses reported of 

many classes of aromatic organic compounds, as well as organometallic and inorganic variants 

such as borazene.5 The study of aromaticity has seen a resurgence as chemists seek to harness 

its potential in intermolecular interactions (π-stacking, cation-π interactions, host-guest 

chemistry, supramolecular chemistry, etc.) and control the structure, stability, and reactivity of 

condensed phase materials.6 

Schleyer describes aromatic compounds as those which “exhibit significantly exalted 

diamagnetic susceptibility” and have “chemical and physical properties which reflect energetic 

stabilization.”7 A recent review by Boldyrev et al. defines aromaticity as “a qualitative concept 

that allows chemists to assign a large number of molecules to a certain class, in which all 

                                                      
*
 Work reported in this chapter was performed in collaboration with Roy N. McDougald, Jr., Dr. Oussama 

Elbjeirami, Dr. Xiaoping Wang, Dr. Hongjun Pan and Prof. Mohammad A. Omary (UNT), and Dr. Robert Taylor 
(UCLA). Some experimental data contributed by these collaborators are included in this chapter in order to 
establish a good context for the computational data. 
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species have specific and similar molecular properties.”8 Despite such attempts, a universally 

accepted definition of organic aromaticity has yet to appear. This is due in part to the synthesis 

of aromatic compounds that seemingly violate the various rules developed to categorize 

aromaticity. Also, aromaticity is not a quantum mechanically observable quantity. For example, 

the classical definition of aromaticity that resulted in Hückel’s well-known rule states that 

“planar monocyclic completely conjugated hydrocarbons will be aromatic when the ring 

contains (4n + 2) π-electrons.”9-11  

Numerous experimental and computational efforts have been taken place to identify 

and classify aromatic compounds.2,4,12-28 While “diamagnetic susceptibility exaltation” can be 

used to identify aromatic compounds, this method depends on the size of the ring(s) under 

study and requires suitable calibration standards. Another method is the aromatic stabilization 

energy (ASE). The classic demonstration of ASE is the heat of hydrogenation of benzene 

(Reaction 1), and the heat of hydrogenation of cyclohexene (Reaction 2), according to the 

following equations:29 

C6H6 + 3H2  C6H12 ΔHrxn = -49.2 kcal mol-1    Reaction 1 

C6H10 + H2  C6H12 ΔHrxn = -28.3 kcal mol-1    Reaction 2 

Considering benzene to have three normal C=C double bonds, the heat of hydrogenation of 

benzene should be three times that of reaction 2 (-84.9 kcal mol-1). Therefore the difference 

between the heat of hydrogenation of benzene and -84.9 kcal mol-1 is -35.7 kcal mol-1 and this 

is attributed to the “special” stability of the benzene ring. Schleyer et al. have introduced 

perhaps the most popular computational measure of aromaticity – nucleus independent 

chemical shift (NICS).2 This method computes the absolute magnetic shielding at ring centers to 
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classify their aromaticity (negative NICS values) and anti-aromaticity (positive NICS values). 

Chart 1 shows several prominent examples of metal complexes that have been 

suggested to exhibit aromatic behavior. The idea of a metal-containing aromatic moiety was 

first investigated by Bursten and Fenske in 1979; they used the term “metalloaromaticity” for a 

metal atom coordinated to C4H4 to render six delocalized π electrons, reversing the otherwise 

antiaromatic behavior of cyclobutadiene.30 Robinson et al. introduced the first main group 

organometallic compound, Na2(Mes2C6H3)Ga]3 (Mes = 2,4,6-Me3C6H2), which contains an 

aromatic cycle composed entirely of metal atoms.31-34 Aromaticity in an all-metal cluster has 

been discovered by Wang and co-workers;35 Dixon and co-workers demonstrated that 

representatives of such main group metal clusters such as square Al4
2- exhibit an “unusual and 

remarkably different” stability due to three independent delocalized bonding: one π-bond and 

two σ-bonds resulting in “multiple fold aromaticity” compared to one delocalized bonding 

system of six π molecular orbitals in benzene.36 The same groups and other also recently 

demonstrated “d-orbital aromaticity” in 3d and 4d metal oxide clusters of type [M3O9]- and 

[M3O9]2- (M=W, Mo) both experimentally (via negative ion photoelectron spectroscopy)20,37 and 

theoretically21 showing fully delocalized metal–metal bonding. Elegant theoretical work by 

 
Chart 5.1 Representative metallo-aromatic species 



73 

Tsipis et al. suggests that cyclo-Mn(μ2-H)n models (M = Au, Ag, Cu; n = 3 - 6) are aromatic.4,23-28 

Recent work by Fernandez and Frenking investigated the ASEs of 21 metal-containing benzenes 

(M = Os, Ru, Ir, Rh, Pt, and Pd) at the BP86/TZ2P level of theory; calculated ASE range from -8.7 

to -37.6 kcal mol-1. They also concluded that there was “no apparent trend or pattern which 

indicates a correlation between aromatic stabilization and particular ligands, metals, 

coordination numbers, or charge.”38 Planar complexes containing transition metals were 

proven to exhibit aromaticity or, more interestingly d-orbital aromaticity due to d bonding 

interactions.20,21 Ongoing experimental and computational work by the Cundari and Omary 

groups39 shows that the metalloaromaticity concept can be extended to practical  coinage 

metal-organic systems, which - unlike the aforementioned d-block aromatic analogues - can be 

isolated as stable solid products under normal wet chemical synthesis conditions as opposed to 

being merely computational models and/or in-situ detected experimental products of laser 

ablation.  

The present research combines multiple experimental and computational methods to 

establish the metalloaromaticity of metal-organic cyclo-trimers, in particular utilizing 109Ag NMR 

and crystal structure of {(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4, nucleus independent chemical 

shifts (NICS), metallo-aromatic stabilization energy (MASE), binding energy (BE) for adducts of 

anions and cations to the metal-organic cyclotrimers, and charge transfer binary stacks of π-

acidic/π-basic metal-organic cyclotrimers. 

 

5.2 Computational Methodology 

Computations were performed using the Gaussian 03 suite of programs.40 Geometry 
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optimizations of all minima and transition states were performed using the B3LYP41,42 hybrid 

functional in conjunction with the CEP-31G(d)43,44 where (d) signifies addition of d-polarization 

functions to main group elements. Molecular electrostatic potential (MEP) surfaces were 

plotted using the GaussView03 program;45 values for the isosurfaces are denoted in the figure 

captions. 

Based on the optimized geometries, the gauge independent atomic orbital (GIAO)46 

based NMR calculations were performed using the BHandHLYP41,42 and the basis set of Cu, Ag, 

and Au were augmented by one f function (as per Pyykkö)47 and six Couty-Hall outer p functions 

(contracted).48 Main group basis sets were augmented with a d polarization function taken 

from the 6-31G* basis set.49-52 Vibrational frequencies are calculated at all DFT optimized 

stationary points to confirm them as minima or transition states. 

 

5.3 Results and Discussion 

5.3.1 NMR and Structural Studies 

Solid-state 109Ag Magic Angle Spinning (MAS) NMR spectra, Figure 1, are obtained for 

{(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4 and for AgClO4; the solid standard silver ethanesulfonate 

(Ag[CH3SO3]) gave a 109Ag MAS resonance at +35 ppm with respect to the AgNO3 solution 

reference, in agreement with the literature.53 For the 109Ag MAS NMR of solid AgClO4, no peaks 

are observed in the range of ±1000 ppm. However, there is an upfield peak at -138.582 ppm for 

Ag+ in {(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4, which provides evidence that Ag+ has been π-

complexed to the *Au(μ-C(OMe)=NC5H9]3 trimer in a manner akin to that known54 for organic 

aromatic carbanions (e.g., cyclopentadienyl, indenyl or fluorenyl) upon π complexation
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to Li+. Thus, the NMR data in Figure 1 suggest that the Ag+ ion is in a shielding region of a 

diamagnetic ring current of an aromatic moiety. This would be the case if the Ag+ is located 

normal to the plane of the neutral cyclotrimer metallocyclic ring, substantiating its 

metalloaromatic nature as proclaimed herein. The X-ray crystal structure in Figure 2 confirms 

the NMR-observed Ag+ cation-π adduct, which can be considered an inorganic equivalent of the 

well-known silver(I)-arene complexes.55-62 Thus, the 109Ag MAS NMR and X-ray data provide 

experimental evidence of metalloaromaticity in [Au(μ-C(OMe)=NC5H9]3. 

The molecular structure given in Figure 2 can be regarded as a metallocene analogue 

such that the macrocyclic cyclotrimer ring π-coordinates as a planar metalloaromatic ligand in a 


9-manner to the Ag+ metal ion similar to the 5-(C5H5)- π-coordination of the planar aromatic 

carbanion cyclopentadienyl ligand in metallocenes. The experimental and computational 

structures in Figure 2 can, therefore, be formulated as {(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4 

and {(9-*Au(μ-C(OMe)=NMe)]3)2Ag}+, respectively. The DFT model of the sandwich adduct is in 

 
Figure 5.1 The solid state 109Ag NMR of AgClO4 (bottom) and {(9-*Au(μ-
(OMe)=NC5H9)]3)2Ag}ClO4 (top) referenced to silver nitrate. 
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overall good agreement with experiment; see Figure 2 and Table 1. The average Au-N and Au-C 

experimental (computational) distances are 2.06 (2.09) and 1.97 (2.04) Å, respectively. The 

average N-Au-C experimental (computational) angle is 178.2˚ (177.6). The complex in Figure 2 

consists of two nine-membered metalloaromatic rings with an Ag+ ion sandwiched between 

them and forming a linear arrangement with the two ring centroids. The six Au(I) atoms are 

arranged in a distorted trigonal prism about the Ag+; Ag-Au experimental (computational) 

 
Figure 5.2 (a) Top: Ellipsoid drawing of the molecular structure of {(9-*Au(μ-

C(OMe)=NC5H9)]3)2Ag}ClO4. (b) Bottom: DFT-optimized structure for the {(9-*Au(μ-
C(OMe)=NMe)]3)2Ag}+ model. Experimental data in trace (a) were acquired by Drs. Oussama 
Elbjeirami and Xiaoping Wang. 
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distances range from 2.76 to 2.88 (2.95) Å. These distances are commensurate with previously 

reported Au-Ag bond lengths,63-66 and thus signify substantial heteroatomic metal-metal 

bonding that is greatly enhanced by the electrostatic attraction of the cation-π interaction 

between the Ag+ electrophile and the nucleophilic cyclotrimer ring. The DFT model accounts for 

the structural integrity of the metalloaromatic sandwich adduct despite known limitations by 

hybrid functionals such as B3LYP in describing metallophilic bonding.67-70 The calculated metal-

metal distances, however, are longer than the crystallographic values, likely because of the 

Bond Length (Å) 

 Exptl. Calc. 
Au(1)-C(1) 1.972(18) 2.040 
Au(1)-N(2)  2.063(15) 2.098 
Au(1)-Au(3) 3.3098(9) 3.436 
Au(2)-C(3) 2.01(2) 2.040 
Au(2)-N(1) 2.068(14) 2.098 
Au(3)-C(2) 1.926(19) 2.040 
Au(3)-N(3) 2.057(18) 2.098 
N(1)-C(1) 1.32(2) 1.321 
Ag(1)-Au(1)                  2.789(1) 2.952 
Ag(1)-Au(2) 2.807(1) 2.952 
Ag(1)-Au(3) 2.761(1) 2.952 
Ag(1)-Au(1B) 2.839(3) 2.952 
Ag(1)-Au(2B) 2.800(3) 2.952 
Ag(1)-Au(3B) 2.877(3) 2.952 

Bond Angles (o) 

 Exptl. Calc. 
C(1)-Au(1)-N(2) 176.4(7) 177.6 
C(3)-Au(2)-N(1) 178.8(8) 177.6 
Au(1)-N(2)-C(2) 112.3(4) 120.18 
Au(3)-C(2)-N(2) 127.6(6) 121.28 
Au(3)-Ag(1)-Au(3)A 103.1(1) 95.5 
Au(3)-Ag(1)-Au(1) 73.2(2) 71.2 
Au(3)-Ag(1)-Au(1)A 130.9(1) 140.7 

Table 5.1 Selected experimental and computed bond lengths (Å) and angles (deg) for {(9-

*Au(μ-C(OMe)=NC5H4)]3)2Ag}ClO4 And DFT-optimized structure for the {(9-[Au(μ-
C(OMe)=NMe)]3)2Ag}+ model. 
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aforementioned limitation since metallophilic interactions contribute to the stabilization.  

The structure in Figure 2 is a new example of a “naked” Ag+ ion forming an Au6Ag cluster 

in similar sandwich adducts reported by Burini, Fackler and co-workers without invoking the 

metalloaromaticity concept.63 Similar metal clusters are also known;71 AgAu4 clusters have a 

been reported, with Au-Ag bond distances from 2.72 to 2.78 Å, close to those observed for the 

structure in Figure 2. The two cyclo-Au3 moieties that sandwich the Ag+ in {(9-*Au(μ-

C(OMe)=NC5H9)]3)2Ag}ClO4 are staggered with respect to each other. Within each of the trimers 

the average Au-Au distance is 3.31 Å, only slightly longer than the average Au-Au distance of 

the isolated cyclic trimer, 3.29 Å. 

The intermolecular and intramolecular metal-metal interactions of the structure in 

Figure 2 consequently lead to an organized arrangement of molecules that form an infinite 

chain of gold and silver atoms, Figure 3, where the metallophilic d10-d10 Ag-Au and Au-Au 

bonding can be considered to arise from correlation and relativistic bonding effects,47,72,73 as 

well as cation-π interactions, the latter being analogous to those depicted by Dougherty for 

organic arenes.74 A theoretical study to rigorously decompose the strong heteroatomic metal-

 
Figure 5.3 A segment of the extended chain of the structure in Figure 2. The cyclopentyl 
groups are omitted for simplicity. Experimental data were acquired by Drs. Oussama Elbjeirami 
and Xiaoping Wang. 
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metal bonding in the sandwich adducts herein into their contributing interactions at different 

levels of theory is warranted and will be pursued. 

 

5.3.2 NMR Calculations 

Computed NMR chemical shifts for the {9-*Au(μ-C(OMe)=NMe)]3Ag}+ and {(9-*Au(μ-

C(OMe)=NMe)]3)2Ag}+ half and full sandwich adducts, respectively, are listed in Table 2 and 

corroborate the solid-state 109Ag NMR, which has an upfield shift relative to standard. In the 

computations, the Ag+ shift in {(9-*Au(μ-C(OMe)=NMe)]3)2Ag}+ is calculated at 246 ppm, which 

is an upfield shift of 67 ppm relative to the chemical shift calculated for Ag+. The calculated shift 

is 314 ppm for Ag+ (a simple model of the AgNO3 experimental reference). Although the NMR 

computation show the same upfield shift (i.e. -67ppm) as observed experimentally (-138ppm), 

the computed value is significantly low compared with experimental observation. This could be 

attributed to the distance underestimation of B3LYP of Ag+ to the π-face of the trimer. The 

Ag in Atom/Ion/Complex NMR Shift (ppm) Difference 

Ag+ 313.63 0 (reference) 
   

{9-*Au(μ-C(OMe)=NMe]3Ag}+ 276.57 -37.06 

{(9-*Au(μ-C(OMe)=NMe)]3)2Ag}+ 246.39 -67.24 

   
Ag[Ag3H3]+ 273.19 -40.44 
Ag[Ag3H3]2

+ 233.94 -79.69 
   
Ag[Ag4H4] + 267.03 -46.60 
Ag[Ag4H4]2

+ 241.20 -72.43 
   
Ag[Ag5H5] + 257.17 -56.46 
Ag[Ag5H5]2

+ 230.54 -83.09 

Table 5.2 Calculated Ag+ NMR shifts in ppm. The NMR shifts correspond to the Ag+ NMR 
shift and for the Ag+ labeled in red. 
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computed and experimental distances of Ag+ to the centroid of the trimer are 2.03 and 2.21 Å 

respectively. Analogous computations for Ag+ adducts of metal hydrides studied by Tsipis and 

coworkers were performed, which likewise show an upfield shift; the upfield shift increases 

with increasing ring size. The upfield shift observed in experiment and predicted from 

computations are further evidence of metalloaromaticity. 

 

5.3.3 Nucleus Independent Chemical Shift (NICS) 

The NICS method uses absolute magnetic shieldings computed at a ring center as an 

aromaticity criterion. A negative NICS indicates aromaticity while a positive NICS denotes anti-

aromaticity. It is important to note that NICS(0) indicates the value of NICS at the center and in 

the plane of the ring. Schleyer and co-workers used the gauge invariant atomic orbital (GIAO) 

method at MP2/6-31G(d) or B3LYP/6-31G(d) optimized geometries for a study of organic 

molecules.2 Also, NICS values of metal-hydrides were computed by Tsipis et al. using GIAO 

methods, the B3LYP functional, the LANL2DZ basis set for Ag, LANL2DZ plus an f polarization 

function for Au atoms, and the cc-pVQZ basis set for H atoms.24 We found that calculated NICS 

values (GIAO) with B3LYP/CEP-31G(d) methods are comparable to results reported by Schleyer 

et al. and Tsipis et al., Table 3.2,24 

It can be seen from the data in Table 3, which has been noted by Tsipis et al.,24 that 

NICS(0) decreases with increasing ring size for Ag3H3, Ag4H4, and Ag5H5. The NICS(0) values for 

the six membered ring complexes, *Au(μ-Im(CH3)2]2 and *Ag(μ-Tz(CF3)2]2 are -5.6 and -2.2 ppm, 

respectively. The NICS(0) values decrease for the corresponding nine-membered rings, *Au(μ-

Im(CH3)2]3 and *Ag(μ-Tz(CF3)2]3 to become -1.4 and +2.4 ppm, respectively. It is important to 



81 

note that in addition to a reflection of the inherent aromaticity of these systems that there is 

also an important geometric component to NICS: as the ring expands in size, the ring centroid is 

further away from any atoms. Hence, while NICS(0) has proven a valuable computational probe 

of organic aromaticity, which is dominated by six-membered ring structures, the greater 

diversity of ring sizes that one may wish to analyze within the inorganic realm has motivated us 

to seek complementary approaches to explore metalloaromaticity. These are detailed in the 

following sections. 

 

 
Complex 

 

 
NICS(0) 

Benzenea  -8.2 
Benzeneb -9.7 
  
Cyclooctatetraene, planara +42.8 
Cyclooctatetraene, planarb +30.1 
  
Ag3H3

a -9.4 
Ag3H3

c -8.9 
  
Ag4H4

a -4.8 
Ag4H4

c -4.9 
  
Ag5H5

a -1.0 
Ag5H5

c -0.9 
  
*Au(μ-Im(CH3)2)]2 -5.6 
*Ag(μ-Tz(CF3)2)]2 -2.2 
  
*Au(μ-Im(CH3)2)]3 -1.4 
*Ag(μ-Tz(CF3)2)]3 +2.4 

Table 5.3 NICS values of organics, metal hydrides, and metal-organics in ppm. aThis work. 
bReference 2. cReference 4 
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5.3.4 Metalloaromaticity Stabilization Energy (MASE) 

Since aromaticity for metal-organic cyclotrimers cannot be determined using the 

hydrogenation measures used in organic chemistry as described earlier in this work,29 we 

proposed and evaluated four novel approaches, Scheme 1. 

a. Approach 1: This approach calculates the difference in total energy of the metal-organic 

cyclotrimer and the sum of the constituent metal atoms and ligands. For example, 

MASE1 for *Au(μ-C(OMe)=NMe]3 using this approach is -281.7 kcal mol-1. However, this 

approach has two issues that would affect its use as a metalloaromaticity probe. First, 

the multiplicity of the constituents (atoms and ligands) is a doublet whereas the 

multiplicity of the cyclotrimer is a singlet. Second, the two-coordinate bonding of the 

metal atom of the cyclotrimer is not represented in the constituent atoms and ligands. 

b. Approach 2: MASE2 is calculated through the difference in the total energy of the 

cyclotrimer and the sum of the energy of three constituent metal-ligand complexes. The 

calculated MASE2 for *Au(μ-C(OMe)=NMe]3 is -159.9 kcal mol-1. A potential drawback in 

this approach, as in Approach 1, is that the metal in the metal-ligand complex is not in a 

two-coordinate environment as it is in the cyclotrimer. However, the M3L3 trimer and its 

ML components are all singlet spin states. 

c. Approach 3: This approach calculated MASE3 as the difference in the total energy of the 

trimer and total energy of the difference of three, doublet neutral, ligand-metal-ligand 

(L-M-L) and three, doublet neutral ligands (L). The difficulty with this approach as in 

Approach 1 is that each L-M-L and L have a doublet spin multiplicity. MASE3 for *Au(μ-

C(OMe)=NMe]3 is -65.8 kcal mol-1. 
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d. Approach 4: Approach 4 is different from Approach 3 in that the L-M-LH and LH are 

neutral singlets (proton/H+ atom added). Approach 4 incorporates the linear two-

 
Scheme 5.1 Four proposed approaches used in calculating metalloaromatic stabilization 
energy (MASE). The metal-organic cyclotrimer, *Au(μ-b(CH3)2]3 is used as an example in this 
scheme. 
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coordination of the metal atom and the singlet multiplicity of the cyclotrimer. It is 

important to note that in a non-symmetrical cyclotrimer such as that in Scheme 1, the 

total energy of L-M-LH and LH is averaged since the proton on the LH can be either on 

the ligating C or ligating N atom. This issue also arises for the imidazolate and 

pyrideniate ligands which form C,N-ligated cyclotrimers. MASE4 for *Au(μ-

C(OMe)=NMe]3 in this approach MASE4 = -38.42 kcal mol-1. 

Among the four proposed approaches, Approach 4 is deemed to give the most 

reasonable MASE energy to assess metalloaromaticity in metal-organic cyclotrimers for two 

main reasons: the trimer and the constituent components duplicate each other in terms of total 

multiplicity and linear two coordination of the metal atom. Therefore, we selected Approach 4 

for further calculations of a library of metal-organic cyclotrimers.  

Examining the MASE4 of trimers of various combinations of the metal, ligand, and 

substituents on the ligands as listed in Table 4, it was generally found that the Ag cyclotrimers 

have the highest calculated MASE4 while the Au cyclotrimers have the lowest MASE4 yet the 

difference in MASE4 between Ag and Au is within 5 kcal mol-1 in general.  For example, the 

MASE4 for *Ag(μ-Im)]3, *Cu(μ-Im)]3, and *Au(μ-Im)]3 are -46.5, -43.9, and -42.1 kcal mol-1 

respectively. However, there is no trend in MASE4 when changing the ligand, or substituents on 

the ligands. For example, conclusions of recent work by Tekarli et al. indicate that the most π-

basic cyclotrimer and the most π-acidic trimer would be *Au(μ-Im(CH3)2)]3 and *Au(μ-Tz(CF3)2)]3 

respectively. The corresponding MASE4 (Table 4) for these two trimers is -38.4 and -43.6 kcal 

mol-1 respectively. However, the MASE4 for *Au(μ-Tz)]3 is 45.66 kcal mol-1. In other words, 

MASE4 increases when substituting the most basic ligand with the most acidic ligand where as it 
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decreases with the removal of the electron withdrawing group (i.e. CF3). Additional 

investigation of MASE4 of metal-organic dimers indicates their instability. For example the gold 

dimer, *Au(μ-Cb(CH3)2)]2, is unstable by 13.1 kcal mol-1. This instability correlates with 

experimental evidence where metal-organic dimers rarely occur compared to metal organic 

trimers. Overall, the data in Table 4 suggest rather significant aromatic behavior for the d10 

 
Trimer 

 

 
MASE4 (kcal mol-1) 

 

*Cu(μ-Cb(CH3)2)]3 -39.45 
*Ag(μ-Cb(CH3)2)]3 -42.41 
*Au(μ-Cb(CH3)2)]3 -38.42 
  
*Cu(μ-Im)]3 -43.91 
*Ag(μ-Im)]3 -46.45 
*Au(μ-Im)]3 -42.14 
  
*Cu(μ-Im(NMe))]3 -42.29 
*Ag(μ-Im(NMe))]3 -48.58 
*Au(μ-Im(NMe))]3 -41.04 
  
*Cu(μ-Pz)]3 -46.82 
*Ag(μ-Pz)]3 -49.32 
*Au(μ-Pz)]3 -44.28 
  
*Cu(μ-Tz)]3 -50.23 
*Ag(μ-Tz)]3 -52.02 
*Au(μ-Tz)]3 -45.66 
  
*Cu(μ-Tz(CF3)2)]3 -42.82 
*Ag(μ-Tz(CF3)2)]3 -46.75 
*Au(μ-Tz(CF3)2)]3 -43.62 
  
*Cu(μ-Tz(CH3)2)]3 -45.58 
*Ag(μ-Tz(CH3)2)]3 -44.96 
*Au(μ-Tz(CH3)2)]3 -40.80 

Table 5.4 Metalloaromatic stabilization energy (MASE4) in kcal mol-1. 
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cyclotrimers studied herein. Energetically, this metalloaromaticity is similar to the benzene 

aromaticity (-35.7 kcal mol-1 experimentally29 and -36.0 by the B3LYP/CEP-31G(d) computations 

in this work) notwithstanding the conceptual difference in ring stabilization forces. 

 

5.4 Metal-Organic Binding Energy (BE) to Cations/Anions 

Another important indicator of metalloaromaticity is derived from computing the 

binding enthalpies of metal-organic cyclotrimers to common cations and anions. Dougherty and 

co-workers have reported studies of the binding energies of sodium cation (Na+) to the π-face 

of several aromatic compounds, e.g., benzene, fluorobenzene, p-difluorobenzene, aniline, and 

pyridine. They have concluded that inductive effects play a more important role than resonance 

effects in the π-cation binding of Na+ to an aromatic ring.75,76 However, recent work by Houk 

and co-workers indicate that the binding energy change is due to through space effects of 

substituents rather than the effect of the substituents on the π-system of the organic arenes.77  

Combining conclusion of both works indicate that binding energies of Na+ to the face of the ring 

in all organic arene compounds studied is due to the substituents. 

The BE computations of anions and cations listed in Table 5 (BE = EAB – (EA + EB); A = 

organic compound or metal-organic trimer, B = cation or anion) indicate that anions bind 

strongly to π-acidic cyclotrimers (i.e., *Ag(μ-Tz(CF3)2)]3) while cations bind strongly to π-basic 

cyclotrimers (i.e., *Au(μ-Im(CH3)2)]3). For example, the BE’s of Li+, Na+ and K+ to *Au(μ-

Im(CH3)2)]3 are -60.85, -45.19, and -31.94 respectively whereas the BE’s of F-, Cl-, Br-, and I- to 

*Ag(μ-Tz(CF3)2)]3 are -107.22, -69.89, -62.43 and -58.33 kcal mol-1 respectively.  
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Also, BE decreases with increasing ion size. For example, the BE of F-, Cl-, Br-, and I- to 

[Ag(μ-Tz(CF3)2)]3 are -107.22, -69.89, -62.43, and -58.33 kcal mol-1 respectively. In the case of 

the BE of *Au(μ-Im(CH3)2)]3 with I-, the iodide ends up next to the methyl groups - the most 

positive part of the molecule according to calculated molecular electrostatic potentials (MEPs), 

(e.g. right in Figure 4). Hence, the calculated BE for I- to *Au(μ-Im(CH3)2)]3 is -6.93 kcal mol-1. 

However, it should be noted that complexation with I- (i.e. right in Figure 4) is the exception to 

the general trend of complexation of strong π-acids and π-bases (e.g. *Au(μ-Im(CH3)2)]3, left in 

Figure 4) with anions (e.g. F-, middle in Figure 4) and cations (e.g. Figure 2) respectively where 

the cation or anion bind above the center of the metal-organic cyclotrimer rather than above 

the ring of the ligand. 

 Binding Enthalpy (kcal mol-1) 

 *Au(μ-Im(CH3)2)]}3  *Au(μ-Im(NMe))]3  *Ag(μ-Tz(CF3)2)]3  

F -31.44 -31.31 -107.22 
Cl -1.84 -1.77 -69.89 
Br 3.50 3.81 -62.43 
I -6.93 0.32 -58.33 
Li -60.85 -57.27 … 
Na -45.19 -42.72 -16.61 
K -31.94 -29.72 … 
Ag -79.29 -76.98 -20.51 
Tl -51.75 -49.48 -0.65 
H2 … -0.66 -1.20 
CO -0.04 … -0.13 
CH4 … 2.38 0.93 
BF4 … … -40.74 
PF6 … … -30.27 
TMA -18.12 -16.99 -7.16 

Table 5.5 Binding enthalpies in kcal mol-1. N/A = Ions or compounds that will not bind to 
the complex. TMA = Tetramethylammonium ion. 
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One can compare these BE to the BE of organic compounds. Dougherty and co-workers 

have computed the binding the BE of Na+ to a series of organic aromatics.74 We have computed 

the BE of the organic compounds to the Na+ using the same methods used throughout this 

work (i.e. B3LYP at the CEP-31G(d) basis set) and compared them to the BE of cyclotrimers to 

Na+. A comparison of the BE of Na+ is shown in Table 6 between the organic compounds and 

metal-organic cyclotrimers. The BE of the Au trimers is significantly higher – twice the BE of Na+ 

to the organic compounds. For example, the BE of Na+ to ,Au*μ-Im(CH3)2]}3 is -45.19 kcal mol-1 

while the highest BE among all organics is -18.35 and -18.24 kcal mol-1 for 1,2,4,5-

tetramethylbenzene and hexamethylbenzene, respectively. It is also essential to note the range 

of the BE from the most π-basic to the most π-acidic cyclotrimer is ~30 kcal mol-1 compared to 

~20 kcal mol-1 for the organic compounds. Thus, the BE calculations show superior range of 

binding energies of metal-organics compared to organic compounds and this is a strong 

indication of concerted interaction among multiple metal centers. 

 

 
Figure 5.4 MEP surfaces *Au(μ-Im(CH3)2)]2 (left) and its half-sandwich adduct with F- 
(middle) and I- (right). MEP surfaces are shown both in space mapped on electron densities of 
the molecule (MEP color scale: blue   green  yellow  orange  red signifies the most 
positive to most negative region of the MEP surface). 
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5.5 Dimerization Energies of Metal-Organic Compounds 

As a consequence of the strong binding energies of the most π-basic and the most π-

acidic trimers to cations and anions respectively, It would be of strong interest to investigate 

the binding energies of sandwich trimers where a cation, such as Li+ or Ag+, is sandwiched 

between two trimers as depicted in Figure 5 (BE for sandwich complex = EABA – (2EA + EB); A = 

organic compound or metal-organic trimer, B = cation or anion). The sandwich trimers add a 

new class of metallocenes with comparable stability to other metallocenes such is ferrocene. 

Compound + Na+ 
Binding 

Enthalpy  
(kcal mol-1) 

*Au(μ-Im(CH3)2)]3  -45.19 
*Au(μ-Im(NMe)]3  -42.72 
*Ag*μ-Tz(CF3)2)]3  -16.61 
  
Azulenea -16.39 
Azuleneb -12.53 
Benzene -11.73 
Benzene-2CH3 (1,4) -14.64 
Benzene-2F (1,4) -1.78 
Benzene-3CH3 (1,3,5) -15.89 
Benzene-3F (1,3,5) 2.50 
Benzene-4CH3 (1,2,4,5) -18.35 
Benzene-6CH3 -18.24 
Benzene-BH2 -8.01 
Benzene-F -6.68 
Benzene-NH2 -17.11 
Cyclohexane -0.65 
Furan -6.61 
Indolec -17.18 
Indoled -13.81 
Pyridine -20.11 
Pyrrole -14.12 

Table 5.6 Binding enthalpies in kcal mol-1. N/A = Ions or compounds that will not bind to 
the complex. TMA = Tetramethylammonium ion. a,b,c,dThe Na+ is bound to the face of the 7-
membered, 5-membered, 6-membered, 5-membered rings respectively.  
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The calculated BE for ferrocene half sandwich is -44.30 kcal mol-1 and it doubles to -

89.02 kcal mol-1 for ferrocene. The case is different for the metal organic trimer half sandwich 

and full sandwich adduct. For example, the BE of the half sandwich trimers {Li[Au(μ-Cb(CH3)2)]}+ 

and {Ag[Au(μ-Cb(CH3)2)]}+ are -52.63 and -70.85 kcal mol-1 respectively. However, the BE 

increases (but does not double) in the case of the full sandwich trimers to -76.96 and -101.19 

kcal mol-1 for {Li[Au(μ-Cb(CH3)2)]2}+ and {Ag[Au(μ-Cb(CH3)2)]2}+ respectively. This “negative 

cooperativity” may be attributed to the fact that all trimers investigated in this work are 

neutral; unlike, for example, ferrocene where the cyclopentaldienyl ring is an anion. 

The metal-organic dimerization energy (DE) of the most π-basic and π-acidic trinuclear 

complexes studied so far is also computed for potential charge transfer behavior in addition to 

metalloaromatic behavior. The computed DE of [Ag(µ-Tz(CF3)2]3•*Au(µ-Im(CH3)2]3 dimer of 

trimers (DOT) shown in Figure 6 is -16.05 kcal mol-1 at the B3LYP/CEP-31G(d) level. It is well 

understood that B3LYP will provide a low DE value due to neglect of the metallophilic bonding 

 
Figure 5.5 The optimized geometry of half sandwich {Ag[Au(μ-Cb(CH3)2)]}+ and dimer of 
trimer adduct models, {Ag[Au(μ-Cb(CH3)2)]}+. 
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between the metals, yet the fact that the dimer adducts were bound with the B3LYP functional 

is perhaps enough proof to conclude that the [Ag(µ-Tz(CF3)2]3•[Au(µ-Im(CH3)2]3 is strong 

enough (and more than mere dispersion type interaction) to bind at this level of theory. The 

calculated atomic charges derived from a natural population analysis, Table 5.7, indicate that 

there is a ca. six times the charge transfer (CT) for the substituted DOT, [Ag(µ-Tz(CF3)2]3•*Au(µ-

Im(CH3)2]3,  in comparison with non-substituted DOT, [Ag(µ-Tz)]3•*Au(µ-Im)]3, and fifteen (15) 

times the amount of CT as the organic (Pentacene• Perfluoropentacene) counterpart.  

Furthermore, the CT for [Ag(µ-Tz(CF3)2]3•*Au(µ-Im(CH3)2]3 is 0.219 e- while it is 0.036 e- 

(six times lower) for [Ag(µ-Tz)]3 • *Au(µ-Im)]3. Also, the calculated CT of the organic counterpart 

is 0.014 e- which is 2.5 times lower than [Ag(µ-Tz)]3•*Au(µ-Im)]3 with 0.036 e-. Among the 

substituted DOT models, the one with the highest calculated CT is [Ag(µ-Tz(CF3)2]3•*Au(µ-

Cb(CH3)2]3 with 1.105 e- while the DOT model with the lowest CT is [Ag(µ-Tz(CF3)2]3•*Au(µ-

 

Figure 5.6 The optimized geometry of a molecular dimer of trimer (DOT) model, [Ag(µ-
Tz(CF3)2]3 • *Au(µ-Pz(CH3)2]3 
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Pz(CH3)2]3 with 0.116 e-. The large CT differences suggest that the CT between the donor (D) 

and acceptor (A) is significantly influenced by the ligands and their substituents. 

 

5.6 Conclusions 

The metalloaromaticity of the metal organic trimer complexes has been shown from 

experimental evidence of solid state 109Ag NMR of {(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4 by 

increased shielding effect on 109Ag compared to the reference AgNO3. The crystal structure of 

{(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4 clearly indicates the bidning of Ag+ to the π-face of the 

metal organic timer - {(9-*Au(μ-C(OMe)=NC5H9)]3)2Ag}ClO4. Computed 109Ag NMR chemical 

shifts support the upfield shift albeit with a large difference between the computed and 

experimental results yet with the same trend of increased shielding on 109Ag. The nucleus 

independent chemical shift (NICS) on the metal organic dimer and trimer complexes is also 

another indication of their metalloaromatic behavior. Further evidence of metallo-aromaticity 

is established from metallo-aromatic stabilization energy (MASE) calculations and MASE4 seems 

to give the most reasonable stabilization energy compared to other MASE approaches. Binding 

energy (BE) calculations not only show the strong binding of anions and cations to the face of 

Dimer of Trimer (DOT) Model Charge Transfera 

[Ag(µ-Tz)]3 • *Au(µ-Im)]3 0.036 
[Ag(µ-Tz(CF3)2]3 • *Au(µ-Im(CH3)2]3 0.219 
[Ag(µ-Tz(CF3)2]3 • *Au(µ-Im(NCH3)2]3 0.200 
[Ag(µ-Tz(CF3)2]3 • *Au(µ-C(OMe)=NMe)]3 1.105 
*Pentacene+ • *Perfluoropentacene+ 0.014 

Table 5.7 Calculated charge transfer for dimer of trimer models and an organic 
counterpart (last entry). aCharge transfer is measure in electron units. 
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the π-acid and π-base respectively compared to the BE of organic compounds, but also indicate 

the concerted interaction among multiple metal centers instead of binding to one. BE 

calculations also show the superior range of binding energies of metal-organics compared to 

organic compounds. Additionally the π-stacking of metal-organics provide evidence for 

potential charge transfer behavior in addition to their strong DE. 

Ongoing experimental and computational work including synthesis, photophysics, and 

solid state calculations of Donor (Au trimer) and Acceptor (Ag trimer) stacking motifs as a result 

of the molecular calculation of the association energy of  [Ag(µ-Tz(CF3)2]3•[Au(µ-Pz(CH3)2]3.78 In 

addition to the fundamental concept, metalloaromaticity is important in device design since the 

ability to quantify and control this property can lead to improved design of optical materials, 

catalysts, electronic devices, etc. where intermolecular interactions in condensed phases are a 

key component to their performance. 
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CHAPTER 6 

ACTIVATION OF CARBON-HYDROGEN AND HYDROGEN-HYDROGEN BONDS BY COPPER-

NITRENES:  A COMPARISON OF DENSITY FUNCTIONAL THEORY WITH SINGLE- AND MULTI- 

REFERENCE CORRELATION CONSISTENT COMPOSITE APPROACHES* 

6.1 Introduction 

Carbon-hydrogen bond activation and functionalization are among the most heavily 

researched endeavors in catalysis given their importance in the production of useful products 

from natural gas and petroleum. Development of catalysts for functionalization of carbon-

hydrogen bonds (particularly for unactivated aliphatics and aromatics) has been actively 

pursued by experimentalists and theorists attempting to identify better catalysts.1-6 Catalysis of 

such reactions by late transition metal (TM) complexes has received much recent attention due 

to their lower electrophilicity and thus greater heteroatom tolerance (versus comparable early 

TM complexes).7 Moreover, such metals are relatively inexpensive in relation to the noble 

metals.  

Phosphines (PR3) have long been the ligand of choice for many middle - late TM 

catalysts.8-14 Notable experimental work on late 3d TM multiply bonded complexes supported 

by bis-phosphine ligation has been done by the Hillhouse group who have demonstrated group 

transfer to a variety of substrates (e.g., olefins and CO) using Ni-nitrene, -carbene and -

                                                      
*
 This entire chapter is adapted from S. M. Tekarli, T. G. Williams, T. R. Cundari, “Activation of Carbon-Hydrogen 

and Hydrogen-Hydrogen Bonds by Copper-Nitrenes: A Comparison of Density Functional Theory with Single- and 
Multireference Correlation Consistent Composite Approaches.” J. Chem. Theory. Comput. 2009, 5, 2959, with 
permission from the American Chemical Society.  
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phosphinidene complexes.8-14 Ligands in the β-diketiminate family have started to augment 

phosphines in the study of late TM catalysis.15 Attention has also focused on β-diketiminate and 

related ligands because of their ability to enforce low metal coordination numbers. Also, 

varying the substituents on the ligating nitrogens, backbone carbons, linking the β-diketiminate 

ring with other moieties to form fused rings, etc. gives these ligands tunable electronic and 

steric features.15 For example, varying β-diketiminate substituents has been shown by 

Shimokawa et al. to produce different coordination geometries (i.e., tetrahedral, distorted 

tetrahedral and square planar), different electronic spectra, and electrochemical responses for 

a series of copper complexes.16 In a review on β-diketiminates,15 these ligands are seen to bind 

strongly to a diverse assortment of metals in a wide range of bonding modes, and stabilize 

lower than typical metal oxidation states (e.g., Fe(I), Co(I) or Ni(I)).  

These features have led to many notable examples of transition metal β-diketiminate 

complexes of the late 3d metals - Fe, Co, Ni and Cu. For example, a recent report by Holland et 

al.17 investigated the metastable iron(III)-imido complexes that effect hydrogen atom 

abstraction (HAA) of 1,4-cyclohexadiene. The imido complex becomes active only after the 

addition of a fourth ligand, 4-tert-butyl-pyridine. Coordination of the 4th ligand to iron is 

postulated – via a combination of experimental Mossbauer spectroscopy and DFT calculations – 

to induce a “flip” from a lower to high spin state.17 The synthesis and X-ray crystal structure 

characterization of a β-diketiminato Co(I) arene adduct and its reactivity with dioxygen and 

organoazides has been reported by Warren et al.18 A terminal imido Ni(III) complex, also 

reported by Warren and coworkers, has been shown to effect C-H bond activation.19 
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Among late TMs, the coinage metals Cu, Ag, and Au have been extensively studied for 

catalytic nitrene-transfer.20-26 For example, Dias et al. have reported Cu(I) and Ag(I) scorpionate 

complexes as carbene and nitrene transfer catalysts.24 A silver-catalyzed amination of saturated 

C-H bonds (including relatively inert Csp3-H bonds of cycloalkanes) has also been reported by He 

et al.22 A disilver structure has been identified by the He group as critical in silver-based nitrene 

transfer.22 He and coworkers also reported C-H bond activation at room temperature using 

gold-catalyzed nitrene insertion.23 They found that for C-H bond activation, a nearby aromatic 

C-H bond is needed, presumably to “direct” the activation/insertion event. Copper-scorpionate 

catalysts (i.e., TpBr3Cu(NCMe)) have been reported by Perez and coworkers to aminate C-H 

bonds.21 The complex TpBr3Cu(NCMe) catalyzes the amination of C-H bonds of cyclohexane and 

benzene, and the primary C-H bond of toluene and mesitylene methyl groups using iodonium 

imide (PhI=NT) as a nitrene transfer reagent.21 

Warren and Badiei27 synthesized and structurally characterized Cu-β-diketiminate-

carbene complexes, and conclude from density functional theory (DFT) that there is significant 

π bonding between Cu and the C of the CPh2 (i.e., carbene). The foregoing suggests the 

potential for (meta)stable nitrene complexes of Cu. Warren et al. reported that reaction of N3Ar 

with {[Me3NN]Cu}2(toluene) produces a dicopper nitrene {[Me3NN]Cu}2(µ-NAr). Evidence has 

been obtained that the latter gives rise to a terminal Cu-nitrene through slow dissociation.28 

Cundari et al. studied complexes of the form (β-diketiminate)Cu(NPh) using DFT, complete 

active space self-consistent-field (CASSCF) and hybrid quantum mechanical/molecular 

mechanical (QM/MM) methods. CASSCF and QM/MM calculations (the QM portion of the 

latter is of the CASSCF variety) indicate an “open shell” singlet ground state, contrary to prior 
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DFT predictions.29 A singlet is synthetically preferable as this implies (and experimental studies 

support this contention) that the copper nitrene will thus undergo amination reactions via 

concerted C-H insertion bonds rather than less selective radical reactions one might expect 

from a triplet active species.29 Recent work thus suggest that such complexes can provide a 

rational basis for engineering novel C-H functionalization catalysts capable of activating even 

the strongest C-H bonds.29,30  

Many computational studies of C-H activation, most notably early research by Hoffmann 

and more recently by Goddard et al., Gunnoe, Cundari and their coworkers, and by Hall et al.31-

38 have modeled the mechanisms of C-H activation. In this work, first-principles modeling of 

nitrene insertion into C-H and H-H bonds has been performed. Reactions of a β-diketiminate-

Cu-nitrene (i.e., L′Cu(NH); L′ is the parent β-diketiminate anion, C3N2H5
-) with H2 and CH4 have 

been performed to understand strong (BDEMe―H ~104 kcal mol-1) bond activation. Also, we seek 

to probe the impact of changes to the level of theory beyond approaches (i.e., B3LYP and Pople-

style basis sets) now commonplace in the literature. Hence, the kinetics and thermodynamics of 

B3LYP/6-311++G(d,p), B97-1/cc-pVTZ, PBE1KCIS/cc-pVTZ, and the correlation consistent 

composite approach (ccCA)39-43 are compared. The aforementioned methods have also been 

used to delineate the singlet (S = 0) and triplet (S = 1) surfaces for these model catalytic 

reactions. A multi-reference ccCA, reported by Wilson and coworkers, is also used to study the 

nitrene active species. 
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6.2 Computational Methodology 

Geometry optimizations of all minima and transition states were performed using the 

Gaussian 03 suite of programs.44 Unless otherwise specified, calculations were performed using 

the B3LYP hybrid functional in conjunction with the 6-311++G(d,p) where (d,p) signifies addition 

of d- and p-polarization functions to main group elements and hydrogen atoms, respectively.45 

This basis set adds diffuse spd and f polarization functions to copper. PBE1KCIS was used in 

conjunction with the cc-pVTZ basis set.46-54 The PBE1KCIS functional, found by Wilson and 

coworkers to best predict enthalpies of formation for TM complexes and therefore is utilized in 

this study to provide a base of comparison with the more popular B3LYP functional.45,55-57 The 

B97-1 functional has the lowest mean absolute deviation for calculated versus experimental 

enthalpies of formation of 3d TM containing molecules in a study by Wilson and coworkers.55 

Therefore, the B97-1 has also been used in this research. Vibrational frequencies are calculated 

at all DFT optimized stationary points to confirm them as minima or transition states. Modeling 

of triplet species with density functional theory employs unrestricted Kohn-Sham methods. 

Previous work has shown that the mean absolute deviation for energetics using the 

correlation consistent composite approach (ccCA) is 0.89 kcal mol-1 which is within “chemical 

accuracy” (i.e. ± 1 kcal mol-1).39-43 Hence, ccCA approach was employed in this study to compare 

with results obtained from DFT methods. Classical activation barriers as predicted by ccCA42 

were in much better agreement than G3B as compared to very high accuracy computed values 

obtained from the Truhlar et al. databases.58 

The ccCA composite method uses the correlation consistent basis sets originally 

developed by Dunning.47 The ccCA method has also shown to achieve “transition metal 
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accuracy” for the enthalpies of formation of a dataset of seventeen (17) 3d TM complexes. It 

was suggested by DeYonker and coworkers that “transition metal accuracy” for ΔHf° is ca. ±3 

kcal mol-1 due to the larger experimental uncertainty inherent in the study of such species.41 

The ccCA methodology employed in this study is outlined by DeYonker et al.41 Briefly, the 

equilibrium geometry, frequency analysis, and the zero-point energy (scaled by 0.9890) were 

obtained at the B3LYP/cc-pVTZ level of theory using the Gaussian 03 software package.  

Separate extrapolation of the HF and correlation energy to the complete basis set (CBS) limit 

was performed, because, as shown in prior work, the HF energy converges more rapidly to the 

CBS limit than the correlation energy.41 The HF/CBS energy and MP2/CBS correlation energy 

were then combined to form the “reference energy.” A series of contributions were then added 

to the reference energy, E(MP2/CBS), to account for: correlation energy beyond the MP2 level 

of theory {estimated at the CCSD(T)/cc-pVTZ level of theory, *ΔE(CC)+-, core-valence effects at 

the MP2 level of theory *ΔE(CV)+, and scalar relativistic effects at the MP2 level of theory 

*ΔE(SR)+. The zero-point energy (ZPE) corrections were used to account for anharmonicity and 

were taken from the B3LYP/cc-pVTZ calculations. The ccCA energy is calculated as: 

 EccCA = E(MP2/CBS) + ΔE(CC) + ΔE(CV) + ΔE(SR) + ZPE    

The energies for methane functionalization reactions by L′Cu(NMe), outlined in Scheme 

6.1 (H2 activation and functionalization by L′Cu(NH) are analogous) have been calculated using 

DFT and ccCA methods. In an effort to improve and quantify our understanding of the response 

of TM reaction mechanisms – thermodynamics and kinetics – to differing levels of theory (in 

particular, composite ab initio methods) models of important reactions involved in strong bond 

activation have been studied. Points of particular interest in this research are to compare and 
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contrast (a) the popular B3LYP functional with newer PBE1KCIS and B97-1 functionals, and (b) 

DFT versus ccCA techniques. 

For the L′Cu(NH) active species, a singlet ground state has been predicted by CASSCF; 

this is an open shell singlet that single reference methodologies such as DFT and ccCA cannot 

fully characterize {note that pure functionals such a BLYP and BP86 also predict a triplet ground 

state for the nitrene complex}.  Therefore, it is of interest to also investigate this important 

entity with a multi-reference (MR) equivalent of the ccCA.   To create a MR-ccCA methodology, 

Wilson and coworkers replaced the MP2 calculations within the ccCA method with CASPT2 

calculations and the CCSD(T) calculation of the E(CC) term with an average quadratic coupled 

cluster (AQCC) calculation. All multi-reference calculations were performed in the MOLPRO 

2006.1 program package.59  This formalism has been utilized recently by Mintz et al. to study 

L’Cu + NH + RH L’Cu + NH2R

L’Cu-NH2RL’Cu=NH + RH

L’Cu-NH2• + RH•

L’Cu + NH2•

I

II

III

IV

V

VI

BEM-NH3BEM=N

ProductReactant

 
Scheme 6.1 An outline of methane functionalization reactions by L′Cu(NMe) 
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the potential energy surfaces of C2 and N2 and resulted in good agreement for their reaction 

coordinates, which are particularly multi-reference in the vicinity of the dissociation 

asymptote.60 Due to the size of the copper nitrene system and the computational demand of 

the AQCC calculation, the active space chosen for all MR calculations was four electrons in five 

orbitals. Previous calculations by Dinescu et al. on copper-nitrene complexes indicated that 

CASSCF active spaces of this size were suitable for modeling the different low energy electronic 

states.29  

 

6.3 Results and Discussion 

The copper model catalyst, L′Cu, is a closed shell system with a singlet ground state as 

supported by DFT calculations by Cundari et al.29 The substrates chosen were H2 and CH4 as 

models for the H-H and C-H bond activation, respectively. The copper-nitrene active species, 

L′Cu(NH) or L′Cu(NMe), were evaluated in both singlet and triplet spin states. It is worth 

reiterating that CASSCF calculations of copper- nitrene complexes indicated an “open shell” 

singlet ground state, contrary to prior DFT predictions.29 

 

6.3.1 DFT Calculations 

a. Comparison of Different Levels of Theory 

Calculated reaction pathways for H-H and C-H bond activation of methane by L′Cu(NH) 

are depicted in Figure 6.1. The nitrene L′Cu(NH) can undergo [1+2] insertion to lead directly to 

metal-bound amine product (i.e., L′CuNH2CH3), shown in Figure 6.2. Previous experimental 

and computational research implicate a direct insertion pathway.27,28 We also dissected the 
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direct [1+2] path into hydrogen atom abstraction (HAA) of the substrate to produce an amide 

intermediate L′Cu-NH2• and a  radical CH3• (or H•), which may undergo either (i) metal-carbon 

bond formation to form (Pathway 3, Figure 6.2) the four-coordinate complex L′Cu(NH2)CH3 

(Figure 6.2), or (ii) radical rebound to form L′CuNH2CH3 (Figure 6.2). The methyl(amide) 

intermediate L′Cu(NH2)CH3 can undergo reductive elimination to produce amine product 

L′CuNH2CH3. Calculations show pathways similar to those depicted in Figure 6.1. 

There is no significant difference in optimized bond lengths and bond angles for the 

 
Figure 6.1 Reaction pathways of C-H bond activation of CH4 by L′Cu(NH). Pathways for H2 
activation are analogous. Enthalpy scale is arbitrary. 
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Figure 6.2 The optimized geometries of L′CuNH2CH3 (top) and L′CuNH2(CH3) (bottom) at 
the B3LYP/6-311++G(d,p) method. The pertinent bond lengths (Å) and bond angles (°) are 
shown.  
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species investigated (see Scheme 6.1 and Figure 6.2) among all three DFT methods evaluated. 

Therefore, the optimized geometries for all stationary points given in the figures are those 

determined at the B3LYP/6-311++G(d,p). Figures 6.3 and 6.4 show the nitrene active species 

and [1+2] insertion transition states (for the latter, methane is the substrate) for singlet and 

triplet multiplicities. 

As can be deduced from Table 6.1, calculated differences among the energetics for the 

three DFT methods are minimal for hybrid (B3LYP and B97-1) and hybrid meta-GGA (PBE1KCIS) 

functionals, Pople and correlation consistent basis sets. For H2 reactions, the largest calculated 

deviation among DFT energetics is 5.9 kcal mol-1, the difference between B3LYP/6-311++G(d,p) 

and PBE1KCIS/cc-pVTZ enthalpies for reaction III in Scheme 6.1 on both the singlet and triplet 

state surfaces. Reaction III is the microscopic reverse of H-H bond activation by L′Cu(NH) to 

create L′CuNH3.  

For methane reactions, Scheme 6.1, the most significant difference is 10.5 kcal mol-1 

between PBE1KCIS/cc-pVTZ and B97-1/cc-pVTZ for the calculation of the reaction barrier height 

(i.e., R → TS) on the triplet surface. While sensitivity of transition states and hence reaction 

barriers to the level of theory is perhaps expected, what is more surprising are the differences 

in the ground state energetics. More specifically, there are cases where the absolute value of 

the deviation among the three DFT methods is 10.4 (B3LYP/6-311++G(d,p) vs. PBE1KCIS/cc-

pVTZ) and 10.1 (B3LYP/6-311++G(d,p) vs.B97-1/cc-pVTZ) kcal mol-1 in the C-H bond activation 

reaction coordinates. Both of these results are for reaction II (Scheme 6.1), which is the binding 

enthalpy of methyl amine to the β-diketiminate-Cu complex. The sensitivity of reaction II is 

noteworthy given that it entails the coordination of a closed-shell Lewis base (ammonia) to a 
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Figure 6.3 Optimized geometries of the singlet (top) and triplet (bottom), L′Cu(NH) using 
the B3LYP/6-311++G(d,p) method. The pertinent bond lengths (Å) and bond angles (°) are 
shown. 
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Figure 6.4 The transition state for direct C-H insertion at the B3LYP/6-311++G(d,p) level of 

theory. The top geometry is the singlet (i = 861i cm-1) while the bottom geometry is the triplet 

(i = 1643i cm-1). The pertinent bond lengths (Å) and bond angles (°) are shown. 



112 

 H-H Activation Results 

  Singlet State (S = 0) Calculation Results Triplet State (S = 1) Calculation Results 

Method B3LYP PBE1KCIS B97-1 ccCA B3LYP PBE1KCIS B97-1 ccCA 
Basis Set 6-311++G(d,p) cc-pVTZ cc-pVTZ   6-311++G(d,p) cc-pVTZ cc-pVTZ   

R → P -83.9 -89.7 -84.9 -72.5 -70.5 -76.4 -72.1 -76.1 
R → TS 3.4 0.7 2.4 5.9 8.9 6.0 7.7 27.3 
TS → P -87.3 -90.4 -87.3 -78.4 -79.3 -82.4 -79.8 -103.5 

                 

I -92.9 -99.9 -96.3 -96.9 -92.9 -99.9 -96.3 -96.9 
II -16.5 -17.4 -17.3 -18.1 -16.5 -17.4 -17.3 -18.1 
III 83.9 89.7 84.9 72.5 70.5 76.4 72.1 76.1 
IV 25.5 27.6 28.7 42.6 38.9 40.9 41.5 38.9 
V -9.6 -14.7 -13.6 19.0 3.8 -1.4 -0.8 15.3 

VI 47.0 49.4 50.0 34.5 47.0 49.4 50.0 34.5 

 C-H Activation Results 

  Singlet State (S = 0) Calculation Results Triplet State (S = 1) Calculation Results 

Method B3LYP PBE1KCIS B97-1 ccCA B3LYP PBE1KCIS B97-1 ccCA 
Basis Set 6-311++G(d,p) cc-pVTZ cc-pVTZ   6-311++G(d,p) cc-pVTZ cc-pVTZ   

R → P -60.5 -65.0 -62.1 -51.0 -46.5 -51.6 -49.2 -54.7 
R → TS 7.3 4.8 5.9 12.7 13.1 10.2 18.8 29.7 
TS → P -67.8 -69.8 -68.0 -63.7 -59.6 -61.8 -59.3 -84.4 

                 

I 10.9 9.7 11.0 11.5 10.9 9.7 11.0 11.5 
II -96.9 -102.2 -101.8 -105.2 -96.9 -102.2 -101.8 -105.2 
III 60.5 65.0 62.1 51.0 46.5 51.6 49.2 54.7 

IV 25.5 27.6 28.7 42.6 39.5 40.9 41.5 38.9 
V -11.0 -11.8 -9.6 19.5 3.0 1.5 3.2 15.8 

VI 47.0 49.4 50.0 34.5 47.0 49.4 50.0 34.5 

Table 6.1 ΔH in kcal mol-1 for all reactions shown in Scheme 6.1. R, TS, and P denote the reactant, transition state, and product 
respectively. 
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close-shell Lewis acid (L′Cu). The average difference as quantified by the MAD (mean absolute 

deviation) among the three DFT methods is generally small(1.6 - 5.4 kcal mol-1) with the 

exception of the reactions mentioned above. In section 1.3 we will compare ccCA predicted 

energetics to those obtained with density functional theory. 

 

b. The Ground State of Copper Nitrene [L′Cu(NH)] 

DFT calculations on L′Cu(NH), Figure 6.3, predict that the triplet state is lower than the 

singlet state for all three levels of theory evaluated here: B3LYP/6-311+G(d,p), PBE1KCIS/cc-

pVTZ, and B97-1/cc-pVTZ. The difference between the triplet and singlet states is nearly 

identical for each functional – 13.4, 13.3, and 12.9 kcal mol-1, respectively, similar to DFT values 

reported previously by Cundari et al.29 However, previous multi-reference calculations indicated 

the ground state of copper(β-diketiminate)(nitrene) complexes to be a singlet.29 The singlet 

state of L′Cu(NH) is thus best described with methods that can incorporate the multi-reference 

character of this open-shell singlet. DFT is, of course, a single determinant modeling 

technique.61 We will revisit the singlet-triplet splitting of L′Cu(NH) with ab initio techniques in 

the following section. 

 

6.3.2 ccCA Calculations 

In light of the prediction of the singlet-triplet splitting of L′Cu(NH) by different DFT 

methods, in comparison to previous CASSCF calculations,29 it is of interest to evaluate the 

predictions of wavefunction-based approaches such as the correlation consistent composite 

approach (ccCA). These calculations were performed at the B3LYP/cc-pVTZ optimized 
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Table 6.2 correlation consistent composite approach (ccCA) total energy at 298K and the constituent terms in a.u. for 
complexes at the Singlet and Triplet state. *Reference energy is computed from the Schwartz 2-point extrapolation equation of the 
MP2 energies at the aug-cc-pVTZ and aug-cc-pVQZ basis sets. **TS refers to the energy of complex at the transition state. 

Complex 
Electronic 

State 

ccCA 
Reference 
Energy* 

Correlation 
Effects 
Term 

Core 
Valence 

Term 

Relativistic 
Effects 
Term 

Zero-Point 
Correction 

ccCA 
Total Energy 

at 298 K 

L′Cu-NH Singlet -1921.315616 -0.019974 -0.807883 -14.309706 0.104388 -1936.348792 
L′Cu-NH Triplet -1921.291884 -0.040519 -0.806430 -14.307726 0.103626 -1936.342932 

        
L′Cu-NH3(TS)** Singlet -1922.461932 -0.038028 -0.809139 -14.310405 0.118110 -1937.501394 
L′Cu-NH3(TS) Triplet -1922.391377 -0.094062 -0.785643 -14.305786 0.115420 -1937.461448 
        
L′Cu-NH2CH3(TS) Singlet -1961.714306 -0.062155 -0.856912 -14.321781 0.150333 -1976.804821 

L′Cu-NH2CH3(TS) Triplet -1961.652950 -0.112235 -0.834112 -14.320529 0.148067 -1976.771758 

 
 
 
Table 6.3 Multi-reference correlation consistent composite approach (MR-ccCA) total energy and the constituent terms in a.u. 
for complexes at the Singlet and Triplet state. *Reference energy is computed from the Schwartz 2-point extrapolation equation of 
the CASPT2 energies with the aug-cc-pVDZ and aug-cc-pVTZ basis sets for L′Cu-NH. 

Complex 
Electronic 

State 

MR-ccCA 
Reference 
Energy* 

Correlation 
Effects 
Term 

Core 
Valence 

Term 

Relativistic 
Effects 
Term 

Zero-Point 
Correction 

MR-ccCA 
Total Energy 

at 298 K 

L′Cu-NH Singlet -1921.176380 0.043125 -0.760333 -14.308796 0.104388 -1936.097995 
L′Cu-NH Triplet -1921.152392 0.031002 -0.760049 -14.305705 0.103626 -1936.083518 
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geometries given the similarity in geometry among the different functional/basis set 

combinations. The ccCA method predicts that the singlet state of L′Cu(NH) is lower than the 

triplet state by 3.7 kcal mol-1, which is comparable in magnitude and direction with the 

predictions made via CASSCF calculations (5.6 kcal mol-1).29 Since there is similarity among the 

DFT methods vis-à-vis the difference in energy between 1,3L′Cu(NH), the deviation between 

ccCA and all three DFT predictions of the singlet-triplet splitting is very similar, i.e., a difference 

of ~17 kcal mol-1 and with a reversal of ordering of the two multiplicities. 

 

a.         ccCA Prediction of Copper Nitrene Ground State 

A breakdown of the ccCA energy into its components is very interesting in terms of how 

each constituent “prefers” either the singlet or triplet state of L′Cu(NH) as the ground state. 

Table 6.2 shows ccCA reference energy [E(MP2/CBS) in eq. 1] and the breakdown of each 

contributing term to the total ccCA energy. Note that similar comments can be made for the 

singlet-triplet ordering of the transition states for C-H and H-H insertion, Table 6.2. The ccCA 

reference energy predicts that the singlet state is lower than the triplet state for the L′Cu(NH) 

active species by 14.9 kcal mol-1. Adding electron correlation [ΔE(CC)+ beyond the MP2 level, 

the singlet and triplet state of L′Cu(NH) now display a difference of 2.0 kcal mol-1 with the 

singlet still lower in energy. The coupled cluster calculation thus counteracts, but does not 

reverse, the MP2-based reference energy, leaving L′Cu(NH) in a close energetic balance among 

the two spin states. The other additive terms (core-valence, relativistic and zero-point energy) 

have negligible difference, although the difference in core-valence contributions is more 

significant for the transition states than the ground state L′Cu(NH), Table 6.2. The core-valence 
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correction favors the singlet state and may be a reflection of the change in formal oxidation 

state at copper. 

 

b.         Multi-reference ccCA (MR-ccCA) Prediction of Copper Nitrene Ground State 

As shown in Table 6.3, MR-ccCA supports previous CASSCF and single-reference ccCA 

calculations, i.e., that a singlet is the electronic ground state of the copper nitrene, L′Cu(NH).  In 

the case of MR-ccCA, the singlet state is predicted to be 9.1 kcal mol-1 lower in energy than the 

triplet state.  Interestingly, this value is approximately halfway between DFT and single 

reference ccCA predictions. Furthermore, we note that all of the MR component calculations in 

MR-ccCA predict that the singlet state is the lower energy than the triplet state, Table 6.3, 

although similar to single reference ccCA, adding in electron correlation beyond 2nd order 

perturbation theory acts to reduce the singlet-triplet splitting of L′Cu(NH).  As a final 

justification for the use of MR-ccCA, the leading reference coefficients predicted with the AQCC 

method for both the singlet and triplet system are 0.722 and 0.814, respectively, indicating 

significant multi-reference character. 

 

c.          Reaction Coordinates: comparison of ccCA vs. DFT 

  Since the reaction energy differences among the three DFT methods are similar for the 

majority of the component reactions, Scheme 6.1 and Figure 6.2, we focus on B3LYP/6-

311++G(d,p) and ccCA results for the remaining discussion. Comparing the H-H bond activation 

reaction coordinates (singlet state) we find that the largest B3LYP-ccCA difference is 28.6 kcal 

mol-1 for reaction V, which involves the multi-reference molecule, L′Cu(NH): the HAA reaction of 
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L′Cu(NH) with H2 to yield L′Cu(NH2) and H atom. The lowest difference is 0 kcal mol-1 for 

reaction IV, the dissociation of imidogen (3NH) from the triplet copper-nitrene complex to yield 

the copper catalyst model, L′Cu (i.e., there was essentially no difference between ccCA and 

B3LYP for reaction IV). Comparing the triplet potential energy surface for H-H bond activation, 

we found that the largest DFT-ccCA calculated difference is 12.5 kcal mol-1 for reaction VI, 

which described the bond dissociation energy of the copper-nitrogen bond of L′Cu(NH2). Thus, 

in general, it appears that the biggest divergence between DFT and ccCA methods is for those 

processes that involve radical species and homoloytic bond dissociation.  

 There are two plausible reaction mechanisms for C-H and H-H bond activation by a 

copper-nitrene complex: a concerted [1+2] direct insertion and non-concerted pathways 

initiated by hydrogen atom abstraction (HAA) reaction. Previous DFT calculations in concert 

with experimental studies support a mechanism involving direct [1+2] insertion.30  On the 

singlet surface for H2 functionalization the [1+2] insertion reaction is calculated to be 

exothermic by -72.5 kcal mol-1  versus -83.9 kcal mol-1 determined at the B3LYP/6-311++G(d,p) 

level of theory, Table 6.1.  The singlet insertion barrier is small using both density functional and 

wavefunction based techniques (3.4 kcal mol-1 for B3LYP/6-311++G(d,p) and 5.9 kcal mol-1 for 

ccCA). The kinetic barrier to H2 insertion is more divergent on the triplet surface: 8.9 kcal mol-1 

for B3LYP/6-311++G(d,p) and 27.3 kcal mol-1 for ccCA). For the methane functionalization 

pathway, Table 6.1, there is more congruity between DFT- and ccCA-calculated energetics, 

although as for the H2 reactions, discrepancies are more apparent on the triplet than the singlet 

surface. 
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6.4 Conclusions 

The kinetics and thermodynamics of nitrene insertion into C-H and H-H have been 

studied using several levels of theory: B3LYP/6-311++G(d,p), B97-1/cc-pVTZ, PBE1KCIS/cc-pVTZ, 

and ccCA. Each DFT method shows no significant difference from the other two DFT methods 

despite the use of both hybrid and meta-GGA functionals, as well as both Pople-style and 

correlation consistent basis sets. Hence, the deviations of ccCA results with respect to the 

different DFT methods studied here are very similar. All three DFT methods predict the ground 

state of L′Cu(NH) to be the triplet, however, ccCA results show the singlet state to be the 

ground state. The contributions to the total ccCA energy indicate that ccCA prediction of the 

singlet state is due to ccCA reference energy. The ccCA reference energy (which mimics the 

complete basis set limit of MP2) predicts that the singlet state is lower than the triplet state for 

the L′Cu(NH) active species by 14.9 kcal mol-1. Adding electron correlation [ΔE(CC)] beyond the 

MP2 level, the singlet and triplet state of L′Cu(NH) display a difference of 2.0 kcal mol-1 with the 

singlet still lower in energy. The coupled cluster calculation thus counteracts, but does not 

reverse, the MP2-based reference energy, leaving L′Cu(NH) in a close energetic balance among 

the two spin states. MR-ccCA calculations are in agreement with CASSCF and single reference 

ccCA and yield a singlet-triplet splitting of 8.3 kcal mol-1, which is halfway between the DFT and 

single-reference ccCA predictions. In general, the largest difference between DFT and ccCA 

methods is for those processes that involve radical species and homoloytic bond dissociation. 

Other research in our group, indicates that spin contamination can be problematic in open-shell 

organic62 and inorganic compounds,63 making the use of restricted open-shell methodologies a 

prudent choice. However, no evidence for spin contamination was seen in the present research. 
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CHAPTER 7 

APPLICATION OF THE CORRELATION CONSISTENT COMPOSITE APPROACH (CCCA) TO THE NON-

COVALENT INTERACTION ENERGIES OF THE S22 TEST SET 

7.1 Introduction 

Non-covalent interactions (NCIs) are types of weak intermolecular forces that involve 

variations of electromagnetic interactions. Examples of NCI include: hydrogen bonds, 

hydrophobic interactions, and van der Waals forces (i.e. dispersion interactions, induced dipole-

dipole, London dispersion forces). These types of interactions play fundamental roles in 

supramolecular chemistry, polymer science, surface science, structural biology, and condensed 

matter physics. Hydrogen bonding, for example is an important phenomenon in many chemical 

and biological systems such as water, DNA, and proteins, and it is partly responsible for 

secondary, tertiary, and quaternary structures of proteins and nucleic acids. Linus Pauling 

defined hydrogen bonding as an electrostatic interaction concerning three atoms – a hydrogen 

atom that is located between two other electronegative atoms and bonded more strongly to 

one of them.1 

Many experimental and computational challenges hinder advancement in the 

understanding of noncovalent interactions. For example, it is quite difficult to study hydrogen 

bonds in situ because of secondary effects from the local environment (e.g. aqueous hydrogen 

bond networks; protein domains such as α-helices and β-sheets that are formed by cooperation 

among many hydrogen-bonded molecule pairs). As a consequence, reference experimental 
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data (e.g. interaction energies, equilibrium geometries) of NCI are very limited and instead 

highly accurate and reliable theoretical methods have been sought for estimation of the 

magnitude of NCI. 

Wavefunction theory (WFT) methods such as coupled cluster singles, doubles and 

perturbative triples, CCSD(T),2-8 Møller-Plesset, MP2,9 or a combination of both with various 

basis set qualities, have been used for the theoretical prediction of interaction energies and 

equilibrium geometries of NCI systems.10-26 As research continues on larger NCI systems, it is 

very helpful to test other methods against available CCSD(T) data. Unfortunately, the CCSD(T) 

data becomes limited as systems grow, due to the quick increase in computational cost (CPU 

time, disk space, memory) of the N7 scaling of the CCSD(T) method, where N is the number of 

basis functions, which is proportional to the size of the system.  

Alternatively, density functional theory (DFT)27 approaches are more efficient in terms 

of computational cost as compared to WFT. However, one main drawback of conventional DFT 

methods is the difficulty in accurate prediction of van der Waals forces, which are dominant in 

NCI.28-30 Even though DFT cannot be improved systematically like ab initio methods, successes 

have been achieved in recent development of DFT for weakly-bound systems.31-49 Efforts to 

account for the dispersion interaction gave rise to DFT-D methods, such as B97-D and ωB97X-

D.45,48 The B97-D functional was parameterized for dispersion corrections and was tested for 40 

NCI systems (small hydrogen-bonded systems, rare gas dimers, benzene dimers, and DNA base 

pairs) in addition to the G2/97 test set of heats of formation, and chemical reactions and 

barriers. The mean signed error (MSE) of B97-D for the S22 test set (described below) of NCI 

systems was -0.11 kcal mol-1.48 The MSE of ωB97X-D was -0.08 kcal mol-1 for the S22 test set.50 
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It should be noted that B97-D and ωB97X-D were parameterized against different benchmark 

sets, each of which included the S22 test set. In related work, Grimme and coworkers used 

double hybrid DFT, represented by B2PLYP and mPW2PLYP;46,47 these functionals include 

nonlocal density and HF exchange plus MP2 dynamic correlation. Although double hybrid 

functionals such as mPW2PLYP and B2PLYP still underestimate long range interactions of NCI 

for the S22 test set, with MSE of 0.95 and 1.63 kcal mol-1 respectively,51 the MSE decrease to 

0.25 and 0.21 kcal mol-1, respectively, for the same S22 test set when an empirical dispersion 

correction is added (i.e. mPWLYP-D and B2PLYP-D).44,45,47 A comprehensive list of DFT methods 

that has been applied to the S22 set was provided in a recent review by Riley et al.52 

In the developments and the evaluation of various DFT methods, many benchmark sets 

based on ab initio methods have been used. A widely used test set of molecules called the S22 

set, as shown in Chart 7.1, was presented by Jurečka et al. and consists of interaction energies 

of 22 complexes comprised of 6 to 30 atoms and divided into three subsets: (i) hydrogen 

bonded complexes; (ii) complexes with predominant dispersion interactions; (iii) mixed 

complexes with electrostatic and dispersion interactions of similar magnitudes.11 The 

interaction energies of the dimers in the S22 set were estimated at the complete basis set (CBS) 

limit for CCSD(T) by computing the interaction energy using MP2 at the CBS limit based upon a 

two-point extrapolation using cc-pVTZ and cc-pVQZ, aug-cc-pVTZ and aug-cc-VQZ, or cc-pVQZ 

and cc-pV5Z, depending on the system size in the S22 test. Then a ΔCCSD(T) term was added 

(i.e. small

MP

small

TCCSD EE 2)(  , where small indicates basis set of cc-pVnZ (n = D, T, Q or 5) quality 

depending the system size in the S22 set) to the MP2/CBS energies (see reference 11 for more  
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Chart 7.1 The S22 data set. WC = Watson-Crick geometry, S = Stacked, PD = Parallel 
displaced, T = T-shaped 
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details). The S22 test set provided interaction energies that “should be close to the 

CCSD(T)/CBS limit” according to Jurečka and co-workers, and this test set is widely used for 

benchmark ab initio and DFT calculations. 

However, the interaction energies of the S22 set provided by Jurečka et al. are 

inconsistent in some sense, as the levels of theoretical treatment vary from one system to 

another within the S22 set. In a very recent paper, Takatani et al. noted this inconsistency  and 

attempted to resolve it by computing the interaction energies of the S22 set using  CCSD(T) and 

extrapolating to the CBS limit using four extrapolation schemes, two of which will be described 

here as they provide accurate estimates of the interaction energies of the S22 set.53 First, for 

smaller systems (7 of the 22 complexes in the S22 set), CCSD(T) was extrapolated based upon a 

two-point extrapolation of the aug-cc-pVTZ and aug-cc-pVQZ. The second extrapolation was 

estimated via an addition of the difference between MP2/CBS(aug-cc-pVDZ and aug-cc-pVTZ) 

and CCSD(T)/CBS(aug-cc-pVDZ and aug-cc-pVTZ) to the MP2/CBS(aug-cc-pVTZ and aug-cc-

pVQZ) total energies. The second extrapolation spanned all 22 systems and was denoted 

CCSD(T)/CBS(Δa(DT)Z). The interaction energies at CCSD(T)/CBS(Δa(DT)Z) compared to the 

results of Jurečka et al. show an MSE of 0.15 kcal mol-1   

Since the number of molecules in the S22 set is rather limited, benchmark data for new 

molecules may be needed to assure the applicability of less costly approaches such as newly 

developed DFT methods to molecules of increasing size. However, the unfavorable cost of 

traditional benchmark approaches such as MP2 and CCSD(T) employed with a large basis set, 

e.g. aug-cc-pVQZ or larger, exerts a serious limitation on the size of the molecules that can be 

studied. Thus, alternative strategies should be considered not only to provide reliable 



128 

benchmark data for the study of larger chemical systems, but also to aid in increasing the level 

of accuracy possible for the routine prediction of physical properties (e.g. energetics) of larger 

molecules.  In considering viable methods, it is important that the performance of potential 

methodologies be compared with the popular S22 set.  

There are numerous strategies available to reduce computational costs.  Among the 

most popular means are ab initio composite approaches. A newer, but widely successful 

composite approach is the correlation consistent composite approach (ccCA) due to its 

applicability across an increasing proportion of the periodic table.   This approach aims to 

achieve the same accuracy of CCSD(T) near the complete basis set limit, but at a much lower 

computational cost by combining energies resulting from a series of less expensive, albeit, less 

accurate calculations. The method is built upon an MP2/complete basis set reference, 

combined with a series of additive steps employing MP2 or CCSD(T) at lower level basis sets 

that account for diffuseness, correlation, core-valence, and scalar relativistic effects. ccCA has 

been applied to over a thousand main group molecules, resulting, overall, in a mean absolute 

deviation (MAD) of less than 1 kcal mol-1 from reliable experimental values of energetic 

properties (e.g. thermochemical properties, dissociation energies).54-58  

Another approach to reduce computational cost is via the resolution of the identity (RI), 

which was introduced by Boys and Shavitt.59 This approach reduces the high computational cost 

associated with the two-electron four-index integrals by rewriting the integrals as three-center 

integrals.  The method has been employed in DFT,60,61 MP2,62,63 and coupled cluster (CC) 

etheory.64  To illustrate the cost savings and minimal impact on accuracy, Feyereisen et al. 

implemented RI in MP2 for the calculation of water dimer interaction energy for several 
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qualities of basis sets.62 Feyereisen and co-workers found a difference of 0.1 kcal mol-1 between 

the MP2 and RI-MP2 calculation at 10% of the CPU time required by MP2 at the same basis set. 

Another example, particularly relevant to the current paper, is provided by work by Sherrill et 

al., who reported the effectiveness in time and accuracy of the RI-MP2 computation of the 

sandwich benzene dimer compared to MP2 at the same aug-cc-pVTZ basis set without the use 

of symmetry. The MP2 computation took 23 hours while RI-MP2 took 1.7 hours (timings 

obtained on a 3.2 GHz Intel Woodcrest EM64T workstation) and only 0.005 kcal mol-1 error in 

the interaction energy was incurred. 

Another effective computational cost reduction strategy is via local methods. 

Conventional MP2 and coupled cluster calculations have their foundation upon a set of 

canonical HF orbitals, Canonical orbitals are delocalized over the whole molecule, and, these 

orbitals, overall, make some contribution to the wavefunction.  Localization strategies have 

been developed so that the orbitals can become localized to certain regions of a molecule, 

resulting in numerous sparse two-electron integrals, which can be effectively screened from the 

MPn or coupled cluster calculation, reducing the overall computational cost of a correlation 

method.  

While there are a variety of local approaches,65-72 the most successful and widely used 

local methods were originally proposed by Pulay and coworkers73-75 and were further 

developed by Werner et al. and others.76-82 These methods employ local orbital spaces (a 

subset of the atomic orbitals), restricting the number of excited configurations in the 

wavefunction.  Basically, a local method spatially constrains the localized orbital spaces to a 

relatively small volume (i.e. domain) such that contributions to the correlation energy are only 
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obtained from a few localized orbitals in a specific part of a molecule instead of from each 

possible orbital.  To determine the atoms whose orbitals are included in a domain, Werner and 

coworkers utilize a distance-dependent criterion, and have applied this approximation to 

coupled cluster methods.   This approach can be effective, particularly for molecules of 

increasing size, as the correlation energy decreases quickly with increasing distance between 

localized orbitals. Further cost savings can be achieved by using the density fitting 

approximation (DF—entirely analogous to the RI approximation) in combination with the local 

approximation, LCCSD(T) (denoted DF-LCCSD(T)).83-86 

To reduce the computational cost of ccCA, Prascher and co-workers employed the RI 

approximation within ccCA (denoted RI-ccCA).87 The performance of RI-ccCA was compared to 

ccCA for energetic properties (e.g. total energies, atomization energies, and enthalpies of 

formation) for a subset of the G2/97 test set88 containing 102 closed shell systems, including 

both first and second rows and main group atoms. The overall MAD in the enthalpies of 

formation determined using RI-ccCA compared to ccCA was 0.27 kcal mol-1 and there was a 

dramatic reduction in CPU and disk space of 72% and 97%, respectively.87 RI-ccCA+L was also 

introduced by Prascher et al. to further attempt to reduce computational cost (i.e., CPU time, 

disk space, memory). In RI-ccCA+L, the CCSD(T) step in RI-ccCA is replaced with DF-LCCSD(T) and 

althought this resulted in increased MAD (2.63 kcal mol-1), yet a decrease in CPU and disk space 

of 76% and 96% respectively was observed compared to ccCA.87  

The success of RI-ccCA encourages further investigation of the accuracy of RI-ccCA and 

RI-ccCA+L for the prediction of interaction energies of increasingly larger chemical systems, 

including NCI systems, and the computational savings possible. The computational savings that 
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result from utilizing both the RI approximation and local approaches (either separately, or 

together) could effectively extend the size of molecule that can be addressed by ccCA to larger 

systems such as DNA strands and amino acid chains.  

In numerous prior studies of weakly bound systems, the calculated intermolecular 

interaction may become artificially stronger. Such a problem can be ascribed to basis set 

superposition error (BSSE).89,90 BSSE can be addressed using a counterpoise correction, 

prescribed by Boys et al.91 The impact of BSSE upon systems of the S22 set has been considered 

previously. Merz et al. considered the impact of BSSE upon the MP2/CBS limits for the 

interaction energies. They found that when the CBS limit is computed from a two-point 

extrapolation utilizing energies obtained from calculations employing the aug-cc-pVTZ and aug-

cc-pVQZ basis sets, the counterpoise correction was not required. However, when a two-point 

extrapolation utilizing energies derived from calculations employing the aug-cc-pVDZ and aug-

cc-pVTZ basis sets is done, the counterpoise correction is required.92  This is not surprising, as it 

is well-known that BSSE has been eliminated at the true CBS limit. As well, more accurate 

predictions of the CBS limit are achieved using higher levels of correlation consistent basis sets.   

In general, for larger chemical systems,  the sensitivity of the CBS approximations, particularly 

for the two-point extrapolation scheme, increases, and, thus, an extrapolation utilizing a 

double-zeta and triple-seta basis set only may not necessarily provide a good estimate of the 

true CBS limit, particularly without accounting for BSSE in the case of weakly bound systems. 

Since the CBS limit is reached for the MP2 computations in RI-ccCA and RI-ccCA+L, 

employing basis sets through quadruple-zeta quality, the BSSE91 need not be considered 

explicitly in the MP2 reference energy determination.  However, as BSSE is known to play an 
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important role in weakly bound systems when low level basis sets are used in combination with 

methods such as MP2 and CCSD(T),92,93 and, as the additive corrections are done utilizing cc-

pVTZ quality basis sets, the potential impact of BSSE should be considered, and, thus, 

counterpoise corrections were employed in this work. 

Within this work, a comparison of the interaction energies of the S22 has been done for: 

(i) MP2 and RI-MP2 with both the traditional basis sets, aug-cc-pVnZ (n = D, T, and Q), and the 

corresponding RI basis set analogue, aug-cc-pVnZ-RI; (ii) CCSD(T) and DF-LCCSD(T) using the cc-

pVTZ and cc-pVTZ-RI basis sets, respectively. The domain extension of DF-LCCSD(T) that was 

developed by Werner and co-worker was introduced to investigate the effect of extending the 

domain of DF-LCCSD(T) on the interaction energies in the S22 test set. 

 

7.2 Computational Methodology 

The S22 data set compiled by Jurečka et al.94 was used for the evaluation of RI-ccCA and 

RI-ccCA+L composite methods for weakly bound systems.87 All calculations were performed 

with the MOLPRO 2009.1 software package without employing symmetry (because the density 

fitting and local correlation approximations implemented in MOLPRO do not use spatial 

symmetry; this is unlikely to be a drawback in studies of large molecules, which are typically 

unlikely to have much, if any, symmetry to exploit), and using the default semidirect algorithm, 

following the formulation for the RI-ccCA and RI-ccCA+L composite methods described by 

Prascher et al.87 The geometries of each molecule in S22 were obtained from the original 

optimized geometries at the RI-MP2 level using cc-pVTZ [4s3p2d1f/3s2p1d] or TZVPP 

*5s3p2d1f/3s2p1d+ basis sets by Jurečka et al.94 



133 

From the optimized geometries, the RI-ccCA+L reference energy, RI

refE , higher-order 

correlation RI

CCE , core-valence correlation RI

CVE , and scalar relativistic RI

SRE  contributions 

were computed as follows 

RI

refE  = RI-MP2/aug-cc-pV Z-RI,        (1) 

RI

CCE  = E [DF-LCCSD(T)/cc-pVTZ-RI] – E [RI-MP2/cc-pVTZ-RI],    (2) 

RI

CVE = E [RI-MP2(full)/aug-cc-pCVTZ-RI] – E [RI-MP2(fc)/aug-cc-pVTZ-RI],  (3) 

RI

SRE  = E [DK-RI-MP2/cc-pVTZ-RI-DK] – E [RI-MP2/cc-pVTZ-RI],    (4) 

ccCARIE   = RI

refE  + RI

CCE  + RI

CVE  + RI

SRE        (5) 

The reference energy, RI-MP2/aug-cc-pV Z-RI, where aug-cc-pV Z-RI represents the 

complete basis set (CBS) limit, is computed using the extrapolation scheme of Peterson et al.95 

All calculations of the contributions to the RI-ccCA+L total energy were taken from the 

reference energy, RI

refE . A single modification to the RI-ccCA+L energy was made in the RI

CCE   

term by substituting the density fit (DF—entirely analogous to the RI approximation) local 

CCSD(T), denoted by “DF-LCCSD(T)” by CCSD(T)/cc-pVTZ. This modification was considered by 

Prascher et al. for comparison of DF-LCCSD(T) with CCSD(T) for the CCSD(T) step within ccCA in 

the calculation of enthalpies of formation of the 102 first- and second-row closed-shell systems 

of the G2/97 test set and was denoted by RI-ccCA. 

 

7.3 Results and Discussion 

In each term of the RI-ccCA+L methodology, the contribution to the total interaction 

energy was compared to the corresponding full term (e.g. RI-MP2 vs. MP2, DF-LCCSD(T) vs. 
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CCSD(T)) in order to understand any error arising from each contribution. 

 

7.3.1 MP2 vs. RI-MP2 

In this section, a comparison of the interaction energies of the S22 set is reported 

between MP2 and RI-MP2 for the RI

refE , RI

CVE , and RI

SRE  terms. For the RI

refE , the RI-MP2/aug-

cc-pVnZ-RI (where n = D, T, and Q) interaction energies of the S22 test set showed no significant 

difference overall when compared with the corresponding MP2/aug-cc-pVnZ interaction 

energies of Takatani et al. as shown in Table7.1. The mean absolute deviation (MAD) between 

RI-MP2/aug-cc-pVnZ-RI and MP2/aug-cc-pVnZ is 0.02, 0.09, and 0.01 kcal mol-1 for double-ξ, 

triple-ξ, and quadruple-ξ, respectively. The interaction energies at the CBS limit (i.e. RI-

MP2/aug-cc-pV∞Z) were also compared to the MP2/CBS(aT-aQ) of Takatani et al. and 

negligible difference was found. The good agreement observed between MP2 and RI-MP2 

strongly suggests that RI-MP2 produces similar results with very significant time savings as 

indicated by Prascher et al.87 For example, the time savings to calculate the interaction energy 

of the water dimer at RI-MP2/aug-cc-pV Z-RI was 86% less than when computed at MP2/aug-

cc-pV Z. 

For the RI

CVE  and RI

SRE  terms (Table 7.2), the comparison of interaction energies of 

each RI-MP2 term with its corresponding MP2 term for a subset (13 of the 22 complexes) of the 

molecules also reveals no significant difference between MP2 and RI-MP2. To illustrate, the 

contribution of the RI

CVE  to the total RI-ccCA energy ranges from -0.01 to 0.09 kcal mol-1 for 2-

pyridoxine·2-aminopyridine and Benzene·HCN, respectively with a MAD for the molecule set of  
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Table 7.1 Differences between MP2 and RI-MP2 interaction energies (kcal mol-1). AD = 
Absolute deviation.  

 This work Takatani et al.  This work Takatani et al.  

Method RI-MP2 MP2  RI-MP2 MP2  

Basis set aug-cc-pVDZ-RI aug-cc-pVDZ AD aug-cc-pVTZ-RI aug-cc-pVTZ AD 

Hydrogen bonded complexes       

(NH3)2 -3.40 -3.37 0.03 -3.23 -3.24 0.01 

(H2O)2 -5.20 -5.21 0.01 -5.17 -5.16 0.01 

Formic acid dimer -18.57 -18.56 0.01 -19.07 -19.07 0.00 

Formamide dimer -16.16 -16.16 0.00 -16.28 -16.28 0.00 

Uracil dimer -21.73 -21.72 0.01 -21.53 -21.53 0.00 

2-pyridoxine·2-aminopyridine -18.97 -18.96 0.01 -18.47 -18.29 0.18 

Adenine·thymine (WC) -18.39 -18.38 0.01 -17.87 -17.57 0.30 

       

Dispersion dominated complexes       

(CH4)2 -0.88 -0.92 0.04 -0.60 -0.60 0.00 

(C2H4)2 -2.07 -2.10 0.03 -1.88 -1.87 0.01 

Benzene·CH4 -3.28 -3.28 0.00 -2.41 -2.41 0.00 

Benzene dimer (PD) -8.12 -8.11 0.01 -6.27 -6.27 0.00 

Pyrazine dimer -9.84 -9.87 0.03 -8.07 -8.08 0.01 

Uracil dimer -15.59 -15.57 0.02 -13.13 -12.87 0.26 

Indole·benzene (S) -12.89 -12.83 0.06 -10.06 -9.68 0.38 

Adenine·thymine (S) -21.63 -21.59 0.04 -17.72 -17.28 0.44 

       

Mixed complexes       

Ethene·ethine -2.49 -2.53 0.04 -1.99 -1.99 0.00 

Benzene·H2O -4.70 -4.67 0.03 -4.18 -4.16 0.02 

Benzene·NH3 -3.99 -3.97 0.02 -3.25 -3.25 0.00 

Benzene·HCN -6.95 -6.94 0.01 -6.04 -6.04 0.00 

Benzene dimer (T) -6.49 -6.49 0.00 -4.82 -4.83 0.01 

Indole benzene (T) -10.45 -10.37 0.08 -8.59 -8.40 0.19 

Phenol dimer -10.02 -10.07 0.05 -8.98 -8.83 0.15 

       

Mean   0.02   0.09 

Max   0.08   0.44 
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Table 7.1 (Continued.) 

 This work Takatani et al.  This work Takatani et al.   

Method RI-MP2 MP2  RI-MP2 MP2 AD 

Basis set aug-cc-pVQZ-RI aug-cc-pVQZ AD CBS CBS (aT-aQ)   

Hydrogen bonded complexes       

(NH3)2 -3.19 -3.21 0.02 -3.17 -3.19 0.02 

(H2O)2 -5.11 -5.09 0.02 -5.07 -5.05 0.02 

Formic acid dimer -18.94 -18.94 0.00 -18.87 -18.94 0.07 

Formamide dimer -16.08 -16.08 0.00 -15.96 -15.99 0.03 

Uracil dimer -20.89 -20.89 0.00 -20.51 -20.57 0.06 

2-pyridoxine·2-aminopyridine -17.85 -17.85 0.00 -17.48 -17.62 0.14 

Adenine·thymine (WC) -17.10 -17.10 0.00 -16.64 -16.87 0.23 

       

Dispersion dominated complexes       

(CH4)2 -0.55 -0.53 0.02 -0.52 -0.49 0.03 

(C2H4)2 -1.72 -1.70 0.02 -1.62 -1.60 0.02 

Benzene·CH4 -2.02 -2.02 0.00 -1.79 -1.79 0.00 

Benzene dimer (PD) -5.44 -5.44 0.00 -4.96 -4.96 0.00 

Pyrazine dimer -7.37 -7.37 0.00 -6.96 -6.98 0.02 

Uracil dimer -11.96 -11.96 0.00 -11.28 -11.52 0.24 

Indole·benzene (S) -8.81 -8.81 0.00 -8.08 -8.30 0.22 

Adenine·thymine (S) -16.04 -16.03 0.01 -15.05 -15.36 0.31 

       

Mixed complexes       

Ethene·ethine -1.78 -1.78 0.00 -1.66 -1.68 0.02 

Benzene·H2O -3.80 -3.78 0.02 -3.58 -3.58 0.00 

Benzene·NH3 -2.86 -2.86 0.00 -2.64 -2.65 0.01 

Benzene·HCN -5.48 -5.48 0.00 -5.15 -5.20 0.05 

Benzene dimer (T) -4.04 -4.04 0.00 -3.58 -3.59 0.01 

Indole benzene (T) -7.54 -7.54 0.00 -6.92 -7.07 0.15 

Phenol dimer -8.22 -8.25 0.03 -7.78 -7.93 0.15 

       

Mean   0.01   0.08 

Max   0.03   0.31 
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Table 7.2 The difference between MP2 and RI-MP2 in (kcal mol-1) of the core valence and scalar relativistic contributions to the 
total interaction energies of the S22 set.  

Method RI-MP2 MP2     RI-MP2 MP2   

Basis set aug-cc-pCVTZ-RI aug-cc-pCVTZ AD   aug-cc-pVTZ-RI-DK aug-cc-pVTZ-DK AD 

Hydrogen bonded complexes        

(NH3)2 -0.0029 -0.0035 0.0007  0.0010 0.0012 0.0002 

(H2O)2 0.0135 0.0123 0.0012  0.0145 0.0128 0.0016 

Formic acid dimer -0.0089 -0.0105 0.0016  0.0446 0.0429 0.0016 

Formamide dimer 0.0169 0.0143 0.0026  0.0195 0.0195 0.0001 

Uracil dimer 0.0343 0.0320 0.0023  0.0215 0.0233 0.0018 

2-pyridoxine·2-aminopyridine … … …  … … … 

Adenine·thymine WC … … …  … … … 

        

Dispersion dominated complexes        

(CH4)2 -0.0016 -0.0017 0.0001  0.0016 -0.0007 0.0024 

(C2H4)2 -0.0108 -0.0115 0.0007  0.0005 -0.0020 0.0025 

Benzene·CH4 0.0426 0.0417 0.0010  -0.0017 -0.0014 0.0003 

PD Benzene dimer … … …  … … … 

Pyrazine dimer 0.0104 0.0074 0.0030  -0.0068 -0.0022 0.0046 

Uracil dimer … … …  … … … 

Stacked indole·benzene … … …  … … … 

Stacked adenine·thymine … … …  … … … 

        

Mixed complexes        

Ethene·ethine 0.0371 0.0363 0.0008  -0.0042 -0.0038 0.0004 

Benzene·H2O 0.0451 0.0435 0.0016  0.0039 0.0021 0.0018 

Benzene·NH3 0.0449 0.0435 0.0014  0.0001 -0.0009 0.0010 

Benzene·HCN 0.0885 0.0865 0.0019  -0.0064 -0.0031 0.0033 

T-Shaped benzene dimer … … …  … … … 

T-shaped indole benzene … … …  … … … 

Phenol dimer … … …  … … … 

        

Mean   0.0014    0.0017 

Max     0.0030       0.0046 
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0.03 kcal mol-1. Overall, the RI

SRE term does not contribute to the total energy (average is 0.00 kcal mol-

1 and the lowest and highest values are 0.0001 and 0.0046 kcal mol-1 respectively). However, while 

these contributions to the interaction energies are minimal, at best, for the S22 molecules examined, it 

is important to note that both terms could become increasingly significant for larger systems, as well as 

for systems that include atoms beyond the first row main group. 

 

7.3.2 CCSD(T) vs. DF-LCCSD(T) 

The comparisons between CCSD(T) and DF-LCCSD(T) are provided in Table 7.3 In the hydrogen 

bonded complexes, a significant difference has been shown between CCSD(T) and DF-LCCSD(T) steps in 

RI-ccCA. To illustrate, for the water dimer, the contribution of CCSD(T), CCE , to RI-ccCA vs. the 

contribution of DF-LCCSD(T), RI

CCE , to RI-ccCA+L is 0.18 and 1.12 kcal mol-1 respectively. These 

contributions increase significantly with increasing system size. For example, in hydrogen bonded uracil 

dimer, CCE vs. RI

CCE  is -0.08 and 3.24 kcal mol-1, respectively. Therefore, there is a discrepancy 

between CCSD(T) and DF-LCCSD(T) contributions to the respective RI-ccCA vs. RI-ccCA+L interaction 

energies. In the dispersion dominated and mixed complexes, the discrepancy between CCSD(T) and DF-

LCCSD(T) is below 1 kcal mol-1. For example, in methane dimer, CCE vs. RI

CCE  is -0.01 and 0.17 kcal 

mol-1 respectively. For larger size systems such as T-shaped benzene dimer, CCE vs. RI

CCE  is 0.97 and 

1.42 kcal mol-1 respectively. Overall, the MAD of CCE vs. RI

CCE  is 0.99 kcal mol-1 and the MADs of 

CCE vs. RI

CCE  of the hydrogen bonded, dispersion dominated, and mixed complexes are 2.23, 033, and 

0.45 kcal mol-1, respectively.  

 



139 

Table 7.3 The contribution of DF-LCCSD(T)/cc-pVTZ-RI to the total interaction energy in kcal mol-1 
for the local domain (No IEXT) and each domain extension (IEXT = 1, 2, 3, 4, and 5) are compared to the 
contribution of CCSD(T)/cc-pVTZ 

 ΔE DF-LCCSD(T)/cc-pVTZ-RI ΔE CCSD(T)/cc-pVTZ 

  No IEXT  IEXT=1 IEXT=2 IEXT=3 IEXT=4 IEXT=5  

Hydrogen bonded complexes        

(NH3)2 0.81 0.40 0.40 0.40 0.40 0.40 0.15 

(H2O)2 1.12 0.56 0.56 0.56 0.56 0.56 0.18 

Formic acid dimer 3.55 2.11 1.84 1.83 1.83 1.83 0.02 

Formamide dimer 2.61 1.48 1.21 1.19 1.19 1.19 -0.07 

Uracil dimer 3.24 2.17 1.69 1.45 1.34 1.27 -0.08 

2-pyridoxine·2-aminopyridine 3.44 2.79 2.42 2.34 2.32 2.33 0.64 

Adenine·thymine (WC) 3.71 2.74 2.37 2.18 2.12 2.10 … 

        

Dispersion dominated complexes        

(CH4)2 0.17 0.06 0.06 0.06 0.06 0.06 -0.01 

(C2H4)2 0.68 0.28 0.22 0.22 0.22 0.22 0.16 

Benzene·CH4 0.78 0.39 0.32 0.30 0.29 0.29 0.39 

Benzene dimer (PD) 2.21 1.08 0.76 0.69 0.67 0.67 2.32 

Pyrazine dimer 2.39 0.35 0.09 0.04 0.04 0.04 2.68 

Uracil dimer 3.87 2.20 1.57 1.46 1.45 1.45 1.44 

Indole·benzene (S) 3.26 2.36 2.06 1.97 1.97 1.96 3.59 

Adenine·thymine (S) 5.49 2.94 2.10 1.79 1.76 1.77 … 

        

Mixed complexes        

Ethene·ethine 0.42 0.22 0.19 0.19 0.19 0.19 0.20 

Benzene·H2O 1.08 0.47 0.44 0.42 0.42 0.42 0.40 

Benzene·NH3 0.93 0.37 0.31 0.29 0.29 0.29 0.41 

Benzene·HCN 1.05 0.50 0.39 0.37 0.36 0.36 0.68 

Benzene dimer (T) 1.42 0.68 0.47 0.42 0.40 0.40 0.97 

Indole benzene (T) 2.07 1.67 1.46 1.39 1.38 1.38 1.44 

Phenol dimer 2.34 1.82 1.61 1.52 1.49 1.49 0.82 
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Two ideas were investigated in order to decrease the discrepancy between 
CCE and RI

CCE : (i) 

DF-LCCSD(T) extended domain and (ii) the contribution of the counterpoise correction (CP). 

(i) DF-LCCSD(T) domain extension 

In this work, the domain extensions by Werner et al.,96  have been utilized. In Chart 7.2, the 

hydrogen bonded adenine thymine base pair provides an example of what is referred to as the default 

local domain and extended domains.  For example, in Chart 7.2 the atoms that are labeled ‘L’ are 

included in the local default domain (i.e. DF-LCCSD(T)) while the other atoms are not included. Within 

the MOLPRO computational chemistry program, the domain selection is made via the IEXT option, 

defining the range of atoms included in the domain. In this procedure, the first set of atoms that are 

directly bound (i.e. nearest neighbors) to the atoms in the local domain ‘L’ are labeled ‘1’ (i.e. IEXT = 1, 

which is represented by the atoms that are labeled ‘1’ in addition to the atoms labeled ‘L’). The second 

set of atoms that are directly bonded (i.e. next nearest neighbors) to the atoms in IEXT=1 are labeled ‘2’ 

(i.e. IEXT = 2, which is represented by the atoms labeled ‘2’ in addition to the atoms labeled ‘1’ and ‘L’) 

and so on – See Chart 7.2. The domain extension (i.e. IEXT = 1 through 5) was implemented in the DF-

LCCSD(T) step of the RI-ccCA+L in order to investigate the impact of increasing the domain size on the 

interaction energies of the molecules in the S22 test set.  

A summary of the contribution of DF-LCCSD(T) to the RI-ccCA+L interaction energies of 

molecules in the S22 test set are listed in Table 7.3. In general there was a significant reduction in the 

contribution of DF-LCCSD(T) to RI-ccCA+L when increasing the domain size to IEXT = 5. Specifically, a 

more significant change occurs when a reduced domain size (IEXT = 1) is used.  A smaller, less dramatic, 

change occurs going from IEXT = 1 to IEXT = 2 and so on until a negligible difference occurs when 

increasing to IEXT = 4 and 5. For example, in the hydrogen bonded uracil base pair, the contributions of 
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DF-LCCSD(T) are 3.24, 2.17, 1.69, 1.49, 1.34, and 1.27 kcal mol-1, for the default local domain and 

extended domains,  IEXT = 1 – 5 respectively. The resulting RI-ccCA+L interaction energies of the 

hydrogen bonded uracil base pair are: 17.21, 18.29, 18.77, 19.01, 19.12, and 19.19, respectively. The 

interaction energy results in Table 7.3, such as the hydrogen bonded uracil dimer example discussed 

earlier in this section, clearly show that there is no necessity in increasing the domain of DF-LCCSD(T) 

beyond IEXT = 3 for the S22 test set, however it is necessary to increase the domain size to IEXT = 3. 

In the dispersion dominated and mixed complexes, the change in the contribution of DF-

LCCSD(T) is larger than for the hydrogen bonded complexes. For example, the DF-LCCSD(T) 

contributions for stacked adenine-thymine at the default local domain and IEXT = 1 are 5.49 and 2.94 

kcal mol-1, respectively. However, is the contributions are 3.71 and 2.74 kcal mol-1 for the hydrogen 

 
Chart 7.2 A depiction of the extended domain where the local domain is selected at the N-H bond 
(labeled ‘L’), the first directly bound neighboring atoms are labeled ‘1’ (IEXT = 1), the next nearest 
neighboring atoms are labeled ‘2’ (IEXT = 2). The atoms colored as follows: grey – carbon, blue – 
nitrogen, red – oxygen, white – hydrogen. 
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bonded adenine-thymine base pair. Overall, the MAD of the LCCSD(T) and LCCSD(T) at IEXT=1 is 0.90 

kcal mol-1 and the highest and lowest MAD values are 0.11 and 2.56 kcal mol-1 for the methane dimer 

and stacked adenine·thymine base pair, respectively. 

 

(ii) The applicability of domain extension across the S22 set 

The interaction energies determined using RI-ccCA+L with and without extended domains were 

compared to the interaction energies determined using RI-ccCA to analyze the effectiveness of the use 

of the extended domains. Table 7.4 lists the comparison of the interaction energies and leads to the 

important findings that follow (RI-ccCA results have been provided for 20 of the 22 systems of the S22 

test set.) 

 

RI-ccCA+L vs. RI-ccCA 

In a comparison of the interaction energies of RI-ccCA+L and RI-ccCA, the MAD for 20 species of 

the S22 set is 1.13 kcal mol-1 where the lowest and highest values are 0.30 to 3.52 kcal mol-1 for the 

pyrazine dimer and formic acid dimer, respectively. For each of the three subsets (hydrogen bonded 

complexes; dispersion dominated complexes, and mixed complexes)  of the S22 set, the largest MAD 

between RI-ccCA+L and RI-ccCA is 2.32 kcal mol-1 which occurs for the hydrogen bonded systems subset 

followed by MADs of 0.61 and 0.63 kcal mol-1 for dispersion dominated complexes and mixed 

complexes subsets, respectively. RI-ccCA interaction energies compared with CCSD(T)/CBS(Δa(DT)Z) of 

Takatani et al.17 have a MAD of 0.11 kcal mol-1 where the lowest and highest values are 0.08 to 0.17 kcal 

mol-1 for the uracil dimer and benzene·HCN, respectively. Therefore, the RI-ccCA results are comparable 

to the interaction energies estimated by Takatani et al. at the CCSD(T)/CBS(Δa(DT)Z). 
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Table 7.4 The interaction energies in kcal mol-1 at the local domain (No IEXT) and each domain extension (IEXT = 1, 2, 3, 4, and 
5) compared with the RI-ccCA (the CCSD(T)/cc-pVTZ is used instead of DF-LCCSD(T)/cc-pVTZ-RI), CCSD(T)/CBS(Δa(DT)Z), and 
CCSD(T)/CBS are of Takatani et al. 

 RI-ccCA+L RI-ccCA+L RI-ccCA+L RI-ccCA+L RI-ccCA+L RI-ccCA+L RI-ccCA CCSD(T) CCSD(T) 

    IEXT=1 IEXT=2 IEXT=3 IEXT=4 IEXT=5  CBS(Δa(DT)Z) CBS 

Hydrogen bonded complexes          

(NH3)2 -2.36 -2.77 -2.77 -2.77 -2.77 -2.77 -3.02 -3.17 -3.15 

(H2O)2 -3.93 -4.48 -4.48 -4.48 -4.48 -4.48 -4.86 -5.02 -5.07 

Formic acid dimer -15.29 -16.72 -16.99 -17.00 -17.00 -17.00 -18.81 -18.80 -18.81 

Formamide dimer -13.31 -14.45 -14.72 -14.73 -14.73 -14.73 -15.99 -16.12 -16.11 

Uracil dimer -17.21 -18.29 -18.77 -19.01 -19.12 -19.19 -20.54 -20.69 … 

2-pyridoxine·2-aminopyridine -14.05 -14.71 -15.07 -15.15 -15.17 -15.17 -16.85 -17.00 … 

Adenine·thymine (WC) -15.55 -16.53 -16.89 -17.08 -17.15 -17.16 … -16.74 … 

          

Dispersion dominated complexes          

(CH4)2 -0.35 -0.45 -0.45 -0.45 -0.45 -0.45 -0.52 -0.53 -0.53 

(C2H4)2 -0.96 -1.36 -1.42 -1.42 -1.42 -1.42 -1.47 -1.50 … 

Benzene·CH4 -0.97 -1.36 -1.42 -1.45 -1.45 -1.45 -1.36 -1.45 … 

Benzene dimer (PD) -2.73 -3.86 -4.18 -4.25 -4.26 -4.26 -2.61 -2.62 … 

Pyrazine dimer -4.57 -6.60 -6.86 -6.92 -6.92 -6.92 -4.27 -4.20 … 

Uracil dimer -7.39 -9.06 -9.68 -9.80 -9.81 -9.81 -9.82 -9.74 … 

Indole·benzene (S) -4.81 -5.71 -6.01 -6.10 -6.11 -6.11 -4.49 -4.59 … 

Adenine·thymine (S) -9.56 -12.11 -12.96 -13.26 -13.29 -13.28 -11.81 -11.66 … 

          

Mixed complexes          

Ethene·ethine -1.21 -1.40 -1.44 -1.44 -1.44 -1.44 -1.43 -1.51 -1.50 

Benzene·H2O -2.45 -3.06 -3.09 -3.11 -3.11 -3.11 -3.13 -3.29 … 

Benzene·NH3 -1.66 -2.22 -2.28 -2.30 -2.30 -2.30 -2.18 -2.32 … 

Benzene·HCN -4.01 -4.56 -4.67 -4.70 -4.70 -4.70 -4.38 -4.55 … 

Benzene dimer (T) -2.13 -2.87 -3.08 -3.13 -3.14 -3.14 -2.58 -2.71 … 

Indole benzene (T) -4.79 -5.20 -5.41 -5.47 -5.49 -5.49 -5.42 -5.62 … 

Phenol dimer -5.40 -5.92 -6.13 -6.21 -6.25 -6.25 -6.92 -7.09 … 
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Table 7.5 The contribution of counterpoise corrected DF-LCCSD(T)/cc-pVTZ-RI to the total interaction energy (i.e. ΔE DF-
LCCSD(T)-CP/cc-pVTZ-RI) for the local domain (No IEXT) and each domain extension (IEXT = 1, 2, 3, 4, and 5) in kcal mol-1 compared 
with the contribution of the counterpoise corrected CCSD(T)/cc-pVTZ (i.e. ΔE CCSD(T)-CP/cc-pVTZ) 

 ΔE DF-LCCSD(T)-CP/cc-pVTZ-RI ΔE CCSD(T)-CP/cc-pVTZ 

   No IEXT IEXT=1 IEXT=2 IEXT=3 IEXT=4 IEXT=5  

Hydrogen bonded complexes        

(NH3)2 0.41 0.24 0.24 0.24 0.24 0.24 0.08 

(H2O)2 0.84 0.09 0.09 0.09 0.09 0.09 0.15 

Formic acid dimer 2.02 1.02 1.02 1.02 1.02 1.02 -0.01 

Formamide dimer 1.41 0.57 0.57 0.57 0.57 0.57 -0.11 

Uracil dimer 1.91 1.04 0.86 0.90 0.98 0.98 -0.09 

2-pyridoxine·2-aminopyridine 2.10 1.68 1.62 1.69 1.76 1.78 … 

Adenine·thymine (WC) 2.21 1.43 1.31 1.30 1.32 1.32 … 

        

Dispersion dominated complexes        

(CH4)2 0.07 0.01 0.01 0.01 0.01 0.01 0.00 

(C2H4)2 0.32 0.09 0.06 0.06 0.06 0.06 0.14 

Benzene·CH4 0.41 0.75 0.79 0.79 0.79 0.79 0.40 

Benzene dimer (PD) 1.05 0.20 -0.02 -0.08 -0.10 -0.10 2.28 

Pyrazine dimer 1.26 -0.23 -0.34 -0.36 -0.37 -0.37 2.66 

Uracil dimer 1.96 0.66 0.43 0.41 0.42 0.42 1.48 

Indole·benzene (S) 1.44 0.35 0.18 0.18 0.18 0.18 … 

Adenine·thymine (S) 2.76 0.58 0.19 0.09 0.12 0.12 … 

        

Mixed complexes        

Ethene·ethine 0.18 0.08 0.08 0.08 0.08 0.08 0.18 

Benzene·H2O 0.47 -0.47 -0.50 -0.49 -0.49 -0.49 0.34 

Benzene·NH3 0.43 0.10 0.10 0.11 0.11 0.11 0.39 

Benzene·HCN 0.54 0.20 0.18 0.17 0.17 0.17 0.69 

Benzene dimer (T) 0.54 -0.01 -0.10 -0.12 -0.12 -0.12 0.96 

Indole benzene (T) 1.09 0.98 0.95 0.93 0.93 0.93 … 

Phenol dimer 1.50 0.82 0.80 0.83 0.86 0.86 … 
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Table 7.6 A list of comparisons between RI-ccCA+L and RI-ccCA+L(All-CP), RI-ccCA+L(1-CP), and RI-ccCA+L(5-CP). RI-ccCA+L(All-
CP) includes CP correction in each term of RI-ccCA+L; RI-ccCA+L(1-CP) includes a CP correction for the DF-LCCSD(T) term only; RI-
ccCA+L(5-CP) is the difference between RI-ccCA+L(All-CP) and RI-ccCA+L(1-CP). CCSD(T)/CBS(Δa(DT)Z), and CCSD(T)/CBS of Takatani 
et al. 

  RI-ccCA+L RI-ccCA+L(5-CP) RI-ccCA+L(All-CP) RI-ccCA+L(1-CP) CCSD(T) CCSD(T) 

  IEXT=2 IEXT=2 IEXT=2 IEXT=2 CBS(Δa(DT)Z) CBS 

Hydrogen bonded complexes       

(NH3)2 -2.77 -2.77 -2.92 -2.93 -3.17 -3.15 

(H2O)2 -4.48 -4.33 -4.80 -4.96 -5.02 -5.07 

Formic acid dimer -16.99 -16.72 -17.55 -17.82 -18.80 -18.81 

Formamide dimer -14.72 -14.64 -15.28 -15.36 -16.12 -16.11 

Uracil dimer -18.77 -18.74 -19.57 -19.59 -20.69 … 

2-pyridoxine·2-aminopyridine -15.07 -14.99 -15.79 -15.88 -17.00 … 

Adenine·thymine (WC) -16.89 -14.22 -15.28 -17.96 -16.74 … 

       

Dispersion dominated complexes       

(CH4)2 -0.45 -0.43 -0.48 -0.51 -0.53 -0.53 

(C2H4)2 -1.42 -1.37 -1.52 -1.57 -1.50 … 

Benzene·CH4 -1.42 -1.50 -1.04 -0.96 -1.45 … 

Benzene dimer (PD) -4.18 -4.22 -5.00 -4.95 -2.62 … 

Pyrazine dimer -6.86 -6.86 -7.30 -7.30 -4.20 … 

Uracil dimer -9.68 -9.55 -10.69 -10.83 -9.74 … 

Indole·benzene (S) -6.55 -6.59 -7.93 -7.89 -4.59 … 

Adenine·thymine (S) -12.96 -12.80 -14.70 -14.86 -11.66 … 

       

Mixed complexes       

Ethene·ethine -1.44 -1.48 -1.60 -1.55 -1.51 -1.50 

Benzene·H2O -3.09 -3.12 -4.06 -4.03 -3.29 … 

Benzene·NH3 -2.28 -2.36 -2.57 -2.49 -2.32 … 

Benzene·HCN -4.67 -4.79 -5.01 -4.89 -4.55 … 

Benzene dimer (T) -3.08 -3.32 -3.95 -3.71 -2.71 … 

Indole benzene (T) -5.41 -5.55 -6.06 -5.92 -5.62 … 

Phenol dimer -6.13 -6.11 -6.92 -6.94 -7.09 … 
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RI-ccCA+L vs. extended domain of RI-ccCA+L 

A significant amount of difference between RI-ccCA+L and RI-ccCA is recovered by extending the 

domain of the DF-LCCSD(T) in RI-ccCA+L. An average of 69% of the interaction energy is recovered at 

IEXT=1 followed by an additional 10% recovery at IEXT=2. The CPU time increases with domain 

extension of the DF-LCCSD(T). For example, for the largest system in the S22 set, the hydrogen bonded 

adenine·thymine base pair, the relative increase in CPU times between the default local domain and 

IEXT=1 and 2 are: 34% and 59%, respectively. For the same hydrogen bonded adenine·thymine base 

pair, it should be noted that the relative increase in CPU times between local domain and IEXT = 3, 4, 

and 5 are 64%, 65%, and 68%. Also, although there is a tradeoff in CPU time with the use of extended 

domains, it is very small compared to the 4243% increase in CPU time of RI-ccCA over RI-ccCA+L for the 

hydrogen bonded adenine·thymine base pair.   

 

Exception in the use of extended domains 

The RI-ccCA+L and RI-ccCA interaction energies of the stacked benzene dimer are -2.73 and -2.61 

kcal mol-1, respectively. The interaction energy of RI-ccCA+L (IEXT=1) is -3.86 kcal mol-1 and it increases 

up to -4.26 kcal mol-1 for RI-ccCA+L (IEXT=4 and 5). This discrepancy in the IEXT results is also shown for 

benzene·CH4, pyrazine dimer, benzene·NH3, benzene·HCN, and T-shaped benzene dimer (see Table 7.4). 

Further computations on these three systems at LMP2/cc-pVDZ-RI (IEXT=1-5) produces the same 

discrepancy which suggests that extended domain implementation of the IEXT form does not work for 

most dispersion interaction dominated and mixed. 
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(iii) Counterpoise corrected CCSD(T) and DF-LCCSD(T) 

Since the DF-LCCSD(T) step in the RI-ccCA+L is at the cc-pVTZ level basis set, a test of the basis 

set super position error (BSSE) was done on the RI-ccCA and RI-ccCA+L interaction energies of the S22 

test set. Table 7.5 lists the counterpoise corrected (CP) 
CCE and RI

CCE  for the S22 data set. For the 

CCSD(T) contribution in RI-ccCA, 
CCE , there is a minimal difference (MAD = 0.03 kcal mol-1) between 

the CP uncorrected and corrected contributions to the interaction energies as shown in Tables 7.3 and 

7.4, respectively. However, for the DF-LCCSD(T) contribution in RI-ccCA+L, RI

CCE , there are significant 

differences (MAD = 0.99 kcal mol-1) between the CP uncorrected and corrected values as shown in 

Tables 7.3 and 7.5, respectively. This dramatic difference between CP uncorrected and corrected 

contributions is across the three categories of the S22 data set and it decreases to 0.81, 0.69, 0.64, 0.63, 

0.62 kcal mol-1 with increasing the domain size to IEXT = 1, 2, 3, 4 and 5 respectively. Also, there is no 

significant difference (i.e. above 1 kcal mol-1) between CP uncorrected and corrected ΔE of DF-CCSD(T) 

beyond the IEXT = 2 with the exception of hydrogen bonded adenine·thymine and stacked 

adenine·thymine base pairs. 

 

Inclusion of CP in RI-ccCA+L: 

As it was concluded in the previous section, the extended domain beyond IEXT = 2 is not 

significant for counterpoise calculations. Therefore, this section will focus on the CP uncorrected and 

corrected interaction energy results of RI-ccCA+L at IEXT=2. These results are summarized in Table 7.6. 

In order to determine the impact of CP correction on each term (i.e. RI

refE , RI

CCE , RI

CVE , and RI

SRE  ) of 

the RI-ccCA+L formulation, three comparisons were made and denoted RI-ccCA+L(All-CP), RI-ccCA+L(1-
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CP), and RI-ccCA+L(5-CP): RI-ccCA+L(All-CP) includes CP correction in each term of RI-ccCA+L; RI-

ccCA+L(1-CP) includes a CP correction for the DF-LCCSD(T) term only; RI-ccCA+L(5-CP) is the difference 

between RI-ccCA+L(All-CP) and RI-ccCA+L(1-CP) which analyzes the impact of the CP corrected RI

CCE  

term on RI-ccCA+L (IEXT =2).  

The interaction energy results of RI-ccCA+L and RI-ccCA+L(5-CP) are similar with a MAD of 0.09 

kcal mol-1. Therefore there is no need for CP correction for all RI-MP2 based terms in RI-ccCA+L.  There 

is however a difference between interaction energies of RI-ccCA+L and RI-ccCA+L(All-CP) – MAD is 0.61 

kcal mol-1 with the lowest and highest MAD values are 0.02 and 1.92 kcal mol-1 respectively. To further 

analyze the difference between RI-ccCA+L and RI-ccCA+L(All-CP), the interaction energies of RI-

ccCA+L(All-CP) and RI-ccCA+L(1-CP) were compared and the MAD is 0.09 kcal mol-1 which is exactly the 

same as the MAD of RI-ccCA+L and RI-ccCA+L(5-CP). Hence, the impact of CP correction on DF-LCCD(T) 

is very significant, and MAD of 0.61 kcal mol-1 between RI-ccCA+L and RI-ccCA+L(All-CP) should not be 

surprising since it is consequence of the difference between CP uncorrected and corrected RI

CCE . 

Therefore, RI-ccCA+L(1-CP) at IEXT =2 provides the best choice when compared with RI-ccCA+L(1-CP) 

and RI-ccCA+L(5-CP). 

 

RI-ccCA or RI-ccCA+L(1-CP) at IEXT = 2: 

Finally, a comparison between RI-ccCA+L(1-CP) at IEXT = 2 and CCSD(T)/CBS(Δa(DT)Z) of Takatani 

et al. provides an MAD of 1.03 kcal mol-1 where the lowest and highest values are 0.02 and 3.30 kcal 

mol-1 for the methane dimer and stacked indole benzene, respectively. Most of the discrepancies 

between RI-ccCA+L(1-CP) and CCSD(T)/CBS(Δa(DT)Z)  occur for some of dispersion dominated and 

mixed complexes (i.e. stacked benzene dimer, benzene·CH4, pyrazine dimer, benzene·NH3, 
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benzene·HCN, and T-shaped benzene dimer) with the implementation of the extended domain, IEXT = 

2. Therefore extended domains are not recommended for computations of interaction energies of 

dispersion dominated and mixed complexes of the S22 set. For example, interaction energies of the 

pyrazine dimer at RI-ccCA+L at IEXT = 2 is -6.86 kcal mol-1, and the CP corrected energy -7.30 kcal mol-1. 

However, the interaction energies of RI-ccCA and CCSD(T)/CBS(Δa(DT)Z)  are -4.27 and -4.20 kcal mol-1, 

respectively. As mentioned earlier in the RI-ccCA+L vs. RI-ccCA section, RI-ccCA interaction energies 

compared with CCSD(T)/CBS(Δa(DT)Z) of Takatani et al. have a MAD of 0.10 kcal mol-1 where the lowest 

and highest values are -0.08 to 0.17 kcal mol-1 for uracil dimer and benzene·HCN, respectively. 

Therefore, two main conclusions can be drawn from this section: (i) Caution must be taken in the 

selection of domains for weakly bound systems especially for dispersion dominated and mixed 

complexes such as those of the S22 set.  (ii) RI-ccCA is the recommended method by the authors for 

non-covalent interactions (NCI) as it has been shown to be CCSD(T)/CBS(Δa(DT)Z) but at a reduced cost. 

 

7.4 Conclusions 

RI-ccCA and RI-ccCA+L have been applied to the study of noncovalent interaction energies of the 

popular S22 test set.  It is demonstrated that RI-ccCA can reproduce the S22 interaction energies of 

Takatani et al. (i.e. the interaction energies of the S22 set using CCSD(T) /Δa(DT)Z)  with a maximum 

error of -0.17 kcal mol-1, while reducing the computational cost effectively and extend the applicability 

of ab initio composite methods to molecules of larger size. Each additive contribution within RI-ccCA is 

compared to the corresponding components within the original ccCA. The replacement of MP2 by the 

more efficient RI-MP2 maintains the accuracy and the effects on the core-valence corrections and scalar 

relativistic corrections are negligible for the NCI of the S22 test set. Further attempts are made to 
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reduce the computational cost of the CCSD(T) step by using DF-LCCSD(T). The domain extension can be 

critical and IEXT=3 is recommended for the theoretical study of noncovalent interactions. Discrepancy 

between DF-LCCSD(T) and CCSD(T) can be largely alleviated by including counterpoise corrections for 

hydrogen bonded systems, suggesting the need for CP correction  in the LCCSD(T) descriptions in such 

systems. RI-ccCA, as well as RI-ccCA-L, are proposed as efficient alternatives for new weakly bound 

molecules beyond the S22 set that are too large to be studied by conventional ab initio or composite 

approaches. 
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CHAPTER 8 

FUTURE DIRECTIONS 

In this Chapter, potential future directions of the research in this dissertation are 

proposed. In Chapter 3, the performance of 44 density functionals has been examined with 

respect to their accuracy in predicting enthalpies of formation at 298.15 K for a set of nineteen 

3d transition metal-containing molecules.  It was found that the functional with the lowest 

mean absolute deviation (MAD) for the enthalpies of formation is B97-1 which has a MAD of 3.1 

kcal mol-1 at the cc-pVQZ basis set level. Hence, the performance of B97-1 for the enthalpies of 

formation with a larger set of transition metal (TM) species should be investigated. Work in 

Chapter 3 has also demonstrated that MAD increases with increasing percentage of Hartree-

Fock (HF) above 33%. Thus, it would be worth varying the HF percentage of B97-1 and 

examining the effect of varying the HF exchange on the corresponding MAD of the enthalpies of 

formation of TM systems.  

 In Chapters 4 and 5, three main effects upon the chemical properties of cyclo-M3(μ-L)3 

are studied: changing the bridging ligand (L), changing the metal (M), and changing the ligand’s 

substituents. It was concluded that *Au(μ-Im-2CH3)]3 will produce a strongly π-basic trimer, and 

a strong π-acidic trimer will be *Ag(μ-Tz-2CF3)]3; Im-2CH3 = N,4-dimethylimidazolate and Tz = 

3,5-bis(trifluoromethyl)-1,2,4-triazolate Therefore, the strongest π-base will be a very good π-

donor (i.e., low ionization potential) making it a potentially good candidate for p-type electronic 

materials. Also, the strongest π-acid will be a very good π-acceptor (i.e., high electron affinity), 
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which makes a good candidate for n-type semiconducting materials. Future work should take 

advantage of the three adjustable components (metal, ligand, and substituent) to make 

stronger n- and p-type materials. For example, the triazolate ligand in *Ag(μ-Tz)]3 may be 

replaced with tetrazolate to produce an even stronger π-acid. However, caution must be taken 

in the handling of tetrazolate due to its potentially combustive and explosive properties. 

Another example is in the case of changing metals where the d10 coinage metals Cu(I), Ag(I), 

and Au(I) can be replaced with other d10 metals such as Ni(0), Pd(0), Pt(0), Zn(II), Cd(II), and 

Hg(II) with suitable bridging ligands that stabilize the cyclic trimer form. However, caution must 

again be taken in the handling of Cd and Hg because of their toxicity. Finally, the 

semiconducting behavior is dependent not only on the hole and electron affinity to the π-acid 

and π-base, respectively, but also on charge hopping from one molecule to another in the solid 

thin film or crystalline material to effect high mobility. Therefore, solid-state computations 

using periodic density functional and/or extended Hückel tight binding methods should be 

carried out to investigate these aspects. 

 Chapter 6 investigated the kinetics and thermodynamics of copper-mediated nitrene 

insertion into C-H and H-H bonds using several levels of theory: B3LYP/6-311++G(d,p), B97-1/cc-

pVTZ, PBE1KCIS/cc-pVTZ, single- and multi-reference correlation consistent composite 

approach (ccCA). Future potential work should include different metals as replacement of Cu(I) 

such as Ni(0) and Zn(II), chosen from the first-row transition metal series to warrant high 

natural abundance on Earth and inexpensive replacement for the more common catalyst 

centers that are less abundant and more expensive. Care should be taken, however, in the 

model selection to ascertain that the catalyst models are isoelectronic and that the electronic 
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structure is similar. This can be accomplished, for example, through ligand selection in terms of 

σ- and π- donor/acceptor character such that it will give rise to similar overall field strength in 

the catalyst model versus that of the less abundant/more expensive metal. Additionally, multi 

reference density functional methods such as complete active space DFT (CAS-DFT)1-3 and 

restricted open shell singlet DFT (ROSS-DFT)4 should be utilized in the investigation of the 

ground state of copper nitrene model complex, L’Cu(NH) and both approaches are potential 

computational cost reduction alternatives versus multi-reference ccCA (MR-ccCA). Both CAS-

DFT and ROSS-DFT methods are available in the COLOGNE 99 suite.5 

 In Chapter 7, two resolution of the identity correlation consistent composite 

approaches, RI-ccCA and RI-ccCA+L (L denotes the use of DF-LCCSD(T) step in RI-ccCA+L as 

compared to CCSD(T) in RI-ccCA), have been utilized in the study of noncovalent interaction 

energies for the popular S22 test set.  It is demonstrated that RI-ccCA can reproduce the S22 

interaction energies of Takatani et al.6 to an accuracy of 0.11 kcal mol-1, while reducing the 

computational CPU time by 81%, thus extending the applicability of ab initio composite 

methods to molecules that contain up to 25 non-hydrogen atoms. Hence, RI-ccCA, as well as RI-

ccCA+L, are proposed as efficient alternatives for new weakly-bound molecules beyond the S22 

set. Examples include systems that have predominant metallophilic bonding and π-stacking.  

 The above general ideas will likely generate stimulating research with high-impact 

scientific and technological dimensions. Significant advances at the fundamental science level 

are anticipated upon appropriate description with unprecedented accuracy of TM-containing 

models by hybrid DFT with systematic introduction of HF percentage (Chapter 3), or the 

metallophilic and π-stacking systems by RI-ccCA methods (Chapter 7). On the technological 
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front, on the other hand, the proposed ideas above might lead to design of new catalyst 

systems with high activity yet lower price and higher natural abundance compared to common 

catalysts (Chapter 6), new p- and n-type metal-organic field effect semiconductors with higher 

carrier mobility and on/off ratio compared to the current state of the art based on metal-free 

organic analogues (Chapters 4 and 5), and new materials for light-emitting electronic devices 

and optical sensors upon high-accuracy description of the simpler molecular models proposed 

that have the same ground- and excited-state bonding type (Chapter 7). 
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