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ADVENTURES OF QUANTUM CHEMISTRY IN

THE REALM OF INORGANIC CHEMISTRY

CONSTANTINOS A. TSIPIS

Laboratory of Applied Quantum Chemistry, Faculty of
Chemistry, Aristotle University of Thessaloniki,
Thessaloniki, Greece

Recent improvements in the design of faster and more efficient algorithms

have placed powerful computational quantum chemistry tools in the hands

of all chemists. ab initio and density functional calculations are routinely per-

formed by non-specialists in the field. These computational tools have now-

adays become as useful to the bench chemist as spectrometers and vacuum

lines. The impact of modern computational technology in the advancement

of inorganic chemistry is outlined herein. Attempts have been made to

present only the background information required to appreciate the general

features of the computational quantum chemical techniques available and

the types of chemical problems that can be reasonably solved in the growing

field of quantum inorganic chemistry. It should be stressed that quantum

chemical calculations assist experimental studies by accurately predicting

chemical behavior. This is why a blend of theory and experiment must be

effectively employed to solve a variety of difficult problems encountered in

modern chemical research.

INTRODUCTION

The phenomenal increase in speed and computational power of compu-

ters has continued at an astonishing pace over the last decade. Chemistry,

like many other disciplines, is being profoundly influenced by increased

computing power. This has happened in part by enhancing many exist-

ing computational procedures, providing a new impetus to quantum
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mechanical and molecular simulations at the atomic level of detail. Com-

putational chemistry plays an increasing role in chemical research. With

significant strides in computer hardware and software, computational

chemistry has achieved full partnership with theory and experiment as

a tool for understanding and predicting the behavior of a broad range

of chemical, physical, and biological phenomena. With massively parallel

computers capable of peak performance of several teraflops already on

the scene and with the development of parallel software for efficient ex-

ploitation of these high-end computers, we can anticipate that computa-

tional chemistry will continue to change the scientific landscape in the

21st century. We are not far from the point where chemists can routinely

design catalysts and other materials and predict biological activity or

environmental fate from chemical structure.

Quantum chemistry, penetrating all chemistry, is the science that treats

molecular behavior by one unified concept: the Schrödinger equation.

Although there are specialists in the field, increasingly the computational

quantum chemical techniques are being applied by chemists of many per-

suasions, who are experienced researchers knowing chemistry and now

have computational tools available. Commercial programs incorporating

the latest methods have become widely available and require little know-

ledge beyond the chemical formula to produce some results for a variety

of properties. The ready availability and applicability of these programs

provided a probe of structural, spectral, and reactivity characteristics

frequently unavailable from experiment or, alternatively, facilitated

interpretation of available experimental results. Noteworthy is the steadily

increasing fraction of the articles listed in the current chemical journals

that reference a computational chemistry software package.

Following the progress in the area of accurate quantum chemical

treatment of systems containing transition metals in the last few years,

a new, exciting field of inorganic chemistry—that of Quantum Inorganic

Chemistry—has emerged. Computational methods for the analysis of

transition metal containing molecular systems have undergone rapid pro-

gress in the recent past. Timely and important areas of computational

chemistry concerning transition metal chemistry have been covered in

recent special issues of Chemical Reviews[1] and Coordination Chemistry

Reviews.[2] An earlier, comprehensive review of the theoretical

approaches to the description of the electronic structure and chemical

reactivity of transition metal compounds up to 1990 has also been

reported in Coordination Chemistry Reviews.[3] Moreover, Koga and
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Morokuma[4] reported an overview of theoretical studies of transition

metal-catalyzed reactions, while Gordon and Cundari surveyed the recent

advances in the effective core potential (ECP) studies of transition metal

bonding, structure and reactivity.[5] Very recent reviews also cover some

more specific topics of computational chemistry related to quantum

chemical studies of intermediates and reaction pathways in selected

metalloenzymes and catalytic synthetic systems[6] and the electronic struc-

tures of metal sites in proteins and models.[7]

The aim of the present article is to familiarize experimental chemists

with the latest computational techniques and how these techniques can be

applied to solve a wide range of real-world problems encountered in the

realm of inorganic chemistry and particularly in transition metal chemistry.

In addition, this article is meant to be a tutorial on the intelligent use of

quantum chemical methods for the determination of molecular structure,

reactivity and spectra of coordination and organometallic compounds.

APPLYING COMPUTATIONAL QUANTUM CHEMISTRY METHODS

The new comer to the field of computational quantum chemistry faces

three main problems:

1. Learning the language. The language of computational quantum chem-

istry is littered with acronyms. What do these abbreviations stand for in

terms of underlying assumptions and approximations? If you want to use

computational quantum chemistry methods, you need to decipher the

acronyms.

2. Technical problems. How does one actually run the program and what

does one look for in the output? This point related with both the hard-

ware and software needs to be solved ‘‘on location.’’ As computer

programs evolve they become easier to use. In addition, modern pro-

grams often communicate with the user in terms of a graphical inter-

face, and many methods became essentially ‘‘black box’’ procedures.

This effectively means that we no longer have to be highly trained the-

oreticians to run even quite sophisticated calculations. Molecular

modelling software lists can easily be found using the Internet.[8,9]

3. Quality assessment. How good is the result of the calculation? The

accuracy of the various components of the computational methodology

is of crucial importance to computational chemistry if we want theory

and experiment to become partners in the solution of chemical problems.
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Because of the ease by which calculations can be performed this

point has become the central theme in computational quantum

chemistry. It is quite easy to run a series of calculations, which

produce absolutely meaningless results, since the program cannot tell

us whether the chosen method is valid for the problem we are study-

ing. Therefore, quality assessment is an absolute requirement, but

requires much more experience and insight than just running the

program. Basic understanding of the theory behind the method and

knowledge of the performance of the method for other systems is

needed. In particular, when we want to make predictions, and not

merely reproduce known results, we have to be able to judge the

quality of the results obtained. Along this line a benchmark level of

confidence in terms or robustness of structural and energetic results

needs to be established, but this is by far the most difficult task in

computational chemistry.

ELECTRONIC STRUCTURE CALCULATION METHODS

Electronic structure calculation methods are well-defined mathematical

procedures aiming to solve the electronic Schrödinger’s much-lauded

wave equation in order to obtain the electronic wave function, WðrÞ,
which contains all the information for a particular state of a chemical

system. A number of electronic structure calculation methods have been

developed, each with advantages and disadvantages. These methods can

be classified into the following three categories:

1. ab initio methods

2. Semi-empirical methods

3. Density Functional methods

In this section we will briefly outline the basic principles and termin-

ology of the three classes of electronic structure calculation methods,

starting at first principles, for the beginner in the field to feel comfortable

in using these methodologies.

BASIC PRINCIPLES AND TERMINOLOGY OF AB INITIO METHODS

Ab initio methods are electronic structure calculation methods used to

model the electron density in an atom or molecule with respect to the

average electron density, without using any adjustable or empirically

derived parameters in calculating the molecular energy. The reference

22 C. A. TSIPIS

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



framework for the ab initio methods is the independent particle or molec-

ular orbital (MO) model; the electrons are confined to certain regions of

space. In practice, a number of approximations are made within the MO

calculations that have a direct bearing on the reliability of the results

obtained.

Born-Oppenheimer (BO) approximation: The first approximation in

calculating molecular wave functions is the Born-Oppenheimer (BO)

‘‘clamped nuclei’’ approximation. It allows the motions of nuclei and

electrons to be considered separately. In this way one obtains the time-

independent non-relativistic electronic Schrödinger equation, which

describes the motion of electrons in the field of fixed nuclei:

H jWeðr; RÞi ¼ EðRÞjWeðr; RÞi

The electronic Hamiltonian, H, of a molecular system with N elec-

trons and M nuclei, contains one- and two-electron terms consisting of

all of the kinetic and potential energy terms that act upon the electrons:

H ¼ �
XN
i¼1

1

2
r2

i �
XN
i¼1

XM
A¼1

ZA

riA
þ
XN
i¼1

XN
j¼1

1

rij

In the framework of the BO approximation the electronic wave func-

tion Weðr; RÞ depends parametrically on the nuclear coordinates R. By

parametric dependence we mean that, for different arrangements of the

nuclei, Weðr; RÞ is a different function of the electronic coordinates. In

the BO approximation, the energy E(R) of the electronic Schrödinger

equation provides a potential for the motion of the nuclei. In other words,

the electrons are dragged along the nuclei, and the dressed nuclei (atoms in

molecules) move in the field of the electronic distribution. These electronic

energies’ dependence on the positions of the nuclei causes them to be

referred to as potential energy surfaces (PES), which will be discussed

latter on. Most computational chemical studies involve characterizing

key features of the PES or integrating the trajectories on this surface.

Hartree-Fock (HF) approximation: In the HF approximation the inter-

electronic repulsion term,

XN
i¼1

XN
j¼1

1

rij
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of the electronic Hamiltonian is replaced with an effective potential V(r),

which represents the potential one electron ‘‘feels’’ when moving indepen-

dently of the others in the field created by the fixed nuclei and the mean-

fields of the other electrons. This substitution allows us to reduce the

N-particle problem to a set of one-particle eigenvalue problems,

FðriÞuiðriÞ ¼ eiuiðriÞ

and is the basis of molecular orbital theory. These nonlinear equations

are referred to as Hartree-Fock or SCF (Self Consistent Field) equations.

The term orbital (atomic, AO or molecular, MO) was created for the one-

electron wave function uiðriÞ. An MO is an eigenfuction of an effective

one-particle Hamiltonian, the so-called Hartree-Fock operator, F and

the electron in the MO is considered to have an orbital energy of ei.

Basis set approximation: In the basis set approximation, introduced by

Roothaan in 1951, each MO uiðriÞ should be expanded algebraically as

a finite set of basis functions vl, which are normally centered on the

atoms in the molecule. This gives,

uiðriÞ ¼
XN

l¼1

cilvl

The basis functions collectively are the basis set. The coefficients for a

given MO can be thought as arrays that, when squared and added

together, will produce a density matrix P with elements given by:

Plm ¼ 2
Xocc
i¼1

cilcim

Here the sum runs over the occupied orbitals of the system. The den-

sity matrix and its associated orbital basis set are all that is needed to

compute electronic properties of the molecular system.

Introducing the basis set approximation into the SCF equations the

eigenvalue problem is converted into a matrix problem,

FC ¼ SCe;

which can be solved iteratively. From a practical standpoint, these simpli-

fications allow an initial guess at the electron configuration of the chemi-

cal system to produce a guess at the effective potential, which can be used

as an improvement to the guess of the orbitals, etc. Once the orbitals and

the potential no longer change, the iterative calculation is complete; it is
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said to be self-consistent, which is why the HF approximation as prac-

ticed today is generally synonymous with SCF in the literature. In the

HF approximation the energy of the molecular system is computed

variationally with respect to the coefficients cil and can be written as:

EHF ¼
X
lm

PlmHlm þ
X
lmkr

PlmPkrðJlmkr � KlmkrÞ þ Vnucl

Here the Hamiltonian matrix elements Hlm are the terms referring to

the kinetic energy and the potential energy of attraction between the elec-

trons and the nuclei. The Coulomb integrals Jlmrk are the terms referring

to the potential energy of repulsion between pairs of electrons, while the

Exchange integrals Klmrk are the terms arising from the antisymmetry of

the wave function with respect to exchange of any two electrons. Finally,

the term Vnuc is the potential energy from the repulsion of pairs of nuclei.

The basis function vl can be thought of as atomic orbitals (s, p, d,

etc.) from the rigorous solution of Schrödinger’s equation for the hydro-

gen atom. For many-electron atoms, we don’t know the actual math-

ematical functions for the atomic orbitals, so substitutes are used,

usually either Slater-type orbitals (STO) or Gaussian-type orbitals

(GTO). We don’t concern ourselves with the exact form of STOs and

GTOs. Suffice it to say that they are chosen to behave mathematically

like the actual atomics orbitals of s-, p-, d-, f-type, etc. The use of GTOs

is now common. This is because it is very difficult to evaluate the neces-

sary integrals over STOs when the orbitals in the integrand are centered

on three or four different atoms. In practice the basis functions are often

fixed linear combinations of GTOs whose exponents have been judi-

ciously chosen by minimizing atomic energies, matching STOs, or by

reproducing experimentally known molecular properties.

There is a bewildering number of basis sets tabulated and tested in

the literature for almost every element of the periodic table, and still more

are developed each year.[10,11] They are symbolized by acronyms, which

are also used as keywords in the computer codes that perform quantum

chemical calculations. Basis sets could be classified as follows:

1. Minimal basis sets

2. Split valence basis sets

3. Extended basis sets

Important additions to basis sets are polarization and diffuse basis

functions. Polarization functions[12–14] are functions added in the basis
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set to distort the shape of the orbitals (in principle the atomic orbitals)

due to their polarization introduced by the other nuclei in the molecular

system. The distortion of an atomic orbital is accomplished by adding in

basis functions of higher angular momentum quantum number. Diffuse

functions are necessary to be added in the case of investigating excited

states and anionic species because in these cases the electronic density is

more spread out over the molecule. To model this correctly we have to

use basis functions which themselves are more spread out. These func-

tions are GTOs with small exponents.

For transition metal complexes, because of the large number of basis

functions that must be included to model the non-valence electrons in the

metals, particularly those of the second and third row, the inner shell elec-

trons are replaced by a model potential called effective core potential

(ECP).[5,15,16] The ECPs not only reduce the computational demands of

calculations on transition metal compounds but they also allow the

inclusion of relativistic effects for the heavier second- and third-row

transition metals, in a straightforward manner. The relativistic effective

core potentials (RECPs) are generated from the relativistic HF atomic

core. The ECP schemes of LANL2DZ and SDD have performed

extremely well with respect to the calculation of the equilibrium geome-

tries of transition metal complexes and organometallics. In addition,

extra basis sets of at least the 6-31G(d,p) quality must be used for the

non–metal and hydrogen atoms. Generally, the larger the basis set the

more accurate the calculation (within limits) and the more computer time

that is required. A few commonly used basis sets are listed in Table 1.

Correlated or Post-HF Models

Because of the central field imposed by the HF potential V(r), each elec-

tron is not explicitly aware of the others’ presence. It is usually said that

the HF models neglect electron correlation, because there is a finite prob-

ability that two electrons will occupy the same point in space. Electron

correlation, the energy of which is defined as the difference between the

exact energy, Eexact of a system and the HF limit energy, EHF, which is

obtained using an essentially complete basis set, is neglected in the HF

approach. Correlation energy will always be negative because HF energy

is an upper bound to the exact energy Eexact.

Ecorrelation ¼ Eexact � EHF < 0

26 C. A. TSIPIS
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Higher levels of theory are necessary to resolve this issue by

recovering the correlation energy. Most of the standard high-level

techniques in quantum chemistry utilize the HF approximation as a

starting point and then attempt to correlate electrons by more rigorous

computational methods. A large number of such methods have been

used to improve the HF method, which can be classified into two

classes:

Table 1. Acronyms of the most commonly used basis sets

Basis set Characteristics

STO-3G A minimal basis set using three GTO to approximate

each STO.

3-21G A split valence basis set. Inner shell basis functions

made of three GTOs. Valence orbitals are split

into 2 and 1 GTOs.

6-31G A split valence basis set. Inner shell basis

functions made of six GTOs. Valence orbitals

are split into 3 and 1 GTOs.

6-31G(d) or 6-31G� The 6-31G basis set with the addition of six d-type

polarization functions to non-hydrogen atoms.

6-31G(d,p) or 6-31G�� The 6-31G(d) basis set with the addition of p-type

polarization functions to non-hydrogen atoms.

6-31Gþ (d,p) or 6-31þG�� The 6-31G(d,p) basis set with the addition of s-

and p-type diffuse functions to the atoms of first

and second rows.

6-31Gþ þ (d,p) or 6-31þ þG�� The 6-31G(d,p) basis set with the addition of a set

of s- and p-type diffuse functions to the atoms

of first and second rows and a set of s-type

functions to hydrogen.

6-311G A split valence basis set. Inner shell basis

functions made of six GTOs. Valence orbitals

are triply split into 3, 1, and 1 GTOs.

D95 Dunning=Huzinaga full double zeta.

CEP-121G Stevens=Basch=Krauss ECP triple-split basis.

LanL2DZ D95V on first row and Los Alamos ECP plus DZ

on Na–Bi.

SDD D95V up to Ar and Stuttgart=Dresden ECPs on

the remainder of the periodic table.

cc-pVDZ, cc-pVTZ, cc-pVQZ,

cc-pV5Z, cc-pV6Z

Dunning’s correlation consistent basis sets

(double, triple, quadruple, quintuple-zeta

and sextuple-zeta, respectively).
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1. Variational methods

2. Perturbational methods

Variational methods: A common method for incorporating correlation

into HF calculations is to construct a modified wavefunction using the

unoccupied (vitual) orbitals of the ‘‘reference’’ HF wavefunction. In this

approach, which is termed Configuration Interaction (CI), method, con-

tributions from excited configurations (single excited, Wa
i , double excited,

Wab
ij , etc.), in which electrons are promoted from the occupied (filled)

i, j,. . ., MOs to the ‘‘virtual’’ a, b,. . ., MOs, are mixed variationally with

the ground state wavefunction W0 to give the following expression:

W ¼ c0W0 þ
X
ia

cai W
a
i þ

X
ij

cabij W
ab
ij þ � � �

If the set of the determinantal wave functions included in the CI

calculation is complete, it is a full CI calculation (FCI) and is both varia-

tional and size-consistent. However, an FCI calculation is extremely

expensive and impractical for all but the tiniest of molecular systems.

Therefore, the CI expansion should be limited in one way or another.

More realistically, the set of determinantal wave functions could include

only the double (D) excited configurations (denoted CID) or the single

(S) and double (D) excited configurations (denoted CISD). It is also typi-

cal to augment the CISD calculations with triple (T) and=or quadruple

(Q) excitations, with the most popular variant being the quadratic

configuration interaction denoted as QCISD. In general, CI is not

the practical method of choice for calculation of correlation energy,

because FCI is not possible, convergence of the CI expansion is slow,

and the integral transformation time-consuming. However, an advantage

of the CI method is that it is variational, so the calculated energy is

always greater than the exact energy.

Other approaches aim to optimize not only the mixing coefficients of

the various configurations, but also the coefficients of the basis functions

in the molecular orbitals. The latter are frozen at the HF values in the

CI methods described above. This more complex approach is called multi-

configuration self-consistent field (MCSCF). It can give quite good results

with a modest number of configurations. The CASSCF—Complete

Active Space Self-Consistent Field—method is an example of this

approach. Using CASSCF, the references are selected by choosig an

‘‘active space’’ of several chemically important orbitals and performing

28 C. A. TSIPIS
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a FCI in the span of the active space. The MCSCF method requires

considerable care in the selection of the basis set and especially the active

space, and should not be considered for routine use. MCSCF methods are

essential for the study of processes in which transitions between potential

energy surfaces occur, such as in photochemical reactions.[10,17–22]

Perturbational methods: There are two important perturbative post-HF

methods: many-body perturbation theory (MBPT) and coupled cluster

(CC).

In perturbation theory we define a perturbed Hamiltonian HðkÞ:

HðkÞ ¼ F0 þ k½H ðkÞ � F0�

where F0 is the HF operator with an appropriate eigenfunction W0 if

k ¼ 0, and the exact (FCI) eigenfunction W obtained if k ¼ 1, while the

energy EðkÞ of the perturbed system is expanded in MacLaurin series:

EðkÞ ¼ E0 þ kE1 þ k2E2 þ k3E3 þ � � �

including corrections of first, E1 second, E2, third, E3 order, etc.

A particularly successful application to molecules and the correlation

problem goes back to Møller and Plesset in 1933.[23] This is now the MPn

methods. The first important correction is the second order term E2 and

this leads to MP2. MP2 is relatively economic to evaluate and gives a

reasonable proportion of the correlation energy. Higher order terms

become more and more expensive. MP3 is commonly used, but does

not seem to give much improvement over MP2. An enormous practical

advantage is that MP2 is fast (of the same order of magnitude as

SCF), while it is rather reliable in its behavior, and size consistent. A

disadvantage is that it is not variational, so the estimate of the correlation

energy can be too large. In practice MP2 must be used with a reasonable

basis set (6–31 G� or better).

In the coupled cluster method,[22,24–26] which is by far the most popu-

lar high-level ab initio quantum chemical method today, the electron cor-

relation effects are treated in a different way. The CC method allows to

mix in the higher configurations by constructing an exponential operator

eT that acts on the HF ground state to produce configurations from only

a certain class of excitations.

W ¼ eTW0

T is an excitation operator: T ¼ T1 þ T2 þ � � � þ Tn:
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The excitations are usually limited to single, double and triple substi-

tutions. Since carrying out the exponential as a sum will generate many

new configurations that are sums of products of the configurations, this

technique is known as coupled cluster singles, and triples (CCSDT)

theory. Triple excitations can also be included in an approximate but less

time-consuming way, leading to the CCSD(T) method. Armed with this

powerful technique, something like 97% of the correlation energy can be

extracted from just the first three terms in T. Unfortunately, these most

sophisticated correlation methods at the present time are extremely costly

in terms of time and resources.

BASIC PRINCIPLES AND TERMINOLOGY OF SEMI-EMPIRICAL

METHODS

The common ab initio molecular orbital techniques can only be applied

with difficulty to transition metal systems. They are limited in their prac-

tical applicability because of their heavy demands of CPU-time and

storage space on disk or in the computer memory. At the HF level the

problem is seen to be in the large number of two-electron integrals that

need to be evaluated. Without special tricks this is proportional to the

fourth power of the number of basis functions. The first strategy used

to reduce computational effect is to consider only valence electrons in

the quantum mechanical treatment. The core electrons are accounted

for in a core-core repulsion function, together with the nuclear repulsion

energy. The next step is to replace many of the remaining integrals by

parameters, which can either have fixed values, or depend on the distance

between the atoms on which the basis functions are located. At this stage

empirical parameters can be introduced, which can be derived from

measured properties of atoms or diatomic molecules. In the modern

semi-empirical methods the parameter are however mostly devoid of this

physical significance: they are just optimized to give the best fit of the com-

puted molecular properties to experimental data. Different semi-empirical

methods differ in the details of the approximations (e.g. the core-core

repulsion functions) and in particular in the values of the parameters.

Nowadays, semiempirical MO-theory is usually taken to mean the

modern variants of neglect of differential diatomic overlap (NDDO)[27]

theory. New versions of the NDDO methods have recently been

developed that include d-orbitals for second-row and heavier elements:

Modified Neglect of Diatomic Overlap (MNDO=d),[28] extended Austin
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Model 1 (AM1),[29] Parametric Method (PM3),[30] and PM3(tm).[31]

Commercial programs like MOPAC embody a suite of methods from

which a knowledgeable modeller can make an optimum selection. Re-

cently, a slightly extended and reparameterized version of PM3 termed

PM5 has been made available in MOPAC.

BASIC PRINCIPLES AND TERMINOLOGY OF DENSITY

FUNCTIONAL METHODS

Given the computational problems associated with the application of

ab initio molecular orbital-based methods to problems of structure and

reactivity in coordination and organometallic compounds, most theo-

retical studies in this area employ density functional theory (DFT)

methods.[33–35] In a nutshell, DFT is based on the fact that all molecular

electronic properties can be calculated if the electron density q(r) is

known. Thus, the molecular properties are functionals of q(r) because

the electron density itself is a function of the spatial coordinates r. In

the framework of DFT the ground state electronic energy of an N elec-

tron system can be expressed by:

EDFT ¼
X
lm

PlmHlm þ
X
lmkr

PlmPkrJlmkr þ EXðqÞ þ ECðqÞ þ Vnuc

where EX(q) and EC(q) are two empirically derived functions that replace

the exchange matrix and referred to as the exchange and correlation func-

tionals, respectively. A starting point based upon a SCF procedure is

developed which ultimately determines the ground state charge and

spin densities, through solution of the single particle Kohn-Sham

equations.[36] DFT provided a sound basis for the development of

computational strategies for obtaining information about the structure,

energetics, and properties of molecules at much lower costs than

traditional ab initio wave function techniques. An excellent publication

by Koch and Holthausen in 2000, entitled Chemist’s Guide to Density

Functional Theory,[33] offers an overview of the performance of DFT in

the computation of a variety of molecular properties, thus providing a guide

for the practicing, not necessarily quantum, chemists. Moreover, a recent

survey of chemically relevant concepts and principles extracted from DFT,

the so-called conceptual DFT by Geerlings et al. is very informative.[37]

Despite its simple origins, DFT works very well in most cases.

For about the same cost of doing a HF calculation, DFT includes a
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significant fraction of the electron correlation. Note that DFT is not a HF

method, nor is it (strictly speaking) a post-Hartree-Fock method!

The wave function is constructed in a different way and the resulting

orbitals are often referred to as ‘‘Kohn-Sham’’ orbitals. The KS orbitals

appear to be as robust as HF orbitals for qualitative interpretation and

rationalization of molecular properties. The chief difference between

the SCF and KS-DFT approaches lies in the exchange-correlation

(XC) density functionals. If the exact form for the XC functionals were

known, the KS-DFT approach would give the exact energy. There are,

however, a number of approximate functionals available, which can be

classified as:

. Functionals based on the local density approximation (LDA).[38] For

these functionals the energy depends only on the charge density q(r).

. Functionals based on the generalized gradient approximation

(GGA).[39–41] These functionals use not only the value of the electron

density q(r), but also its gradient rq(r).

. Meta-GGA functionals. For these functionals the energies depend

also on the Laplacian of the density r2q(r) and=or the orbital kinetic

energy.

. Hybrid density functionals combining GGA functionals with a

parameterized proportion of the exchange energy calculated by HF

theory.[42]

Some of the most popular functionals you may come across are:

BP86 – developed by Becke and Perdew in 1986.

B3PW91 – a three-parameter functional expression including the PW91

correlation functional.

BLYP – developed by Becke, Lee, Yang and Parr.

B3LYP – a modification of BLYP in which a three-parameter functional

developed by Axel Becke is used.

MPW1K – modified Perdew-wang 1-parameter model for kinetics

developed by Donald G. Truhlar et al.[43]

The choice of the functional is the only limitation of the DFT

method. At the present time, there is no systematic way of choosing

the functional and the most popular ones in the literature have been

derived by careful comparison with experiment. It should be emphasized
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that great care has to be exercised in choosing the DFT functional to

calculate properly spin states in transition metal complexes.

Quality and Reliability of Quantum Chemical Results

The combination of a quantum chemical computational method and a

basis set defines a ‘‘model chemistry.’’ A model chemistry should be

uniformly applicable and tested on as many systems as possible to asses

its performance. The strategic use of model chemistries that can be prac-

tically applied for inorganic molecules with present-day hardware and

software, based on the computational method and the basis set, is

compiled in Table 2.

The various correlation methods are displayed vertically in order of

increasing sophistication from top to bottom. Basis sets are displayed

Table 2. Basis set versus quality of theory in ab initio calculations, illustrating their strategic

use in transition metal chemistry
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horizontally, becoming more flexible from left to right. At the bottom

of the table, full configuration interaction (FCI) represents complete

solution within the finite space defined by the basis set. At the far right,

the results of applying a complete basis set are found (in principle but not

in practice). At the bottom right, application of a complete basis set with

full CI corresponds to full solution of the time-independent nonrela-

tivistic Schrödinger equation. Each empty box represents a well-defined

size-consistent theoretical model. Clearly, we may test each level to find

how far we have to proceed from the top left to the bottom right for

acceptable agreement between theory and experiment. In practice, full

models usually have to make some compromises to achieve a wide range

of applicability. If the prediction of energies is most important, a com-

mon practice is to carry out a geometry optimization at some lower level

of theory (model-1) and then make a final, more expensive, computation

at a higher level (model-2). A useful notation for this type of composite

model is model-2==model-1.

The reliability of chemical properties calculated with the most

rigorous quantum chemical computational methods listed in order of

difficulty:

. Molecular structure (�1%)

. Reaction Enthalpies (�1 kcal=mol)

. Reaction Free Energies (�2 kcal=mol)

. Vibrational Frequencies (�5%)

CAPABILITIES OF COMPUTATIONAL QUANTUM

CHEMISTRY METHODS

Using computational quantum chemical methods, the following opera-

tions may be performed:

. Geometry optimization

. Single-point energy calculation

. Predicting barriers and reaction paths

. Calculation of wave functions and detailed descriptions of molecular

orbitals

. Calculation of atomic charges, dipole moments, multipole moments,

electrostatic potentials, polarizabilities, etc.

. Calculation of vibrational frequencies, IR and Raman intensities
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. Calculation of NMR chemical shifts

. Calculation of ionization energies and electron affinities

. Time-dependent calculations

. Inclusion of the electrostatic effects on solvation

Geometry Optimization

Geometry optimization is the computational procedure of finding the

equilibrium geometry of a molecule, e.g. the geometry of the lowest poss-

ible energy. The procedure calculates the wave function and energy at a

starting geometry, which can be usually input in the form of a Z-matrix

or in Cartesian coordinates and then proceeds to move to a new

geometry, which will give a lower energy. This is then repeated until

the lowest energy geometry close to the starting point is obtained. The

optimization procedure calculates the forces on the atoms by evaluating

the gradient of the energy with respect to atomic coordinates analytically

or in some cases numerically. The mathematical and computational

machinery for structure optimization is based on various algorithms,

the complexity of which depends on the desired accuracy of the electronic

level. Sophisticated algorithms (such as those based on the steepest

descent, Newton-Raphson, simplex, Fletcher-Powell and combined

methods) are used to select a new geometry at each step, which gives

rapid convergence to the geometry with the lowest energy.

It is important to recognize that the optimization procedure will not

necessarily find the geometry of lowest energy, the so-called global mini-

mum (point a) in the potential energy surface (Figure 1).

It may find a local minimum (point e). It is the staring geometry,

which determines which of the minima would be obtained by optimiza-

tion. Thus, if the starting geometry was that at point b of the PES the

global minimum is obtained, while if it was at point d the local minimum

is obtained. Besides the location of minima (global or local) on the PES

the optimization process could also locate some other stationary points

corresponding to transition states or other maxima (saddle points). We

can sort out the types of stationary points by carrying out frequency

calculations. With the development of common efficient analytical energy

gradients, gi ¼ @VðxÞ=@xi and second derivatives, Gij ¼ @2VðxÞ=@xi@xj
(Hessian matrix) methods, complete optimization of geometric para-

meters for minima and saddle points has become more common.

If the geometry obtained from an optimization run is a local or

indeed the global minimum, all the frequencies (e.g. the eigenvalues of
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the Hessian matrix) will be real and positive. If we have a transition

state (TS) or any stationary point other than a minimum, some of the

frequencies will be complex (negative eigenvalues of the Hessian) and

are often called ‘‘imaginary frequencies.’’ Transition structures (point c)

usually connecting two stationary structures (points a and e) will have

one imaginary frequency. In summary, the nature of stationary points

on the PES can be characterized by the number of imaginary frequencies

(NImag): NImag ¼ 0 for a minima; NImag ¼ 1 for a TS (first-order

saddle point); NImag ¼ n for a ‘‘maximum’’ (n-order saddle point). Note

that frequency calculations should only be carried out at the geometry

obtained from an optimization run and with the same basis set and

method.

Currently, the most common geometry optimizations for transition

metal coordination compounds and organometallics are performed at the

HF, MP2, and DFT levels of theory. In particular, the new generation of

gradient-corrected DFT methods such as the B3LYP, BP86 and BW91

variants are efficient and accurate computational methods for these

studies. The single-reference HF and MP2 methods could not yield

reliable results for the geometry optimization of first-row transition metal

compounds, since the compactness of the 3d orbitals leads to the presence

of strong near-degeneracy effects, thus leading to multi-reference char-

acter in the state of interest. It is always a good idea to do a geometry

optimization with a small basis set and a poor method before we move

to the basis set and method of choice for the molecular system of interest

Figure 1. Part of a potential energy surface (PES) in a 2D space.
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in relation to the molecular size and the computational resources avail-

able. An acceptable ‘‘chemically accurate’’ calculation of the geometrical

parameters should give for the bond lengths and bond angles values

within 0.01–0.02 Å and 1–2� of experiment, respectively. Notice that the

only way to obtain molecular structures that converge toward the correct

result is to use increasingly larger basis sets and more complete treatment

of electron correlation. As a general rule increasing the electron corre-

lation increases bond length (and by consequence reduce bond angles),

while basis set enlargement exhibits the opposite behavior.

Single Point Energy Calculations

This procedure simply calculates the energy, wave function and other

requested properties at a single fixed geometry. It is frequently carried

out after a geometry optimization, but with a larger basis set or a more

superior method than is possible with the basis set and method used to

optimize the geometry. Thus for a very large system, such as transition

metal compounds, the geometry may be optimized at B3LYP level with

a small basis set, but energy is calculated with the MP2, MCSCF, MCPF,

or CCSD(T) methods and a larger basis set. In general terms DFT meth-

ods give a much better and more reliable description of the geometries

and relative energies than HF and MP2 methods except for some weak

bonding interactions. Hydrogen-bonding and proton-transfer reactions

are generally not treated well by DFT.[44,45] It should be stressed that

DFT methods (such as B3LYP and B3P86) became the dominant compu-

tational tool for treating the transition metal compounds. Only CC meth-

ods, which are very costly, would appear to equal or exceed the accuracy

of the best DFT methods.

Predicting Barriers and Reaction Paths

An important use of electronic structure calculations is the determination

of barrier heights for chemical reactions, because such barriers play a cru-

cial role in determining the rates of the reactions. The essential features of

a chemical reaction mechanism are contained in the minimum energy

path(s)–the path(s) of steepest descent connecting reactants and products

via transition states. A schematic of such a minimum energy path (also

referred to as an intrinsic reaction coordinate, IRC) is shown in Figure 2.

The reaction coordinate represents a composite change in all geometric

parameters (angles and bond lengths) as the reaction proceeds. Short
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of determining an entire reaction coordinate, there are a number of

structures and their energies that are important to defining a reaction

mechanism. For the simplest single step reaction, there would be five

of these structures shown in Figure 2.

1. The reactants

2. The precursor van der Waals complex between the reactants

3. The transition structure

4. The precursor van der Waals complex between the products

5. The products

Reactants and products correspond to energy minima, whereas tran-

sition states linking products to reactants usually correspond to first-

order saddle points on the energy surface (although unusual symmetries

can produce higher order transition states, including those of the ‘‘monkey-

saddle’’ type). Thus, the location of stationary points (particularly

minima and saddle points) on potential energy surfaces represents an

important and challenging problem in computational chemistry.

The PES’s topology governs how much of a hill or barrier there is

to each elementary reaction step and whether the process is thermodyna-

mically favorable. This is referred to as the energetic reaction profile.

The recent survey of some practical methods in use to explore PESs for

chemical reactions by Schlegel is very informative.[46]

As a general rule of thumb, transition structures are more difficult to

describe than equillibrium geometries. The location of saddle points on

the PES is more difficult than finding local minima. However, a number

Figure 2. Hypothetical reaction coordinate.
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of clever algorithms have been developed in the past decade. Generally, if

a program is given a molecular structure and told to find a TS, it will first

compute the Hessian matrix. The nuclei are then moved in a manner that

increases the energy in directions corresponding to negative eigenvalues

of the Hessian and decreases energy where there are positive eigenvalues.

This is a quasi-Newton technique, which implicitly assumes that the PES

has a quadratic shape. Thus the optimization will only be able to make

the correct geometry if the starting geometry is sufficiently close to the

TS geometry to make this a valid assumption. One excellent technique

is to start with a geometry with bond lengths of the bonds being formed

or broken intermediate to their bonding and van der Walls lengths.

Since TS structure calculations are so sensitive to the starting geom-

etry, a number of techniques for finding reasonable starting geometries

have been proposed. One very useful technique is to start from the reactant

and product structures, which are more easily obtained than TS structures.

In this category belong the quadratic synchronous transit methods (OST2

and QST3). In QST2 the software package will require the user to provide

as input the structures of reactants and products, while in QST3 a possible

transition structure is also required. The QST techniques fail for multi-step

reactions, but can be used individually for each step.

TS structures can also be obtained by following the reaction path

from the equillibrium geometry to the TS. This technique is known as

eigenvalue-following (EF) because the user specifies which vibrational

mode should lead to a reaction given sufficient kinetic energy.

Another way to reliably find a TS is based on the scan of the PES

through a series of calculations representing a grid of points on the

PES. The saddle point can then be found by inspection, or more accu-

rately by using mathematical techniques to interpolate between the grid

points. However, this is a very time–consuming method and is only used

when the research requires obtaining a PES for reasons other than

finding the TS.

Nonetheless, the aforementioned saddle point searches sometimes

fail to converge, or they converge to critical points that are minima;

thereby more robust algorithms are still needed.

Once the TS has been obtained, it may be useful to consider the exact

path that lead back to the reactants and forward to the products using the

IRC method. The IRC provides a nice rubric for thinking about the

course of a chemical reaction and, combined with variational state

theory, allows the calculation of the reaction rates as well.
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Molecular Orbitals and Electron Density

Molecular orbitals (MOs) are not real physical quantities. Orbitals are a

mathematical convenience that help us think about bonding and reac-

tivity, but they are not physical observables. Many quantum chemistry

programs have graphical interfaces that allow the schematic represen-

tation of MOs. Among the various MOs of a molecule, the Highest

Occupied (HOMO) and Lowest Unoccupied (LUMO) are of particular

interest for the qualitative prediction of the chemical reactivity and

selectivity. Most important is the electron density related to the prob-

ability that an electron will occupy a precise point of space, which is

a measurable real physical quantity. Notice that any property is a result

of the electron density. A surface of constant electron density (isosur-

face) serves several functions depending on the value of the density at

the surface. Surfaces of very high electron density identify atomic posi-

tions (the basis of the X-ray diffraction experiment). Surfaces corre-

sponding to somewhat lower electron density can be used to ‘‘assign’’

bonds in molecules where there may be more than one reasonable alter-

native. Perhaps the most important use of electron density surfaces is to

depict overall molecular size and shape, the same information that is

provided by a space-filling model. For instance, the 0.001 electron den-

sity isosurface is often used to show the spatial extent of a molecule. It

surrounds that part of space that has the largest probability of contain-

ing the electrons. Moreover, electron density isosurfaces indicate the

preferred positions for the nucleophilic and electrophilic attack of the

molecule of interest.

Atomic Charges Dipole Moments and Multipole Moments

One of the most generally used concepts in chemistry is the atomic

charge, which has the following intuitive meaning: when two noninteracting

atoms A and B(1) form a chemical bond (2), the atomic charge of A

resulting from the formation of the chemical bond is the amount of elec-

tron density gained from (2a) or lost to (2b) atom B:

A0 B0

1
Adþ�Bd�

2a
Ad��Bdþ

2b

Several methods for the quantification of the atomic charges have

been developed over the years trying to solve the problem of how one

can partition the electron density, which does not by definition belong
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to any atom, over the different atoms. Different ways of partitioning lead

to different numbers for the atomic charges and therefore possibly to

different ways of interpreting the nature of the chemical bond.

The oldest and also the best-known definition of the atomic charge is

the Mulliken population analysis.[47] This method uses the basis functions

vl, in terms of which the molecular wave function uiðrÞ is expressed. The
total number of electrons N of the molecule is then given by

N ¼ ni

Xocc

i¼1

i ijh i ¼
X
A;B

X
l2A

X
m2B

Xocc

i¼1

niclicmi ljmh i

¼
X
A;B

X
l2A

X
m2B

Xocc

i¼1

niPlmSlm

with orbital occupations ni. The diagonal elements of PllSll represent

the net Mulliken population that basis functions acquire in the molecule.

The gross Mulliken population Ql for all basis functions is obtained by

assigning half of each total overlap population ðPlmSlm þ PmlSmlÞ to this

basis function:

Ql ¼ PllSll þ
X
m 6¼l

1

2
ðPlmSlm þ PmlSmlÞ

The Mulliken charge of atom A is obtained by summing up the gross

population Ql for all basis functions vl centered on that atom and sub-

stracting them from the corresponding charge ZA, as shown in

QMulliken
A ¼ ZA �

X
l2A

Ql

The Mulliken charges based on the wave function representation as a

linear combination of basis functions are heavily basis set dependent and

in principle do not converge with increasing basis set size. Moreover the

half-to-half partitioning of the Mulliken population analysis yields totally

unphysical charges. Attempts to circumvent these problems lead to the

development of a population scheme, the natural population analysis

(NPA).[48] The NPA is performed on the optimized polyatomic wave

function employing explicitly orthogonal (natural) atomic orbitals, and

thus solves the overlap problem. Natural bond orbital analysis (NBO)

transforms the input basis set to various localized basis sets (natural

atomic orbitals, NAOs, hybrid orbitals, NHOs, bond orbitals, NBOs,
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and localized molecular orbitals, NLMOs):

Input basis set ! NAOs ! NHOs ! NBOs ! NLMOs

The localized sets may be subsequently transformed to delocalized

natural orbitals (NOs) or canonical molecular orbitals (CMOs). Each

step of the above sequence involves an orthonormal set that spans the full

space of the input basis set and can be used to give an exact represen-

tation of the calculated wave function and the expectation values of selec-

ted properties of the system.

More realistic atomic charges are obtained by population analysis

schemes that are based on the electron density. In this category belong

the methods developed by Bader,[49] Hirshfeld,[50] Politzer and cowor-

kers,[51] Van Alsenoy and coworkers[52] and the Vorodoi deformation

density (VDD) suggested recently.[53] An assesment of the Mulliken,

Bader, Hirshfeld, Weinhold, and Voronoi Deformation Density (VDD)

methods for charge analysis reported very recently is very informative.[53]

Within the BO approximation the electric dipole moment l is calcu-

lated according to

l ¼ e
XM

A¼1

ZARA � e

Z
wi

XN

i¼1

riwi ds

¼ e
XM

A¼1

ZARA � e

Z
PiðrÞ rds

The first and second terms of the above equation represent the nu-

clear and electronic contributions to the dipole moment of the molecule,

respectively.

Multiple moments (quadrupole, octapole, exapole and dodecapole)

can also be calculated by computational quantum chemical techniques

and the entire set of the electric moments is required to completely and

exactly describe the distribution of charge in a molecule.

Electrostatic Potentials

The molecular electrostatic potential (MEP) is the energy, which a posi-

tive charge (an ‘‘electrophile’’) ‘‘feels’’ at any location in a molecule. The

MEP is defined according to

MEP ¼
XM

A¼1

ZA

r� RAj j �
Z

dr0qðrÞ
r0 � rj j
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where the first and second terms represent the nuclear and electronic

contributions to MEP, respectively.

The electrostatic potential is a physical property of a molecule related

to how a molecule is first ‘‘seen’’ or ‘‘felt’’ by another approaching spe-

cies, thereby has proven to be particularly useful in rationalizing the

interactions between molecules and molecular recognition processes. This

is because electrostatic forces are primarily responsible for long-range

interactions between molecules. The electrostatic potential varies through

space, and it can be visualized in the same way as the electron density. A

portion of a molecule that has a negative electrostatic potential surface

will be susceptible to electrophilic attack – the more negative the better.

As non-covalent interactions between molecules often occur at separa-

tions where the van der Waals radii of the atoms are just touching, it is

often most useful to examine the MEP in this region. For this reason,

the MEP is often calculated at the molecular surface and is visualized

from ‘‘color mapping’’ the value of the electrostatic potential onto an

electron density surface, which corresponds to a conventional space-

filling model. The resulting model simultaneously displays molecular size

and shape and electrostatic potential value.

Vibrational Frequencies

Frequency runs are performed for two reasons either to actually predict

the frequencies and the IR and Raman intensities or to confirm whether a

stationary point found corresponds to a local (or global) minimum or to

a saddle point. The calculation of the vibrational frequencies offers

several advantages. First, the calculation leads not only to the position

of the peaks, but also to the exact vibrational motion (normal vibrational

mode) of the molecule to which the peak corresponds. Programs that

offer graphical display of these motions are widely available, thus adding

further in the visualization and understanding the origin of the effect we

often see in the laboratory.

It should be noted that most quantum chemical studies of vibrational

frequencies are carried out within the ‘‘double’’ harmonic approximation

(i.e., using only second derivatives for the force constants and the deriva-

tive of the dipole moment for the intensities). Because calculations pro-

duce harmonic vibrational frequencies that do not include anharmonic

effects—the so-called mechanical and electrical anharmonicities—we

must be careful when comparing experimental and theoretical results.

ADVENTURES OF QUANTUM CHEMISTRY 43

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



As computational results of vibrational frequencies at various levels of

theory have systematic errors, one can scale the computed values by an

empirical factor characteristic for each level of theory.[54,55]

NMR Chemical Shifts

Nuclear magnetic resonance spectra (NMR) can also be computed using

ab initio and density functional theories. However, the main problem in

all calculations of magnetic properties (i.e., NMR chemical shifts and

magnetizabilities) using finite basis sets is the gauge-invariance problem.

This simply means that the results depend on the chosen gauge-origin,

e.g., the chosen origin of the coordinate system (e.g., the calculated

NMR chemical shifts will change if the molecule is ‘‘translated’’ along

an axis). This clearly unphysical behavior can be avoided by assigning a

local gauge-origin to each basis function, which is known as ‘‘gauge-

including atomic orbitals’’ (GIAO).[56–60] Other approaches to the

gauge-origin problem are the IGLO (individual gauge for localized orbi-

tals) method of Kutzeling and Schinler,[61] the LORG (local orbitals-local

origins) method of Hansen and Bouman,[62] and the CSGT (continuous

set of gauge transformations) method.[63–65] The GIAO approach is the

most elegant solution to the gauge-invariance problem and, in contrast

to the IGLO method, is easily extended to correlated approaches.

The final results of an NMR calculation at any level of theory are the

corresponding absolute isotropic magnetic shielding tensor elements, riso

(in ppm) as well as the anisotropic shielding, raniso (in ppm) of all nuclei

in the molecule. In order to compare with experimental results, one needs

to carry out equivalent NMR calculation on the reference compound

used and take the difference between the two calculations.

d ¼ rref � r

With respect to basis sets, the following recommendation can be

made. In the case of 11B and 13C nuclei a basis set of DZ quality is in most

cases sufficient for relative shifts. Larger basis sets (i.e., TZ or even QZ)

are in most cases not needed for the accurate prediction of chemical

shifts. On the other side, 15N, 17O, and 19F NMR chemical shift calcula-

tions require larger basis sets of at least TZ plus polarization quality

(TZP). For other nuclei, not very much can be said at the moment and

the user is strongly urged to check carefully the basis set dependence to

ensure reliable theoretical results. However, limited experience suggests
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that for second-row elements quite large basis sets are needed for accu-

rate calculations.

In recent years the viability of DFTmethods to the prediction of metal

and ligand NMR shielding parameters in transition metal complexes has

been highlighted in a steadily increasing number of studies and is now

summarized in a series of recent review articles.[2c,66–68] The nuclear mag-

netic shielding tensor elements of a number of transition metal complexes

([Co(CN)6]
3�, [Co(NH3)6]

3þ, Cr(CO)6, [CrO4]
2�, Fe(CO)5, Fe(C5H5)2,

[MnO4]
�, [Mn(CO)6]

þ, VOCl3, VF5) were successfully predicted by

DFT calculations within the LORG framework.[66] Moreover, the ab

initio=GIAO methodology has been successfully applied to the theoretical

calculation of complexation-induced chemical shifts (Dd) of zinc,

ruthenium, rhodium and tin-porphyrin complexes, where the 1H NMR

resonance signals experience large ring-current-induced upfield shifts.[70]

Ionization Energies and Electron Affinities

According to Koopman’s theorem the energy of an electron in an orbital

is often equated with the energy required to remove the electron to give

the corresponding ion. In this respect, the energy of the HOMO is inter-

preted as the negative of an ionization potential, Ip, while that of the

LUMO as the negative of electron affinity, Ea:

eHOMO¼ � Ip

eLUMO¼ � Ea

However, when applying Koopman’s theorem, two important

caveats must be remembered. The first of these is that the orbitals in

the ionized state Mþ, are assumed to be the same as in the state, M; they

are frozen. In other words the MOs for Mþ are not allowed to change

(i.e., there is no relaxation). The second caveat is that there is no differ-

ence in the correlation energies of M and Mþ. Correlation effects will

tend to increase the ionization potential, while admitting orbital relax-

ation will tend to diminish the ionization potential. In many cases these

two factors fortuitously cancel for valence electrons, with Koopman’s

theorem offering a reasonably good measure of the actual Ip.

For a molecule, if the energy difference is computed at the geometry

of M, we obtain the so-called vertical ionization potentials (VIP). How-

ever, if we allow Mþ to relax to its optimum geometry before evaluating

its energy, we get adiabatic ionization potentials (AIP). Obviously, the Ip
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and Ea computed in the framework of Koopman’s theorem are also

vertical.

Considering that the number of electrons change during the ioniza-

tion process, correlation effects are of particular importance for a proper

description of the electron detachment processes. Therefore, highly corre-

lated methods, such as CCSD(T) or modern DFT methods combined

with a relatively large basis set, should be applied for the calculation of

adiabatic Ip and Ea. In particular, for Ea diffuse functions should be

added to the basis set to describe properly the anion M�. For the

Mþe!M� process there are actually three different quantities that

can be computed: the vertical electron detachment energy (VEDE, energy

to eject electron at the geometry of the anion); the adiabatic electron

affinity (AEA, when the neutral M is allowed to relax to its optimum

geometry) and the vertical electron affinity (VEA, where the geometry

of the neutral is assumed for the anion).

Ionization potentials, electron affinities, and proton affinities are

reproduced fairly well within gradient corrected DFT. However, more

reliable results are obtained via propagator methods, such as the Outer

Valence Green’s Function (OVGF) method.[71]

Time-dependent Calculations

Time-dependent response theory (TDRT) is a powerful tool for the com-

putation of electronic transitions (electronic spectra) and dynamic polar-

izabilities and hyperpolarizabilities.

Electronic spectra are more difficult to model. The problem origi-

nates from the fact that to obtain the electron density and energy in all

ab initio calculations, the energy is minimized with respect to the density.

If an excited-state energy and density are sought in this manner, there

must be something in the theory to prevent the solution from collapsing

to the ground state. A reliable quantum chemical treatment of electronic

excitation in atoms and molecules requires in general a proper inclusion

of static and dynamic effects of electron correlation. This makes it neces-

sary to carry out extended multi-reference CI (MR-CI) calculations or

complete active space plus perturbation theory in second order CAS-PT2

to reach an accuracy of about 0.1 eV in excitation energies.

To study the electronic spectra of transition metal coordination

compounds, four types of quantum chemical computational techniques

can be applied: (i) the variational SCF, CI and MCSCF approaches; (ii) the
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time–dependent density functional theory (TD-DFT) approaches;[72–74] (iii)

the coupled cluster approaches, such as the equation of motion CCSD

(EOM-CCSD);[75] (iv) the single state (SS) or multistate (MS) second order

perturbational approaches, such as the SS-CASP2 andMS-CASP2.[76] These

methods are present inmost of the quantum program packages available. An

excellent review of the recent applications of quantum chemical computa-

tional techniques in the electronic spectroscopy and photoreactivity of tran-

sition metal coordination compounds by Daniel [2d] is very informative.

A single excitation interaction (CIS) calculation[77] is the most com-

mon procedure to get excited state energies. This has the advantage of

being easier to use, but can only be used to treat excited states that are

largely single excitations. A CIS calculation is not extremely accurate.

However, it has the advantage of being able to compute many excited

state energies easily. An essential feature of these calculations is that they

report oscillator strengths for the transitions predicted. This is to help in

comparing to actual spectra, since there are many excited states that can

be calculated for a molecule but that have zero or near-zero intensities

and therefore are not observed in the normal optical experiment.

INORGANIC CHEMISTRY BY ELECTRONIC STRUCTURE

CALCULATION METHODS

In the past few years, several excellent reviews have appeared that describe

the application of electronic structure calculation methods to a variety of

difficult problems encountered in transition metal chemistry.[1–7] There-

fore, here we will focus on a few selected case applications of electronic

structure calculation methods to transition metal and organometallic

chemistry, aiming to stimulate the interest of inorganic chemists willing

to learn new science and to adapt to a somewhat different style than he

or she is accustomed to, welcoming a combination of theory, compu-

tation, and experiment toward solution of difficult chemical problems

of their interest. Such a synergistic process allows an ‘‘evolution’’ of solu-

tions that can progressively address more of the complexity of the realistic

problem and incorporate new physical data as they become available.

Exploring Bonding and Nonbonding Intermetallic

M� � �M Interactions

Many important classes of transition metal coordination compounds

and metalloenzymes exhibit bonding and nonbonding intermetallic
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interactions. A detailed understanding of the nature of these interactions

is of particular importance to understand the structure and reactivity of

these molecular systems. The structural variability in dimetal systems that

contain the simple ‘‘diamond-shaped’’ M2(l-X)2 core structure has

attracted considerable interest from both the experimental and theoreti-

cal point of view. Of particular interest is a new class of bis(l-oxo) dicop-
per and diiron systems comprising iron and copper centers in non-heme,

multimetal enzymes, such as monooxygenases, fatty acid desaturase, and

tyrosinase, which function in the activation of dioxygen to catalyze a di-

verse array of organic transformations. Aspects of the chemistry of cop-

per and iron compounds containing the M2(l-O)2 core have been recently

reviewed.[78]

The structural behavior of the M2(l-X)2 core has been analyzed

theoretically by Alvarez[79] and Mealli.[80] Following the arguments of

Alvarez the formation or breaking of trans-annular bonds in these systems

is related to the number of framework electrons, e.g., the number of elec-

trons involved in bonding between the metals and the bridging ligands. It

was found that the allocation of the M-M based valence electrons into

molecular orbitals of r, p, d, d�, p�, and r� symmetries provides a wealth

of information regarding the chemistry that these systems will posses.

A number of theoretical studies have led to a detailed picture of the

bonding within the Cu2(l-O)2 core. The diamagnetic nature of complexes

involving this core is consistent with the d8 electronic configuration of

Cu(III) and the tetragonal nature of the coordination sphere. The d8-d8

[LCu(III)(l-O)2Cu(III)L]
2þ (where L is a tridentate ligand) compounds

having two bridging bonds, and a sufficient number of electrons to fill

up all six r, r�, p, p�, d, and d� Cu� � �Cu orbitals do not involve inter-

metallic Cu� � �Cu bonds.

A similar bonding pattern has been established through quantum

chemical calculations at the DFT level of theory, for an important class

of phosphido-bridged l-PR2 compounds exhibiting a variety of M� � �M0

(M ¼ M0 ¼ Pt or Pd; M ¼ Pt, M0 ¼ Pd) interactions.[81,82] The ability of

such DFT methods (B3LYP functional, LANL2DZ, 6-31G basis set) to

reproduce experimental geometry and identify the M� � �M0 bonding inter-

actions and its variation on oxidation in this class of complexes was

demonstrated.

The d8-d8 phosphido-bridged diplatinum [(C6F5)2Pt(l-PPh2)2-
Pt[(C6F5)2]

2� and trinuclear [(C6F5)2M(l-PPh2)2M0(l-PPh2)2M00-

(C6F5)2]
2� (M, M0, M00 ¼ Pd(II), Pt(II)) compounds having sufficient
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number of electrons to fill up all six MOs do not exhibit any intermetallic

M� � �M0 interaction. The calculations[81,82] indicated that oxidation of

these complexes should be occur on the metal centers, since the highest

occupied orbitals are mainly metal-based orbitals that are close in

energy. In the oxidized d7-d7 phosphido-bridged [(C6F5)2Pt(l-PPh2)2-
Pt[(C6F5)2] and [(C6F5)2M(l-PPh2)2M0(l-PPh2)2M00(C6F5)2] species

having only ten electrons to occupy the six MM0 orbitals, two bridging

bonds resulting in a formal single Pt-Pt bond. The MOs contributing

to the formation of the Pt(III)-Pt(III) bond in the oxidized species are

depicted schematically in Scheme 1.

When the bridging ligand is hydride, as in the case of the catalytically

active d8-d8[(R3Si)(PCy3)Pt(l-H)2Pt(R3Si)(PCy3)] hydrido-bridged dipla-

tinum compound, the Pt-Pt interaction acquires a triple bond character

(there are r, p and d MOs). This is substantiated by the respective

molecular orbital interactions (Scheme 2), which correspond to

r-(HOMO-9), p-(HOMO-7) and d- (HOMO-5) bonding interactions.

DFT calculations at the B3LYP=LANL2DZ level successfully repro-

duced the geometrical parameters of the hydrido-bridged diplatinum

complexes (Figure 3) providing for the first time the position of the bridg-

ing hydride ligands, which otherwise could not be located by the X-ray

Scheme 1. The MOs contributing to the formation of the Pt(III)�Pt(III) bonds in

[(C6F5)2Pt(l-PH2)2Pt[(C6F5)2] and [(CF3)2Pt(l-PH2)2Pt(l-PH2)2Pt(CF3)2] complexes.

ADVENTURES OF QUANTUM CHEMISTRY 49

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



crystallographic study.[83] The optimized geometries are of C2h symmetry

involving asymmetric Pt(l-H)2Pt bridges; the Pt-H and H� � �Pt bond

distances differ by about 0.3 Å.

Employing gradient-corrected levels of DFT 1H, 31P, 28Si and 195Pt

chemical shifts were calculated at the GIAO B3LYP=LANL2DZ level

of theory using the B3LYP=LANL2DZ equilibrium geometries. The

chemical shift of the bridging hydride ligands was predicted to occur

around 13.5 ppm, as expected for the resonances attributable to a

platinum hydride found typically in the range s13–27 ppm. The reliability

of the computed 1H NMR chemical shifts were assessed by the calcula-

tion of the 1H NMR chemical shifts of complex [Pt2(H)2(l-H)(l-dpm)2]
þ

Scheme 2. The most relevant molecular orbital interactions describing the Pt�Pt interac-

tions in the model complex [(H3Si)(PH3)Pt(l-H)2Pt(H3Si)(PH3)].

Figure 3. Equilibrium geometry of a model complex [{Pt(SiH3)(l-H)(PMe3)}2] computed at

the B3LYP=LANL2DZ level of theory.

50 C. A. TSIPIS

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



(dpm ¼ H2PCH2PH2), involving both symmetrical bridging and terminal

hydride ligands at the same level of theory. It was found that the bridging

hydride resonances are at s 15.7 ppm, a value very close to the experi-

mental one of s 15.85 ppm of the ‘‘real’’ [Pt2(H)2(l-H)(l-dppm)2]
þ

(dppm ¼ Ph2PCH2PPh2) complex.[84]

The single two-electron reduction for the Fe-Fe bonded dinuclear

complexes Fe2(CO)6(l2-PR2)2 (R ¼ Me or CF3) with the ‘‘diamond-

shaped’’ Fe2(l-PR2)2 core structure was studied by DFT methods.[85]

These complexes, being also d7-d7 phosphido bridged dimetal complexes,

upon reduction undergo the simple structural change related to the cleav-

age of the intermetallic Fe-Fe bond. The experimentally observed cleav-

age of the Fe-Fe bond upon addition of electrons was reproduced in all

calculations. This is because the added electrons occupy the LUMO of

the complexes, which are Fe-Fe r-antibonding. It was found that in-

clusion of solvation and=or ion pair effects in the computational model

is crucia1 to correctly reproduce the experimentally observed energetic

profile that favors the disproportionation reaction of the singly reduced

complexes. The model that includes both a countercation and solvation

is energetically and chemically the most realistic model. Moreover, the

self-consistent reaction field (SCRF) method to treat solvation effects,

such as COSMO, was found to be well suited for modeling the changes

in electronic structure arising from solvation.

Ab initio calculations at the HF level using relatively small basis sets

and ECPs for Pt, P and Cl atoms have been carried out for a series of

model Pt(II) dimmers with bridging S2� and RS� ligands, involving

the Pt2(l2-S)2 core, in order to elucidate the determinants of the structure,

planar or hinged.[86] It was found that electronic rather than steric effects

govern the geometry of the Pt2(l2-S)2 core; the decrease of the through-

ring antibonding interaction between the in-plane sulfur p orbitals with

folding appears to be the determinant for hinging.

DFT calculations at the B3LYP=SDD level of theory also threw light

on the bonding mechanism in a series of halo-bridged Cu(I) dimers, with

a diamond like structure of D2h symmetry.[87] It was predicted that the

Cu-X bond involves both r- and p-dative bonding components. Most

important is the presence of p-type MOs delocalized over the entire

four-membered Cu(l-X)2Cu ring, which supports a ring current and

could probably account for the nearly equivalent Cu-X bonds in the

rhombus. Moreover, all [Cu(l-X)(PH3)2]2 dimers exhibit a r-type MO

corresponding to weak Cu� � �Cu interactions supporting through-ring
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intermetallic interactions, which seems to be responsible for the stabiliza-

tion of the otherwise unstable anti-aromatic Cu(l-X)2Cu ring (the metal-

lacycle ring having a total of 8 framework electrons does not conform to

the Hückel rule of aromaticity). The intermetallic Cu� � �Cu distance is

tuned by the identity of the halide ligand, X, following paradoxically

the trend:

Cuðl-IÞCu < Cuðl-BrÞCu < Cuðl-ClÞCu:

The shortest Cu� � �Cu distance was observed for the best electron-

donating bridged iodide ligand. An electron density topological analysis

assigned a bond order for the Cu� � �Cu interaction in the chloro-

derivative of 0.2, which increases to 0.6 in the hydrido bridged dimmer

with a much shorter Cu� � �Cu separation distance. All halo-bridged

copper(I) dimers exhibit a similar pattern of molecular orbital level

diagram with a successive lowering of the respective eigenvalues ongoing

from the chloro- to iodo-derivatives. This is consistent with the higher

stability of the iodo complex in the series. The most important molecular

orbitals of the halo-bridged copper dimmers are collected in Scheme 3.

The nature of the very short bond (around 260 pm) between plati-

num and thallium in the experimentally known [(NC)5Pt-Tl(CN)n]n�

(n ¼ 0�3) compound has been investigated[88] by electronic structure

calculation methods at RHF, DFT and MP2 levels using model com-

pounds [H5Pt-TlHn]
n� . The simplest picture of the short Pt-Tl bonds

corresponds to an approximate r2p4 triple bond comprising two parts,

r donation from Tl to the empty coordination site of L5Pt
� and p

donation from the off-axis Pt-L bonds to the 6pp orbital of Tl. This

bonding character is consistent with the observed oxidation states

between PtIV-Tl1 and PtII-TlIII. Moreover, relativistic DFT study of

[(NC)5Pt-Tl(CN)]� demonstrated that the remarkable experimentally

observed spin-spin coupling pattern, e.g., 2J(Tl-C) >> 1J(Tl-C) and

J(Pt-Tl) � 57 kHz, is semiquantitatively reproduced if both relativistic

effects and solvation are taken into account. Solvent effects are very

substantial and shift the Pt-Tl coupling by more than 100%, e.g. Relati-

vistic increase of s-orbital density at the heavy nuclei, charge donation by

the solvent, and the specific features of the multicenter C-Pt-Tl-C bond

are responsible for the observed coupling pattern.[89]

The mechanism of ‘‘metallophilic’’ interactions, e.g. the attractions

between formally closed shell metal d10 centers (archetypically a pair of
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Au(I) cations) has been exhaustively investigated by Pyykkö and cowor-

kers using the HF and MP2 ab initio methods. The theoretical treatment

of these strong closed-shell interactions in inorganic chemistry has also

been reviewed by Pyykkö.[90] Energy partitioning schemes have been used

to investigate the metallophilic attraction between Au(I), Ag(I) and Cu(I)

centers in model dimmers of [ X-M-PH3]2 (X ¼ H, Cl) type.[91] The main

part of the attraction involves pair correlation between one M(d10) entity

and non-M(d10) localized orbitals of the partner monomer. It was also

predicted that at re(M-M) dispersive and non-dispersive components

are about equally important for all systems considered. The contribution,

due to nd-nd interaction, falls drastically along the series Au > Ag > Cu.

The aurophilicity phenomenon has been the subject of many theoreti-

cal treatments. From these studies, it was concluded that aurophilicity is a

genuine correlation-dispersion effect, enhanced by induction and, in parti-

cular, by relativistic corrections, which may all be quite strong in heavy

atomic systems. The coexistence of Au(I)-Au(I) contacts and hydrogen

bonding in the model systems [H2P(OH)AuCl]2 and [H2P(OH)AuH2(O)]2
studied at the MP2 level illustrated that the two interactions are compara-

ble.[92] The aurophilic interactions between gold atoms in the different oxi-

dation states Au(I)-Au(I), Au(I)-Au(III) and Au(III)-Au(III) have also

been investigated at the MP2 level of theory and the dispersion, induction

and electrostatic multipole components to the aurophilic attraction were

analyzed using intermolecular models.[93]

Scheme 3. The most important molecular orbitals of the halo-bridged copper(I) dimmers.
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More recently[94] the electronic and geometric structures of Cl-M-PH3

and [Cl-M-PH3]2 (M ¼ Cu, Ag, Au) have been studied computationally

using post-HF ab initio and DFT methods. Including electron corre-

lation through the QCISD, CCSD and CCSD(T) calculations changes

the trend in metallophilic interaction; the interaction decreases along

the series Ag!Au! [111]. Moreover, the overall performance of

different quantum chemical approaches (HF, MP2 and five different

DFT methods) concerning the Au-Au distances and bond dissociation

energies for fifteen molecules containing the Au(I) species has very

recently been investigated by Wang and Schwarz.[95] It was found that

simple density functionals (LDF) of the Slater (or Slater plus Vosko)

type yield rather reasonable results, while common gradient corrected

DF are not recommended, nor are the large core pseudopotentials for

Au. As far as the aurophilic bonding mechanism is concerned both

one-electron (i.e., electrostatic, polarization, charge transfer, and orbital

interactions) and two-electron effects (i.e., correlation, dispersion)

contribute significantly to the Au(I)-Au(I) interactions.

Finally, heteronuclear metal-metal contacts between gold(I) and

group -l1, -12 and -13 elements have been investigated both experimen-

tally and theoretically and their chemistry has been reviewed by Laguna

and Bardaji.[96] The metallophilic interactions, in these gold-metal con-

tacts are predicted to be of intermediate strength relative to the homonuc-

lear metal-metal interactions. In general, metallophilic interactions are

found in bridged or unbridged pairs, oligomers, chains, and sheets involv-

ing, among others, main-group elements (such as Se and Te), d10 ions

[such as Cu(I), Ag(I) and Au(I)], s2 ions [such as Tl(I) and In(I)], and also

d8 ions [such as Ir(I)]. A recent survey of such interactions by Grader[97] is

very informative. Of particular importance are the extremely strong

6s2-6s2 intermetallic interactions in [AuBa]� and [AuHg] � diatomics

studied recently by Wesendrup and Schwerdtfeger.[98]

EXPLORING THE MECHANISM OF CATALYTIC GAS-PHASE

REACTIONS INVOLVING TRANSITION METALS

In recent years gas phase reactions between transition metal atoms

or ions and the inherently stable thermodynamically small molecules,

such as CO2, CH4, NH3, H2O and H2 have attracted considerable

interest.[5,99–113] This interest is primarily due to the fact that these reac-

tions may serve as models for understanding the reactivity pattern of
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transition–metal–based catalysts in condensed phase. Moreover, the

complexes formed may serve as potential precursors for the challenging

task of activation of these molecules and provide simple model systems

to probe fundamental bonding interactions.[114] Transition metal ions

are particularly suitable for this purpose because of their rich gas

phase chemistry.[115] Only a few representative examples of catalytic

gas phase reactions involving transition metals will be discussed

herein, for the inorganic chemist to get insight how electronic structure

calculation methods helps in understanding the corresponding reaction

mechanisms.

The coordination of carbon dioxide to first transition row metal

cations and the insertion reaction of the metal into one C¼O bond of

carbon dioxide have been studied theoretically at the B3LYP level.[110b]

Binding energies have also been determined at the CCSD(T) level using

large basis sets. The most favorable coordination of CO2 is the linear

end-on Mþ-OCO one, due to the electrostatic nature of the bonding.

The ground state and binding energies are mainly determined by several

mechanisms for reducing metal-ligand repulsion. For the early transition

metals (Scþ, Tiþ, and Vþ), the insertion reaction is exothermic and the

OMþCO structure is more stable than the linear Mþ-OCO isomer, be-

cause of the very strong MOþ bond that is formed. More recently,[110c]

the electronic and geometrical structures of 3d-metal neutral, MCO, anio-

nic [MCO]� , and cationic [MCO]þ monocarbonyls, (M ¼ Sc to Cu),

were computed using DFT with generalized gradient approximation for

the exchange-correlation potential. The calculated adiabatic electron

affinities and ionization potentials are in good agreement with experi-

ment. The reaction [MCO]0,� ,þþCO ! [MC]0,� ,þ þCO2 was found

to be significantly less endothermic than the 130.3 kcal=mol found for

gas phase CO. Among the neutrals, this reaction is endothermic by

30.0 kcal=mol for Mn, while Fe is found to be the second best atom, with

the reaction being endothermic by 36.7 kcal=mol.

The gas-phase reaction of the nickel atom with CO2 molecule was

investigated at the B3LYP and CCSD(T) levels of theory.[109c] The lowest

energy path proceeds through the 3A00 ONiCO intermediate and yields

the 3P�NiO and CO. An electron transfer from the Ni atom to the

CO2 molecule initiates the metal insertion reaction and then the insertion

and oxygen-abstraction steps take place in a concerted fashion along with

the charge-transfer processes. The insertion reaction is direct and needs to

overcome an energy barrier of 34.6 kcal=mol. The NiþCO2!
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NiOþCO reaction was found to be endothermic by 37.4 kcal=mol, in

good agreement with experiment (36.6 kcal=mol).

The reactions of the ground-state V(s2d3) atoms with the isovalent

CO2, CS2, and OCS molecules have been studied at the B3LYP level.[108a]

The comparative study of the reactions:

Vðs2d3Þ þ XCY ! VðXCYÞ ! TS ! XVCY ! VX þ CY

with XCY ¼ CO2, CS2, and OCS showed that insertion reaction proceeds

on a single potential energy surface (4A00) along one intrinsic reaction co-

ordinate, the CX (X¼ O,S) bond length. Comparison of relative energies

illustrated that insertion products are always more stable than the related

coordination species, with the following increasing orders of stability:

V(OCS) < V(CO2), V(CS2) and OVCS < OVCO < SVCS, SVCO. Only

the VþCO2!VOþCO and VþOCS!VSþCO reactions are exo-

thermic, with a low or no activation barrier for the insertion reaction.

The 2A0 and 2A00 potential energy surfaces, for the ScþCO2!
ScOþCO reaction were explored by B3LYP and CCSD(T) methods

independently by Papai et al.[109b] and by Hwang and Mebel[108] in order

to gain insight into the mechanism of the reaction. Both 2A0 and 2A00 state

ScþCO2 reactions lead to spontaneous metal insertion into CO2. How-

ever, only the 2A0 state insertion complex can readily dissociate, into

ScOþCO. The entrance channel of the reaction corresponds to the

g2-C,O coordination of the CO2 molecule.

Very recently[111b] the mechanism of the CO2-to-CO reduction by

ground-state Fe atoms has been investigated in the framework of elec-

tronic structure calculations at the B3LYP level of theory, using the 6-

31G(d) and 6-311+G(3df) basis sets. The FeþCO2!FeOþCO reaction

predicted to be endothermic by 23.24 kcal=mol could follow two possible

alternative pathways depending on the nature of the entrance channel

involving formation of either a Fe(g2-OCO) or a Fe(g3-OCO) intermedi-

ate. The Fe(g2-OCO) intermediate was found to be weakly bound with

respect to Fe(5D) and CO2 dissociation products, but strongly bound

relative to the separated Feþ (6D) and [CO2]
� anion; the computed

Fe-CO2 bond dissociation energy is predicted to be 207.3 kcal=mol. On

the other hand, the Fe(g3-OCO) intermediate is unbound with respect

to Fe(5D) and CO2 dissociation products by 8.3 kcal=mol, but also

strongly bound relative to the separated Feþ (6D) and [CO2]
� anion; the

computed Fe-CO2 bond dissociation energy is predicted to be 198.3 kcal=

mol. Both reaction pathways involve an intramolecular insertion reaction
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of the Fe atom into the O-C bond of the Fe(g2-OCO) or Fe(g3-OCO)

intermediates yielding the isomeric OFe(g1-CO) or OFe(g1-OC) insertion

products, respectively with a relatively low activation barrier.

The mechanism of the reaction YSþþCO2!YOþ þCOS in the gas

phase has been studied at the B3LYP level of theory by Xie.[112] The

reaction proceeds via two four-center transition states with a cyclic

intermediate complex. The reaction mechanism includes seven stationary

points (reactants, three intermediate complexes, two transition states TS

and products) on the reaction potential surface. The activation barriers of

the two transition states are �8.3 and 2.1 kcal=mol, respectively, indicat-

ing that the second reaction step should be the rate-determining reaction

step.

The catalytic activity of bare cationic transition metal monoxides

(MOþ ) towards methane is a key to the mechanistic aspects in the direct

methane hydroxylation. The reaction pathway and energetics for meth-

ane-to-methanol conversion by first row transition metal oxide cations

has thoroughly been investigated by Yoshizawa et al.[106] using the

B3LYP density functional approach. Both high-spin and low-spin PESs

were characterized at the B3LYP=6-311G(d,p) level of theory. The meth-

ane activation process proceeds via two transition states following the

course: MOþ þCH4!OMþ (CH4)! [TSl]!HO–Mþ -CH3! [TS2]!
Mþ (CH3OH)!Mþ þCH3OH (M ¼ Sc, Ti, V, Cr, Mn, Fe, Co, Ni,

and Cu). A crossing between high-spin and low-spin PESs occurs once

near the exit channel for ScOþ , TiOþ , VOþ , CrOþ , and MnOþ , but it

occurs twice in the entrance and exit channels for FeOþ , CoOþ , and

NiOþ . In most cases the high-spin and low-spin PESs have crossing

points, in the vicinity of which spin inversion can take place. This non-

adiabatic electronic process is a manifestation of the so-called two-state

reactivity (TSR) concept, which is of particular interest in organometallic

chemistry and oxidation catalysis.[99f] The TRS phenomenon involving

participation of spin inversion in the rate-determining step can dramati-

cally affect reaction mechanisms, rate constants, branching ratios, and

temperature behaviors of organometallic transformations. Some recent

case studies involving TRS, namely the VþþCS2 system, the hydroxyl-

ation of methane by FeOþ and the b-Hydrogen transfer in [FeC5H5]
þ

cation are presented and discussed in ref. 99f.

Density functional B3LYP and CCSD(T) calculations have also been

employed to investigate potential energy surfaces for the reactions of

neutral scandium, nickel, and palladium oxides with methane. The results
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show that NiO and PdO are reactive toward methane and can form

molecular complexes with CH4 bound by 9–10 kcal=mo1 without a bar-

rier. At elevated temperatures, the dominant reaction channel is direct

abstraction of a hydrogen atom by the oxides from CH4 with a barrier

of about 16 kcal=mol leading to MOH (M ¼ Ni, Pd) and free methyl

radical. On the other hand, scandium oxide is not reactive with respect

to methane at low and ambient temperatures. At elevated temperatures

(when a barrier of about 22 kcal=mol can be overcome), the reaction

can produce the CH3ScOH molecule, but the latter is not likely to decom-

pose to the methyl radical and ScOH or Sc þCH3OH because of the high

endothermicity of these processes.[108b] The minimal energy reaction

pathway for methane conversion to methanol using nickel and palladium

oxides involves both triplet and singlet PESs, which is another example of

the TRS concept. The same holds true for the insertion reaction of Zn,

Cd, and Hg atoms with methane and silane studied at the BPW91 density

functional and MP2 levels of theory.[116]

The TSR paradigm is also characteristic for the dehydrogenation

reactions of H2O, NH3, and CH4 molecules by Mnþ (7S, 5S) and Feþ

(6D, 4F) cations investigated at the B3LYP level using a DZVP basis

set optimized ad hoc for the employed functional [113]. In all cases, the

low-spin ion-dipole complex, which is the most stable species on the

respective PESs, is initially formed. In the second step, a hydrogen shift

process leads to the formation of the insertion products, which are more

stable in a low-spin state. The low- and high-spin PESs have crossing

points, in correspondence of which spin inversion takes place. The topo-

logical analysis of the electron localization function (ELF) has been used

to characterize the nature of the bonds for all of the minima and tran-

sition states along the paths. Depending on the presence of lone pairs

in the ligand, two different bonding mechanisms have been identified.

This has been achieved by analyzing DFT calculations (B3LYP

approach) using the bonding evolution theory. The different domains

of structural stability occurring along the reaction path have been ident-

ified as well as the bifurcation catastrophes responsible for the changes m

the topology of the systems. The analysis provides a chemical description

of the reaction mechanism in terms of agostic bond formation and break-

ing. After the formation of the first reaction intermediate, all the three

reactions are equivalent from a bonding evolution viewpoint, since the

presence of a trisynaptic basin, which corresponds to the condensation of

two covalent bonds into a three-center bond, is verified in all the three cases.
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The reactions of first row transition metal cations with water have

also been investigated in detail.[100] Both the low- and high-spin PESs

have been characterized at the B3LYP=DZVP level of theory. Energy

differences between key low-and high-spin species and total reaction

energies for the possible products have been predicted at even higher

levels of theory. The expected trend for the M(OH2)
þ ion-molecule

dissociation energies has been well described through the row. Whereas

the only exothermic products of the MþþH2O reaction for M ¼ Sc to

V were MOþþH2 with exothermicity decreasing from Sc to V, the afore-

mentioned reactions were endothermic for M ¼ Cr to Cu with endo-

thermicity increasing through the series. As in the FeþþH2O system,

less difference between the high- and low-spin structures was observed

for the late transition metals than in the early transition metal systems.

The reason for this is that the high-spin Feþ to Cuþ cations have at least

one set of paired electrons while the Scþ to Mnþ high-spin cations

do not. Both high- and low-spin PESs cross once in the entrance

channel for Scþ to Mnþ. Two crossings were observed, at the entrance

and exit channels, on the Feþ PESs. Finally, the surfaces of Coþ to

Cuþ demonstrate one crossing near the exit channel.

The mechanism of H2 oxidation by FeOþ has been investigated

by density functional calculations using the B3LYP, BP86, and FT97

functionals and an extended basis set.[105b] Three mechanisms were

considered, addition-elimination, ‘‘rebound,’’ and oxene-insertion.

The addition-elimination and ‘‘rebound’’ mechanisms are competitive,

exhibiting TRS with a crossing between sextet and quartet states. TSR

provides a low-energy path for bond activation and is predicted to be

the dominant pathway at room temperature. Both TSR mechanisms

are concerted: the addition-elimination mechanism involves 2þ 2

addition in the bond activation step, while the rebound mechanism

is effectively concerted, involving the H-abstraction followed by a

barrierless ‘‘rebound’’ of the H-radical.

Finally, the interaction of first row transition metal dications (Mn2þ

to Cu2þ ) with a single water molecule has been studied at the B3LYP and

CCSD(T) level of theory using triple-zeta basis sets.[107] The results

obtained provided strong evidence for the possibility to observe the

[M(OH2)]
2þ complexes as long-lived species in the gas phase with abun-

dance increasing toward the left-hand in the Periodic Table. In particular,

for [Cu(OH2)]
2þ and [Cu(OH2)2]

2þ complexes, although the dissociation

products CuþþH2O
þ from [Cu(OH2)]

2þ are lower in energy than
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Cu2þþH2O, an avoided crossing of the Cu2þ � � �OH2 and Cuþ � � �OH2
þ

PESs provides a minimum in the adiabatic PES, which predicts that

[Cu(OH2)]
2þ should be a stable gas phase ion. The activation barrier

for the decomposition of [Cu(OH2)]
2þ to CuþþH2O

þ is about

27 kJ=mol, whereas the barrier height, for the decomposition of

[Cu(OH2)2]
2þ to [Cu(OH2)]

þþH2O
þ is much larger (167 kJ=mol). Based

on these results, El-Nahas et al.[117] predicted the existence of

[Cu(OH2)2]
2þ in the gas phase, under suitable conditions, and probably

the much less stable [Cu(OH2)]
2þ . Actually, recent experimental results [118]

vindicated the theoretical predictions that the cupric ion solvated by one

and two water molecules should be stable species and therefore exist in

the gas phase.

EXPLORING THE CATALYTIC CYCLE OF SYNTHESIS REACTIONS

CATALYZED BY TRANSITION METAL-CONTAINING CATALYSTS

In the last few years, several excellent reviews have appeared that describe

the application of electronic structure calculation methods to reactions of

transition metal compounds. Niu and Hall[1a] have reviewed the theor-

etical studies on reactions of transition metal complexes, while Frenking

et al.[1d] gave an extensive overview of theoretical studies of some tran-

sition metal mediated reactions of industrial and synthetic importance.

In a more recent review, Harvey et al.[2n] surveyed a number of recent

studies concerning spin-forbidden reactions that occur in coordination

chemistry. These reactions concern ligand dissociation=association,

oxidative addition and migratory insertion reactions, which play an

important role in homogeneous catalytic processes. For spin-forbidden

reactions the minimum energy crossing points (MECPs) between states

of different spin can be located for large, realistic transition–metal–

containing systems yielding important new insight into their mechanism.

Moreover, recent books have also been devoted to computational orga-

nometallic chemistry[119] and the theoretical aspects of homogeneous

catalysis.[120]

It is our wish to comment here on the more recent developments in

the area, presenting a few case examples of homogeneous catalytic

processes investigated by electronic structure calculation methods. In

general terms, computational modelling of catalytic processes requires

a high-level quantum chemical treatment. However, the down side is that

quantum chemical methods require tremendous computational resources.
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Due to the expense of quantum chemical calculations, the detailed study

of a catalytic cycle often involves a stripped–down model of the chemical

system. This methodology is followed when we want to treat relatively

big-sized molecular systems at a high level of theory. The use of models

resulting upon substitution of peripheral components by simpler substitu-

ents and removing the solvent molecules does not alter the description of

the ‘‘core’’ region of the compounds and is ultimately the most efficient

and productive route to modelling the electronic structure and related

properties of relatively big-sized transition metal coordination com-

pounds. It should be emphasized that great care has to be exercised in

choosing the simpler substituents. These substituents might exhibit simi-

lar electronic properties with those they are going to substitute. This is

because in some cases the peripheral components act only as spectators,

but in others, they can substantially influence the PES. Thus, quantum

chemical models that neglect the surrounding molecular environment

might lead to limited or even erroneous conclusions. Another popular ap-

proach to simulate complex molecular systems, such as the transition

metal catalyzed synthesis or enzyme reactions at the quantum chemical

level, is the combined quantum mechanics and molecular mechanics

(QM=MM) method.[121–123] In this hybrid method, part of the molecular

potential, such as the catalyst’s or metalloenzyme’s active site, is determ-

ined by QM calculation, while the remainder of the molecular potential is

determined using a much faster molecular mechanics (MM) calculation.

The QM=MM method’s promise is that it allows for simulation of bond

breaking and formation at the active site, while still taking into account

the role of the extended system in an efficient and computationally

tractable manner.

The QM=MM method’s key feature is that a QM calculation is per-

formed on a truncated QM model of the active site with the large ligands

removed and replaced by capping atoms. Then, a MM calculation is per-

formed on the remainder of the system. The division of the full system

into two sub-systems (Scheme 4) may require cutting a covalent bond.

Different techniques have been developed to treat this problem, fulfilling

the valence of the quantum atom placed in the boundary with hydrogen

atoms or frozen orbitals.

The QM (e.g. reacting) region ‘‘feels’’ the influence of the molecular

mechanics environment—for example, the atomic charges of the MM

atoms affect the QM atoms. By combining the accuracy of a QM method

(for a small reacting system) with the speed of a MM method (for its
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surroundings), reactions in large molecules and in solution can be stud-

ied. In this way the wave function of the quantum subsystem, and thus

any related property, can be obtained under the influence of the environ-

ment. In the QM=MM method, the molecular system is described by a

mixed Hamiltonian:

H ¼ HQM þHMM þHQM=MM

and the total energy of the system can be written as:

E ¼ EðQMÞ þ EðQM=MMÞ þ EðMMÞ þ EðboundaryÞ

The energy of the QM system, E(QM), and the energy of the MM system,

E(MM), are calculated exactly as they would be in a standard calculation

at those levels. E(QM=MM) is the interaction energy between the QM

and MM regions (e.g. due to the interaction of the MM atomic charges

with the QM system), while E(boundary) is the energy due to any bound-

ary restraints applied to the outer edge of the MM region to maintain its

structure.

A characteristic example of the successful application of the hybrid

QM=MM method for a more realistic computational simulation of com-

plex systems concerns the Brookhart-type Ni-diimine and group-4

diamide olefin polymerization catalysts.[124] The structure of the ‘‘real’’

system and the corresponding model QM system for which the electronic

structure calculation is performed are shown in Figure 4. The hydrogen

Scheme 4. Schematic representation of the setup of a QM=MM calculation. A small region

containing the reacting atoms is treated by a quantum mechanical method (e.g. molecular

orbital theory), and its surroundings are represented more simply by molecular mechanics.
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atoms cap the electronic system and are termed ‘‘dummy’’ atoms. The

dummy atoms correspond to ‘‘link’’ atoms in the real system, that are

labeled C.

More recently, Tobisch and Ziegler reported on a comprehensive

theoretical investigation of the influence of ligand L on the regulation

of the selectivity for the [Ni0L]-catalyzed cyclodimerization of

1,3-butadiene based on DFT and a combined DFT/MM (QM/MM)

method.125 The role of electronic and steric effects has been elucidated

for all crucial elementary steps of the entire catalytic cycle. Moreover,

both the thermodynamic and the kinetic aspects of the regulation of

the product selectivity have been fully understood.

DFT has also been used to study the reaction mechanism and

structure-reactivity relationships in the stereospecific 1,4-polymerization

of butadiene catalyzed by neutral allylnickel(II) halide [Ni(C3H5)X]2
(X� ¼ Cl� , Bi� , I� ) complexes[126] using stripped–down models of the

catalytic system for the computational effort to be kept moderate. All

crucial steps of the catalytic cycle, such as monomer p complex forma-

tion, symmetrical and unsymmetrical splitting of dimeric p complexes,

and anti-syn isomerization, have been scrutinized.

The regio- and stereo-selectivity in palladium-catalyzed electrophilic

substitution of aryl chlorides with aromatic and heteroaromatic

aldehydes has recently been studied at the B3PW91=DZþP level of

theory.[127] The two most important factors controlling the selectivity

were found to be the location of the phenyl functionality in the g1-moiety

of the bis(allyl)palladium intermediate and the relative configuration of

the phenyl substituents in the cyclic six-membered transition state of

the reaction.

A few theoretical studies[128–132] have recently been devoted to the

study of olefin metathesis reactions catalyzed by the Grubbs-type

Figure 4. An example of QM=MM partitioning in a Ni-diimine olefin polymerization

catalyst.
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ruthenium carbene [(PR3)(L)Cl2Ru=CH2] (L=PR3 or imidazol-2-ylidene,

NHC) complexes[128]. Both the associative and dissociative mechanism of

olefin metathesis reaction catalyzed by the model [(PH3)(L)Cl2Ru=

CH2] (L=PH3 or NHC) complexes have thoroughly been investigated

by Thiel and coworkers[129] using DFT techniques with the BP86 and

B3LYP functionals. These functionals combined with medium-size basis

sets provided realistic geometries, relative energies and vibrational fre-

quencies. Moreover, for further validation, additional CCSD(T) calcula-

tions were performed on the BP86 geometries. The dissociative

mechanism with olefin coordination in a trans-position with respect to

the ancillary ligand, L is favored over all other alternatives. The

p-bonded olefin and the metallacycle species were identified as intermedi-

ates, while the rate-determining step was found to be the ring closure-

opening processes of these species in terms of the calculated DG0
298 values.

However, the calculated DH0
298 values for phosphine dissociation from

the ‘‘precatalyst’’ are in opposite trend with experimental results, but con-

forming to the strength of the trans influence of the ancillary ligand, L.

At the same time Cavalo[130] reported a DFT study of the first generation

‘‘real’’ Grubbs-type catalysts [(PCy3)(Cl)2(L)Ru=CHPh] with L=PCy3 or

NHC along with some of the Hofmann’s[131] cationic Ru-based catalysts

with chelating bisphospine ligands following a dissociative mechanism

with trans-olefin coordination to the ‘‘active’’ catalyst. The author found

that the binding energy of PCy3 ligand to the Ru central atom of the

‘‘precatalyst’’ is larger when the trans ancillary ligand L is NHC rather

than PCy3. These results are in line with the experimental data reported

by Grubbs as well as with the DFT results reported by Hermann and

coworkers.[131] More recently, Botoni et al.[132] investigated the mech-

anism of the metathesis reaction catalysed by Grubbs-type catalysts at

the B3LYP level of theory using the DZVP basis set. Among the three

different paths considered for olefin metathesis reaction with the model

catalysts [Cl2(L)2Ru=CH2] (L=PH3 or PPh3) the following two seem to

be the most probable: the mechanism conforming to the proposed mech-

anism by Grubbs [128] and the mechanism supporting the results

reported by Hofmann et al.[131]

Most recently, the important synthesis reaction the copper-catalyzed

cyclopropanation reaction has been studied theoretically.[133–135] Bühl

et al.[133] performed DFT calculations at the BP86=AEl level of theory

with augmented Wachters’ basis on Cu and 6-31G(d) basis on all other

elements using model catalytic systems. For the big-sized models the
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Stuttgart-Dresden (SDD) relativistic effective core potentials have been

used. The calculations illustrated that the mechanism of the Cu-catalyzed

olefin cyclopropanation involves, as key intermediates, Cu(carbene)

species that have been confirmed either free or in the form of complexes

with the reactant olefin.

The exploration of the PES of a medium-size reaction model of

copper-catalyzed cyclopropanation reactions at the B3LYP=6-31lþ
G(2d,p)==B3LYP=6-31G(d) level of DFT by Garcia et al. [134] elucidated

the key steps of the catalytic cycle. It was found that the cyclopropana-

tion step takes place through a direct carbene insertion of the copper-

carbene species to yield a catalyst-product complex, which can finally

regenerate the starting complex. In a more recent paper[135] the authors

investigated the role of a counterion in Cu-catalyzed enentioselective

cyclopropanation reactions at the same level of theory using medium-

sized reaction models. The presence of a coordinated counteranion was

found to affect significantly the geometries of the reaction intermediates

and transition structures, but not the overall reaction mechanism or the

key reaction pathway. The rate-determining step was found to be the

nitrogen extraction from a catalyst-diazoester complex to generate a

copper-carbene intermediate.

The mechanism of the copper-catalyzed cyclopropanation reaction

has also been studied by Rasmussen et al.[136] at various levels of density

functional and ab initio theory using a variety of basis sets. The calculations

were performed on small model systems using quantum chemical computa-

tional techniques of high level or on ‘‘real’’ systems using the hybrid

QM=MM computational approach. Solvation corrections were evaluated

by using B3LYP=LACVP together with the BP-SCRF solvation model.

The selectivity-determining step in the copper-catalyzed cyclopropanation

proceeds by a concerted but very asynchronous addition of a metallacar-

bene to the alkene. Ligand-substrate interactions influencing the enantio-

and diastereo-selectivity have been identified, and the preferred orientation

of the alkene substrate during the addition is suggested.

SUMMARY AND OUTLOOK

In this work, we have provided a guided tour of the use of quantum

chemical computational techniques in solving problems that inorganic

chemists face, enabling them to acquire enough information to form

a good concept of what the work is about. Theoretical studies have

ADVENTURES OF QUANTUM CHEMISTRY 65

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



significantly improved our understanding of the metal-ligand bonding

modes and throw light onto the details of the inorganic reaction mechan-

isms for a number of industrially and synthetically important reactions.

The recent advances in the field of quantum inorganic chemistry hold

great promise for the future discovery of new series of novel transition

metal coordination compounds with particular properties and

functionality, guiding experimentalists to synthesize them. A general

recipe for a successful application of computational quantum chemistry

is as follows:

(i) Choose the appropriate computational method. DFT is the widely

accepted computational technique for transition metal coordi-

nation chemistry.

(ii) Choose with care the basis set of the highest possible quality for the

system of interest. For heavy metals use relativistic ECPs, such as

LANL2DZ or SDD, while for the rest of the atoms use at least the

6-31 G(d) basis set. For anionic species diffuse functions must be

added as well.

(iii) Perform single point calculations at a higher level of theory, such as

CCSD(T) with a larger basis set, on the optimized geometry, when

it is computationally possible with the computational resources

available to get more realistic energetic data.

(iv) Construct with care a model with computationally convenient size

to represent the ‘‘real’’ big-sized systems or use the hybrid

QM=MM method. By combining the accuracy of a QM method

(for a small reacting system) with the speed of an MM method

(for its surroundings), reactions in large molecules and in solution

can be studied.

(v) Include solvation in studies of reaction mechanisms involving

charged species to correctly predict the energetic reaction

profile.

(vi) Determine the structures and energies of reactants, transition states,

intermediates and products when reaction mechanisms are studied.

(vii) Investigate the factors controlling the reactivity and selectivity of

the particular reaction and create rules for the design of new com-

pounds.

(viii) Compute spectra, such as IR, NMR, Raman, UV-Vis, PES, etc.,

which can help in identifying new compounds and predict their

reactivity.
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(ix) Apply charge density and energy partitioning schemes to get

insight into the bonding mechanism and the reactivity of the

molecular system of interest.

In spite of the progress carried out in the field of quantum inorganic

chemistry, a long path is still waiting to be walked. The scope of applica-

tions of electronic structure calculation methods is still far from mature.

We have to look for new methodological developments, as well as for

more careful assessment of applicability. There is an ongoing effort to

improve DFT methods through a systematic improvement of the func-

tionals based on a pure theoretical basis aiming to find the exact func-

tional. Ultimately, highly parallel machines may very well be the most

effective way to solve many of the computational bottlenecks. Combining

large number of powerful computers, as long as an efficient parallel

algorithm, can extend some of the higher-level electronic structure cal-

culation methods into the metaloenzyme and metal cluster regime. A

daunting challenge for the future is to accurately model chemical reac-

tions in phases and at the active site of metalloenzymes. An ability to

do so would be of great importance in designing new biological catalysts

as well as fully understanding the chemical mechanism of those that

already exist. This would be of significant technological as well as scien-

tific importance. One could imagine that many new molecules could be

made and made much more efficiently by such catalysts. Recently, there

is much interest in using DFT for predicting the correct spin ground state

of high spin species very abundant in the realm of inorganic chemistry.

Moreover, the scope of applications of DFT grows rapidly with calcula-

tions of new molecular properties being added to actively developed soft-

ware. Finally, effective core potential methods coupled with parallel

supercomputing are expected to constitute an exciting approach towards

the goal of developing methods for addressing the chemistry of all heavy

elements of the Periodic Table.
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90. (a) Pyykkö, P., 1997. Chem. Rev., 97, 597; (b) Pyykkö, P., and T. Tamm,
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