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Introduction 
Course Description:  This course will explore the use of computational 
methods to gain insight into reaction mechanisms (particularly catalytic cycles), 
physical properties, spectra, and bonding in inorganic compounds.  The use of 
computational modelling as a compliment to synthesis and experimental 
characterisation will be stressed, each section will be liberally illustrated with 
examples from inorganic chemistry and include material taken from the recent 
literature.  This course will be accessible to those without a strong theoretical 
background, and emphasis will be placed on finding physical analogies and 
useful descriptions for any equations presented. The advantages and 
disadvantages of different computational methods commonly applied to 
inorganic systems will be outlined, and their accuracy discussed.  The key 
components to computationally characterising a reaction mechanism will be 
explained.  Which physical properties can be calculated, and how they help us to 
understand bonding, interpret spectra or analyse a mechanism will be outlined.  
Ways in which molecular orbitals, energy decomposition schemes and electron 
density analyses are used in interpreting chemical bonding and reactivity will be 
explored. 
Course Aims: To feel comfortable reading, and to understand in a broad sense, 
something of the theoretical component of a combined synthetic/theoretical 
paper.  To have a general idea of the physical properties that can be calculated, 
and how they can help you in interpreting spectra or analysing mechanisms.  To 
understand how molecular orbitals and population analysis can be used as an aid 
for interpreting chemical bonding and reactivity.  To be able to evaluate the 
accuracy of such information.  To develop an understanding of potential energy 
surfaces, how they are explored, and represented, and what relationship they 
bare to a reaction path. 
(Rough!) Course Structure:  

• 1 Introduction, The Hamiltonian 
• 2 Basis sets, Psuedo-Potentials and the Wavefunction 
• 3 Potential Energy Surfaces & Chemical Reactions 
• 4 Methods, HF and DFT 
• 5 Physical Properties: IR and Raman 
• 6 Physical Properties: NMR 
• 7 Molecular Orbitals & Population Analysis 
• 8 Revision 

Learning Outcomes: 
• To be able to identify and distinguish the different types of computational 

method generally applied to inorganic systems.  To be able to describe the 
advantages and disadvantages associated with each method.  To have a 
feeling for the accuracy of a particular method. 

• To be able to explain, in words, the key types of critical points that occur 
on potential energy surfaces; minima, transition state, and intermediate.  
To be able to describe how a proposed reaction mechanism can be 
supported (or reputed) using computational methods. 

• To be able to outline the physical properties that can be calculated using 
quantum chemical methods.  To be able to (roughly) describe the accuracy 
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with which these can be predicted, and to have a feeling for the difficulties 
inherent in calculating different physical properties. 

• To be able to explain what a population analysis is.  To be able to use 
MOs and population analysis to gain insight into chemical bonding and 
reactivity. To understand the physical relevancy of such information. 

Links: This course provides a link between the models of bonding, structure 
and reactivity invoked in synthetic inorganic courses and the more 
mathematically detailed and theoretical content of purely physical courses.  The 
case studies are chosen to link with advanced inorganic courses including; 
Inorganic Mechanisms and Catalysis, Solvents and Solvent Effects, Advanced 
Main Group Chemistry, Green Solvents, Lanthanide & Actinide Chemistry.  In 
addition to having a relationship to some non-theoretical advanced physical 
chemistry courses, such as Molecular Electronic Materials and Solar Energy.  
Concepts related to bonding, structure, and spectroscopy, first introduced in 
years 1 and 2 are developed and linked with the methods that will have been 
introduced in the computational physical courses and labs of years 3 and 4.   
Reading: It is very important that you come to lectures prepared!  Material will 
be will be made available on my web-site prior to each lecture.  An excellent 
low level text that links physical and inorganic concepts well is Why Chemical 
Reactions Happen, by J. Keeler and P. Wothers, Oxford University Press.  A 
good text for the theoretical components of this course (from a physical 
perspective) is an Introduction to Computational Chemistry, by Frank Jensen, 
John Wiley and Sons.  For those who would like more advanced material I can 
highly recommend,  

• Quantum Chemstry by Ira N. Levene 
• Molecular Quantum Mechanics by Peter Atkins and Ronald Friedman 
• Modern Quantum Chemistry: Introduction to Advanced Electronic 

Structure Therory by Attila Szabo and Niel S. Ostlund. 
Web-site: This will have links to key papers, resources and the lecture notes 
after each lecture, as well as course announcements. 
http://www.ch.ic.ac.uk/hunt 

 
 
Case Studies:  Some examples of what is coming up … 



P. Hunt, Handout 1 4 

 
Catalytic Cycles and Potential Energy Surfaces (Lanthanide Chemistry)  Hydroamination is N-
H bond addition over an unsaturated C-C multiple bond, an alkyne in this case.  The use of 
lanthanides as catalysts has recently seen significant advances. However, lanthanide catalytic 
mechanisms differ from their more conventional TM cousins which are dominated by oxidative 
addition and or reductive elimination pathways.  Lanthanides typically have a single primary 
oxidation state and interactions are dominated by electrostatic rather than covalent considerations. 
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Published 2008 

Properties obtained from Calculations (Organic Light-emitting Diodes)  Iridium complexes 
have excellent photophysical properties and are being used in OLEDs.  While green and red 
phosphorescent complexes are readily available, blue-emitting compounds have been more difficult 
to obtain.  In this study theoretical calculations have been used as to guide substituent modification 
and has lead to the development of a highly phosphorescent blue-emitting iridium complex.   
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One of my articles, published in 2006 

 
Electron Density Analysis (Ionic Liquids) Ionic compounds are typically only liquid at very high 
temperatures, for example NaCl is a molten salt at ≈800ºC.  However, recently a new type of 
solvent has been discovered which is liquid near room temperature, these are called "ionic liquids" 
and are composed of a large organic cation and an inorganic anion.  This study investigates the 
fundamental electronic properties of one particular system in order to obtain insight into the key 
(electronic) features which contribute to room temperature fluidity. 
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Introduction 
This course is about understanding and interpreting the results of a 
computational chemical investigation.  It is about understanding where quantum 
chemical calculations will be useful, and were they won't.  To do this properly 
you will need to understand some basic quantum chemistry.  The key word here 
is understanding, by which I mean having an appreciation of the physical 
interactions and fundamental phenomena which occur at a microscopic level.  It 
is these phenomena that give rise to the macroscopic events you observe as 
experimental or synthetic chemists.  What I won't require is a detailed 
mathematical understanding.  However, I will require you to know some 
formulae, and to understand the physical interactions they model. 

The Schrödinger Equation 

Concepts 

� 

HΨ = EΨ 
H is the molecular Hamiltonian, and is an operator, think of it as a special type 
of function that describes all the internal interactions occurring in a molecule, 
for example, electron-electron interactions.  It also describes any interactions the 
molecule has with external fields.  An external field could be a magnetic field, 
an electric field, or a light field. 
Ψ is the molecular wavefunction is describes the entity we are talking about, in 
this case a molecule.  What do I mean by entity?  I am using "molecular 
wavefunction" to name something, the properties of which I haven't yet told you 
about.  For example, consider a child's ball sitting on a chair, you wouldn't know 
much about the ball until you had investigated, at which point you would know 
it was red, made of rubber and has a radius of 25cm.  These are properties which 
describe the ball.  Thus, my wavefunction describes a molecule, the detailed 
properties of which I have yet to identify, all this information is hidden under 
the label of "wavefunction" (or "ball" in the case of my example).  Now, our job 
is to tease out this information.   
E is a number or a constant, think of it as a "summary" of all the information 
expressed explicitly in the Hamiltonian.  Another analogy is to think of it as the 
"average" of a group of numbers. E can be resolved into components, one for 
each interaction occurring in the molecule.  E also tells us how good our overall 
description of (in H) and Ψ are.   It also tells us what happens to the molecule as 
a whole when we change some aspect of H or Ψ.  For example, E changes when 
we put the molecule in a magnetic field. 
For a molecule, especially an inorganic one, the interactions inside of H are very 
complex, I could write several pages of equations just for H.  Ψ is also 
incredibly complex.  This complexity means that it is impossible to solve the 
Schrödinger equation exactly, even using state of the art mathematics and 
computers.  We must necessarily introduce some approximations.  Some of 
these approximations are more radical than others.  You need to know now that 
in spite of all these approximations our description of the molecule is actually a 
very very good one. 
Our first problem is that we have the ability to describe the molecule 
mathematically to a very high level, but if we try to perform calculations at this 
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level it is too much for even the best computers.  We have our first dichotomy, 
we can mathematically describe the molecule very well, but we don't have the 
computing resources to perform the calculations.  We are forced to decide what 
will be described very accurately, and what will be described less well. 
Of course not all interactions are equally difficult to solve, and some 
interactions make a bigger impact that others.  For example, relativistic effects 
occur in all atoms, and they require an incredibly complex set of equations to 
solve.  However, for the first 2 rows of the periodic table these effects are 
negligible.  Thus, in almost all calculations on organic molecules relativistic 
effects are ignored.  It generally makes sense to concentrate on those 
interactions that make a large contribution to the accuracy of the property you 
are looking to describe. 
We also have a size problem, the more particles we include (ie nuclei and 
electrons) the harder it is to compute the answers.  Thus we have our second 
dichotomy, we can describe a large molecule poorly, a medium molecule at a 
reasonable level or a small molecule very well.  For this reason, we will often 
try to simplify the molecule and carry out calculations on a model complex.  
The error introduced by changing the ligand is much less than the error that 
would be introduced by having to do the whole calculation at a very low level of 
theory.  An alternative option that has become popular recently for large 
molecules is to describe some regions of the molecule very well while 
describing other, relatively unimportant regions, relatively poorly. 
As you can see we have a very fine balancing act to perform, what do we 
include in our calculation, and at what level?  The answers to this question are 
going to depend on what we are interested in, what computing resources we 
have available and on our personal preferences.  For example, if we are 
interested in obtaining very accurate energies, we use very high level methods, 
this is because the energy depends critically on the electron-electron 
interactions.  If we are interested in knowing a geometry then we can use a 
much lower level of calculation, this is because the geometry is determined by 
the nuclear positions and is relatively insensitive to the level of a calculation.  
There are a large number of computational methods out there, and each one will 
describe some interactions well and others less well.  The quantum chemist has 
to decide what is important, and at what level to describe each interaction.  The 
quantum chemist is always limited, but always wants to do better! 
To understand many of the approximations made, and the many methods 
available you need to understand a little more about the Schrödinger equation.  
We need to understand a little more of what's "under the hood" of H, Ψ and E.  
This is what we will be doing next. 

The Hamiltonian 
What atomic level interactions do you think are important in a molecule?  We 
are thinking at the level of the electrons and nuclei here, and I am assuming no 
external fields. 
Since both the electrons and the nuclei are moving, we need to consider their 
kinetic energy, in physics T is the usual symbol for kinetic energy, and I am 
going to use e to indicate that I am referring to the electrons and n to indicate the 
nuclei.  Thus my Hamiltonian needs to include at least two terms, 

� 

Te  for the 
electron kinetic energy and 

� 

Tn  for the nuclear kinetic energy. 
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Now we need to consider interactions between these two sets of particles, the 
electrons and nuclei. These types of interactions are often represented in physics 
by the symbols V and U, we will be using V.  There are three types of 
interaction, nuclear-nuclear interactions, 

� 

Vnn , electron-electron interactions, 

� 

Vee , 
and nuclear-electron interactions, 

� 

Vne . 
These five interactions are the largest interactions occurring in a molecule, thus 
our molecular Hamiltonian can be constructed: 

� 

H = Te + Tn +Vne +Vnn +Vee  

The Kinetic Energy Operators 
The classical kinetic energy is: 

� 

T = 1
2m

ˆ p 2 

 
And you found out in your Year 1 Quantum Chemistry course, that to turn a 
classical expression into a quantum mechanical one; 

we replace 

� 

ˆ p x with 
  

� 

i ∂
∂x

 and thus 
  

� 

ˆ p x2 = (i ∂
∂x

)2 = −2 ∂ 2

∂x 2  

giving us 
  

� 

T = −2

2m
∇2 where 

� 

∇ is the grad operator, 

� 

∇ = ∂
∂x
, ∂
∂y
, ∂
∂z

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ) 

 
We will have one kinetic energy term for each nucleus and one kinetic energy 
term for each electron.  It is traditional to refer to the mass of nuclei with a 
capital M, and the mass of the electron as 

� 

me.  We use α to refer to a particular 
nucleus, and i to refer to a particular electron.  And the coordinates of nucleus α 
are represented by 

� 

Rα  and the coordinates of electron i by 

� 

ri.  Also in writing 
these terms we sum over all the terms for a particular particle, so if we have 

� 

Nn  
nuclei and 

� 

Ne  electrons: 

  

� 

Tn = −2

2Mα
∇α
2

α=1

Nn

∑       
  

� 

Te = −2

2me
∇ i
2

i=1

Ne

∑  

 
If you look these equations up in a book you may find a slightly different form, 
because a common simplification is to assume "atomic units".  Atomic units 
refer to setting all physical constants equal to 1, ie   

� 

=1 and 

� 

me=1 and so we 
get: 

� 

Tn = − 1
2Mα

∇α
2

α=1

Nn

∑     

� 

Te = − 1
2
∇ i
2

i=1

Ne

∑  
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The Coulomb Operators 
The other terms in the Hamiltonian are often called "potentials".  You can think 
of this as the potential for interaction.  All of the particles (electrons and nuclei) 
in a molecule are charged, the electrons have a -e charge and the nuclei a 
positive charge.  In atomic units the charge of an electron is set to 1, ie we say 
the electron has a charge of -1. 
There will be electrostatic interactions occurring within the molecule.  The 
positively charged nuclei will repel each other, the negatively charged electrons 
will repel each other, and the nuclei and electrons will attract each other.  There 
is a classical physics expression for the interaction of two charged particles, 
called the coulomb potential, which I hope you have seen before! 

� 

V = 1
4πε

q1q2
r12

 

 
Lets take a quick detour and think about what this equation means.  

� 

q1 is a 
charge positioned a distance 

� 

r12 from a another charge 

� 

q2 .  Their interaction is 
just the product of their charges divided by the distance they are apart, which 
seems pretty sensible to me.  However, these charges are also sitting in a 
medium and this effects how 

� 

q1 "sees" the charge 

� 

q2 .  The prefactor, 

� 

1 4πε0 , is 
the effect the medium has on the charge perceived by 

� 

q1, it is a screening effect.  
In a vacuum 

� 

ε = ε0, however in a liquid this changes, for example in water 
molecules can orientate so as to shield the charge, 

� 

ε = εwater=80, and 

� 

q1 in fact 
perceives a charge much smaller than that actually on 

� 

q2 . 
So, how big are the numbers we are talking about?  (The important constants 
have been given below) 1 4πε0( )=8.988*109

� 

JmC−2 .  Let's start with two 
electrons (e2= 2.567*10-38C2) sitting 1 meter apart (r=1m) then the coulombic 
energy of interaction will be V=2.307*10-28J, this is a very small number … but 
it is not zero!  Electrons 1m apart (in a vacuum) can "see" each other.  More 
importantly if r is less than one (ie 1 meter!!), this number is going to increase 
as the electrons get closer together. 

• Particles in wood smoke are ≈1000Å apart (100nm), Vee(1000Å) =
2.307*10-21J. 

• Cell walls are ≈100Å thick, and clusters can easily be this big, 

� 

Vee (100Å) =
2.307*10-20J. 

• A carbon nano-tube has a diameter of ≈10Å,                   

� 

Vee (10Å) =
2.307*10-19J 

• A C-H bond, or the covalent radius of the S atom is ≈1Å, 

� 

Vee (1Å) =
2.307*10-18J 

Some rough tinkering: what if we had 1mol of electrons 1Å apart then we would 
have 6.02214*10+23 electrons * 

� 

Vee (1Å) =2.307*10-18J which would generate an 
electrostatic potential of 1.389*10+6 Jmol-1 =1389 kJmol-1.  (Why won't this 
work!)  
So despite these numbers being very small, they are still on a par with the size 
of the charge on a single electron, e=1.602*10-19C.  Moreover, because there are 
so many particles within even small distances, coulombic effects are very 
important at the molecular level. 
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� 

ε0=8.854*10-12

� 

J−1m−1C2  
e=1.602176*10-19C 
 
The point is that the coulomb 
interaction is very strong between 
electrons and nuclei, still strong 
between molecules, but even worse it 
does not decay to zero well away 
from the molecule, Figure 1.  This 
decay pattern is common for any 
system which has a 

� 

1 r  dependence.  
The Coulomb potential is responsible 
for many of the difficulties in 
calculating and describing 
interactions between electrons and 
between molecules. 
 
Getting back on track, we can now write a coulomb potential for the various 
interactions inside a molecule.  As with the kinetic energy terms we need to sum 
over all the nuclei and electrons. 

Vne = −
1
4πε0α =1,i=1

Nn ,Ne

∑ qαqe
rα i

      Vnn =
1
4πε0α =1,β>α

Nn

∑ qαqβ
rαβ

       Vee =
1
4πε0i=1, j>i

Ne

∑ qeqe
rij

 

 
We need to replace the general reference to charge on the nucleus (

� 

qα ) with the 
nuclear charge, 

� 

Zα , and you will often see these equations in a reduced format 
where "atomic units" have been used: 

Vne = −
Zα

rα iα =1,i=1

Nn ,Ne

∑        Vnn =
ZαZβ

rαβα =1,β>α

Nn

∑        Vee =
1
riji=1, j>i

Ne

∑  

 
There are several things to note.  The electron-electron and nuclear-nuclear 
interactions are repulsive, so they have a positive sign (because they destabilise 
the molecule), the nuclear-electronic interaction is attractive, and so it has a 
negative sign (as it stabilises the molecule). Physicists tend refer to Vne as the 
"external potential" and chemists as the "nuclear-electronic potential".  (You 
need to know this if you want to look at solid state calculations in the literature) 
 
The electrons, as quantum mechanical particles, experience more than the 
classical coulomb interaction, and thus there is more "under the hood" of Vee 
than we have so far discussed.  We will come back to this point in a latter 
lecture.  We often use Jee to represent the classical contribution, and Kee to 
represent the quantum contribution to Vee. 

 
Figure 1: Decay of the Coulomb potential 
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Summary 
We have thought about the molecular Hamiltonian:

� 

H = Te + Tn +Vne +Vnn +Vee  
We have discussed the mathematical formulation of the terms contributing to 
this equation, and their origins in terms of physical interactions.  I expect you to 
be able to write down this equation and each of the terms below, (or some 
variation of them, for example, if you decide to use "atomic units" you will need 
to state this).  I expect you to know what each variable is, eg that Ma is the mass 
of a nucleus.  I also expect you to be able to explain the origins of these terms in 
terms of the physical interactions as I discussed above.  I do not expect you to 
be able to derive the HF equations! 
 

  

� 

Tn = −2

2Mα
∇α
2

α=1

Nn

∑  

  

� 

Te = −2

2me
∇ i
2

i=1

Ne

∑  

Vne = −
1
4πε0α =1,i=1

Nn ,Ne

∑ Zαe
rα i

 

Vnn =
1
4πε0α =1,β>α

Nn

∑ ZαZβ

rαβ
 

Vee =
1
4πε0i=1, j>i

Ne

∑ e2

rij
 

 


