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'PREFACE

The volume Data Processing in Chemistry contains papers pres-
ented at the International Summer School held in the I.
fukasiewicz Technical University in Rzeszdéw (Poland) during
August 26-31, 1980. The main aim of the DPC-School was to
" jnitiate discussion on research devoted to specialized, high-
-level software for chemistry. The carefully selected papers
cover the latest achievements in the application of computers
to chosen fields of chemistry and chemical sciences, and are
written by leading experts of chemical informatics. They have
been prepared in such a way that the information can also be
extrapolated readily to similar problems in other areas of
research. They will thus serve the entire scientific community.

This volume is subdivided into four parts. The first three
discuss the three basic models in chemical informatics (cal-
culational, morphological and semantic). The last part contains
various topics generally connected with hardware problems. It
should be pointed out that this division of topics is one of
convenience, since several of the example problems in each
specific category may belong simultaneously to more than one
model. A certain amount of overlap in the material is thus
unavoidable. '

The first part deals with applications of computers to
quantum-éhenical and related problems, to a generalized ap-
proach to designing experiments and processing data, chemical



kinetics, graph theory and to Monte-Carlo calculations of some
structural properties of polymeric chains. The topics all
represent calculational models (CM) in chemical informatics.
Those models are ¢created essentially when features of the
problem to be solved are represented by means of digits or
numerals, and connections between the features may be approxi-
mated with satisfactory accuracy by known mathematical
relations. '

The basic attributes for the morphological models (MM) are
mutual links between objects, the manner of bringing together
simple objects into complex objects (for instance, to generate
structure from a set of substructures), and the common features
of such aggregation. Here, in the second part of the volume,
morphological models are well exemplified by discussion of
large data bases and library search methods, as well as
methods of artificial intelligence, applied to the elucidation
of chemical structures. ’

In the most sophisticated models, the semantic ones (SM),
their elements are neither numerical (as in CM) nor structural
(as in MM) values, but concepts (notions) and connections
between them. The third part of the volume deals with semantic
models in chemistry: with computer-aided planning of organic
reactions and multi-step syntheses. Both approaches (applica-
tion of known reactions stored in computer memory and usage
of mathematical models of constitutional chemistry) are
discussed in considerable depth. i

The last part of the volume hriefly discusses some specific
problems of machine representation of chémical structures,
some questions of interfacing analytical instruments with
minicomputers, and recent results, very useful in chemistry,
in parallel programming.

The excellent contributions of the individual authors to
this book are gratefully acknowledged. Their special efforts
to adhere strictly to the schedule allowed prompt publication
of a coherent volume.

Rzeszéw, November 1980 Zdzistaw Hippe
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COMPUTATIONAL QUANTUM CHEMISTRY:
ADVANCES, PERSPECTIVES AND LIMITATIONS

A.J. Sadlej

Institute of Organic Chemistry, Polish Academy od Sciences, Warsaw,
Poland '

A wide popularity of quantum-mechanical approaches to chemical
problems [1-3] is certainly based on the anticipation that
quantum mechanics is the tight theory for describing, explaining,
and predicting chemical phenomena [4]. It means that, in
principle, chemical problems could be solved by processing a
relatively small set of the fundamental data, which are neces-
sary to set up the hamiltonian of a given system [5]. These

data are to be processed via the Schr8dinger equation [5], whose
solutions provide a complete information about all quantum
states of the system under consideration.

However, a general quantum treatment of most systems of
chemical interest suffers from tremendeous mathematical dif-
ficulties [6]. For these systems, which are built of a number
of electrons and nuclei, several approximations must be introduc-
ed and the analytic methods of pure mathematics are replaced by
the appropriate methods of numerical analysis. In consequence,
the exact solution of the Schrddinger equation is replaced by
the computation of approximate wave functions and energies.

Once the approximate functions are khown, they can be either
analyzed or further processed to obtain chemically useful
information. This step usually involves some additional com-
putations. Hence, the progress in computational methods and
computer technology becomes a decisive factor which determines
the range of chemical applications of quantum theory.



The present review is addressed primarily to non-specialists
and is intended to provide a brief account of data processing
problems in computational methods of quantum chemistry. More-
over, the considerations will be limited to the methods which
are commonly referred to as the non-empirical or ab initio
approaches. This terminology is a little confusing, for it
implies that ab initio calculations are carried out starting
with very first principles of quantum theory and that they
employ only the most fundamental set of data. It could be
certainly so, if we knew the exact techniques for processing
these data. In practice, however, we need some further
approximations. This, in turn, requires introducing some new
data. -~

Before discussing the data processing problems it appears
worth-while to give a brief summary of the most characteristic
approximations that are introduced in ‘quantum chemistry of
molecular systems. Above all, it should be realized that
molecular calculations are almost exclusively performed by
using the non-relativistic quantum theory [7]. Fortunately
enough, the relativistic effects are frequently negligible and,
at least for organic molecules, the non-relativistic appro-
ximation works perfectly well.

By neglecting the relativistic effects we are left w1th the
ordinary molecular hamiltonian [5] for electrons and nuclei.

A considerable reduction of the system dynamics complexity is
then achieved by introducing what is known as the Born-Op-
penheimer approximation [8,9]. According to this approximation
the massive particles are assumed to be at rest, so that the
motion of electrons is considered in the field of some fixed
nuclear framework. Consequently, one can define the electronic
hamiltonian of a molecule H(R) in which the nuclear coordinates
R appear as parameters:

H=HWR) =2 n(i) + =z £ v(i,j). (1)

i i<j

The so-called one-electron terms h(i) are given by the sum of
the i-th electron kinetic energy operator t(i) and the appro-
priate nuclear attraction terms va(i) = va(i; Ra), i.e.y
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h(i) = h(i;R) = t(i) + ¢ va(i;Ra) s (2)
o

where RL is the position of the a-th nucleus and the/summation
is performed over all nuclei of a given molecule [5]. The
second sum in egn. (1) corresponds to the electron-electron
repulsion operators.

The electronic hamiltonian depends on the positions R of
all nuclei, R = {R,, Rz,...}, but the dynamics of the whole
system is effectively reduced to the dynamic problem for
electrons. Thus, in nearly all problems of molecular gquantum
chemistry, what we are trying to solve is the electronic Schré-

dinger equation

HRY(X; R) = ERVY(X; R) (3)
whose eigenfunctions ¥y (X; R) depend on space and spin variables
X = {xl, X2""} of all electrons. Both the eigenfunctions and

the energy eigenvalues E (R) of the electronic problem (3) have
a parametric dependence onR. In practice, before trying to
solve eqn. (3) we have to assume some nuclear configuration,
and thus, nuclear coordinates enter the molecular problem as
the additional set of data.

The separation of nuclear and electronic motions through
the Born-Oppenheimer approximation brings about a very useful,
though approximate, concept of the potential energy hypersur face
for the motion of nuclei [5,10]. This is the approximate total

molecular energy Etot(R) expressed as the sum of the electronic

nucl (R),
R . (4)

energy E (R) and the nuclear repulsion energy E

(R) =EWR) +E

Etot nucl

The calculation of the potential energy hypersurfaces for
polyatomic molecules is certainly one of primary goals of
quantum chemistry. Having no room for a more detailed discus-
sion of this subject, let us only mention that modern chemical
kinetics and the theory of chemical reactions are based on the
knowledge of these hypersurfaces [10-12].

Also we shall not discuss here the validity of the Born-
Oppenheimer approximation [13]. For the present purposes the
most important result is that molecular calculations are to be
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performed for some fixed geometries of the nuclear skeleton.

On repeating these calculations for different geometries one
obtains a point-wise approximation to the potential energy
hypersurface (4). Thus, from now on, we shall focus our
attention on the methods of solving the electronic Schrddinger
equation (3). In spite of the simplifications which have led

to this equation, its application in calculations for many-
-electron molecules makes some further approximations necessary.
Most of the present molecular calculations are based on what

is called the orbital approximation for many-electron systems.

1. THE ORBITAL APPROXIMATION AND THE SCF HFR METHOD

In principle, one could try to obtain directly some approximate
-olutions of egn. (3) by using the variation method [14] with
trial electronic wave functions of sufficient flexibility. This,
however, brings about enormous mathematical complications,
mostly because of intractable multi-dimensional integrations
over all electronic variables. These problems can be to some
extent circumvented by assuming that each electron in a given
many-electron system is described by its own function, which

is called the spin-orbital and depends on the space (r3 and
spin (o) variables, u(x) = u(rl,0) [5, 15]. Most frequently the
spin-orbitals are represented as a product of the 6ne-e1ectron
function v (r) and either o or B spin function

v(r) a = u(x)
ulx) {0 g = ax) . : (5)

The function v(rF) is referred to as the orbital.The approximate
wave function of the many-electron system is then built as the
éhtisymmetrized product (determinant) of different spin-orbitals
for each electron. This function is referred to as the Slater
determinant [5, 15]. For the ground electronic state of most
molecules with 2n electrons a valid approximation to the
solution of egn. (3) is given by a single Slater determinant

of the form:

YX;R) =v(X) =N detlul(x1)ﬁl(x2)..nun(xzn_l)un(xzn)l (6)

where N is the normalization factor. For the sake of simplicity
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the explicit identification of the assumed nuclear geometry
will be omitted.

The function (6) refers to the model in which each orbital
is doubly occupied. Though this is the most useful and popular
model in molecular applications of quantum chemistry, its
approximate nature must be carefully recognized. By introducing
the orbital approximation we neglect the dynamical correlation
between electronic motions (5). The improvements over the
orbital model and the so-called correlation energy problem will
be discussed in one of the subsequent sections.

Now, what we need to know are the best orbitals which should
be used in constructing the approximate wave function (6). By
applying the variation principle [14] to the energy formula
obtained for the function (6) [5] we arrive at the set of
integro-differential equations of the form
(i) = e,u, (i) , (7)
which are known as the Hartree-Fock (HF) equations [5, 15].The
Hartree-Fock operator F (i) is the same for all electrons and
the numbers e, are called the orbital energies. The most
important feature of the HF operator is that it depends on all
‘occupied orbitals of a given system. Thus, eqns. (7) must be
solved by using some iterative scheme.

According to egn. (7) the many-electron problem (3) is
effectively reduced to the one-electron problem. Nonetheless,
the explicit integration of molecular HF equations is prohi-
bitively difficult. A practical method for the solution of
these equations was proposed in 1951 by Roothaan [16] and
consists in using some analytic approximations to the HF
orbitals.

Suppose that we know a set of functions {x } = {xq, x5/
ey xm} which satisfy only some fairly general assumptions
with regard to their analytic form [5]. The set {xa} will be
called the basis set. As proposed by Roothaan each HF orbital

is expanded in the set {xa}, i.e.,
m
.. = L ¢

k o akxu

(8)

and in this way the integration of eqns. (7) is replaced by the
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algebraic problem
Fc=Sce (9)

where C is the m x m square matrix of the expansion coeffi-
cients € .k arranged in columns for each k = 1, 2, ..., m and
€ is the diagonal matrix of orbital energies e,. The square

matrices F and S are defined by

m m

Fog ® Bap * ﬁ § Ruv[Z(aB|vu) - (ap|ve)] , - (10)

Sep = (alg) = 7 xJ (1) xg(1) avy (11)
where

hm5 = (a|n|B) = J x::(l) h (1) xs(l) avy (12)

(aBlrc) = 1f x%(M)x, (1) r3; x5 (@)%, @) avyav, , (13)
and

B *
R =L c .c . (14)
v 3 H1 V1

The algebraic equations (9) are referred, to as the Hartree-
Fock-Roothaan (HFR) equations [5,15]. Since the matrix E
depends on their solutions through egn. (14) they are solved
iteratively starting with some numerical values of the
expansion coefficients or the density matrix elements Ruv' By
solving the matrix equation (9), which is set up by using the
initial matrix R and the known values of all integrals (11) -
(13), we obtain new expansion coefficients. Then, new R and
F are formed and the whole process is repeated until the two
subsequent density matrices differ by less than some assumed
threshold. The whole procedure is referred to as the self-
consistent field (SCF) Hartree-Fock-Roothaan (HFR) method

[5, 15] and results in analytic approximations for the HF
orbitals of a given many-electron system. This method can be
generalized for systems of arbitrary number of electrons and
for multideterminantal forms of the trial wave function
[17-19]. However, the general processing scheme remains nearly
the same as described above.



