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CONSIDERATIONS ON THE SEMI-EMPIRICAL MOLECULAR ORBITAL
THEORY FOR COORDINATION COMPOUNDS*

L. OLEARI, L. Df SU;'_IO AND G. DE MICHELIS

Istitute Chimica Genercle, University of Padua (Ir:ify)

1. INTRODUCTION

In the last two years there has been renewed interest in the semi-empirical
molecular orbital method for the determination of the: electronic structure and the
excitation energies of transition metal complexes!~

Generally the method suggested by Wolfsberg and I-Iclﬂ:l.h-:::l.«'zs and sub-
sequently modified by Ballhausen and Gray' has been applied. However a critical
analysis of the procedure® and of the results®”? hag pointed out certain ambiguities
and limitations.

Recently, in order to avoid such ambiguities, we have applied to some
tetroxo-ions® a semi-empirical molecular orbital method. This method was ob-
tained by proper elaboration from the Pople-Pariser-Parr scheme®~!* which works
rather well for the unsaturated hydrocarbors.

- The purpose of this paper is to examine the limitations and the advantages
of this method, especially with respect to the Wolfsberg-slelmholz scherme.

2. THE APPROXIMATIONS OF THE SEMI-EMPIRICAL MOLECULAR ORBITAL METHOD

The Wolfsberg-Helmholz method is analogous to the Hiicke! method for
unsaturated hydrocarbons: the diagonal elements of the secular equation are ap-
proximated as the valence state ionization energies and the electron transition
energies are given as the difference of the molecular orbital energies.

Now in a coordination compound the situation is very different from that of
an unsaturated hydrocarbon and the above approximations are rather rough, as
appeérs from the following considerations:

N In a coordiration compound atomic orbitals with quitz different electroncga-
tivities are usually involved in the bending, and, as a consequence e electrca
distribution is very seldom strictly covalent. The atomic orbital coefficients in a-

* This work has been supported by the Italian Nutional Research Conneil.
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given niolecular orbital strongly depend upon the field of the other occupied
moleculsr orbitals, Therefore, the diagonal elements of the secular equation must
completely take into.account the field due to the other atomic orbitals and cannot
be approximated as the valence-state ionization potentials,

ii) Frequently in a ccordination compound the following two situations occur:
a) The wave function of the ground state cannot be expressed by a single Siater
determinant. b) There are many excited configurations of the same symmetry, with
close energies, which interact rather strongly. In this way one cannot make any H
assignment of the observed bands on the basis of the order of the enesgy levels. i

It is clear that, in order to take into account both of these facts, a con-
fipuration-interaction calculation needs to be performed. ’

From these considerations it is evident that the molecular orbita}l calcula-
tions for the ground state and for the excited states must be performed in the
most complete manner.

Today the molecular orbital theory according to the 5,C.F.-L.C.A.O. scheme
is the method with the least restrictive approximations and, therefore, thc most
suitable for describing systems Iike transition metal complexes.

From a chemical point of view, it is convenient to apply the molecular
orbital theory in a semi~empirical way by evaluating some of the integrals from
known experimental quantities, e.g. spectroscopic data, which already take into
account tbe electron correlationt®.

The Pople-Pariser-Parr scheme substantially fulfils the above requirements.
Therefore the problem consists in ascertaining whether the approximations of the
method can be applied to inorganic complexes and which variations have to be
introduced.

Therefore, hereafter, the approximations used in the evaluation of the inte~
grals and the role of the various features in the calculation will be discussed

separately.

3. DISCUSSION OF THE APPROXIMATIONS USED IN THE EVALUATION OF THE lNl:iEGRAIS

a. Zero differential overlap

This approximation consists In neglecting all the two-electron integrals in
which the product x,(l)xs(l): appears (x, and y, are atomic orbitals on different
atoms).

At a first glance this approximation is rather rough. However, after careful
examination Ruedenberg!® has shown that “the neglect of differential overlap
represents a valid and-effective approximation if the atomic orbitals satisfy Mulli-
ken’s approximation'} and if the molecular orbitals are simultaneously eigen-
vectors of the overlap matrix™.

Ceoordin. Chem. Rev., 1 {1966) 24-38
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We wish to point out here that when the second coandition is not exactly
fulfillcd, but the overlap between the involved atomic orbitals is not larger than
0.3-0.35 as it is in many coordination molecules, the “zero differential overlap” is
still a good approximation. Therefore, we will discuss the effect of the “zero differ-
ential overlap™ on the v2lues of the melecular integrals, If

= Z Cieky
r

tcprésents a wnclecular orbital without “zero differentia! cverlap™, the coulomb
. and exchange intcgrals between two molecular orbitals @; and &;,

Jy = Z CipCiyC3,Ch (PG | 7S)
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he&Fe3 ) -

applying the Mulliken approximation'®, are given by the relations:
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On the other hand, if &; = Xa;,x, represents a molecular orbital when the
“zero different:al overlap™ is introduced, the coulomb and exchange integrals are
given by the relations:

Ty =Y a,%a;, ppl
nr

Kff = z a-pajpairajf(Pp] rr) N
Pt

Now, in order to have the same population analysis®5, the following relation
must hold: : |
ay? = ¢ Y. CuSes ' ) : ey
E

Therefore the coulomb integrals in both cases are exactly given by the same
efprcssmn

JU = Z (cip z claqu) (c:r z cnsn) (pp [ rr) = Z aip ajr (PP [ rr) = -Tij

nro Pr

: The exchange mtegrals are equal prowded that the quantlt.lcs
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RE (A Z C.rg pq)+i'(c.rp Z CigSpg)] | - ) . - s

- are subsntuted by : . o g
QA jp = [(c:p Z CiSoa) (¢1p Z chsw)]*‘ ' . S

This corresponds to mtroducnng the gcomemcal mean instead of the anth-

metical mean, _
The difference between the two quantities is given by the cxpressmn

[H(esp 3 c4eS00) +3(e;s Z CeeSp)1—a1,05 = | e
q .
aJp cJe 2
= %ctpc.w ——| = ¥t Z S5 o ] REEREER
cfp Cip Cip Cpps) -
_which is egual to zero when - :
a; a. . .
e =fp . (3)
Cip Cip

with £, independent of the molecular orbital.
When such a condition is not verified, the difference depends upon terms of
second and higher powers of the overlap integrals. It is usually rather small when

054
S=05
a.4~]
0.2
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Fig. 1. Plot of a;a; (. ) and of }ele* +Sex®y+o* (e, + Se)] (——) for several values of §

against a;*.

such integrals are not larger than 0.3-0.35. This is clearly illustrated in Fig. 1 for
the case of 2 basis of two atomic orbitals ,
® =cypatear ¢ = a0 +axx
(b‘ = 1" +exa ¢* = a "y tar"ys

 The quantlhes ala1 and t[e (¥ + 8 ®) F e, %(e, - Sc,)] for several values of Sare
plotted against 4,2, which substantialiy represents the passible- situations of bond
polarity. The difference in this partlcular case is fairly constanr. and almost in-

dependent of the polarity.. - -

Coordin. Chem. Rev., 1 (1366) 24—38 '
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With regard to the core integrals L
i3

HH: J‘ ¢i*H::ar=¢idta . I
they are given respectively in the two cases by the following expressions:

Hj;= Z CipCigll N Hi = Z aiszpp"'z Z as‘paiaﬁpq
P

pa=p

On the basis of the equality (1), these integrals are equal if §,, is defined in this way

ﬁn = @ ) :_” LH P _iSpq(H rpt H‘l‘i)] ; (4)

aip ig

When the difference (2) is small, condition (3) is almost true and §,, be-
comes a quantity nearly independent of the molecular orbital.

However, since in the semi-empirical molecular orbital calculations the §,,
quantities are usuaily evaluated a posterdori''-'® in such a way as to fit some
experimental data, this corresponds to satisfying equation (4).

With regard to the Mulliken appfoximation, it usually works rather well in

the evaluation of the interelectronic repulsion integrals. Nevertheless, it cannot he
used in the case of iategrals of the type (pg | pq), when x,and y, are atomic orhitals
on the same atom. In fact they would be zero, due to the orthogonality of the
atomic orbitals. Such integrals are usually small and can be evalnated semi-empir-
ically from the Slater-Condon parameters.

b. One-centre integrals

According to Pariser and Parr, the one-centre integrals in an unsaturated
hydrocarbon can be evaluated with the following relations:

J‘ xp*(T'f‘ Urpdt = —1,

[ 100" ® 2, ¢, a5, = 1,4,
where I, and A4, are respectively the valence state ionization potential and ¢lectron
affinity fcr the atomic orbital y, and U, is the potcnt:al from the nucleus and from
all the electrons around it.
~ In the case of a coordination compotnd the situation is comphcated by the
fact that each atom participates in the bonding with several atomic orbitals, and
.2 separation similar to that of a & and ¢ system cannot be made.
In » more general sense the one-centre integrals must be quantities which
reproduce as closely as possible the valence state energies of an atom as functiors
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of the occupation numbers of the atomic orbitals, at least for values of occupatlon
numbers rather close to those of the atom in the molcculc
This requirement is fulfilled by the relation'?

E=C+3, Upn,+% 2. gm"p"q'*'%zgpp"p("p“l)
P P aCEP P

[-1

where E is the valence state energy
n,, n, are occupation numkbers . .
C, U,, 9,4, 9,p are empirical constant quantities to be determined in such a ‘
way as to have the best fit with some known valence-state energies.

The quantities U, g,, and g,, can be considered as serm-empirical one-centre
integrals defined in this way:

U, = f % (T+U )z, dt

. = (PPl a®)—4(pq | pa}
» = (PP | PP)

where U, is the potential from the nucleus and all the non-valence electrons.
It may be shown that these quantities can be considered as a generalization
of the Pariser and Parr criteria.

¢. Two-centre integrals

Coufomb integrals

Pariser and Parr in their original papers*®!! evaluated the two-centre cou-

lomb integrals making an interpelation by means of a second degree polynomial.
Indeed in the case of carbon atoms the semi-empirical value when R = 0 is known
(R is the interatomic distance) and, when R is so large that the overlapping be-
tween the charge clouds of the involved atomic orbitals is quite small, the uni~
formly charged sphere approximation can be used. C

In subsequent papers Pariser'® and later Hoyland and Goodman!® reported
values which give the best agreement with the spectral data of benzene and ethylene.

In the case of coordination compounds the involved atomic orbitals belong-
ing to different atoms are different, and the semi-empirical value of the integrals
when R = 0 is not known. Therefore, one cannot make any mterpolauon. _

In Fig. 2 the integral (pp | ¢¢), when X, and x, are 2p, atomic orbltals of
carbon, is plotted against R. The curves correspond to different criteria of evalua-
tion. In particular curve ¢ corresponds to the tbeoretical computation using Slater
orbitals with exponent { = L 040 This value rbproduccs the sem.l—empmcal one-

centre integral (pp | pp).. SR ce T e e o

Coordin. Chem. Rev., 1 (1966) 24-38



30 . L. OLEARI, L. DI SIPIO, G. DE MICHELIS

H =g 3 4 R

Fig. 2. Plot of the coulomb integral (pp | 44} for carbon atomic orbitals against R. The different
curves correspond as follows: a} Theoretical computation with Skater exponent; b) Padser-Parr
parabola; ¢} Theoretical computation with { = 1.040; d) Uniformly charged sphere approxima-
tion with R = 1.1046 A ; ¢} Hoyland-Goodman cusve; f} Inga Fischer-Hjalmars refation; © Pa-
riser values

Curve d corresponds to the evaluation cbtained by associating to each lobe
of the orbitals a uniformly charged sphere with proper radius in such a way as to
reproduce the semi-empirical one-centre integral (pp | op). '

Both methods give very close values, slightly greater than thoss of Pariser
and of Hoyland-Goodman, and slightly smaller than those which can be obtained
from the polynomial expression proposed by Inga Fischer-Hjalmars'®. Such an
expression is based on a more general criterion than that of the best fit in a special
molecule.

On the hasis of this comparison we think that the method corresponding to
curve ¢ and especially that to curve d, which is particularly simple, can also be
used in the case of coordination compounds,

A support in this sense is given by the rather close agreement of the data in
Table I where the semi-empirical values of the one-centre coulomb integrals in-

TABLE I _
ONE-CENTRE COULOMB INTEGRALS FOR Mn*

Coulomb ' Semi-empirical From Siarer a.o. Sphere approxim.
integrals “ value with § = 1.953 withr =0.625 A
(d,ad;a | dad2) ’ 14.694 14.694 14.694

7 - d_,d_J5 - 13,285 13,379 12.697

ey | d’,;_yzd_:z_i:) : 13.285 13.379 12.806

(dx,d,, ] d,:_,:d_,:_'y:) 13.864 13.945 14.103

(d.ad s | d.udr) - 13.672 . 13.756 - .13.6T1

(dyad | dyydy ) 13091 - 13.190 12.571
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volving different 34 atomic orbitals 6f manganese are compared with the cor-
responding values obtained from the method used for curves c and d%. .~

Owing to the particular simplicity, in the calculations on tetroxo-ions we
used the method corresponding to curve d.

B integrals

As already pointed out the # integrals in the case of unsamrated h_',rdrocar—
bons are usually evaluated a posteriori in such a way as to fit some expcnmqntal
data, e.g. the observed transitions of ethylene and benzene.-

In the case of coordination compounds such eriterion cannot be used be-
cause we have to deal with many atomic¢ orbitals of different kinds and, conse-
quently, with many different g integrals.

In ofder to discuss the possibility of estabhshmg a different criterion of
evalation, in Fig. 3 the integral #,, in the case of unsaturated hvdrocarhons is

v}
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Tig. 3. Plot of § integral {or carbon atoraic orbitals against R. The different curves correspond as
follows: a) and b} From ethylene matscile by means of the Morse equation ; ) Hoyland-Goodman
relation; d), €} and 1) Mulliken’s relation iF(I +1I, )S with F = 0.8, 1.0 and 1.2; © Pariser-Parr
values for ethylene and benzene.

plotted against R. The various curves correspond to different criteria of evaluation.
In particular curves a (except the dotted part) and b give the integral § that we
obtained in a previous paperm for the ethylene molecule by means of the Morse
equation**.

* The orbital exponent ({ = 1.953} and the radius (r'= 0.625) of the uniformly charged spheres
are those which reproduce the semi-empirical value of the one-centrs coulomb integrals involving
the same atomic-orbital.

»* The two curves have been obtained by nsing two dlﬂ'crcnt values of ionization potc.nttal for.
the carbon atom, 11.54 eV and 9.84 &V, St . .

Coordin. Chem. Rev., 1 (1966) 2438
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_ Curve ¢ represents the integral obtained from the cmpmcal -expressnon of
Hoyland and Goodman'®: log (— ) = 2.00054-1.17030R.

: Finally curves d, ¢ and fhave been obtained by means of Mulliken’s expres-

. ston?t: B, = «}(I +{)F- S, assigning to F the values 0.8, 1.0 and 1.2.

From Fig. 3 it is clear that the value of F which gives the best agreement
with the curves obtained from the experimental data, within the range of bonding
1.2-1.45 A, is very close to 1.

The largest discrepancy appears when R is smaller than 1 A. In fact, as it is
clear from equation (4) the 8 integral must be equal to zero when R = 0, and,
consequently, it must vary in a similar way to the dotted part of curve a.

On the basis of these considerations in the calculations on tetroxo-ions we
used Mulliken’s expression with F = 1. We think that it is only a fair approxima-
tion and a more accurate criterion needs to be found. For instance from some of
our. investigations it appears that Mulliken’s expression cannot be apphed when
the involved atomic orbitals have very different epergies.

Penetration integrals

The penetration integrals (4: pp), which represent the potential energy of one
electron in a x, atomic orbital in the field of the neutral atom A, are usually ne-
glected in the case of unsaturated hydrocarbons. This approximaiionis justified by
the fact that penetration integrals are usually small and that in many cases, in the
calculation of electron transitions, only differences of penetration integrals are _
needed. :

In the case of coordination compounds the central atom has a high coordina-
tion number, at least with respect to the coordination number of the ligands. As a
consequence, the role of penetration integrals is extremely important and cannot
be neglected. This appears clear when one takes into account that the sum of the
penetration integrals for an atormnic orbital on the centrat atom is much larger than
the corresponding sum for an atomic orbital on a ligand.

- In the calculations on tetroxo-ions we evaluated the penetration integrals by
_means of an empirical relation, which has no theoretical grounds

(h:ipp) = 1Y, 1,.°(pp | 4ras)

whare 2.0 is the number of electrons in the y,, atomic orbital on the neutral atom 4;
J1is an empirical factor which was evaluated in such a way rs to reproduce, by an
S.C.F. calculation, the experimental dissociation energies of the monoxides. There-
fore, due to the procedure used in the evaluation, we think that this method is
substantially valid since it gives quantities which both take into account'the pene-
tration integrals and introduce a correction for tllc apprommat:ons made in the
evaluation of the other mtegrals - _—
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4, DISCUSSION OF FTHE ROLE OF THE VARIOUS FEATURES IN THE CALCULATION SCHEME
a. The wave function of the ground state

When the molecule is a closed shell system, a good wave function can be
obtained by using the S.C.F. scheme of Roothaan?Z,
. The diagonai elements of the secalar equation, with the “zero differential
overlap” approximation between atomic orbitals on different centres, are givensby
the expression'”; . A

Fpp. = _Up:. + Z P q.wn[(PhPﬁ | axg@n) —¥prds | Prg)]+

an{#* pn}
1P, ..(Dais | PaDsy + na’?ﬁ, [—(k:ipep) + T (Poee — 12" (0104 | 2001
9K

where

Up = [ 1 Bt dt Py =2 3 ey
filled
m.o.

€4, s the cocfficient of the atomic orbital x,, on atom k in the molecular orbital
$: =22 CiqiXgx
E gx

is the occupaticn number of g, in the molecule and n,,” in the neutral atom.
When the semi-empirical one—centre integrals are introduced, the expression
can be written as follows:

Fpon = =+ 3Py (1, —A,) + E{ZA) [—(k:puPa)+

P

e

¥ Poae— 15" (PuBa | 4191
L3 :

-"Im. = Upn + Z P, q:.qh[(__pﬂpﬁ | gxa@)—3(Psgs | Pags)]

gn(# pn)

—A, =U, + 3 Pq,.q,.[(PaRa | 45‘1;:)—'}@54& {_P;:Qn)]‘i"}Pp,.p,,@th | PrP)

an(F ph)

1, répresents the valence-state ionization potential relative to the atomic orbital
Xp» When it is considered mono-occupied, and is expressed as a linear function of
the occupation numbers of the other atomic orbitals on the same atom h. A,
represents correspondingly the electron affinity or the ionization potential when
Xp» is considered doubly occupied.

It is evident that the one—centre part of F, .

"Im +%Ppnma;n = Aph) : )
corresponds snbstantially to the diagonal elements of the.secular equation in the

Coordin, Chem. Rev., 1 (1966) 24-38



34 . S - L. OLEARI, L. DI smm'- G. PE mcmls__-

Wolfsberg—HeImholz scheme W’lﬂl the merovemcnts of Ba]lhausen-(}ray In pa r-
ticular when P, == 1 it becomes equal to the Mulliken electronegeu!thy
The two-ccntre part of F, . : -

Z [—(k:pupy) + Z( Ik "qxo)_ (PaPs | Gxan)]

represents the field of all the other atoms on the atomic orbital y, . This quantity
_in the Wolfsberg-Helmholz procedure is completely neglected. When the electron
distribution is not completely covalent, such a quantity becomes extremely impor-
tant. This is illustrated by the data of Table IT for the case of MnO,~, where itis
clear that the two-centre part of F,, . cannot be neglected. In fact it has a quite -
different value according to wbether the involved atomic arbital is on the central '
atom or on a ligand. '
Morcover the data of Table II explains the fact that the Wolfsbcrg-Hclmholz

TABLE 11
THE DIAGONAL ELEMENTS OF THE SECULAR EQUATION OF MnO,~
Atomie ’ F, PRPn (eV} o
orbitals one-centre part fwo-centre parr total
45 —21.22 20.48 —0.74
ap —15.73 16.52 10.79
3,2, 3 —27.86 19.73 —8.13
o 34,3, —2.73 20.82- —691
3p, 275 —8.06 —10.81
2p, —~3.80 —17.20 —11.05

method gives a wrong order for tbe first two antibonding levels®*-?* in the case of
MnO,~. In fact according to the Wolfsberg-Helmholz scheme, the diagonal ele-
ments of the secular equation for the atomic orbitals d.:, d.2_,» (symmetry E}
and d.,, d,;, d;, (symmetry T,) have the same value. As a consequence, in solving
the secular equation, the energy of the antibonding molecular orbitals of symametry
E-becomes higher than that of the corresponding T, molecular orbitals, in com-
plete disagreement with the experiment results®.

. On the contrary, taking into account the field of the oxygens, the diagonal
‘elements of the atomic orbitals d.a, d,2_,» are lower than those of d... d.. d,,
and the energy order of the a.nubondmg orbitals is E « Tz, in agreement with the
expenmenta.l findings. . .

+- * . Recently Viste and Gray* us_ing-tﬁe-Wol.fs_berg;Helmholz scherne obtained the right order of.
- levels by including in the calculations the 2s atomic orbitals of the oxygens. Nevertheless, such
orbitals cannot be considersd as the determining factor for obtzining the right order of Ievels.

This. is supported by the fact that by including the 2s atom.tc oﬂmals in thc case of octahedral' B o

camplexcs even poon:r resull‘.s havc: bezn obta.med’
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b I?:e role of the conﬁguranon interaction J

. In the case of MnO, ™ -only the transitions- .T2 «— A, are a.llowed and the
- mono-excited configurations belonging to the irreducible representation’ 2_‘2 can be
divided in two non-interacting groups: one (group @) where the singlet wave func-
~ tion is expressed by two Slaier determinants and another (group b) where the
singlet wave function-is expressed by a linear combination of four Slater deter-
minants (Table III).-

TABLE JiI o
RESULTS OF THE CON;FIGURATION—INTERACTION CALCUTATION TN MI:I.O‘_
Configurations A. C.I. eigenvectors*
Group a )
i)™ Rega o) _ 3.113 0.901 0.277 0.157 0.010 0.042
(2:,”)"’- (2e,2) 4.286 —0.40% - 0.729 0.427 —0.038 0.021 -~
(s, )“ ey 5.217 —0.047 —0.605 0.716 —0.056 -0.078
(Iex,) Grayy) ' 6142  —~0.050 —0.028 —0.053 0.951 0.235
Qty, ) 2a,) 6.773 0.057 —0.031 —0.261 —0.287 0.863
(ay-? (Gre) 7.674 0.099 0.138 0.440 0.070 0.405
1ny,,)7 Qay) _ 8.217 0.034 0.035 0.102 —0.006 -—0.161
(le:,)—’“ @rs,.) 11.133 0.044 0.020 0.016 —0.055 0.013
(ap™ @) 12,349  —0.020 -—0.056 —0.073 -—001i —0.050
B C.I eigenvalues 2351 3.315 5.717 6.033 6.735
Group b
1

‘\ﬁ Lrl-‘-')-l (3&::: -

(1) (3n, )] 2.208 0573 —0201 —0.096 0.014
72 [t )" Bta; 2+ :

Q3,37 (344,5)] 5.198 0.219 0.770 0496 —0.218

i

72 e, )7 G0+ _ _ _ .

(143,71 Gy, )] 5.575 —0.026 —0.513 0.854 0.054
73 [t )7 (@) — . )

@) (@)1 7292  —0049 —0318 -0.120 —0.500
72' I(zf:z,)_l . )+

Q1) (4. )] 9.527 —0.045  0.039 —0.017 —0.292
’/—2 [(Lea;,) " (Btar )+

LCET e C TN S o 10.280
B C.IL ecigenvalues 2039 4.697 5.874 7.441

* Oniy the eigenvectors comxpond.mg with the iowat c:genvalus are repon.cd here.
** This conﬁsuration has been ncgluctcd -

Coordin. Chem. Rey., 1 {1966) 24-—38
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In each g;i'oup there are many configurations with some of them having very
close energies. As a consequence, there is a strong interaction, and the, eenergies of
the excited states (rows B of Table III) differ remarkably from those oqpegpondmg
to the single excited configurations (column A of Table IIN*.

This shows that, as previously pointed out, in coordination compounds, in
order to give a cormrect assignment of the observed bands, it is extremely important
to take into account the interaction of the excited state configurations.

5. CONCLUSION

On the basis of what has been discussed it is-evident that in a semi-empirical
molecular orbital calculation on a coordination compound the following facts are
important:

i) The field of the charge distribution on the different atoms must be taken into
account in the diagonal elements of the secular equation.

ii) In order to correctly assign the observed bands, the excitation eaergies must be
evaluated taking into account configuration interaction.

We believe that the calculation scheme we applied to the tetroxo-ions, in
spite of approximations, has the advantage of taking into account the above facts.

Therefore we think that such a scheme is a good approach toward the in-
vestigation of coordination compounds.

Appendix

i) The electronic repulsion energy between two uniformly charged spheres
with a unit charge is given by the following expressions (R; and R, are the radii
of the spheres; r is the distance of the centres):

1
NV=— r>R,+R,

V= T60R R [5(R1.6+R,5)—r5+30rR12322(4R1+4R2_ﬂ3r)+
+ 80R,3R,*—40r*(R*+ R,*—247(R, +R25)+45r"(R1 +R2"‘)—

— 45R,%R,*(R, 2+ R, +15r%(R,* + R, )] [R,—R,[ <r<R,+R,
1 2z 1

2—3R,2—5r%) r<R,—R; (R > Rz)

PV =
) 15R,?

* Only the data carresponding to a dipole transition along the z axic and with Mn® referenne
oxidation state are reported in the table®. (45,)"- {P;} denotes a singlet wave function, linear
combipation of two Slater detérminants, correSpondmg to the excitation &b, —>¢ With s, o 1yfizs
Fa_plooplay, ANd €.28,2_ 2 are denoted the molecular orbitals belonging to the :rredu-::ble represent-
ations T, T, and E which transform like L_‘L,L., dye dopd, ,and d s d 2,2 Tespectively. .7
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‘if) The charge cloud of the d,,, 4.y, dy, d x1-y2 atomic orbitals can be ap-
proximated to four tangent spheres. The charge cloud of the 4,2 atomlc orl:utal is
given by the expression -7

dp? = 3dp ot ida 2t 3d,a - dzz_,;

where again d..:_.xz and d,z_,z can be approxmlated to four tangent spheres and
d;a_s2 - dz2_p> to the two overlapping spheres of d.::" and d,. ;2%

‘On the basis of the uniformly charged sphere approximation, the one-centre S

coulomb integrals involving 4 orbitals are given by the following expressions (r in
‘A is the radius of the spheres):

4
9.192
(dzldzz l dzidzl) = (ev)
9.192
(d::d:x | d:xdzx) = T
7.982
(dz =x [ ..y) = (dzxd—x [ d y) = (d.xd'-: | dxz—y’dxz—-yl) - T
£.822
(dxydxy [ dxz—yzdxz—rz = T'
8.552
(dad.s | dod,) = -2
r
7.740
(d.zd.z [ d dxy) = (dzzdz'*'- ] dxz—y xz—yz) = _r""
8.011
(drxdzx | dya—yadizp2) = r

Note added in proof

With regard to a remark of Professor Jargensen about the low values as-
signed to the fractional charges on the central atom, we wish to point out that our
values are larger than +2°%, Jorgensen’s observation, which is formally correct,
probably arises from some ambiguous use® of the terms “oxidation state” and
“fractional charge™. :
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