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Things to do: 

1. Install IQmol (by this Thursday). http://iqmol.org/. Let us know 
ASAP if you have any problems with the installation. 

2. Read introductory chapter from Szabo, and John Pople’s Nobel 
Lecture. Refresh your memory about variational principle and 
perturbation theory (preferably by this Thursday, especially if 
your linear algebra and quantum mechanics are a little rusty). 

3. Familiarize yourself with Course webpage. 
4. HW1 (due next Tuesday). 
5. Bring your laptop to class next Tuesday (if possible).



The Nobel Prize in Chemistry 1998 
The Royal Swedish Academy of Sciences has awarded the 1998 Nobel 

Prize in Chemistry in the area of quantum chemistry to Walter Kohn for 
his development of the density-functional theory and to John A. Pople for 
his development of computational methods for use in quantum chemistry.  
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“The fundamental laws necessary for the 
mathematical treatment of a large part of 
physics and the whole of chemistry are thus 
completely known, and the difficulty lies only 
in the fact that application of these laws 
leads to equations that are too complex to 
be solved.” - Paul Dirac, 1929.

ĤΨ = EΨ
The answer to everything 

… about the hydrogen atom (or He+, Li2+, …)
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“...In conclusion, I would like to emphasize 
strongly my belief that the era of computing 
chemists, when hundreds if not thousands of 
chemists will go to the computing machine 
instead of the laboratory for increasingly many 
facets of chemical information, is already at 
hand...” - Robert Mulliken, 1966.

“Overall, the use of computer modeling is 
likely to increase enormously in any branch 
of molecule science, as well as in modeling 
very large systems that can be considered 
as macroscopic systems.” - Arieh Warshel, 
2014.
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Class goal: 

Learn how to ask computational chemistry the right questions 

ĤΨ = EΨ

More specifically: 
- Learn about approximate ways to solve Schrodinger equation 

(using ab initio methods) 
- Understanding the approximations made. 
- How to balance accuracy vs. cost in calculations. 
- How to extract useful (= chemically relevant) information 

from calculations.



A note about units: Atomic Units 

Electron charge  e=1  
Electron mass   me=1 
Reduced Planck’s constant   ħ=1 
Coulomb’s constant 1/(4πε0)=1

8 Introduction

• how to balance accuracy vs cost?

Today there are many packaged programs allowing to perform wide range of elec-
tronic structure calculations, e.g., Q-Chem, Gaussian, GAMESS, PSI, ACES III and
C4 (former ACES II), Spartan, Jaguar, MOLPRO, MOLCAS. General problem is
how to design calculations relevant to a particular problem. You can consult manuals
and learn how to prepare a working input for these programs. By trying to run di↵er-
ent calculations, you will learn about cost of calculations, for example, what kind of
calculations you cannot a↵ord for your system. However, you cannot learn from the
manual, or from o�cially looking output of the program with many digits in energy
what is an accuracy of your calculations, and whether this accuracy is su�cient for
your specific problem. That is why we have to study theory of electronic structure
calculations, namely, what are di↵erent approximation which we use, what are phys-
ical considerations behind them, and what limitations they impose. We shall also
design and perform electronic structure calculations, and analyze their results.

Some general references: course textbook,1 advanced texts,2,3 prerequisites.4 Re-
views on modern electronic structure theory,5,6 http://nobelprizes.com/nobel/nobel.html

1.1 Energy units

In electronic structure calculations we use atomic units. They are defined such that
electron charge, electron mass, and Plank constant equal unity: e=1 (electron charge)
& h̄=1 (Plank constant) & m=1 (electron mass). What are the advantages of the
atomic units?

• Equations assume simpler form, e.g., the Schrödinger equation (SE) for the
hydrogen atom in atomic units is:
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• The results do not depend on accuracy to which the universal constants are
known, e.g., e, me and h̄. These constants have being permanently refined,
and atomic units allow for comparing the results of calculations performed 30
years ago and today. In order to compare the results of calculations presented
in SI units, one has to account for di↵erent numerical values of the universal
constants being used in the calculations.

In Szabo book, on page 42 you can find the conversion table of the atomic units
to the SI units. Some important units to remember are listed in Table 1.1.
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E.g. 1-electron Shrödinger equation:



A note about units: Atomic Units 

Electron charge  e=1  
Electron mass   me=1 
Reduced Planck’s constant   ħ=1 
Coulomb’s constant 1/(4πε0)=1
1.2 Energy range 9

Table 1.1: Atomic units: Important constants to remember.
Quantity Atomic units Value

Length ao, or bohr 0.52918 Å
Dipole moment 2 unit charges separated by ao 2.5418 Debyes (D)
Energy hartree 27.211 eV

627.51 kcal/mole
4.36·10�18J
1.042·10�18cal
2.195·105 cm�1

6.58·1015Hz
3.158·105 K

Figure 1.1: Energy range relevant to chemistry and chemical physics.

1.2 Energy range

Let us consider what energy range is of interest for physical chemistry (see Table 1.2
and Fig. 1.1).

Here (and always) we are interested in energy di�erences, e.g., vibrational spec-
troscopy measures energy spacings between vibrational levels, and so on. However, it
is important to understand how these relative energies are related to the total energy
of the chemical system.

Energy of the hydrogen atom is -0.5 hartree, energy of the ethylene molecule is
about -80 hartree, energy of hexatriene is already couple of hundreds hartree. That
is one of the reasons why electronic structure calculations are so challenging: in
order to address chemical problems we need to achieve an incredible accuracy in
relative energetics relative to the total energy. For example, an error of one percent
in total energy for the ethylene equals 8 hartree. If this error is not uniform upon



What kind of information can we get from

ĤΨ = EΨ   ?
E.g.: 
- Energy of H atom is -0.5 Hartree (-13.61 eV) 
- Energy of Ethylene is around -80 Hartree (~-2177 eV)

We are usually concerned with differences in energies 
(e.g. thermochemistry, excitation energies, etc.). 
High accuracy is important… e.g. an error of 1% in ethylene  
energy is around 0.8 Hartree (~22 eV)!



What kind of information can we get from

ĤΨ = EΨ   ?



What kind of information can we get from

ĤΨ = EΨ   ?



Born Oppenheimer 
Approximation
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http://chemwiki.ucdavis.edu/

Simplest possible example: PES of a diatomic system.

http://chemwiki.ucdavis.edu/


PES of a triatomic system… Cannot be visualized completely!

H-H+F

H + H-F

TS: H—H—F

A 4 atom system (e.g. ammonia) moves on a 6-dimensional PES



Stationary Points: 
Gradient 

and  
Hessian 
of V(R) 

Stationary points



Stationary points on PES and relation to chemistry



Cyclobutadiene (C4H4) ring opening: Transition state versus an 
intermediate



What kind of information can we get from

ĤΨ = EΨ   ?



http://chemwiki.ucdavis.edu/

Optimize the geometry = Find the minimum

http://chemwiki.ucdavis.edu/


Not just any minimum!

Such a surface would be expensive to calculate using corre-
lated ab initio methods, so we use as high a level of theory as
possible, and develop a method by which the electronic
energies on this surface are corrected by electronic energies
calculated using a higher level of theory.
Relative conformer electronic energies will be calculated

using the G3MP2B3 method,21 denoted G3 in the following
equations. The harmonic normal mode analysis will be per-
formed using DFT with the B3LYP functional22,23 and the 6-
31+G(d) basis.24,25 The final conformer populations will be
independent of the B3LYP conformer energies and the method
is denoted B3 in the following equations. The TPIMC simula-
tion will be run using a torsional potential energy surface
developed from energy points calculated at the B3LYP/6-
31+G(d) level of theory and calculations carried out on this
surface will be denoted S in the following equations. These
choices will be justified and full calculation details given later.
We outline below the procedure used to calculate the con-
former populations.
The relative population of two conformers, a and b, is equal

to the ratio of their partition functions, in which the transla-
tional partition functions cancel and the rotational partition
functions can be approximated under the rigid rotor treat-
ment. Thus

Ka
b ¼
ðIaxIay Iaz Þ

1=2qaelecq
a
vib

ðIbxIby Ibz Þ
1=2qbelecq

b
vib

ð1Þ

where

qielec ¼ e$bE
i;G3
0 ; ð2Þ

E0
i,G3 is the electronic energy, relative to that of the minimum

energy conformer, for conformer i and Iix, I
i
y and Iiz are the

principal axis rotational moments of inertia. The vibrational
partition functions in eqn (1) are usually calculated under the
harmonic approximation. The molecular harmonic vibrational
partition function is the product of the vibrational partition
functions for the individual modes and may be expressed as

qi;B3;HO
vib ¼

Y3N$6

j¼1

e$b!hoi
j=2

1$ e$b!hoi
j

ð3Þ

where N is the number of atoms in the molecule and oi
j is the

frequency of the jth normal mode for conformer i, (note that
HO is given as a superscript or subscript throughout this paper
to indicate vibrational partition functions calculated under the
harmonic approximation). Thus

Ka
b;HO ¼

ðIaxIay Iaz Þ
1=2e$bðE

a;G3
0
$Eb;G3

0
Þqa;B3;HO

vib

ðIbxIby Ibz Þ
1=2qb;B3;HO

vib

: ð4Þ

To introduce the anharmonic treatment of the torsional modes
we first divide the molecular harmonic vibrational partition
function through by the torsional harmonic vibrational parti-
tion function, calculated from torsional harmonic frequencies
on the reduced dimensionality surface, and then multiply
through by the TPI partition function calculated on the sur-
face. The relative population of the two conformers a and b,
corrected due to torsional anharmonicity, are thus now given

by

Ka
b;CORR ¼

ðIaxIay Iaz Þ
1=2qa;G3elec q

a;B3;HO
vib qb;S;HO

tor qa;TPI;Stor

ðIbxIby Ibz Þ
1=2qb;G3elec q

b;B3;HO
vib qa;S;HO

tor qb;TPI;Stor

ð5Þ

HO in these expressions denotes a harmonic treatment of
vibrational motions using eqn (3) for calculation of the parti-
tion functions. Qi,S,HO

tor is the torsional harmonic partition
function for conformer i and is calculated using torsional
harmonic frequencies from the torsional potential energy sur-
face, oi,S

j , according to

qi;S;HO
tor ¼

YNtor

j¼1

e$b!hoi;S
j =2

1$ e$b!hoi;S
j

; ð6Þ

where Ntor is the number of torsions. Since the TPIMC
torsional partition function of a given conformer i can be
expressed as

qi;TPI;Stor ¼ ebE
i;S
o }TPI;S

i qTPI;S ð7Þ

where }TPI,S
i is the TPIMC population of conformer i and

qTPI,S is the total TPIMC partition function, the final expres-
sion for the relative populations of conformers a and b is
given by

Ka
b;CORR ¼

ðIaxIay Iaz Þ
1=2e$bðE

a;G3
0
$Eb;G3

0
Þqa;B3;HO

vib qb;S;HO
tor }TPI;S

a

ðIbxIby Ibz Þ
1=2e$bðE

a;S
0
$Eb;S

0
Þqb;B3;HO

vib qa;S;HO
tor }TPI;S

b

:

ð8Þ

3. Calculation details

3.1. Conformer nomenclature

The structure of tryptamine is shown in Fig. 1 which gives the
numbering that we use to denote the torsions (f1, f2, f3)
throughout this paper. We use the usual form of nomenclature
for the tryptamine conformers to remain consistent with other
studies.
Fig. 2 shows tryptamine in the Gphout conformation. f1 is

defined by CA–CB–CC–CD, f2 by HA–CC–CD–N, and f3 by
HD–CD–N–HF. Fig. 3 shows all of the major tryptamine
conformers. The anti or G term denotes the CD–N bond in
an anti or gauche conformation, respectively, relative to the

Fig. 1 Schematic diagram of tryptamine, showing the structure and

torsional numbering.

2066 | Phys. Chem. Chem. Phys., 2007, 9, 2065–2074 This journal is %c the Owner Societies 2007
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What kind of information can we get from

ĤΨ = EΨ   ?



Annihilation

Process

Radioactivity

Ionization

Excitation, Dissociation 

Molecular Vibrations

Molecular Rotations

Spin
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