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Class goal 

Learn how to get answers to chemical questions using 
computational chemistry tools



The answer to the great Question of Life, the Universe, and Everything  
…………………………..is 42………………………………………… 

“Forty-two!” yelled Loonquawl. “Is that all you’ve got to show 
For seven and a half million years’ work?”’  
“I checked it very thoroughly,” said the computer, “and that quite  
definitely is the answer. I think the problem, to be quite honest with 
you, is that you’ve never actually known what the question is.”  

                Douglas Adams, “The Hitchhiker’s Guide to the Galaxy”
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Class goal (refined) 

Learn how to ask computational chemistry right questions 
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About the class: 

1. Theoretical background (application of quantum mechanics to 
chemistry). 
2. Using quantum chemistry software. 
3. Homeworks: Formal derivation, reading, and computational labs. 
Due next Tuesday unless specified otherwise. 
4. Review lecture material after the class! Quizzes.  
5. Midterm: fundamentals. 
6. Class mini-projects. 
7. Course website:   http://iopenshell.usc.edu/chem545 
please check regularly.



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.  

 



Quantum mechanics + computers -> properties of molecules 



Energy scale 

1 J = 6.24E+18 eV =2.29E+17 au 
=7.24E+22 K = 1.44E+20 kcal/mol



1E+7 eV 1E+5 eV 1E-4 eV1E+2 eV 1 eV





Atomic energy units: 

Electron charge  e=1  
Electron mass   m=1 
Plank constant     =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
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• 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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2M
⌅2
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|R� r|)�(r, R) = E�(r, R) (1.1)

as compared to the SE in the SI units:
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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.



Our Hamiltonian: non-relativistic molecular Hamiltonian 

Born-Oppenheimer (adiabatic) separation of variables -> 

    - Electronic Schroedinger equation 

    - Nuclear  motions: governed by U(R), potential energy surfaces 
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Table 1.2: Energy ranges.
Process Energy, hartree Experiment

Annihilation 104 elementary particles’ physics
Radioactivity 102 Messbauer, synchrotron,

gamma-electron spectroscopies
1 photoelectron spectroscopy

Ionization, electronic excitation, 0.1-0.01 Electronic spectroscopy
dissociation (bond energy) chemistry
Molecular vibrations 10�2-10�3 IR, Raman
Molecular rotations 10�4-10�6 Far IR, radiofrequencies
Spin < 10�4 NMR, EPR
Orientation in molecular solids ultrasound

geometry changes, it can give the same error in vibrational levels, which means that
the error would be 3 orders of magnitude larger than calculated quantity! That is why
electronic structure calculation is an art of making balanced approximations which
result in error cancellation.

1.3 Adiabatic approximation

1.3.1 Potential energy surfaces and the electronic Hamilto-
nian

We start from the non-relativistic Schrödinger equation (SE) for the system of n
electrons and N nuclei. Exact many electron, many nuclei problem is described by
the following SE:

H i(r, R) = Ei i(r, R), (1.3)

where r = r1, r2, . . . , rn, R = R1, R2, . . . , RN represent the electron and nuclear coor-
dinates, respectively, and

H = Te + Tn + Ven + Vee + Vnn (1.4)

The kinetic energy terms are:
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The solution of equation (1.3) yields wave functions that depend on the coordi-
nates of all nuclei and all electrons. Intuitively, we feel that nuclear and electronic
motions are very di↵erent, because their masses are very di↵erent, e.g., the proton
mass is 3 orders of magnitude larger than the electron mass. If the masses of nuclei
were infinite, equation (1.3) would reduce to the equation for interacting electrons
moving in the potential of fixed nuclei. Each nuclear configuration would produce
di↵erent external potential, which means that electronic energies/wavefunction would
depend on nuclear positions parametrically. We cannot, however, just set up M = 1
(i.e., TN = 0), since then we would not be able to describe nuclear dynamics (there
would be no dynamics!). But since the nuclear motion is much slower relative to
electronic motion, we can expect that electrons can adjust almost simultaneously to
any new position of nuclei. Let us see how we can separate nuclear and electronic
motion.

Let us define so-called electronic wavefunctions to be solutions of the electronic
SE:

Hel�i(r;R) = Ui(R)�i(r;R) (1.7)

Hel ⌘ Te + Ven + Vee + Vnn (1.8)

We can solve this equation at each fixed geometry of nuclei, and resulting solution
(U and �) will depend parametrically on nuclear geometry (we use ’;’ instead of ’,’ to
distinguish between parametric and explicit dependence on R). Calculated adiabatic
potential energy curves Ui(R) of O2 molecule are shown in Fig. 1.2. We will see later
that U(R) is a potential which governs nuclear motion (bound states — vibrational
motion, unbound states — dissociation, etc). At each internuclear distance, the lowest
energy solution of the electronic SE gives ground state energy. Higher energy solutions
describe electronically excited states. Note that some of the states are unbound, i.e.,
if molecule is excited to one of such states, it dissociates to two oxygen atoms.

Equation (1.8) is the equation of the electronic structure theory. This is what we
solve and this is our “first principle”.

Now we want to express solutions of full problem (1.3) in terms of the solutions
of the electronic problem. We can express the exact wavefunction  as:

 i(r, R) =
X

j

�j(r;R)⇠ij(R) (1.9)

Here functions �j are used as a basis, and so called nuclear functions ⇠ij(R) are
expansion coe�cients to be determined. From now on, we will skip r, R, we will just
remember that �j ⌘ �j(r;R) and ⇠ij ⌘ ⇠ij(R).

Now we want to derive equations for so defined ⇠ij. Substitute ansatz (1.9) into
SE (1.3):

(Hel + TN)
X

j

�j⇠
i
j = Ei

X

j

�j⇠
i
j (1.10)

Multiply this equation by �k on the left, and integrate over the electronic coordinates:

X

j

< �k|Hel|�j >r ⇠
i
j +

X

j

< �k|TN |�j⇠
i
j >r= Ei

X

j

< �k|�j >r ⇠
i
j (1.11)



How to approach the problem of solving electronic 
Schroedinger equation numerically?
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Quantum Chemistry = solving electronic Schroedinger equation 



Electronic Schrodinger equation: defines everything 
 a chemist want to know about a molecule [or any  
collection of M nuclei (R) and N electrons (r)].

Ψ: function of 3N spatial coordinates  (and x2 spin  
coordinates), antisymmetric wrt el-n permutation.  
Shroedinger equation:  3N differential equation;  
Parametrically depends on R (nuclear coordinates), 
contains 1 and 2-electron terms.



Practical issues for numeric solutions of the Schroedinger 
equation using basis sets 

1. How do we represent one-electron functions?  

2. How do we represent N-electron wave functions? 

3. What are valid one- and N-electron wave-functions?


