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A use of ab initio calculations that seems to have been largely overlooked because of
its simplicity is the construction and analysis of simple models of the chemical bond. Such
models may render enormous services both in clarifying previously known results and in sug-
gesting new ones, and in making possible a detailed discussion of interpretation schemes and
approximations. Treatments using the LCAO scheme over the valence electrons may be se-
riously at fault when effects like inter-shell orthogonalization are neglected. Such effects are
consequences of the approximations used; nevertheless, they may be physically significant
because the corresponding approximations may be essential in order to reach an understand-
ing of the molecular reality. They include changes of the AO’s with molecular geometry. The
realization that a certain type of modification of the AO basis is important must be followed
by a very careful analysis of the way in which such a correction should be introduced in order
to preserve simplicity and physical significance. )

The present article is part of a discussion of the theory of molecules
started several years ago with a study of the connection between hybridization
and localization [1] and continued later in various directions. The attempt
will be made here to draw attention on some more points regarding the use
and limitations of the molecular orbital method, in its simple LCAO versions,
as a tool of theoretical physics rather than as an interpolation technique useful
for chemical problems.

The fact that such pioneers as MULLIKEN [2], PauLinNg [3], GomBAs [4]
have devoted much work to single-particle treatments and related aspects
of the quantum theory of molecules is sufficient indication of the importance
of our subject. Nevertheless, we recall some of the considerations that justify
a renewed interest in methods avowedly incapable of giving exact numerical
results.

One can expect two kinds of information from a theoretical treatment:
very good quantitative predictions and/or an explanation of facts in the sense
of a correlation of various details in a general scheme. Contrary to what was
once the case, the domains where the two uses of the theory do not exclude
each other are nowadays very rare. This is because the equations that govern
the behaviour of most systems are very complicated, and very accurate treat-
ments are seldom amenable to a clear physical interpretation. In fact, quali-
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tative and even semi-quantitative understanding is often reached by simple
schemes connecting the phenomena to be interpreted with some specially
significant features of the general theory of matter; such in the case, for instance,
with the interpretation of the excitation potentials of conjugated molecules
in terms of the allowed energies of a single particle confined in a limited
region of space.

Various reasons, among which the advent of large computers is very
important, have led to much emphasis on the quantitative side, so that an
enormous effort has been made to obtain better and better solutions of the
(electronic) Schrédinger equations for larger and larger molecules. It is curious
that, instead of insisting on the undeniable importance of such calculations
for testing and reference purposes, many authors have defended that effort
by claiming that no attempt should be made to understand molecular pheno-
mena unless very accurate wavefunctions are available. To many a physicist,
this claim must sound as a condemnation of most of theoretical physics, both
pure and applied; suffice it to think of problems like particle scattering or
transport phenomena in solids to realize what broad fields are based on com-
paratively rough approximations of the ‘rigorous’ equations.

I. Correlation and the MO—LCAO method in a simple model
calculation

In a first part of the present article, we shall consider the above questions
in some more detail, the reason being that one must somehow know where
one stands when one tries to use an approximation for strictly theoretical
purposes. There are two kinds of objections put forth against physiecal con-
siderations on molecules based on single-particle (i.e., orbital) methods. One
regards the fact that such methods are usually approximate versions of the
ideal ome-electron treatment given by the Hartree—Fock equations; the
other is more directly concerned with the shortcomings of the one-electron
scheme. We shall consider first the latter point, which goes under the name
of ““the correlation problem” [5]. '

Although there is a growing suspicion that this problem may have been
overemphasized by some authors, there is no doubt that it has a perfectly
sound origin. Any independent-particle treatment of a many-electron system
must involve averages over all the electrons but one, thus replacing them by
charge clouds. As has been known for a long time, this contradicts the inherent
dualism in the nature of an electron, whose interactions are all to be described
by point-particle potentials. The corrections that should be introduced in
order to take into account the corpuscular nature of all the electrons are the
so-called correlation corrections; evidently, they must be studied and their
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importance assessed before accepting even qualitative conclusions drawn from
treatments neglecting them. Now, an examination of the available data sug-
gests that the correlation correction to the energy of a molecule is indeed very
small; however, it is comparable with the dissociation energies of ordinary
chemical bonds. Therefore, the argument runs, the independent-particle model
is not reliable in connection with molecular physics. Of course, there is a weak
point in the last part of the above considerations, bécause the fact that disso-
ciation energies and correlation energies are of the same order of magnitude
does not imply that one cannot obtain the former without knowing the latter;
as a matter of fact, dissociation energies are differences, and, in principle,
can be obtained to a good approximation from (more or less equally) incorrect
quantities. This remark leads to further arguments in favour and against the
supporters of correlation, all based on gquantitative considerations involving
mainly the expectation values of the energy. The question is how far such
quantitative arguments, usually limited to energies, are significant.

With very few exceptions, highly accurate molecular calculations with
correlation are not available; moreover, calculations claimed to include corre-
lation are very complicated, and this is a serious hindrance in discussions of
aspects other than energy expectation values. '

Attempts to introduce simple indices of the importance of correlation
for various observables, especially those using the so-called ‘“‘correlation
coefficients”, appear to be quite promising [6], but several difficulties have
still to be overcome especially as regards the application to molecules. The best
alternative to rough estimates and dubious analyses of complicated situations
consists in following the traditional approach of theoretical physics, namely
to have recourse to a model, where the main features of the actual problem
are present.

Although much has been done using the hydrogen molecule as a model,
a better way of simulating very simply an ordinary chemical bond is probably
to treat the states of two electrons in the field of two positive first-row ions (say,
Li ones) by an LCAO-MO-CI method with a limited basis set [7, 8]. In fact,
the coefficients of the linear combinations of atomic orbitals used to construct
the molecular orbitals are the variational parameters which must be deter-
mined in order to reach an ““optimum” one-electron description, just as the
coefficients of an expansion in a complete set of orthogonal functions can be
taken as the variational parameters to be determined in order to get the best
one-electron scheme, namely the Hartree— Fock orbitals for the given system;
and the coefficients of the linear combinations of the Slater determinants that
can be constructed from the given molecular orbitals correspond to the coeffi-
cients of the expansion in a complete set of configurations obtained from the
Hartree — Fock orbitals, and thus describe correlation. The definition of the
latter adopted here amounts to the statement that correlation is whatever
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cannot be taken into account by a single-configuration treatment carried out
within the given scheme. In order to use our model for the purpose of assessing
the importance of correlation in the qualitative description of bonds, we have
to compare results obtained with and without single-configuration mixing.

To illustrate the above considerations, take the basis set formed by the
2s and 2p orbitals of lithium, centred on two different nuclei at a distance R
{8]. Let us postpone for the moment a discussion of the importance of the
existence of the inner core, and assume that the given orbitals depend on R
only through their centres; this is in full accordance with the spirit of the
simplest MO—LCAO method, as used by theoretical chemists. Then, the results
for the ground-state energy are those summarized in Table I, where the single-

Table 1

Ground-state energies of a two-electron bond between equal nuclei having effective charge

1.30 when the trial function is: (b) a single determinant over 2s STO’s with orbital expenent

0.65; (c), a single determinant over 2s—2p hybrids with the same orbital exponent and an

optimized s-character; (d), a linear combination of the two determinants corresponding to the

bonding and antibonding MO’s formed by the same hybrids. Line (e) is the percent difference

between (c) and (d). All the energies are in a.u.; the distances in a.u. multiplied by 0.65 are
given in line (a)

(a) 2 3 4 5 6
(b) 1.2020 1.0722 0.9613 0.8803 0.8244
(c) 1.3515 11199 | 0.9768 0.8857 0.8268
(@) 1.3519 1.1228 0.9912 0.9194 0.8795
(e) 0.03 0.26 1.45 3.63 6.00

determinant (SC) and configuration interaction (CI) approximations are com-
pared, the SC function being optimized with respect to the degree of hybridi-
zation of the atomic orbitals, and the SC function being a linear combination
of the two g determinants constructed with the bonding and antibonding bond
orbitals resulting from the optimum hybrids.

Table IT shows that the model used leads to the same results as analyses
of the hydrogen molecule and ab initio all-electron calculations. In particular,
the internuclear distance can be divided into three ranges: one, where the cor-
relation effects are relatively unimportant; one, where they are very important;
and one where an intermediate situation takes place. The question we are inter-
ested in is whether the picture given by the correlation energies must be
understood as an indication that interpretations of facts based on the SC func-
tion are not reliable.

There is no doubt that the electron density distribution is a more sensi-
tive and convenient quantity for assessing the validity of a given description.
Therefore, we present Table II, where, in addition to the actual changes in
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Table II
Analysis of electron densities for the model of Table I
(@ 2 3 4 5 6
(b) .0004 0029 0144 0337 0527
(¢) 005 203 283 341 231
(d) 0001 0007 .0002 .0000 L0000
(e) —.001 —.006 —.083 —.261 —.401
(f) —.0001 —.0004 —.0032 —.0054 —.0043
& .998 994 17 .740 599
Explanation:

(a) same as line (a) of Table I;

(b) ‘correlation’ energies (line (d)-line(c) of Table I);

(c) and (d), relative and absolute changes in the electron densities at the nuclei;
(e) and (f), idem at the centre of the bond of Table I;

(g) corresponding weights of the ground-state configurations.

energies, the changes in the one-electron densities associated with the nuclei
and the centre of the bond for various internuclear distances are compared.
The changes in density at the nuclei, even though they are large fractions of the
density itself, are not very important. The situation at the centre is different:
the correlation correction (which tends, of course, to separate the electrons)
is lower than 109, for internuclear distances R lower than ca. 6.5 a.u., but then
increases rapidly, thus deepening the well between the atoms. In Table II,
therefore, the three regions mentioned above appear to be for R less than 6
a.u., R larger than 8 a.u., R comprised between 6 and 8 a.u.; this partition is
quite clear in the weights of the SC ground-state function in the CI functions.

In short, Table II confirms and even emphasizes the importance of corre-
lation at large internuclear distances, but indicates that, around the inter-
nuclear equilibrium distance, that correction is relatively unimportant both on
energies and on the electron densities. This conclusion can be generalized to
most bonds in a very easy way, if we assume that they can be treated by at most
two determinants — as is strongly indicated by the example of Li, and some
other examples. In order to see this point, consider the secular equation asso-
ciated with the Hamiltonian matrix over two configurations, and suppose that
the configurations in question are determinants over bonding and antibonding
orbitals, respectively. In the homonuclear case, the energies E,, E, associated
with the two configurations become equal when the internuclear distance
tends to infinity, and, moreover, the contribution of hybridization becomes
very small. Now, when the diagonal elements of a second-order matrix are
nearly degenerate, the first perturbation term is proportional to the interac-
tion element B,,; moreover, the coefficients of the linear combination associat-
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ed with it become equal each other. On the other hand, for small internuclear
distances, the separation between E, and E, is large (at least if the bond is very
stable), and the first-order perturbation correction is proportional to BI,/
/(E,—E,) and the contribution of the excited-state configuration is proportion-
al to B,,/(E,—E,). This result is valid for any homonuclear bond, provided the
difference E,—E, is large compared with B,,; this is the condition one can
assume as a condition for the possibility of describing a bond by means of an
MO picture [2].

The case of heteronuclear bonds involves a number of novel features.
For instance, it does not necessarily require configuration mixing as a means
of ensuring the correct limit at large distances. A study of these cases is rather
complicated because simplifications provided by equal nuclear charges are
lacking. It is very important, however, that a close similarity can be intro-
duced between the two cases by taking into account the screening effect of the
electrons: at large internuclear distances, an electron on atom A tends to see
B as a singly-charged positive ion, and vice versa; therefore, as far as binding
effects are concerned, the situation should be very much the same as for the
homonuclear case (cfr. [9]). Further work on simple models for heteronuclear
cases is in progress.

We shall assume from now on that the picture provided by the one-
electron density associated with an SC (MO) calculation is sufficient for inter-
pretation purposes in the vicinity of the equilibrium distance. The fact that
correlation pushes some charge away from the centre of the bond cannot be
considered very important if the corresponding change is almost negligible
from a quantitative point of view. The numerical examples given above show,
on the other hand, that the real shortcoming of MO ‘theories’ is still in the dis-
sociation limits, as was pointed out by MoFFITT a long time ago [10]. A very
urgent task of quantum chemistry seems to be, therefore, that of combining
the exceptional simplicity and heuristic power of the single-electron picture
at distances near the equilibrium ones with some convenient picture of the
situation when the atoms are far apart; the more so, as already the interac-
tions between non-bonded atoms in a polyatomic molecule would seem to fall
in the category of molecular features not describable by an MO theory, at
least as such theories stand now.

There have been suggestions that the two-particle density is a more sig-
nificant function as regards the importance of correlation. As a matter of fact,
the ratios between the values of P (1, 2) as obtained from a configuration inter-
action calculation and the corresponding values for a single-determinant appro-
ximation are all very close to unity in the case of formaldehyde in the equilib-
rium configuration [11]; the only important correlation appears to be ‘spin’
or Fermi correlation, which is already included in the single-determinant func-

tion.
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II. Choice of the basis and physical significance
of simple LCAQ treatments. Radial distortion

The brief discussion given above may be completed by the remark that
the very concept of correlation implies that the single-particle description of
a molecule should be well understood and brought to its extreme consequences,
so that one may be sure that certain facts cannot be explained within any con-
sistent orbital scheme. We shall now try to indicate some of the points that
must still be clarified in that connection on the basis of very simple models,
especially with LCAO ‘theories’ [18].

The introduction of the latter answers, as was pointed out by MULLIKEN
[2], to a need of simplicity and physical significance of the interpretationscheme.
It may seem at first sight that the best orbital scheme is a Hartree—Fock
one, where the variational principle has been used to obtain the best energy
compatible with a single-particle treatment. It is now becoming clearer and
clearer that the word “best” used in an ambiguous way has been the source of
many difficulties. From the point of view adopted in the present article, the
most important function of a theory of molecules is to make possible a complete
and consistent interpretation of molecular properties, by tracing them back to
very few basic statements and pictures; this goal is to be reached, if necessary,
at the expense of high accuracy. Now, among other things, the pure Hartree —
Fock scheme does not provide a built-in reference to the fact that atoms are
the building blocks of a molecule; and much less that bonds exist at all: so that
the analysis of its results requires a large amount of work to find out the way in
which atoms and bonds are concealed in them [12]. This consideration is
sufficient to show that the choice of atomic orbitals is a most important point
in the progress toward a consistent theory of molecules [13]. The usual choice
of an (AO) basis is well-known, and corresponds closely to that considered
above for the Li, molecule: one assumes that the AO’s are fixed functions of
the atoms forming a molecule, and can only adjust to the specific situation
through hybridization. This starting point is sound as long as the basis is com-
plete and the treatment involves all the electrons; but we are interested pre-
cisely in the case when a limited basis is used and only a few electrons are treat-
ed, in order to keep the results as easy to interpret as possible. Under these
conditions, at various internuclear distances, as can be seen when one considers
a specific example (vide infra), a choice of AQ’s adjusted in a special way to
the molecular situation is required by strictly physical considerations.

In short, if simplified schemes are necessary for interpreting molecular
phenomena, and if a limited-basis MO —LCAO treatment must be taken as such
a scheme (thus deserving the name of theory), a careful study of the dependence
of the basis AO’s on molecular geometry is essential. Of course, it would be
particularly satisfying if the forms of the AO’ could be left invariant; but the
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very example of hybridization indicates that this is not possible. What we can
(and should) do in order to put some order in our analysis is to make reference
to some standard AO’s to be interpreted as the entities that represent, as it
were, the undisturbed atoms; and introduce corrections on them, trying to
interpret them as physical effects.

Let us come back to the simple model (the two-electron model of the Li,
molecule) which we have introduced in order to consider a case where a num-
ber of features arising from the use of a complicated basis is eliminated. Here,
the reference fixed AO’s are the 2s Slater orbitals of lithium, and a first step
shows that hybridization is very important for obtaining reasonable results.
Further analysis indicates that modifications of the radial parts of the AO’s
are necessary — still with four AO’s as a basis — among other things, in order
to ensure orthogonality to the inner shell [14, 15]. Finally, variation of the
orbital exponents is necessary in order to satisfy the virial theorem. These
‘modifications are not introduced just as improvements of the calculations;
‘they must be considered as essential features of an LCAO calculation, to be
added to those already discussed in [13]. We shall call them radial distortion
(or, sometimes, ‘promotion’ [13]) and ‘scaling’, respectively. We emphasize
that they are introduced with the tacit assumption that the unmodified AO
is of the s type (in our model), although — as will be seen presently — not
necessarily a regular Slater orbital.

The simplest kind of radial distortion in an ateomic orbital participating
in a bond orbital is connected with orthogonalization to the inner core. The
necessity of introducing this modification in the basis orbitals was pointed
out long ago [14], but has not been stressed too much in recent years, because
it arises only when the valence electrons are treated separately, and becomes
really evident when such a treatment is carried out at various distances;
moreover, it may be very small when the inner core has a very high orbital
exponent. To emphasize the importance of the condition of orthogonality te
the inner shell suffice it to mention that, in its absence, the united atom limit
of bond orbitals resulting from two (2s, 2p) hybrid AO’s would be essentially
1s orbitals [8]. Therefore, in a consistent orbital theory, the corresponding
modification of the atomic orbitals should be introduced as a standard effect
to be treated before actual energy calculations, as could be done with hybridi-
zation [1,15], because it is part of the preparation of the atomic orbital basis.

The problems arising in this connection are easily illustrated in the model
at hand. For simplicity, suppose a treatment using only one s-type orbital
per atom is to be carried out for the valence electrons. Then, orthogonalization
to the MO to which the inner core electrons are assigned requires the introduc-
tion of atomi¢ orbitals of the form

(25, > =N(|1s > —m|2s>), (1)
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Table HI

Analysis of orthogonalization to the inner shell in a two-electron model of the Li, molecule
for three values of the internuclear distance R.

Column (a) gives the values of ¢ = aR, with a = 0.65 and R in a. u. Columns (b) and (c)
report the energies obtained from a Slater determinant over pure-s orbitals corresponding to
Equ. (1) of the text with m = 0 and m such as to ensure orthogonality of the 26g to the log
orbital, respectively. The corresponding values of m are given in column (d). Column (e)
contains the values of m ensuring the same orthogonality condition when the Slater 2s orbital
is replaced by an sp® hybrid, the values for hybrids with a lower p character being inter-
mediate. Column (f) gives the values of the parameter m’ for a pure-p orbital of the
type of Equ. (6)

(=) ®) () [ @ ' e ®

’ 1.0722 .8165 2.849 2.585 .3499

9613 1675 2.923 2.859 2614
.8244 | 6614 2.941 2.939 1725

|

where NN Is an appropriate normalization factor, m is a positive quantity
used for ensuring orthogonality to the inner core MO (which is given by the
normalized sum of the Slater 1s orbitals associated with the inner core of the
two atoms, having exponent 2.70). The two Slater orbitals appearing in (1)
are assigned the same orbital exponent, say 0.65. Some indications about the
results are given in Table ITI, which shows that the contribution of the 1s
orbitals is not negligible. The changes in energy reported in Table ITI support
the physical interpretation of orthogonalization as a repulsion tending to
increase the energy of the outer electrons, especially at small internuclear
distances [15]. As is well known, this interpretation can be translated into a
rigorous mathematical formalism by introducing appropriate pseudopotentials
[4].

The kind of orthogonalization suggested here — which corresponds to
forming hydrogen-like orbitals — is equivalent to the usual Schmidt orthogo-
nalization. A study of such hydrogen-like orbitals in free atoms has been carried
out [16], and has given results comparable with those of the usual Slater
orbitals, thus removing the only serious objection to the use of hydrogenlike
orbitals. Of course, the ‘best-atom’ orbital exponents are no longer very close to
those given by the Slater rules. Nevertheless, they are close enough for most
practical calculations.

The modification brought about by the addition of 1s, 3s, ... terms to
‘the Slater orbital may be called “promotion”; here, at variance with [13], we
use the term “radial distortion” because the word ‘promotion’ recalls the
physical interpretation of the additional terms as higher-energy orbitals of the
free atom, which is not possible here (see also [2]). A physical interpreta-
tion of this distortion can only be founded on a redefinition of the reference
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free-atom orbital and on a discussion of the way in which an analysis of the
electron density should be carried out.

We consider now some more aspects of the question of orthogonalization
to the inner shell. Suppose that, instead of considering pure-s orbitals, we wish
to consider hybrids. We are then faced with two possibilities. First of all,
we can write a hybrid in the form

lh>=N[|1s> —m(|2s > +g|2p>)] (2)

(where g is a hybridization parameter and IV a normalization factor), and then
it is impossible to decide whether, by introducing the 1s contribution, we have
modified the 2s or the 2p orbital; so that we have no longer a right to dis-
tinguish between hybridization and radial distortion. In other words, the
procedure based on (2) leads to an m value which depends both on the inner
core and on the degree of hybridization, but, as we have just said, it must be
interpreted as a distortion of the s orbital. This point of view is perfectly
reasonable, and should be completed by the decision that radial distortion
of the 2p orbital will be introduced only if orthogonalization to orbitals result-
ing from p orbitalsis to be carried out, as would happen in the case of, say, the
Na, molecule. However, this leads to ambiguities in the general case of bond
orbitals formed by hybrid AO’s which must be orthogonalized to bond orbitals
also formed by hybrid AO’s. We consider here, therefore, the other possibility,
namely that of orthogonalizing separately the pure-s orbital and the p/ure-p
bond orbital to the inner core orbitals, and then building the required hybrids.
The situation becomes particularly interesting when this criterion is to be
applied to the general case. Let s, s,, p,, p, denote the subsets formed by a
ls, a 2s, . . . orbital with the same orbital exponent on atom 1, same on atom
2, and the subsets formed by a 1p, a 2p, . . . orbital on atom 1, same on atom
2, respectively. A molecular orbital |y,> will be written in terms of a column
vector C which is defined as follows

(8155 P1sP2) | Cia
(3)

(x> =
Cn

and another orbital |y,> will be expressed through the same basis set and
another column vector with subvectors C,,, C,,, etc. By definition, a mixing of
orbitals of the same subset is a radial distortion or ‘promotion’, whereas a
mixing of subsets s; and p; is hybridization. Now, the requirement that |y,>
and ‘xz>be orthogonal to one another leaves such a freedom that we can require
at the same time that only promotion be used to satisfy it. Let us assume that

Acta Physica Academiae Scientiarum Hungaricaé 27



MODEL AB-INITIO CALCULATIONS 487

[,y is given, and that only |y,> must be determined. Let us denote by S,,,
S,s, etc. the overlap matrices associated with the four subsets of the given AO
basis. Then, the conditions we find on C;,, C,,, etc., are:

2 Ci Si_i le = 0. (4')
J

This equation defines one element of each C;,, and thus, when there is only
one inner-shell orbital to which orthogonality must be ensured, the C;, vectors
need have only two elements. A particular case is that of the pure-s orbitals
considered above. Another interesting case is that of pure-p orbitals, where
the possibility of including the 1p orbitals in the atomic p subset has been
considered explicitly. We comment briefly on this point because it illustrates
one of the most delicate aspects of the problem at hand. There are two ways
of looking at our new s orbitals. One, as has been mentioned, consists in assum-
ing that we replace Slater orbitals by strictly hydrogen-like orbitals; the other
consist in assuming that we have granted a certain degree of flexibility to the
radial parts of our orbitals, and replaced the factor r of the Slater 2s orbital
by a more general first-degree polynomial involving one parameter to be used
for the orthogonality requirements. From the former point of view, the intro-
duction of a 1p orbital does not appear to be justified; from the latter point
of view, on the contrary, it would seem reasonable to modify the radial part
of a p orbital exactly as has been done for its s counterpart. Now, it is important
to keep in mind that the 1s orbital introduced by us in the s; subset cannot be
interpreted as something physically significant by itself, because it is not one
of the functions of the basis set actually used for the calculations, but belongs
to a basis set from whose contraction the final physically significant set is
obtained; the 1p orbital would play the same role, and hence it seems advis-
able to use it. In short, Equ. (1) can be rewritten as

V3
where « is the orbital exponent, and ¢ = ar is the scaled distance from the

nucleus; and, so far, it seems that the most reasonable p partner of the orbital

(5) should be

|28, > = V%N(m) [1 — ) ee, (5)

’

2P > — l g N(m) (1 - % g] e~2 cos (6)

(m’ being determined from the condition of orthogonality to the inner core
MO) rather than a p orbital having in the radial part a second-degree poly-
nomial in .
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A simple calculation gives the values of m’ reported in the last line of
Table III. These data reveal that there is a weakness in the above reasoning,
because they show (as can be proven algebraically) that the limit of the orbital
(6) when the internuclear distance goes to infinity is a 1p orbital rather than
the expected 2p orbital. This makes a physical interpretation of the orbital
(6) quite difficult, and one may conclude that inclusion of a 3p orbital is a
better choice.

A point not apparent in our simple model is that orthogonalization to
the inner core involves, in principle, a doubling of the orbitals. In the homo-
nuclear case, if one had to introduce the antibonding valence MO’s one should
take care that, say, the 2s orbitals participating in the 20u MO be modified so
as to make it orthogonal to the lou inner-shell orbital. This condition is not
equivalent to that associated with the g symmetry. More generally, let the 1o
molecular orbitals be given as

1o — (Isp 1) 1 Qe

P21 Qo2

= 1s-Q(Lo) (1)

nd the 2¢ molecular orbitals are given as

Cll Clz
C21 C22

96 — (sl’ 52) . Q(2cr) s (8)

where s, and s, contain, say, n elements each. Calling S the 2 x2n overlap
matrix between the set 1s and the set 25 = (s,, s,), we obtain, for the condition
that 2o be orthogonal to lo whatever (}(20) may be,

0*t*(lo)-S-C=T.C=0, 9)

where T has been introduced as a 2 xX2n matrix. As C is a 2n X 2 matrix, we
bhave four conditions to be satified by 4n—2 unknowns, and this is clearly
possible with n = 2, as would beif we used Equ. (1). The difficulty is that we
have to accept non-zero elements in C,; and C,,, thus entering the long dispute
about the significance of multi-centre basis orbitals. If we wish to stay in the
frame of a simple MO—LCAO scheme, it is better to require that C,; and C,,
should vanish, in which case we have only 2(n — 1) unknowns. This means
that we must have n > 3, if we wish to keep the basis set completely inde-
pendent of ((20). An intermediate situation, where we can use a double basis
[different values of m in (1) for the bonding and the antibonding MO’s] arises
if one tries to take advantage of some general property of ((20). A case in
point is that of homonuclear two-centre bonds, where it is casy to define dif-
ferent 2s,, orbitals for the g and the u 20 MO’s. If this is not done, one must use
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a general form:
(28ortho > =N(l,Im) (|]1s > —m|2s > +1|35>) (10)

exactly as would be done in the non-symmetrical case.

Conclusion

The example of radial distortion required by the orthogonality condition
is a good illustration of an effect which must be included in an approximate
treatment lest one should lose any hope of giving a theoretical interpretation
of them. The physical significance of orthogonality originates from the fact
that the limits for very large and very small internuclear distances are to
satisfy certain conditions known from the theory of atoms. It is interesting
to note that, as a byproduct of inter-shell orthogonalization, one can distinguish
between two kinds of hybridization. When no orthogonality to the inner shell
is required, an SC calculation with hybrids where the s character is a variational
parameter will always give as close as possible an approximation to the lo
molecular orbital; consequently, the s character tends to zero for the united-
atom limit. On the other hand, at very large internuclear separations, the s
character is maximum; continuit).f then implies an increasing p contribution
as the internuclear distance tends to zero [8]. This kind of hybridization is so
to say ‘essential’, and disappears as soon as orthogonality to the inner shell is
ensured; only then whatever hybridization is found is really a feature leading
to a better approximation of the actual physical situation, and hence has a real
physical significance.

We shall not discuss here in detail scaling as a further modification of the
basis; we only point out that it is very close to radial distortion because it is
not expressible as a linear combination of the basis elements, and affects
directly the radial forms of the atomic orbitals. We prefer to close the present
remarks with a few words regarding the analysis of charge densities and the
reference free-atom orbitals. It is clear that no theory of chemistry is possible
if one has no way of comparing the molecular situation with an ideal, free-
atom situation. The problem of the reference free-atom orbitals arises all the
time whenever we speak of modifications of the basis AO’s. In the above dis-
cussion, we have assumed that the reference orbitals in question are essentially
Slater orbitals, except for the 2s orbital, which is supposed to be orthogonalized
to the corresponding 1s orbital by an appropriate choice of min Equ. (1). The
path to be followed in using these reference orbitals is exemplified in our studies
of the model mentioned above, where one of the intermediate calculations is
over a Slater determinant with pure-s spinorbitals in no way adjusted to the
molecular situation. There are several delicate points in the choices implicit in
this kind of comparison, and the question is by no means settled.
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Once the reference orbitals have been chosen, the question of the ana-
lysis of electron densities ceases to be meaningless. Why one should consider
electron densities is nowadays clear: the analyses in terms of single indices
like the various kinds of populations are much too arbitrary to be relied upen
in drawing physical interpretations, and it seems that, if such indices have
to be introduced, it will be best to start all over again. The analysis of electron
densities could follow RUEDENBERG’s very good treatment [17]. As regards
the basis orbitals, one might separate the density associated with a single
atomic orbital into a contribution identical with that of the free atom and an
‘interference’ contribution associated with each successive modification.

The questions just mentioned deserve a separate study. As a conclusion
of the present article, we shall briefly summarize the main points illustrated
in it [18].

First, a use of ab initio calculations that seems to have been largely
overlooked because of its simplicity is the construction and analysis of simple
models of the chemical bond. Such models may render enormous services both
in clarifying previously known results and in suggesting new ones, and in
making possible a detailed discussion of interpretation schemes and approxi-
mations.

Second, treatments using the LCAO scheme over the valence electrons
may be seriously at fault when effects like inter-shell orthogonalization are
neglected. Such effects are consequences of the approximations used; neverthe-
less, they may be physically significant because the corresponding approxima-
tions may be essential in order to reach an understanding of the molecular
reality. They include changes of the AQ’s with molecular geometry.

Third, the realization that a certain type of modification of the AO basis
is important must be followed by a very careful analysis of the way in which
such a correction should be introduced in order to preserve simplicity and
physical significance.

We hope that considerations like those given above will help to bridge
the apparent gap between the work of researchers devoted to highly sophisti-
cated ab initio calculations and the work of researchers interested in a simple
if approximate understanding of facts.
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MOJIEJIb AB INITIO BBLIUMCJIEHMHA U OBOCHOBAHHE METOIA MO—LCAO

JODKY3EIINE O3J1 PE

Pe3wme

TIpumeHeHue ab initio BBIUMCJIEHHH, KOTOPOE OKAa3bIBAETCA TIIATEJIbHO FPOBEPEHHBIM
6yarogapsi ero nmpocToTe, SIBNSIETCST HCTOJIKOBAHHEM H AHAJHM30M TPOCTHIX MOJENEH XHMHYe-
CKOIf cBsi3n. TaKHe MOJE]IH MOI'yT OKa3blBaTb OFPOMHYIO MOMOIb, KaK NPH YTOYHEHHH 3apaHee
H3BECTHBIX PE3YJIbTATOB, TAK H NMPH HCCJIEJ0BAHHH HOBHIX, aJiee CAENAI0T BOSMOYKHBIM 1oApo0-
HYI0 RHCKYCCHI) HHTEDHAUHOHAJBHBLIX cxeM H npubmmwxenuii. [puemel, npumenstiomue LCAO
CXeMy B CJIyuyae BaJIEHTHBIX 3JIEKTPOHOB, MOI'YT JaBaTb CEPbe3HO OWIHGOYHHI pe3yJsbTaT, eCJH
npesebpeys spdexTaMH, 00yCII0BJIEHHHIMH OPTOroHaJH3alHeldl BHYTpeHHHX oGosoueK. Takue
3ddexTHl CaeLy 0T H3 NPHMEHEHHOT'0 IPHOTHIYKEHHS, XOT51 OHH MOT'YT ObITh (PH3HUECKH BAaXKHBIMH,
TaK KaK COOTBETCTBYIOI{HE MPHOIIKEHHST HHOrA2 HEOOXOMHMBI € HeNbi0 00eCreyeHHst MOHAT-
HOCTH MOJIEKYJISIPHOH peasibHOCTH. OHH BKJIIOYAKIOT B Ce0s1 N3MEHEHHs! aTOMHBIX OpPOHT C Mone-
KYJISIpHWH reomerpueii. 3a peanmsanued, B KoTopoil momudHKaunus 6asmca aTOMHBIX OPOHT
OMpefleJIeHHOI'0 THNA Ba)kKHAa, 00s13aTesIbHO JOJDKEH CliefioBaTh OYEHb TINATENbHBIN aHanus
MpHeMa, B PAMKAX KOTOPOro HMEETCS] BO3MOYKHOCTD JJ1S1 BBE/IEHHST JaHHOH KOPPEKIHH C LEJIbIO
COXPaHEHHs! MPOCTOTHI H (PU3HYECKHX XapaKTEPHOCTEH.
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