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Abstract

In an attempt to foresee the prospects of the qualitative trend in quantum chemistry, the place of the Hu¨ckel model is analyzed
in the broad context of quantum mechanical and chemical perspectives on the molecular world. Quantum mechanics and
chemistry are considered as complementary approaches to molecular structure and properties that are irreducible one to
another. Arguments are given for the hypothesis that the Hu¨ckel model makes a separate level of investigation of molecules
situated in between quantum mechanics and chemistry. In this context, the need is emphasized for development of new concepts
immanent in the very Hu¨ckel model. These concepts are anticipated to play the role of terms for qualitative orbital thinking, the
persistent need for which was emphasized recently (R. Hoffmann, J. Mol. Struct. (Theochem), 424 (1998) 1).q 1999 Elsevier
Science B.V. All rights reserved.
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The relation between computation and understand-
ing in quantum chemistry has been discussed recently
in Refs. [1,2]. As was emphasized by Hoffmann,
understanding the molecular structure and properties
lags behind their predictability following from the
contemporary calculations of electronic structures. It
was claimed in this connection that a persistent need
for qualitative orbital thinking arises nowadays.

Qualitative thinking in terms of orbitals implies
taking into account the principal interactions between
basis orbitals (e.g. AOs) of the given molecule and
imagining the shapes of the final molecular orbitals
and their relative positions in the energy scale. Mental
reasoning or simple algebra (but not self-consistent
calculations) are appropriate approaches here. It is
also essential that “weights” of particular basis func-
tions (AOs) within molecular orbitals are sought, and
not quite exact shapes of the very basis functions are

required for such purposes. The above mentioned
process is likely to be nothing more than an applica-
tion of the Hückel model.

We should come to an agreement here about the
meaning of the concept “the Hu¨ckel model”. Thus,
the original version of the model [3,4] was intended
to be the first semiempirical method of calculation of
electronic structures of polyatomic molecules.
Numerical values of the principal parameters (a and
b) should be necessarily specified in this case. In the
above-cited papers these parameters were determined
on the basis of the best coincidence of results of calcu-
lation of a few reference compounds with the relevant
experimental data. Understanding of the Hu¨ckel
model as an extremely approximate method of calcu-
lation of electronic structures is a widespread view-
point up to now. When accepting this point of view,
however, the qualitative aspects of the model become
ignored. However, just these aspects of the Hu¨ckel
model form the basis of qualitative orbital thinking.

The qualitative content of the Hu¨ckel model has
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little to do with the numerical values of its parameters.
The main point here consists in the fact that the struc-
ture of a model Hamiltonian matrix reflects the spatial
and/or chemical constitution of the respective mole-
cule.

Indeed, certain basis orbitals (AOs) are assumed to
correspond to diagonal elements (a) of the Hückel
type Hamiltonian matrices (H), whilst the off-diago-
nal elements (b) represent the interactions between
these orbitals. The latter, in turn, are usually assumed
to be proportional to overlap integrals [5] being
directly dependent on both the respective internuclear
distance and the spatial arrangement of basis orbitals.
As a result, the above mentioned interrelation between
the structure of the matrixH and that of the given
molecule arises. For conjugated hydrocarbons, this
relation is known to acquire an extremely simple
form, namely, the model Hamiltonian matrixH in
the basis of 2pz AOs of carbon atoms proves to be
proportional to the adjacency matrix of the graph
describing the structure of the C-skeleton of the
given molecule [6]. In the case of saturated hydrocar-
bons, a somewhat more involved relation has been
established between the matrixH and the adjacency
matrix of the chemical graph [7,8].

Thus, let the concept “the Hu¨ckel model” embrace
both the qualitative and the quantitative aspects of the
approach. It is evident that if we take a simple matrix
H and diagonalize it in a mental way, we are actually
in a process of the qualitative orbital thinking. Alter-
natively, if we construct an involved model Hamilto-
nian matrix containing several types of parameters
and diagonalize it algebraically, e.g. by means of
the perturbation theory, we obtain a qualitative
method of investigation of polyatomic molecules
(see e.g. [9–11]). It is essential here that neither the
basis orbitals nor the one-electron Hamiltonian opera-
tor underlying the matrixH are defined explicitly.
Moreover, in practice, necessity for such a definition
does not arise. This aspect makes the Hu¨ckel model
and the qualitative orbital thinking even closer.

Hence, we arrive at a conclusion that the qualitative
orbital thinking is a particular way of application of
the Hückel model. This implies that the prospects of
the former actually depend on further advances in the
field of the latter. In this context, understanding of the
nature of the Hu¨ckel model is of great importance for
further development of the qualitative orbital thinking.

The Hückel model is commonly considered only as
a rough approximation to the Hartree–Fock–
Roothaan equation. This point of view is in line
with the above mentioned meaning of the Hu¨ckel
model as an approximate quantum chemical method
of calculation of electronic structures. However, there
are reasons to believe that this standpoint is a great
oversimplification of things. To demonstrate this, we
are about to discuss in this article the place of the
Hückel model in a much broader context as compared
to the traditional one, namely in the context of
perspectives of quantum mechanics and of the classi-
cal chemistry on the molecular world. To this end let
us consider these perspectives separately at first.

Let us start with the quantum-mechanical perspec-
tive. Molecules are considered as systems of interact-
ing elementary particles, viz. of electrons and of
nuclei, in this scientific field. Although a single funda-
mental equation, namely the Schro¨dinger’s equation,
describes the whole diversity of molecules, only its
particular cases corresponding to specific values of
the principal parameters may be actually solved
(just the numbers of electrons and nuclei play the
role of these parameters).

Each molecule is evidently described by its own
number of electrons and nuclei. As a result, each indi-
vidual representative of the molecular world is studied
separately in the framework of the quantum theory.
Thus, no immanent relation may be established
between the Schro¨dinger’s equations for two mole-
cules even if their chemical structures are very similar
(e.g. for methane and ethane), and these problems are
entirely independent. This implies that similarity of
molecules may be revealed only after comparison of
the final solutions of the Schro¨dinger’s equations.
Such a resemblance of solutions (if any) may be called
an a posteriori similarity.

Therefore, studies of individual representatives of
the molecular world and a posteriori similarities of
electronic structures of definite groups of compounds
are the main features of the quantum mechanical
perspective on molecules.

Alternatively, it is the whole of molecules that is
the main subject of chemistry. The principal approach
of this scientific field consists in distinguishing sepa-
rate series and classes of the so-called related
compounds, i.e. in classification of molecules.
Moreover, along with rules governing the observed
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properties inherent in their series, common properties
of molecules belonging to the same class are among
the problems of chemical interest. It is noteworthy
that classification is among the principal approaches
also of other natural sciences (e.g. of biology) but not
of physics.

Moreover, similarity of chemical constitution of
certain group of molecules is assumed a priori in
this case. In other words, common structures is an
assumption, whilst common properties is an anticipa-
tion in chemistry. Moreover, it is the a priori similarity
that forms the basis of the chemical classification of
molecules. For example, alkanes are distinguished as
a separate class of chemical compounds just owing to
an a priori similarity of their structures. It should be
emphasized here that the chemical constitution of
molecules that forms the basis of the above discussed
classification is defined in terms of atoms involved
within the given compound and the way these are
bound together. This definition has nothing to do
with the numbers of electrons and of the nuclei.

On the whole, atoms in molecules and chemical
bonds are the principal terms of the classical chemis-
try. It is noteworthy that the exact meaning of these
terms are not essential in practice. It is no surprise,
therefore, that the chemical way of description of the
molecular world in terms of chemical formulas was
used long before the emergence of quantum
mechanics that gave an explanation of the nature of
chemical bond in the simplest molecules [12]. Nowa-
days this way of description also exits almost inde-
pendently of the quantum mechanical analogues of
the chemical bonds being permanently sought by
quantum chemists. To make sure that this is the
case, it is no more required to take a common chem-
istry textbook.

It is quite likely in this connection that the meaning
of certain chemical formula can be defined only in the
context of other chemical formulas. For example, the
formula CH3–OH primarily implies the similarity of
the definite part of this molecule, viz. of the CH3–
group, to respective part of a saturated hydrocarbon
(e.g. CH3–CH3), whilst the remaining fragment (OH)
resembles that of the water molecule (H–OH). The
concept of molecular fragments (functional groups)
naturally arises in this context.

Therefore, description of the whole molecular
world in terms of chemical formulas reflecting the a

priori similarity of particular groups of compounds,
viz. of series and classes of molecules, forms the basis
of the classical chemical perspective.

If we compare this standpoint to the quantum
mechanical one, the chemical perspective consists in
looking at the whole molecular world from above (and
we have to ascend as high as to be able to see the
whole variety of molecules), whereas the quantum
mechanical perspective corresponds to looking at
the same world from below. It is evident that these
two standpoints are irreducible one to another and
may be considered as complementary approaches.

Let us turn again to the Hu¨ckel model. There are
good reasons to expect that the Hu¨ckel model takes an
intermediate place between the above described two
approaches. Let us discuss this point in a more detail.

It is evident that we cannot ignore the quantum
mechanical origin of the Hu¨ckel model. Indeed, both
the model itself and its results are formulated in terms
of quantum mechanics, e.g. one-electron orbitals, one-
electron energies, etc. The fact that the Hu¨ckel type
Hamiltonian matrix may be considered as a rough
approximation to the respective matrix of the self-
consistent Fockian also is beyond any doubt.

Nevertheless, there are some essential common
features between the Hu¨ckel model and the chemical
way of description molecules.

First, the role of the number of electrons in the
formation of electronic structures is extremely
reduced in the Hu¨ckel model. Indeed, molecular orbi-
tals are being sought here without regard to the
number of electrons.

Second, the meaning of the principal parameters of
the model (a andb) is not defined explicitly as it is the
case with atoms in molecules and chemical bonds.

Third, relations may be established between the
Hückel type Hamiltonian matrices and the adjacency
matrices of graphs describing the respective chemical
formulas [6–8] as discussed earlier in this article.

Henceforth, the way the similarity of related mole-
cules is described in the Hu¨ckel model resembles that
of chemistry. Let us dwell on this important aspect in
more detail.

Thus, similarity of constitution of the initial model
Hamiltonian matrices of related molecules is assumed
a priori within the Hückel model. For example, thea
and b parameters of polyenes, polyacenes, etc. are
commonly assumed to be uniform over the whole

V. Gineityte / Journal of Molecular Structure (Theochem) 491 (1999) 205–209 207



chain and independent of the structure of the particu-
lar molecule [13]. The principal point, however,
consists in the fact that assumptions of the above
described type lead to non-trivial consequences.

Indeed, after accepting the above mentioned
simplifications, a single Hu¨ckel type Hamiltonian
matrix may be attributed to the whole series of related
molecules (e.g. polyenes), wherein the number of
similar fragments plays the role of the principal para-
meter. Accordingly, a single eigenvalue problem may
be solved for this matrix, and the resulting solution
depends on the number of similar fragments [13]. As a
result, the whole series of related molecules gets
described as a single object in the framework of the
Hückel model. It is evident that this generalized
description is something more than the sum of
descriptions of particular representatives of the series.

Hydrocarbons and their derivatives is another
example of similar molecules. The respective Hu¨ckel
type Hamiltonian matrices differ only in the value of a
single parameter, viz. of the Coulomb parameter (a )
referring to the site of substitution (see e.g. [5]). As a
result, the two secular problems may be considered as
a single problem, wherein thea value plays the role of
the principal parameter. Thus, the electronic structure
of the substituted molecule becomes described in
terms of that of the parent hydrocarbon. This way of
investigation is evidently in line with the chemical
concept of the derivative.

Finally, common Hu¨ckel type Hamiltonian matrices
for entire classes of molecules, e.g. for alkanes, along
with respective generalized problems (the so-called
eigenblock equations) should be mentioned [14,15].
As with series of related compounds, the class under
study also becomes described as a single object on the
basis of the Hu¨ckel model.

Therefore, we have to assume in this situation that the
Hückel model makes a separate level of investigation of
molecules situated in between quantum mechanics and
chemistry.This implies that the qualitative orbital think-
ing is irreducible either to quantum mechanical or to
chemical ways of thinking. Analysis of passing from
quantum mechanics to the Hu¨ckel model demon-
strates to us how this irreducibility arises.

Thus, details of constitution of one-electron
Hamiltonian matrices of particular molecules are
ignored when turning from the Hartree–Fock–
Roothaan equation to the Hu¨ckel model. For example,

the Coulomb parametersa of ethylene evidently differ
from those of butadiene, but these differences are
neglected. On the contrary, it is the simplifications
of the above mentioned type that make possible the
common description of series of related molecules in
the framework of the Hu¨ckel model. Hence, ignoring
some details allows certain generalization to be made
that is irreducible to the sum of its particular cases. In
other words, a new level of investigation becomes
possible at the expense of certain loss of accuracy
when describing particular cases.

Irreducibility of the Hückel model either to quan-
tum mechanics or to chemistry implies that explana-
tion and/or interpretation of the results of the
computational quantum chemistry is hardly the main
aim of qualitative orbital thinking, and the latter has
its own “raison d’être” and its own future.

As it was described earlier, both quantum mechanics
and chemistry are based on their own systems of funda-
mental concepts. It was also demonstrated that the
Hückel model has appropriated certain concepts of
quantum mechanics and of chemistry. However, the
future of the model is likely to depend on development
of its own system of concepts that should play the role of
terms for qualitative orbital thinking. A mental diag-
onalization of simple matrices is evidently not suffi-
cient for this purpose, and more profound studies of
possibilities of the model are required here.

History of the Hückel model shows that new
concepts emerged in the process of its development.
Thus, the original concept of the orbital–orbital polar-
izabilities was suggested when studying the hetero-
atom influence in conjugated hydrocarbons [16–19].
Moreover, the concept of the through-space and
through-bond interactions has been proposed for
interpretation of photoelectron spectra of molecules
[20–22]. Later, these concepts have also been applied
for interpretation of the structures of localized mole-
cular orbitals and of the one-electron density matrices
(bond order matrices) [15,23]. The concepts of the
intramolecular charge transfer and intrabond polariza-
tion suggested recently [24] also seem to be fruitful.

So, let this history be continued…
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