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Molecular Electronic-Structure Theory makes extensive use of numerical examples, designed to illustrate the strengths
and weaknesses of each method treated. In addition, statements about the usefulness and deficiencies of the various
methods are supported by actual examples, not just model calculations.

These lectures are intended to provide graduate students in chemistry and related fields, experimental
chemists, and theoretical chemists specializing in other sub-disciplines with an introduction to the
underpinnings of electronic structure theory. I have tried to present the material with a focus on physical and
conceptual content while keeping the mathematical level appropriate to the broad audience just described. For
those who want access to additional information at or a bit beyond the level of these lectures, I can
recommend the following texts: I think this is the best book to use as a source for further details about the
methods introduced in these lectures. These two books are good at explaining the concepts underlying the
equations, offer good physical pictures of what the theories contain, and make connections to experiments.
This is a good source for making connections between electronic structure theory and reaction dynamics.
Other good sources are the web site http: I hope you enjoy and benefit from these lectures and I wish you the
very best in your own scholarly career. Table of Contents for the twelve lecture sessions. Click on the Session
number to start viewing it as a streaming video. This brief video offers an overview of what I intend to cover
in the subsequent twelve lecture sessions. The Born-Oppenheimer approximation; non-adiabatic couplings; the
electronic and vibration-rotation Schrodigner equations; atomic units; electronic cusps, electronic wave
functions and energy surfaces; orbitals and spin-orbitals, Slater determinants; effects of antisymmetry;
problems arising when using single determinant approximations; certain states require more than one
determinant; restricted and unrestricted wave functions. Slater-Condon rules; the Hartree-Fock approximation;
Coulomb and exchange interactions; Koopmans theorem, the meaning of orbital energies; Brillouin theorem;
molecular orbitals are delocalized; reminder on the limitations of single determinant wave functions.
Dynamical and essential electron correlation; polarized orbital pairs; dynamical correlation; configuration
interaction; how important correlation is; reminder about cusps and introduction to explicitly correlated wave
functions. The Hartree-Fock molecular orbitals; LCAO-MO expansion; Hartree-Fock equations in matrix
form; one- and two-electron integrals; the iterative SCF process; scaling with basis set size; how virtual
orbitals change with basis set; core, valence, polarization, and diffuse basis functions; Slater-type and
Gaussian-type basis functions; contracted Gaussian functions; Rydberg and extra-diffuse basis functions.
Basis set notations; complete-basis extrapolation of the Hartree-Fock and correlation energies. Configuration
interaction CI and multi-configuration self-consistent field MCSCF methods; strengths and weaknesses;
two-electron integral transformation. Coupled-cluster CC theory; analogy to cluster expansion in statistical
mechanics; the CC equations are quartic. Special tricks for studying metastable anions; variational collapse;
virtual orbitals are difficult to identify- examples; long-range potentials and the centrifugal potential; valence
and long-range components of the wave function; relation to electron scattering; charge stabilization method;
the stabilization method. Typical error magnitudes for various methods and various basis sets. Density
functional theory fundamentals, strengths and weaknesses. Response theory; molecular deformation gradients
and Hessians; reaction paths. If you cannot download these lectures directly, here is a link you can go to and
download them in. If you would like to download an updated version of the material I talked about in these
lectures just the slides, no new lectures , go to this link where you will find. One needs to have a QuickTime
player installed to view these you can download one for free:
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The specific problem of molecular electronic-structure theory and models requires analysis at many levels. On balance,
this text provides what I believe to be a comprehensive, careful, meticulous, and clear development of the formalism of
wavefunction-based ab-initio electronic-structure theory for molecules.

History[ edit ] Building on the founding discoveries and theories in the history of quantum mechanics , the
first theoretical calculations in chemistry were those of Walter Heitler and Fritz London in The books that
were influential in the early development of computational quantum chemistry include Linus Pauling and E.
With the development of efficient computer technology in the s, the solutions of elaborate wave equations for
complex atomic systems began to be a realizable objective. In the early s, the first semi-empirical atomic
orbital calculations were performed. Theoretical chemists became extensive users of the early digital
computers. A very detailed account of such use in the United Kingdom is given by Smith and Sutcliffe. For
diatomic molecules, a systematic study using a minimum basis set and the first calculation with a larger basis
set were published by Ransil and Nesbet respectively in The first configuration interaction calculations were
performed in Cambridge on the EDSAC computer in the s using Gaussian orbitals by Boys and coworkers. Of
these four programs, only Gaussian, now vastly expanded, is still in use, but many other programs are now in
use. At the same time, the methods of molecular mechanics , such as MM2 force field , were developed,
primarily by Norman Allinger. Computational chemistry has featured in several Nobel Prize awards, most
notably in and Walter Kohn , "for his development of the density-functional theory", and John Pople , "for his
development of computational methods in quantum chemistry", received the Nobel Prize in Chemistry. In
theoretical chemistry, chemists, physicists, and mathematicians develop algorithms and computer programs to
predict atomic and molecular properties and reaction paths for chemical reactions. Computational chemists, in
contrast, may simply apply existing computer programs and methodologies to specific chemical questions.
Computational chemistry has two different aspects: Computational studies, used to find a starting point for a
laboratory synthesis, or to assist in understanding experimental data, such as the position and source of
spectroscopic peaks. Computational studies, used to predict the possibility of so far entirely unknown
molecules or to explore reaction mechanisms not readily studied via experiments. Thus, computational
chemistry can assist the experimental chemist or it can challenge the experimental chemist to find entirely new
chemical objects. Several major areas may be distinguished within computational chemistry: The prediction of
the molecular structure of molecules by the use of the simulation of forces, or more accurate quantum
chemical methods, to find stationary points on the energy surface as the position of the nuclei is varied.
Storing and searching for data on chemical entities see chemical databases. Identifying correlations between
chemical structures and properties see quantitative structureâ€”property relationship QSPR and quantitative
structureâ€”activity relationship QSAR. Computational approaches to help in the efficient synthesis of
compounds. Computational approaches to design molecules that interact in specific ways with other molecules
e. Accuracy[ edit ] The words exact and perfect do not apply here, as very few aspects of chemistry can be
computed exactly. However, almost every aspect of chemistry can be described in a qualitative or approximate
quantitative computational scheme. Molecules consist of nuclei and electrons, so the methods of quantum
mechanics apply. Therefore, a great number of approximate methods strive to achieve the best trade-off
between accuracy and computational cost. Accuracy can always be improved with greater computational cost.
Significant errors can present themselves in ab initio models comprising many electrons, due to the
computational cost of full relativistic-inclusive methods. This complicates the study of molecules interacting
with high atomic mass unit atoms, such as transitional metals and their catalytic properties. For geometries,
bond lengths can be predicted within a few picometres and bond angles within 0. The treatment of larger
molecules that contain a few dozen atoms is computationally tractable by more approximate methods such as
density functional theory DFT. There is some dispute within the field whether or not the latter methods are
sufficient to describe complex chemical reactions, such as those in biochemistry. Large molecules can be
studied by semi-empirical approximate methods. Even larger molecules are treated by classical mechanics
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methods that use what are called molecular mechanics MM. Methods[ edit ] One molecular formula can
represent more than one molecular isomer: Each isomer is a local minimum on the energy surface called the
potential energy surface created from the total energy i. A stationary point is a geometry such that the
derivative of the energy with respect to all displacements of the nuclei is zero. A local energy minimum is a
stationary point where all such displacements lead to an increase in energy. The local minimum that is lowest
is called the global minimum and corresponds to the most stable isomer. If there is one particular coordinate
change that leads to a decrease in the total energy in both directions, the stationary point is a transition
structure and the coordinate is the reaction coordinate. This process of determining stationary points is called
geometry optimization. The determination of molecular structure by geometry optimization became routine
only after efficient methods for calculating the first derivatives of the energy with respect to all atomic
coordinates became available. Evaluation of the related second derivatives allows the prediction of vibrational
frequencies if harmonic motion is estimated. More importantly, it allows for the characterization of stationary
points. The frequencies are related to the eigenvalues of the Hessian matrix , which contains second
derivatives. If the eigenvalues are all positive, then the frequencies are all real and the stationary point is a
local minimum. If one eigenvalue is negative i. If more than one eigenvalue is negative, then the stationary
point is a more complex one, and is usually of little interest. When one of these is found, it is necessary to
move the search away from it if the experimenter is looking solely for local minima and transition structures.
This leads to the evaluation of the total energy as a sum of the electronic energy at fixed nuclei positions and
the repulsion energy of the nuclei. A notable exception are certain approaches called direct quantum chemistry
, which treat electrons and nuclei on a common footing. Density functional methods and semi-empirical
methods are variants on the major theme. For very large systems, the relative total energies can be compared
using molecular mechanics. The ways of determining the total energy to predict molecular structures are: Ab
initio methods[ edit ] Main article: This does not imply that the solution is an exact one; they are all
approximate quantum mechanical calculations. It means that a particular approximation is rigorously defined
on first principles quantum theory and then solved within an error margin that is qualitatively known
beforehand. Diagram illustrating various ab initio electronic structure methods in terms of energy. Spacings
are not to scale. The simplest type of ab initio electronic structure calculation is the Hartreeâ€”Fock method
HF , an extension of molecular orbital theory , in which the correlated electron-electron repulsion is not
specifically taken into account; only its average effect is included in the calculation. As the basis set size is
increased, the energy and wave function tend towards a limit called the Hartreeâ€”Fock limit. Many types of
calculations termed post-Hartreeâ€”Fock methods begin with a Hartreeâ€”Fock calculation and subsequently
correct for electron-electron repulsion, referred to also as electronic correlation. To obtain exact agreement
with experiment, it is necessary to include relativistic and spin orbit terms, both of which are far more
important for heavy atoms. In all of these approaches, along with choice of method, it is necessary to choose a
basis set. This is a set of functions, usually centered on the different atoms in the molecule, which are used to
expand the molecular orbitals with the linear combination of atomic orbitals LCAO molecular orbital method
ansatz. Ab initio methods need to define a level of theory the method and a basis set. The Hartreeâ€”Fock
wave function is a single configuration or determinant. In some cases, particularly for bond breaking
processes, this is inadequate, and several configurations must be used. Here, the coefficients of the
configurations, and of the basis functions, are optimized together. The total molecular energy can be evaluated
as a function of the molecular geometry ; in other words, the potential energy surface. Such a surface can be
used for reaction dynamics. The stationary points of the surface lead to predictions of different isomers and the
transition structures for conversion between isomers, but these can be determined without a full knowledge of
the complete surface. A particularly important objective, called computational thermochemistry , is to
calculate thermochemical quantities such as the enthalpy of formation to chemical accuracy. To reach that
accuracy in an economic way it is necessary to use a series of post-Hartreeâ€”Fock methods and combine the
results. These methods are called quantum chemistry composite methods. Density functional methods[ edit ]
Main article: Density functional theory Density functional theory DFT methods are often considered to be ab
initio methods for determining the molecular electronic structure, even though many of the most common
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functionals use parameters derived from empirical data, or from more complex calculations. In DFT, the total
energy is expressed in terms of the total one- electron density rather than the wave function. In this type of
calculation, there is an approximate Hamiltonian and an approximate expression for the total electron density.
DFT methods can be very accurate for little computational cost. Some methods combine the density functional
exchange functional with the Hartreeâ€”Fock exchange term and are termed hybrid functional methods.
Semi-empirical quantum chemistry methods Semi-empirical quantum chemistry methods are based on the
Hartreeâ€”Fock method formalism, but make many approximations and obtain some parameters from
empirical data. They were very important in computational chemistry from the 60s to the 90s, especially for
treating large molecules where the full Hartreeâ€”Fock method without the approximations were too costly.
The use of empirical parameters appears to allow some inclusion of correlation effects into the methods.
Primitive semi-empirical methods were designed even before, where the two-electron part of the Hamiltonian
is not explicitly included. Molecular mechanics In many cases, large molecular systems can be modeled
successfully while avoiding quantum mechanical calculations entirely. Molecular mechanics simulations, for
example, use one classical expression for the energy of a compound, for instance the harmonic oscillator. All
constants appearing in the equations must be obtained beforehand from experimental data or ab initio
calculations. The database of compounds used for parameterization, i. A force field parameterized against a
specific class of molecules, for instance proteins, would be expected to only have any relevance when
describing other molecules of the same class. These methods can be applied to proteins and other large
biological molecules, and allow studies of the approach and interaction docking of potential drug molecules.
Computational chemical methods in solid state physics Computational chemical methods can be applied to
solid state physics problems. The electronic structure of a crystal is in general described by a band structure ,
which defines the energies of electron orbitals for each point in the Brillouin zone. Ab initio and
semi-empirical calculations yield orbital energies; therefore, they can be applied to band structure calculations.
Since it is time-consuming to calculate the energy for a molecule, it is even more time-consuming to calculate
them for the entire list of points in the Brillouin zone. The potential representing the interatomic interaction is
given by the potential energy surfaces. In general, the potential energy surfaces are coupled via the vibronic
coupling terms.
3: Molecular Electronic-Structure Theory | Physical Chemistry | Chemistry | Subjects | Wiley
Molecular Electronic-Structure Theory / Edition 1 Ab initio quantum chemistry has emerged as an important tool
inchemical research and is appliced to a wide variety of problems inchemistry and molecular physics.

4: Editions of Molecular Electronic-Structure Theory by Trygve Helgaker
Molecular Electronic-Structure Theory: Yesterday, Today and Tomorrow Trygve Helgaker Centre for Theoretical and
Computational Chemistry (CTCC), Department of Chemistry, University of Oslo, Norway.

5: Computational chemistry - Wikipedia
MOLECULAR ELECTRONIC-STRUCTURE THEORY Trygve Helgaker Department of Chemistry, University of Oslo,
Norway Poul J prgensen Department of Chemistry, University of Aarhus, Denmark.

6: Electronic Structure Theory
T. Helgaker, J. Olsen, and P. Jorgensen, Molecular Electronic Structure Theory, Wiley (). I think this is the best book to
use as a source for further details about the methods introduced in these lectures.
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