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1Institute of Inorganic Chemistry, RWTH Aachen, Prof.-Pirlet-Str. 1, 52056 Aachen, Germany
2Karpov Institute of Physical Chemistry, Vorontsovo pole 10, 105064 Moscow, Russia

Received 20 June 2004; accepted 20 June 2004
Published online 11 October 2005 in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/qua.20795

ABSTRACT: The group functions technique is a natural way to introduce local
description into quantum chemistry. It can also be a basis for construction of
numerically effective computational schemes having almost linear growth of
computational costs with that of the size of the system. Previously, we constructed a
family of computationally efficient semiempirical methods based on the variationally
determined strictly local geminals (SLGs). It was implemented with four popular
parameterization schemes (MINDO/3, MNDO, AM1, and PM3). Because of construction
details, its applicability was restricted only to compounds with well-defined two-
electron two-center chemical bonds and lone pairs. We generalize the previous
treatment to make the electronic structure calculations possible for a wider class of
compounds without loss of computational efficiency. The proposed scheme (SLG/SCF)
is based on the general group function approach combining different descriptions for
different electron groups: essentially local two-electron ones are described by geminals,
while those with other numbers of electrons are described in the one-electron
approximation. We implement the RHF, UHF, and ROHF approaches for the groups
with delocalized electrons. This approach is tested for a series of radicals and molecules
with extended �-electron systems. It is shown that the SLG/SCF-based methods
describe the experimental data not worse than the corresponding SCF procedures and
provide a good starting point for calculations of polyatomic molecular systems. © 2005
Wiley Periodicals, Inc. Int J Quantum Chem 106: 571–587, 2006
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Introduction

T he progress in modern quantum chemistry is
essentially achieved due to the possibility of

making reliable predictions on the electronic struc-
ture and properties of large molecular systems. The
standard ab initio and density functional theory
(DFT) techniques require rather extensive compu-
tational resources that also grow rapidly, while the
size of the system to be studied increases (up to N7,
where N is the number of one-electron functions in
the basis set). It restricts their applicability to sys-
tems of moderate size. Even in the case of semiem-
pirical methods, the growth of computational costs
is as large as N3. When the system at hand is truly
large, but a detailed study of its potential energy
surface (PES) is necessary, specially designed com-
putational schemes should be used, e.g., for biolog-
ically relevant systems.

Two different general strategies have been pro-
posed in the literature for solving the problem of
rapid growth of computational costs for polyatomic
molecules. The first one is based on development of
quantum chemical methods with almost linear de-
pendence of computational costs on the size of the
system (so-called O(N)-methods). The acceptable
scalability properties of quantum chemical methods
can be achieved in different ways. They are thor-
oughly reviewed in [1, 2]. It should only be stated
that most O(N) methods use the local representa-
tion of the wave function. The localization of elec-
tronic degrees of freedom either is based on the
exponential decay of the one-electron density ma-
trix elements in the real space [3] or exploits the
principle of nearsightedness for static observables
formulated by Kohn [4]. The direct use of localized
one-electron states for achieving linear scalability
of required computational resources [5, 6] seems
promising. Regretfully, only a small number of
schemes of that type can compete in quality with
standard methods of ab initio quantum chemistry
[7].

The second way to treat large molecular systems
is to combine descriptions with different computa-
tional costs and, therefore, different capabilities.
(These so-called hybrid quantum mechanical/mo-
lecular mechanical [QM/MM] methods were intro-
duced in practice by Warshel and Levitt [8]; the
credit for the corresponding idea, however, should
be paid to Lennard–Jones [9].) QM/MM methods
tentatively use the well-known observation that the
chemical transformations are local and touch only

relatively small part of the molecule, usually only
several chemical bonds (reaction center), while the
rest remains relatively inert. The reaction center is
usually described by a more or less precise quan-
tum chemical method while the environment is
described by “force fields” (molecular mechanics
[MM]). A considerable number of schemes are used
within this hybrid methodology [10, 11], which cur-
rently becomes a practical tool. The essential fea-
ture of hybrid schemes is the necessity to correctly
describe the frontier and the interaction between
the quantum and classical subsystems. The prob-
lem of intersubsystem junction is not completely
solved which is discussed in Ref. [12]. In fact, most
QM/MM methods construct the junction in an ad
hoc manner, neglecting some physical interactions
and compensating their absence by adding artificial
ones [12].

In a series of papers [13–15] we proposed a gen-
eral strategy for the construction of junction in hy-
brid QM/MM schemes. It is based on distribution
of the basis set of local one-electron functions
among subsystems and sequential construction of
the effective electronic Hamiltonian for the quan-
tum subsystem. The whole construction is essen-
tially based on the underlying wave function for the
inert subsystem, which has to reproduce the struc-
ture of the MM approximation, for example, to
operate with local fragments of its electronic struc-
ture, such as chemical bonds and lone pairs. We
have chosen the trial wave function in the form of
the antisymmetrized product of strictly local gemi-
nals (SLG) as one underlying the MM description.
The possibility to derive an MM-like description of
molecular PES from the SLG trial wave function
was proved in Refs. [16, 17]. It allowed us to obtain
explicit formulae for renormalization of the Hamil-
tonian parameters for the quantum subsystem in
the presence of the classical one described by the
MM [12, 14] and the PES for complex systems [15].
In contrast, the explicit expressions for the forces
and torques acting on the atoms in the MM sub-
system and arising due to variations of the one- and
two-electron densities of the QM boundary bond
are also derived [12].

In view of practical value of the SLG wave func-
tion, we developed semiempirical quantum chem-
ical schemes based on it [18, 19]. These schemes use
the MINDO/3 [20], MNDO [21], AM1 [22], and
PM3 [23] semiempirical parameterizations for the
molecular Hamiltonian. The essential characteris-
tics of the SLG approximation important for moti-
vation of the approach developed in the present
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work are the following. First, the SLG approach [18,
19] uses variationally determined local orbitals.
Most of the geminal-based approaches proposed in
the literature use somehow predefined one-electron
states, either empirically constructed or extracted
from preceding Hartree–Fock calculations by that
or another localization procedure [24, 25]. The
problem of optimizing the one-electron states for
the geminal-based wave functions was rarely ad-
dressed in the literature [26, 27]. At the same time,
the correct form of local one-electron states is im-
portant for the overall quality of the wave function.
Also, these states can be readily used for predicting
properties of molecules and for molecular design
[28, 29].

Another characteristic of the SLG approach is its
computational efficiency. Dividing the molecule
into parts and calculating the electronic structure
for each part separately is a direct way to obtain
linear dependence of computational costs on the
size of the system. It was shown [18] that the SLG-
MINDO/3 method linearly scales with the system
size. In the case of the SLG-MNDO, SLG-AM1, and
SLG-PM3 methods [19] the size-quadratic contribu-
tion to the computational costs has significant
weight due to numerous calculations of two-center
molecular integrals in the basis of hybrid orbitals
throughout the optimization of one-electron states.
In the case of the NDDO parameterizations, the
computational costs can be significantly reduced by
using multipole–multipole interaction schemes for
the Coulomb interactions between nonbonded at-
oms [30]. The comparison of the SLG and the self-
consistent field (SCF) procedures with analogous
parameterizations has unequivocally demonstrated
that the quality of numerical results on the heats of
formation, molecular geometries, and vertical ion-
ization potentials obtained using two essentially
different trial wave functions is similar with some
advantage of the SLG-based methods. Also, the
SLG trial wave function, unlike the SCF one, pos-
sesses correct asymptotic behavior under cleavage
of chemical bonds, and its essentially local charac-
ter allows interpreting chemical data in a transpar-
ent fashion.

All these features—linear scaling, which inciden-
tally leads to correct asymptotic behavior, varia-
tional determination of one-electron states, and a
direct way to classical force fields and QM/MM
interface, accurate description of experimental
data—make the SLG-based semiempirical quantum
chemistry an important alternative to the well-
known and widely accepted SCF-based semiem-

pirical quantum chemical procedures. The serious
drawback of the SLG methods is their nonuniver-
sality. The SLG trial wave function assumes the
molecule to have well-defined connectivity matrix,
i.e., its structure is uniquely depicted by combina-
tion of two-electron chemical bonds and lone pairs
neither with significant electron delocalization be-
tween different geminals nor with resonance of
thus defined different structures. It is clear that
many important classes of molecular systems do
not fit to this picture, for example, the systems with
odd number of electrons (radicals), delocalized
�-systems, coordination compounds, etc.

Within the framework of valence bond (VB) the-
ories, the problem of description of resonance be-
tween different local wave functions is typically
solved by configuration interaction for several VB
(and, possibly, SCF) structures (see, e.g., Refs. [31,
32]). The SLG approach can be extended to treat
more general situation, when the electronic groups
with essential delocalization are allowed. It can be
made in the framework of the general group func-
tion theory [33] treating different electron groups
by different procedures. Some of these groups can
be described by geminals and some of them are
described by single Slater determinants build upon
molecular orbitals. This possibility brings us to the
realm of the hybrid methodology, but of its partic-
ular kind, when different parts are treated using
different methods of quantum chemistry [34, 35]. A
similar form of the wave function is used in the
general setting of the GVB-PP method [36], but an
important point here is how to determine the car-
rier spaces for molecular orbitals and geminals.
Even in the case of semiempirical implementation
rapid GVB schemes with general one-electron states
are based on very cumbersome working equations
[37]. A general method based on the strongly or-
thogonal groups is implemented in the VB-2000
program suite [38]. At the same time, the particular
ab initio implementation allows calculations of
small molecules only. The limitations in the appli-
cability of the geminal-type wave function have led
Rassolov [27] to construct a so-called singlet-type
strongly orthogonal geminals (SSG) wave function.
The ab initio SSG method [27] is based on the
antisymmetrized product of geminals and orbitals
both delocalized over the whole molecule. The SSG
method is positioned as one applicable to all mo-
lecular systems. In practice, however, it was tested
only on diatomics [27]. Our extension of the gemi-
nal approach is essentially based on the strict local-
ity of one-electron states and the ultimate need to
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conserve the above-mentioned attractive properties
of the SLG-based methods. In the next section, we
consider the general structure of a new hybrid
method and working formulae for the total energy
and for the effective energy operators for the
groups. We then test the proposed procedure, using
an MNDO-based parameterization of the electronic
Hamiltonian with special attention paid to the
�-electron systems. The analysis of the calculated
electronic structure and geometry of the test sys-
tems gives some insight into the relative impor-
tance of electron delocalization and correlation in
typical organic molecules and allows us to draw
conclusions about the general applicability of the
scheme proposed, which are given in the final sec-
tion. We also discuss the relation between numeri-
cal experiments on �-conjugated systems per-
formed within the SLG/SCF approach and the
traditional �-electron theory.

Method

Construction of the method is based on the elec-
tron group functions formalism. The entire molec-
ular system is divided into groups. These groups
represent chemical bonds, lone pairs, local un-
paired valences, or delocalized �-electron systems,
or they can be constructed in another way based on
chemical intuition. The definition of any group in-
cludes the number of electrons in it and the set of
one-electron basis functions spanning its carrier
space. The settings for the group also include its
spin state and a method (approximate form for the
trial wave function) to be used for electronic struc-
ture calculation. The choice of the carrier space is
the question of primary importance. The intuitive
concepts of chemical bonding are mainly based on
the hybrid orbitals (HOs), which are constructed
from the atomic orbitals (AOs) located on one atom.
The concept of hybridization proved very fruitful
[28]. However, it imposes strong restrictions on the
molecular wave function. The usual representation
of chemical bonds and lone pairs by localized mo-
lecular orbitals (LMOs) relies on the transformation
of canonical MOs on the basis of that or another
localization criterion [39–41]. The orbitals thus ob-
tained are not strictly local and have nonzero am-
plitudes on many atoms.

Although the use of the HO basis sets is an
important constraint on the flexibility of wave func-
tion, it allows construction of linearly scaling pro-
cedures and is useful for separation of electronic

variables in a complex system [12, 42]. The con-
struction of HOs reduces to orthogonal rotation of
the AOs centered on some atom A:

tp�
� � �

i�A

hpi
Aai�

� , (1)

where �tp�� � tp�
� �0� is the HO, and SO(4) matrix hA

determines the transformation from the AO to the
HO basis set on the atom A bearing the valence
sp-basis. The orthogonality of matrices hA ensures
the orthogonality of the carrier spaces assigned to
the groups and, therefore, the strong orthogonality
of electronic wave functions for the latter. The
transformations hA (and, therefore, HOs) are deter-
mined on the ground of variational principle for the
energy. The transformation is meaningful only in
the case of nonhydrogen atom with orbitals belong-
ing to at least two different electron groups (frontier
atom). The optimal transformation matrix can be
determined by minimizing the total energy with
respect to six angular variables per heavy (nonhy-
drogen) atom providing parameterization of the
SO(4) manifold by a product of six two-dimen-
sional Jacobi rotations.

Each HO should be uniquely assigned to some
electron group. If the group is to be described by an
SCF-based method the molecular spin-oribtals are
constructed as linear combinations of the hybrid
spin-orbitals:

bi��
� � �

p��SCF�

ci�ptp�
� . (2)

In the case of a geminal representing a two-center
two-electron bond, the HOs at the “right” and “left”
ends of the bond can be denoted as �rm� and �lm�.

Each geminal is then a superposition of three
singlet two-electron configurations:

gm
� � umrm�

� rm�
� � vmlm�

� lm�
� � wm�rm�

� lm�
� � lm�

� rm�
� �,

(3)

which are two ionic configurations (both electrons
are on the same end of the chemical bond) and the
covalent (Heitler–London type) one, respectively.
The normalization condition for the geminal ampli-
tudes um, vm, and wm reads:

�0�gmgm
��0� � um

2 � vm
2 � 2wm

2 � 1. (4)
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In the case of a lone electron pair, only one config-
uration survives with the amplitude equal to unity:

gm
� � rm�

� rm�
� . (5)

The wave function for the entire molecule is
represented by the antisymmetrized product of
geminals and molecular orbitals:

�	� � ��
i�

bi��
� ���

m

gm
�� �0�, (6)

which we abbreviate as SLG/SCF. This wave func-
tion is written as if only one SCF group were
present. At the same time, the presence of several
SCF-treated groups leads only to grouping of sum-
mations over HOs in the definition Eq. (2) with
respect to assignment of the HOs to the correspond-
ing SCF-treated group. Therefore, the wave func-
tion Eq. (6) is quite general. It is convenient to
introduce the density matrices for separate groups
(one-electron density matrix is block-diagonal and
nonvanishing intergroup elements of the two-elec-
tron density matrix are always products of ele-
ments of one-electron density matrix). In the case of
the SCF groups, the spin-dependent density matri-
ces are

Ppq
� � �

i�

ci�pci�q. (7)

In the case of (singlet) geminals, one- and two-
electron density matrices are spin independent:

Pm
tt
 � �0�gmtm�

� t
m�gm
��0�, Pm

rr � um
2 � wm

2 ,

Pm
ll � vm

2 � wm
2 , Pm

rl � Pm
lr � �um � vm�wm,

�m
tt
 � �0�gmtm�

� t
m�
� t
m�tm�gm

��0�,

�m
rr � um

2 , �m
ll � vm

2 , �m
rl � �m

lr � wm
2 . (8)

We consider the electronic Hamiltonian in the
NDDO approximation and transform it to the basis
of HOs. This transformation generally preserves the
overall structure of the Hamiltonian. It remains the
sum of one- and two-center contributions:

H � �
A

HA � �
A�B

HAB, (9)

where the one-center contributions have the form

HA � �
tt
�A

�Utt

A � �

BA

Vtt
,B
A � �

�

t�
�t
�

�
1
2 �

tt
t�t��A

�tt
�t�t��A �
��

t�
�t ��

�t��t�, (10)

while the two-center contributions have the form

HAB � � �
t�A
t
�B

�tt

AB �

�

�t�
�t
� � h.c.�

� �
tt
�A
t�t��B

�tt
�t�t��AB �
��

t�
�t��

�t��t
�. (11)

The expressions for molecular integrals in the basis
of HOs through the transformation matrices hA and
molecular integrals in the basis of AOs can be found
in Refs. [18, 19].

The total energy of the entire molecule can be
found as is usually done, by averaging the elec-
tronic Hamiltonian over the electronic wave func-
tion and adding the core–core repulsion:

Etotal � Eel � Ecore– core,

Ecore– core � �
A�B

ZAZB��ss�ss�AB � DAB�,

Eel � �
A

�EA
�1� � EA

�2�� � �
A�B

�EAB
�1� � EAB

�2� �, (12)

where DAB is specific contribution characteristic for
semiempirical methods employed. The electronic
energy in the present approximation is a sum of
contributions of four types: one- and two-center
and one- and two-electron ones. The first type of
contributions to the energy arises from attraction of
electrons to the cores. For an arbitrary atom A it can
be written as

EA
�1� � �

pq��A,SCF�
�Upq

A � �
BA

Vpq,B
A � �

�

Ppq
�

� 2 �
tm��A,SLG�

�Utmtm

A � �
BA

Vtmtm,B
A �Pm

tt. (13)

The second type of contribution to the energy
corresponds to one-center electron–electron repul-
sion and can be written as
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EA
�2� � �

pp
qq
��A,SCF�
�(pp
�qq
)APpp


� Pqq

� �

1
2 [(pp
�qq
)A

� (pq
�qp
)A] �
�

Ppp

� Pqq


� � � �
pq��A,SCF�
tm��A,SLG�

�2�pq�tmtm�A

� �ptm�tmq�A�Pm
tt �

�

Ppq
� � �

tmt 
n��A,SLG�

�4�tmtm�t
nt
n�A

� 2�tmt
n�t
ntm�A�Pm
ttPn

t
t
 � �
tm��A,SLG�

�tmtm�tmtm�A�m
tt. (14)

The resonance (one-electron transfer) contribu-
tions to the energy are nonzero only for intragroup
electron transfers:

EAB
�1� � �2 �

p��A,SCF�
q��B,SCF�

�pq
AB �

�

Ppq
� � 4 �

tm��A,SLG�

t̃m��B,SLG�

�tmt̃m

AB Pm
tt̃. (15)

The last type of contribution to the energy arises
from the two-center electron–electron repulsion. It
takes the following form for any pair of atoms A
and B:

EAB
�2� � �

pp
��A,SCF�
qq
��B,SCF�

�pp
�qq
�AB���
�

Ppp

� ���

�

Pqq

� �

� �
�

Ppq

� Pqp


� � � 2 �
tm��A,SLG�
pq��B,SCF�

�tmtm�pq�ABPm
tt �

�

Ppq
�

� 2 �
pq��A,SCF�
tm��B,SLG�

�pq�tmtm�ABPm
tt �

�

Ppq
�

� 2 �
tm��A,SLG�

t̃m��B,SLG�

�
p��A,SCF�
q��B,SCF�

�tmp�qt̃m�ABPm
tt̃ �

�

Ppq
�

� 2 �
tm��A,SLG�
t 
n��B,SLG�

�tmtm�t
nt
n�AB�2�1 � 	mn�Pm
ttPn

t
t
 � 	mn�m
tt
�

� 4 �
tm��A,SLG�

t̃m��B,SLG�

�
t 
n��A,SLG�

t̃ 
n��B,SLG�

�tmt
n�t̃
nt̃m�ABPm
tt̃Pn

t 
t̃
. (16)

The energy of the molecule is minimized accord-
ing to variational principle with respect to the elec-
tronic structure parameters. We implemented an
iteration scheme that alternates optimizations of
HOs and determinations of density matrices for
electron groups. The optimal HOs are obtained by
gradient minimization of the energy with respect to
sextuples of parameters determining transforma-
tion matrices hA. The geminal amplitudes um, vm,
and wm are obtained by diagonalizing 3 � 3 effec-

tive Hamiltonians for each geminal representing a
chemical bond. For determination of molecular or-
bitals and one-electron density matrices in the SCF-
treated groups, we implemented three procedures
that are well known in the literature [33]: restricted
Hartree–Fock (RHF), restricted open-shell Hartree–
Fock (ROHF), and unrestricted Hartree–Fock
(UHF). The construction of the effective Fock oper-
ators for these methods takes into account the pres-
ence of other electron groups. They modify one-
electron matrix elements of the effective operator.
The modified one-electron operator has the follow-
ing matrix elements h̃pq for the orbitals p � A and
q � B:

h̃pq � 	AB�Upq
A � �

CA

Vpq,C
A � �

tm��A,SLG�

[2(pq�tmtm)A

� (ptm�tmq)A]Pm
tt � 2 �

tm��CA,SLG�

(pq�tmtm)ACPm
tt�

� �1 � 	AB���pq
AB � �

tm��A,SLG�

t̃m��B,SLG�

(tmp�qt̃m)ABPm
tt̃�. (17)

The averaging of two-electron operators acting
within any of the SCF-treated groups and produc-
ing the Fock operator is not affected by the presence
of other groups. It is clearly seen that the number of
elementary steps in the optimization procedure is
proportional to the size of the system if all the
groups are chosen to be small. Therefore, the im-
portant property of linear scalability of computa-
tional resources provided by the SLG-based meth-
ods is preserved in this more general approach.
Based on the above expressions for the energy and
corresponding analytic gradients, we also imple-
mented the procedure for determination of the op-
timal molecular geometries.

Results and Discussion

The SLG/SCF scheme is implemented for four
semiempirical Hamiltonians: MINDO/3, MNDO,
AM1, and PM3. In this section, we discuss only one
of them, MNDO, since the qualitative conclusions
are similar for all the mentioned parameterizations.
Our main purpose is to study the effect of trial
wave function upon calculated molecular proper-
ties. Physically, the difference between the SCF and
SLG(/SCF) wave functions can be understood as a
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combination of two factors: in the case of the SLG/
SCF scheme the delocalization between electron
groups is totally suppressed, while in the SCF
scheme it is taken into account; on the other hand
the SLG/SCF scheme takes into account the in-
trabond electron correlation, while the SCF scheme
lacks it.

A type of scheme in which the electronic struc-
ture of molecule is represented as a Slater determi-
nant, but each molecular orbital is a linear combi-
nation of only two HOs is known in the literature,
corresponding to the wave function of strictly lo-
calized molecular orbitals (SLMO) [43]. This wave
function is obviously less precise than that of the
SCF method due to restrictions on the form of MOs,
especially when the structure of localized molecular
orbitals is not optimized. At the same time, it can be
used as a starting point for constructing perturba-
tional treatments, analogous to that implemented in
the PCILO scheme [44]. Within the framework of
the SLG/SCF approach, one of the variants of the
SLMO scheme can be obtained by setting the SCF
method as a means of calculation of all electron
groups. The important difference of this SLMO
scheme from those proposed earlier is the means of
determining one-electron states forming the local-
ized MOs, i.e., their constrained variational deter-
mination. It allows defining the delocalization en-
ergy as the difference between energies obtained by
the SCF and SLMO schemes.

The correlation energy can also be readily calcu-
lated for any chemical bond: it is simply the differ-
ence between energies obtained for the geminal in
the SLG and SCF approximations, with all other
electronic structure parameters fixed. Thus, we can
consider interplay between electron delocalization
and intrabond correlation. The corresponding data
are given in Table I, which presents delocalization
energies for some simple test molecules and corre-
lation energies for all chemical bonds in them. The
energies of electron delocalization naturally in-
crease with the size of the molecular system. Their
additivity is only approximate, since the interaction
between chemical bonds separated by one or two
chemical bonds is also significant. For example, the
difference between delocalization energies for
ethane and methane is 18.72 kcal/mol, while the
difference between delocalization energies for pro-
pane and ethane is 19.30 kcal/mol. The delocaliza-
tion energy strongly depends on the number of lone
electron pairs. In the case of systems with lone
electron pairs, the delocalization energy is smaller

mainly because the electron transfers to these pairs
are impossible.

The delocalization energies calculated as differ-
ences between the SCF and SLMO energies can be
compared with the perturbation estimates of the
latter. The simple one can be obtained in the second
order with respect to the one-electron transfers be-
tween the geminals. Each geminal can be expressed
through bonding and antibonding orbitals �bm� and
�am�, which are orthogonal linear combinations of
HOs �rm� and �lm�:

gm
� � Umbm�

� bm�
� � Vmam�

� am�
� . (18)

Equation (18) represents the natural expansion of
the geminal. The relevant excited states are those
with one electron on one of the geminals and three
electrons on some other geminal, occupying bond-
ing and/or antibonding spin-orbitals, and with all
other geminals fixed. The matrix elements neces-
sary for the perturbation estimate are calculated

TABLE I ______________________________________
Energies of correlation for some chemical bonds,
and energies of delocalization for some molecules
as obtained for MNDO parameterization of the
Hamiltonian (kcal/mol).

Molecule Bond Ecorr Edel Edel(PT)

H2 HOH �0.97 0.0 0.0
CH4 COH �0.92 �17.06 �22.61
C2H6 COC �0.79 �35.78 �44.91

COH �0.94
C3H8 COC �0.83 �55.08 �68.50

C1OH �0.94
C2OH �0.97

C2H4 �OCOC �0.27 �34.64 �38.66
�OCOC �8.84
COH �0.84

C2H2 �OCOC �0.12 �25.19 �30.50
�OCOC �5.48
COH �0.68

NH3 NOH �1.12 �3.13 �4.54
CH3NH2 CON �1.26 �32.57 �34.29

COH �0.97
NOH �1.12

H2O OOH �1.18 �1.36 �2.07
CH3OH COO �1.29 �34.11 �32.49

COH �0.99
OOH �1.20

HF FOH �1.89 0.00 0.00
CH3F COF �1.65 �31.23 �27.58

COH �0.98
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using the MNDO Hamiltonian and the wave func-
tion of the SLG form. For simplicity, we neglected
complicated (but incidentally relatively small) con-
tributions to interbond one-electron transfer com-
ing from the interatomic Coulomb interactions. The
calculated delocalization energies are given in Ta-
ble I. Data analysis shows that the delocalization
energies obtained by different methods are quite
close and have the same qualitative behavior. We
can conclude that the definition of the electron de-
localization energy as a difference between the SCF
and SLMO energies is adequate.

The intrabond correlation energies given in Ta-
ble I are calculated for equilibrium interatomic dis-
tances. In the case of large interbond distances, the
effect of correlations can be essentially larger, since
the SCF-based description of chemical bond leads
to an incorrect dissociation limit. Nevertheless, for
equilibrium geometries, the estimates for the corre-
lation energies of �-bonds obtained with semiem-
pirical parameters are all close to 1 kcal/mol. Some-
what larger values are obtained for chemical bonds
involving heteroatoms. The special case is provided
by multiple bonds where the correlation energy
for �-bonds is very small, while that for �-bonds
amounts to several kcal/mol. Another conclusion is
that the correlation energies calculated for the same
chemical bond in similar environments are very
close: see, for example, primary COH bonds in all
alkanes, NOH bond in ammonia and methylamine,
and OOH bond in water and methanol. At the
same time, it can be seen that the correlation energy
for the COH bond in methyl group bonded with
electronegative atom is somewhat larger than that
in alkanes.

Another question that can be addressed in the
present context is how the difference in the way of
density matrix determination in the basis of HOs
affects the composition of the latter. Each HO is
characterized by its direction and the weight of the
s-orbital. The latter is in a one-to-one correspon-
dence with the quantity x in the standard spx-nota-
tion for the HOs. Table II represents the x values for
the HOs as calculated in the framework of the
SLMO and SLG schemes. The analysis shows that
the difference between two ways of determination
of optimal HOs is not very large. In fact, the qual-
itative pictures are the same. Relatively large quan-
titative deviations are found only for the hetero-
atom hybrids directed to the neighbor carbon
atoms.

Up to this point, we have discussed mainly the
particular variant of the SLG/SCF scheme, i.e., that

of the SLMOs, and have studied the delocalization
and correlation contributions to the energy within
this framework. The important question of param-
eterization of the SLG/SCF method was not con-
sidered. It is not a very simple and well-defined
problem because the electronic structure calculated
by this method depends not only on the composi-
tion and the spatial structure of the molecule, but
also on the definition of electron groups. At the
same time, it looks like a reasonable solution to
define different parameters for electron groups
with different form of the trial electronic wave func-
tion. To achieve the best agreement of the calcu-
lated characteristics with the experimental charac-
teristics, it is necessary to reconsider the whole set
of parameters of semiempirical method, since many
of them in that or another extent implicitly account
for the type of trial wave function (more precisely,

TABLE II ______________________________________
Indices x in the spx representation of hybrid orbitals
as evolved from the energy minimization by the
SLG-MNDO and SLMO-MNDO methods.

Molecule Hybrid � (SLMO) � (SLG)

C2H6 C 3 C 3.05 3.07
C 3 H 2.98 2.98

C3H8 C1 3 C2 3.11 3.07
C2 3 C3 3.00 3.02
C1 3 H 2.96 2.98
C2 3 H 3.00 2.98

C2H4 C 3 C 1.70 1.73
C 3 H 2.18 2.15

C2H2 C 3 C 0.94 0.94
C 3 H 1.06 1.06

NH3 N 3 H 7.72 7.77
N 3 : 0.52 0.52

CH3NH2 C 3 N 3.93 4.10
N 3 C 6.44 8.50
C 3 H 2.76 2.73
N 3 H 6.39 7.43
N 3 : 0.68 0.52

H2O O 3 H 8.53 8.56
O 3 : 1.53 1.53

CH3OH C 3 O 4.65 4.97
O 3 C 8.90 10.31
C 3 H 2.65 2.60
O 3 H 7.91 8.42
O 3 : 1.54 1.48

HF F 3 H 5.32 4.96
CH3F C 3 F 5.41 5.41

F 3 C 4.95 5.22
C 3 H 2.55 2.55
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to the amount of electron correlation explicitly in-
cluded in it). For the time being, our purpose is not
to reach the best possible quantitative agreement
with experiment, but to demonstrate a general ap-
plicability of the proposed scheme. Therefore, we
restrict the re-parameterization by a relatively small
parameters’ subset, that for the resonance (one elec-
tron hopping), since it is the most sensitive one with
respect to the form of the trial wave function. This
strategy previously led to a successful parameter-
ization of the SLG method [18, 19]. Bearing this in
mind, we introduce different sets of resonance pa-
rameters for the SLG and SCF electron groups.

The outlined strategy of “point” re-parameter-
ization immediately opens access to a whole class of
systems that cannot be calculated with the use of
the SLG-based methods. These are free �-radicals
with a single local orbital assigned to the SCF sub-
system. Their calculation does not imply any re-
parameterization, since no resonance interaction
appears for the singly occupied HO spanning the
whole carrier space for the corresponding group.
Table III represents heats of formation for a small
test set of radicals calculated by the SCF-MNDO
and SLG/SCF-MNDO methods, compared with the
experimental data. The data in Table III show that
for this class of objects, the SLG/SCF-MNDO
method turns out to be preferable to the SCF-
MNDO method. Only in the case of the NH2 and
OH radicals are the heats of formation calculated by
the SCF-MNDO method closer to the experimental
ones than those calculated by the SLG/SCF
method.

A crucial test for the SLG/SCF method is calcu-
lation of electronic structure and properties of mol-
ecules with delocalized �-systems. In this case, the
number of parameters to be modified is also very

small. We consider �-electron systems of different
extent formed by orbitals of the C and N atoms. As
previously, we use the MNDO parameterization
but also, for comparison, we give the results ob-
tained using a simpler MINDO/3 scheme, as it uses
an essentially different scheme for parameteriza-
tion of the resonance integrals. The readjusted val-
ues of the resonance parameters for the SCF �-sub-
system are the following: in the case of the MNDO
parameterization, �p

�(C) � 9.92 eV and �p
�(N) �

21.97 eV, while in the case of the MINDO/3 param-
eterization, �CC

� � 0.452, �NC
� � 0.371, and �NN

� �
0.400. These values should be compared with the
original SCF ones: �p(C) � 7.934122 eV and �p(N) �
20.495758 eV for the SCF-MNDO parameterization
and �CC � 0.419907, �NC � 0.410886, and �NN �
0.377342 for the SCF-MINDO/3 one.

Table IV represents heats of formation for some
test molecules containing �-electron systems calcu-
lated by the SCF and SLG/SCF methods, with the
MNDO and MINDO/3 parameterizations as well
as the experimental values. In all cases the maximal
�-system was used in the SLG/SCF calculations
(e.g., four p-orbitals form a single four-electron
group in butadiene and not two two-electron ones).
The data presented in Table IV show that in the case
of the MNDO parameterization, the level of agree-
ment with the experiment for the SCF and SLG/
SCF techniques depends on the class of the mole-
cules. The SCF scheme better suits for molecules
with multiple bonds (including those with conju-
gated double bonds), while the SLG/SCF scheme
works better in the case of aromatic compounds.
Some disbalance in the quality of description of
different �-systems certifies that the parameters for
the �- and �-subsystems arising from the MNDO
parameterization are not optimal. Generally, con-
sidering the whole set of the test molecules, we can
draw a conclusion about similar quality of the SCF-
MNDO and SLG/SCF-MNDO methods in descrip-
tion of the heats of formation. It should be noted
that adding the delocalization energy for the
�-bonds (calculated as the difference between the
SCF and SLMO energies of �-system where the
two-center two-electron �-bonds are described by
LMOs without intergroup resonance) to the heats of
formation obtained by the SLG method for com-
pounds with conjugated double bonds can improve
the agreement with the experiment: for example, in
the case of trans-1,3-butadiene the heat of formation
becomes 28.9 kcal/mol, while in the case of fulvene
it becomes 52.9 kcal/mol. In the case of the
MINDO/3 parameterization, the transition from

TABLE III _____________________________________
Experimental and calculated by the SCF-MNDO and
SLG/SCF-MNDO methods heats of formation for
free radicals (kcal/mol).

Molecule Expt MNDO SCF MNDO SLG/SCF

CH3 34.8 25.8 36.9
C2H5 25 12.8 26.8
(CH3)2CH 16.8 1.5 18.9
(CH3)3C 4.5 �7.2 14.6
NH2 40.1 37.1 30.9
OH 9.5 0.5 �2.5
HCO 10.4 �0.5 10.9
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the SCF to the SLG/SCF trial wave function signif-
icantly improves the description of experimental
data on the heats of formation. It is especially well
seen in the example of HN3 and relative stability of
three isomers: pyridazine, pyrimidine, and pyr-
azine. The data in Table IV show that the MNDO-
based methods are more suitable than the MINDO/
3-based ones for describing the heats of formation
of molecules with extended �-electron systems.

Above we performed qualitative comparison of
heats of formation calculated by different methods
(SCF and SLG/SCF). At the same time quantitative
analysis of errors of different methods can give
more insight on their particular characteristics. To
perform such an analysis, we considered a set of 67
test molecules. Their heats of formation were cal-
culated by the SCF and SLG/SCF methods with the
MNDO parameterization (see Table II of Ref. [19]
and Tables III and IV of the present study). For each
of the molecules and calculation methods, the error
in the heat of formation was calculated as the dif-
ference between calculated and experimental val-
ues. If one takes this error as a random variable a
subsequent statistical treatment makes sense. In
this assumption, we consider empirical distribution
functions for the errors for both calculation meth-
ods. The characteristics of these distributions can
be readily found. In the case of the SCF-MNDO
method, the average over set of errors is approxi-
mately �3.3 kcal/mol, while in the case of the

SLG/SCF-MNDO method, this value is only 0.01
kcal/mol. These estimates indicate that the SCF-
MNDO method has a noticeable systematic error in
the calculated heats of formation, while the SLG/
SCF-MNDO method is free of this error; its errors
lie more or less symmetrically around the zero
value. This preliminary conclusion can be refined
by statistical analysis. For each of the methods, the
normal distribution for errors in the heats of forma-
tion holds with reasonable accuracy provided four
molecules (of 67) with largest deviations from the
experiment are excluded from the consideration.
This conclusion can be drawn from Figures 1 and 2
representing the empirical distribution functions of
errors in the coordinates linearizing the normal dis-
tribution for the SCF-MNDO and SLG/SCF-MNDO
methods, respectively, as well as the linear fits for
both distributions. The closeness of the sets of
points to the corresponding linear fits certifies the
general applicability of the assumption of the nor-
mal distribution of errors. The linear fits contain the
information about the parameters of the normal
distribution (mean value and dispersion) describ-
ing the errors. The abscissa for the crossing of the
linear fit and the x axis gives the value of the a
parameter (average), while the slope of the linear fit
is ��1. The numerical values of a and � obtained are
the following: a � �3.2 kcal/mol, � � 7.8 kcal/mol
and a � 0.3 kcal/mol and � � 7.0 kcal/mol for the
SCF- and SLG/SCF-based methods, respectively.

TABLE IV _____________________________________________________________________________________________
Experimental and calculated by the SCF-MNDO(MINDO/3) and SLG/SCF-MNDO(MINDO/3) methods heats of
formation for molecules with �-systems (kcal/mol).

Molecule Expt MNDO SCF MNDO SLG/SCF MINDO/3 SCF MINDO/3 SLG/SCF

C2H4 12.5 15.3 17.0 19.2 22.2
C2H2 54.3 57.3 45.6 57.8 49.8
trans-1,3-Butadiene 26.0 28.9 32.2 31.9 31.9
Fulvene 47.5 53.6 58.2 67.3 60.8
Cycloheptatriene 43.9 33.6 50.4 33.6 35.9
Benzene 19.8 21.2 19.3 28.4 16.0
Toluene 12.0 13.5 15.1 22.3 15.0
Naphthalene 36.1 38.1 37.7 55.4 28.8
Allyl 40.0 35.3 42.4 43.9 46.9
Pyridine 34.6 28.7 34.3 34.4 34.7
Pyridazine 66.5 44.2 54.4 23.0 55.7
Pyrimidine 47.0 35.5 50.3 35.9 51.9
Pyrazine 46.9 38.3 51.3 41.8 53.7
Aniline 20.8 22.0 29.4 18.2 14.2
HN3 70.3 73.0 71.1 �13.9 50.1
CH3NC 35.6 60.0 42.4 21.5 48.3
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The values of a confirm the presence of the system-
atic error in the SCF-MNDO method estimates of
the heats of formation and its absence in the SLG/
SCF-MNDO estimates.

For further evaluation of a new method, it is also
necessary to compare the optimal molecular geom-
etries as obtained by the SCF and SLG/SCF meth-

ods. In the previous studies on the SLG wave func-
tion [19], it was established that the latter allows us
to improve description of the lengths of chemical
bonds formed by heteroatoms and of the torsion
angles as compared with the standard SCF-based
semiempirical methods. Table V presents data on
molecular geometries of several compounds as cal-

FIGURE 1. Empirical distribution of errors for heats of formation in the SCF-MNDO method.

FIGURE 2. Empirical distribution of errors for heats of formation in the SLG/SCF-MNDO method.
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culated by the SCF and SLG/SCF methods with the
MNDO and MINDO/3 parameterizations and the
corresponding experimental data. It shows that for
the both parameterizations, the quality of optimal
molecular geometries obtained with the different
wave functions is similar. As in the case of the heats
of formation, the SCF method better describes com-
pounds with multiple bonds, while the SLG/SCF
method is better suited to the aromatic compounds.

A convenient way to compare the electronic
structures obtained using different methods is to
compare the total charges on atoms. The corre-
sponding data are given in Table VI. It is clearly
seen that the charge distributions obtained by the
SCF and SLG/SCF methods are quite different. In
CH3NC the difference is even qualitative (sign of
the charge on the atom C1). The quantitative differ-
ences can be also rather large. For example, the
COH bonds in the SLG/SCF method are signifi-
cantly polarized, while in the case of the SCF ap-
proximation they are almost nonpolar.

In the present calculations of molecules with
�-electron systems, the �/�-separation is explicitly
employed. It is interesting to analyze the set of
parameters of the �-electron Hamiltonian compat-
ible with our consideration. First, we consider eth-
ylene molecule, its ground electronic state (1A1g),
excited singlet state (1B1u), and excited triplet state
(3B1u). From the energies of the excitations 1A1g 3
1B1u and 1A1g3

3B1u, we can estimate the difference
between the one-center and two-center Coulomb
repulsion 
11 � 
12 and the resonance integral �,
since

E�1B1u� � E�3B1u� � 
11 � 
12 (19)

and

E�1B1u� � E�1A1g� �

11 � 
12

2

� ��
11 � 
12

2 � 2

� 4�2. (20)

TABLE V ______________________________________________________________________________________________
Experimental and calculated by the SCF-MNDO(MINDO/3) and SLG/SCF-MNDO(MINDO/3) methods geometry
parameters.

Molecule Parameter Expt MNDO SCF MNDO SLG/SCF MINDO/3 SCF MINDO/3 SLG/SCF

trans-1,3-Butadiene C1C2 1.344 1.341 1.321 1.329 1.315
C2C3 1.463 1.465 1.440 1.464 1.438
C1C2C3 123.3 125.7 125.0 124.7 125.3

Fulvene C1C2 1.470 1.491 1.463 1.508 1.479
C2C3 1.355 1.366 1.343 1.359 1.340
C3C4 1.476 1.477 1.449 1.481 1.454
C1C6 1.349 1.345 1.323 1.337 1.324

Benzene CC 1.397 1.407 1.382 1.406 1.387
CH 1.084 1.090 1.080 1.106 1.088

Naphthalene C1C2 1.364 1.382 1.361 1.380 1.364
C2C3 1.415 1.429 1.405 1.431 1.402
C1C9 1.421 1.439 1.412 1.449 1.423
C9C10 1.418 1.435 1.415 1.462 1.438

Pyridine N1C2 1.338 1.353 1.355 1.335 1.355
C2C3 1.394 1.411 1.379 1.406 1.375
C3C4 1.392 1.405 1.380 1.406 1.385
C2H 1.086 1.095 1.085 1.114 1.092
C3H 1.082 1.089 1.081 1.105 1.089
C4H 1.081 1.090 1.081 1.106 1.088
C6N1C2 116.9 118.2 115.8 119.6 117.1
N1C2C3 123.8 122.8 123.6 122.5 122.9
C2C3C4 118.5 118.8 119.5 118.2 119.4
C3C4C5 118.4 118.6 118.1 119.0 118.3
HC2C3 120.2 121.3 120.6 121.1 120.4
HC3C2 120.1 120.3 120.1 121.1 120.4
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The energy of the singlet-triplet transition 1A1g

3 3B1u is well established experimentally. It is
equal to 4.36 eV [45]. The experimental value for the
energy of the 1A1g 3

1B1u transition is determined
as the maximum of the band corresponding to �3
�* excitation. It is equal to 7.66 eV [46]. At the same
time, it was established [47, 48] that this maximum
does not correspond to the vertical transition, but to
a somewhat twisted ethylene molecule. The energy
of this transition accepted in the literature on the
basis of detailed refinement is 8.0 eV. Taking these
values for the energies of transitions as a reference,
we estimate 
11 � 
12 � 3.6 eV and � � 2.95 eV. The
values close to these were obtained in the frame-
work of the effective valence shell Hamiltonian for-
malism based on the Löwdin orthogonalized orbit-
als [49]. We should note that the value of resonance
integral coming from considerations of larger
�-systems and typically accepted in theoretical con-
siderations is significantly lower (�2.4 eV). Within
the framework of the SLG/SCF scheme, the MNDO
parameterization leads to the following values:


11 � 
12 � 3.59 eV, and � � 2.16 eV. At the same
time, the “effective” resonance parameter [coeffi-
cient at the nondiagonal element of one-electron
density matrix at energy expression Eq. (15)] within
the SLG/SCF-MNDO scheme is not �, but ��

eff �
� � 1

2 (�����)CC (we assume the bond order to be
unity for the �-bond), which amounts to 2.43 eV.
This is precisely the value of this parameter, which
has been known for decades. We see that the dif-
ference between both Coulomb integrals used in
the MNDO approximation and the resonance inte-
gral (effective) are quite close to those obtained
from the experiment.

Further comparison of our numerical results
with previous theoretical concepts and experimen-
tal data involves analysis of the famous bond order
vs. bond–length relation. The values of the equilib-
rium COC distances obtained in the framework
of the SLG/SCF-MNDO method are somewhat
smaller than the experimental ones, i.e., 1.158 Å,
1.311 Å, and 1.382 Å as compared with experiment
1.203 Å, 1.339 Å, and 1.397 Å for C2H2, C2H4, and

TABLE VI _____________________________________________________________________________________________
Atomic charges calculated by the SCF-MNDO(MINDO/3) and SLG/SCF-MNDO(MINDO/3) methods.

Molecule Atom MNDO SCF MNDO SLG/SCF MINDO/3 SCF MINDO/3 SLG/SCF

C2H4 C �0.080 �0.229 �0.016 �0.148
H 0.040 0.114 0.008 0.074

C2H2 C �0.155 �0.211 �0.111 �0.154
H 0.155 0.211 0.111 0.154

Benzene C �0.059 �0.130 0.007 �0.056
H 0.059 0.130 �0.007 0.056

Naphthalene C1 �0.041 �0.120 �0.003 �0.081
C2 �0.058 �0.128 0.009 �0.048
C9 �0.038 �0.027 0.021 0.037
H1 0.058 0.131 �0.010 0.056
H2 0.060 0.131 �0.006 0.054

Pyridine N1 �0.230 �0.119 �0.165 �0.105
C2 0.054 �0.106 0.135 �0.008
C3 �0.124 �0.167 �0.065 �0.084
C4 �0.007 �0.088 0.070 �0.013
H2 0.084 0.164 �0.015 0.062
H3 0.072 0.142 0.000 0.061
H4 0.067 0.141 �0.016 0.056

HN3 H 0.124 0.076 0.095 0.024
N1 �0.289 �0.254 �0.423 �0.409
N2 0.212 0.170 0.637 0.628
N3 �0.047 0.082 �0.309 �0.243

CH3NC H 0.001 0.103 �0.021 0.064
C1 0.270 �0.002 0.083 �0.118
N2 �0.464 �0.432 0.097 0.066
C3 0.192 0.125 �0.118 �0.141
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C6H6, respectively. The error is smaller for smaller
bond orders. It has been known for decades that the
bond length in molecules with conjugate �-systems
is related to the �-bond order by

R � R0 � �P, (21)

where the values R0 � 1.517 and � � 0.18 (both in
Å) have been determined in Ref. [50]. We consid-
ered a set of 14 �-bonds with the bond orders
smaller than unity. It turned out that the linear
relation R � 1.507 � 0.19P satisfactorily describes
the results of our calculations on bond lengths. The
results are depicted in Figure 3. One can see that
both R0 and � have the values which correspond to
certain underestimation of the bond lengths in our
calculations (all the � corresponding to experimen-
tal data are higher than the � corresponding to our
numerical experiment): R0 for the numerical exper-
iment is smaller than that of Ref. [50], and � is
larger thus yielding even a stronger contraction of
the bond due to �-electrons as compared with the
hypothetical “�-electron free” bond length R0.

In Ref. [51], the linear relationship was derived
from the Hückel–Lennard–Jones theory [9], which
assumes the harmonic behavior of the energy of the
�-core in the vicinity of its minimum R0 with the
elasticity constant k� and linear dependence of the
resonance integral on the C–C distance elongation:

� � �0 � �
	R (hereinafter �0 stands for the effec-
tive resonance parameter for the �-system intro-
duced above and �
 for its C–C distance derivative).
In this case

� � �2�
/k�. (22)

We employed this simple possibility in the hope of
obtaining independent estimates of the parameters
R0 and � from the values of semiempirical param-
eters and the dependencies of the molecular inte-
grals on the interatomic distances. To this purpose,
we have taken a system of two neutral C atoms in
the sp2-hybridization and equal densities on all hy-
brid orbitals as a model system. It turns out that the
minimum of the �-energy in this idealized system
appears at R0 � 1.4196 Å, and that the elasticity
constant k� � 68.0 eV/Å2. Taking into account our
estimate for �
 � �3.95 eV/Å, we get for the �
parameter the value of 0.116 Å. Clearly, these esti-
mated values of R0 and � are far from those ob-
tained from analysis of either natural or our numer-
ical (SLG/SCF) experiments given above and the
problem is to reconcile rather appealing results of
the numerical fit for those parameters obtained
from our model data with our independent esti-
mates of the same parameters. The problem at the
first glance is concentrated in the too large rigidity
of the �-core that comes from the SLG/SCF model.

FIGURE 3. Bond order bond length (BOBL) analysis of the experimental and SLG/SCF MNDO calculated bond
lengths vs. the calculated bond orders.
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For example, the corresponding value used in Refs.
[51, 52], amounting to only 47.5 eV/Å2 (extracted
from the analysis of the vibrational spectrum of
benzene) would apparently lead to the required
agreement at least in the value of �. Nevertheless,
the too small value of R0 remains a problem with
this approach. Another important characteristic is
the dimensionless constant of electron–phonon
coupling in the �-electron systems. It is defined as
[51]:

� �
�2�


�0
� �

�2�


�0

�2�


k�

. (23)

Its estimate obtained on the basis of parameters
extracted from the spectrum of benzene [52] is
�0.65. If the � fitted to the numerical experiment is
used in the above expression, this parameter is
�0.62. If the independent estimate for � is em-
ployed this value becomes too small (0.38) as com-
pared with the previous data.

In view of the contradiction found between the
results of the BOBL fits and the independent esti-
mates of the fit parameters, we studied the BOBL
relation in more details. First, we mention that in
the case of the SLG/SCF NDDO approach (as in all
other methods, including the Coulomb repulsion of
electrons explicitly, as opposed to the repulsionless
Hückel theory) the energy of the �-system cannot
be represented by a linear function of the �-bond
orders. In contrast, the approximation to the �-en-
ergy provided by a system of two neutral C atoms
in the sp2-hybridization misses the specific core–
core repulsion involving neighbor atoms of the
bond. At the equilibrium distance R0 of the model
diatomic system, the molecule-specific core–core
repulsion acts as an additional repulsive force F, so
that the harmonic approximation remains valid, but
with a shifted equilibrium position. With this no-
tion, the energy of a �-bond in the SLG/SCF ap-
proach can be represented as

�F�R � R0� �
1
2 k��R � R0�

2

E�

� �2�P �
1
2 
12P2�

E�

. (24)

Optimizing this with respect to R, and applying
linear approximation for the dependence of the
�-energy on the interatomic distance, one obtains
for the bond length

R � R0 �
F
k�

�

2�
 �
1
2 

12P

k�

P, (25)

which allows us to define effective P-dependent
quantities:

��P� �

2�
 �
1
2 

12P

k�

��P� �

2�
 �
1
2 

12P

�0 �
1
4 
12

0 P

2�
 �
1
2 

12P

k�

.

Inserting the quantities left until the moment unde-
fined, 
12

0 � 7.49 eV and 

12 � �2.62 eV/Å, we
obtain that for P � 1 the quantity �(P) reaches the
value of 0.135 Å and �(P) that of 0.59 (the values for
the vanishing bond order remain as they were pre-
viously). The first of the two is significantly closer
to the values extracted from the fit. If the numerical
data are fit against the model Eq. (25), the result is

R � 1.4796 � 0.1980P � 0.0101P2 � 0.2863F,

provided the core–core forces F are calculated with
use of the four closest neighbors of the bond under
consideration.

Further improvement of the model for the SLG/
SCF-based numerical procedure can be achieved if
the C–C distance dependence of the �-energy is
taken into account up to second order. In this case,
the second derivatives �� and 
�12 of the resonance
integral and the two-center Coulomb integral come
into play. Their numerical values as estimated from
the parameters of the SLG/SCF-MNDO method
are, respectively, 5.44 and �1.523 eV/Å2. Taking
this into account, and performing as previously the
bond energy minimization with respect to R, we
modify Eqs. (25) and (3) by replacing k� by expres-
sion: k� � 2��P � 1

2 
�12P2. Our calculations show
that in this modification �(P) falls within the range
of 0.116–0.166 for P 0–1. This is already a reason-
able independent estimate for the fit value of �.
This also leads to improvement of estimated inter-
atomic distances (see Table VII). The effective soft-
ening of the harmonic �-potential due to second
order contributions of the �-bond leads to �(P) �
0.35 for a wide range of bond orders (see Table VII).
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�-bonded atoms. Despite the strong disagreement
with the value of [51] (0.65), it turns out that this
disagreement favors the antiferromagnetic state of
infinite polyene even more over one with alternat-
ing bond orders. The latter is possible if the elec-
tron–phonon coupling is larger than the value of
dimensionless parameter of antiferromagnetic cou-
pling [53] (
11/2� � 1.13), which is definitely not
going to happen within the SLG/SCF-MNDO pa-
rameterization/calculation scheme.

Conclusions

We considered the extension of the SLG ap-
proach developed previously. The approach ob-
tained (SLG/SCF) conserves all the pleasant prop-
erties of the SLG counterpart but allows calculation
of molecular systems with essentially delocalized
electrons. The SCF and SLG wave functions are
particular cases of the SLG/SCF wave function. We
tested this wave function with the MNDO param-
eterization. First, we estimated separately electron
correlation and delocalization contributions to the
total energy. Then the heats of formation and mo-
lecular geometries were compared with those ob-
tained in the SCF calculations and experimentally
for a set of molecules with �-electron systems. The
results show that even very limited re-parameter-
ization of molecular Hamiltonian allows us to ob-
tain the results of quality comparable with that of
the SCF-based approach.
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28. Randić, M.; Maksić, Z. B. Chem Rev 1972, 72, 43.

29. Hay, B. P.; Hancock, R. D. Coord Chem Rev 2001, 212, 61.

30. Tokmachev, A. M.; Tchougréeff, A. L. J Phys Chem A 2005,
109, 7613.

31. Hollauer, E.; Nascimento, M. A. C. J Chem Phys 1993, 99,
1207.

32. Mo, Y.; Gao, J. J Comp Chem 2000, 21, 1458.

33. McWeeny, R. Methods of Molecular Quantum Mechanics;
2nd Ed.; Academic Press: London, 1992.

34. Soudackov, A. V.; Tchougréeff, A. L.; Misurkin, I. A. Int J
Quantum Chem 1996, 58, 161.

35. Humbel, S.; Sieber, S.; Morokuma, K. J Chem Phys 1996, 105,
1959.

36. Bobrowicz, F. W.; Goddard, W. A., III. In Modern Theoretical
Chemistry: Methods of Electronic Structure Theory; Vol 3;
Schaefer, H. F., III; Plenum: New York, 1977; p 79.

37. Cullen, J. M. Int J Quantum Chem 1995, 56, 97.
38. Li, J. B.; McWeeny, R. Int J Quantum Chem 2002, 89, 208.
39. Foster, J. M.; Boys, S. F. Rev Mod Phys 1960, 32, 300.
40. Edmiston, C.; Ruedenberg, K. Rev Mod Phys 1963, 35, 457.
41. Perkins, P. G.; Stewart, J. J. P. J Chem Soc Faraday Trans

1982, 78, 285.
42. Gao, J.; Amara, P.; Alhambra, C.; Field, M. J. J Phys Chem A

1998, 102, 4714.
43. Smits, G. F.; Altona, C. Theor Chim Acta 1985, 67, 461.
44. Diner, S.; Malrieu, J. P.; Claverie, P. Theor Chim Acta 1969,

13, 1.
45. van Veen, E. H. Chem Phys Lett 1976, 41, 540.
46. Johnson, K. E.; Johnston, D. B.; Lipsky, S. J Chem Phys 1979,

70, 3844.
47. Petrongolo, C.; Buenker, R. J.; Peyerimhoff, S. D. J Chem

Phys 1982, 76, 3655.
48. Lindh, R.; Roos, B. O. Int J Quantum Chem 1989, 35, 813.
49. Martin, C. H.; Freed, K. F. J Chem Phys 1994, 101, 4011.
50. Coulson, C.; Golebievski, A. Proc Phys Soc 1961, 78, 1310.
51. Misurkin, I. A.; Ovchinnikov, A. A. J Struct Chem 1965, 5,

888 [in Russian].
52. Misurkin, I. A.; Ovchinnikov, A. A. Opt Spectr 1964, 16, 228

[in Russian].
53. Misurkin, I. A.; Ovchinnikov, A. A. Usp Khim 1977, 46, 1833.

GROUP FUNCTIONS APPROACH BASED ON LOCAL GEMINALS AND MO

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 587


