24 ) Coordination Ckemiztry Reviews
. Elsevier Publishing Company, Amsterdam
Printed in the Netherlands.
i eE
RESN

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

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

Istituto Chimica Generale, University of Padua ( Ir[xly)

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!~2.

Generally the method suggested by Wolfsberg and Hc:lrnholz5 and sub-
sequently modified by Ballhausen and Gray® has been applied. However a critical
analysis of the procedure® and of the results®:? has 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--Helmholz scheme.

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

The Wolfsberg-Helmholz method is analogous to the Hiickel 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 approximaticns are rather rough, as
appears from the following considerations:

i) In a coordination compound atomic orbitals with quite differext electronega-
tivities are usually involved in the bending, and, as a consequence th electrcn
distribution is very seldom strictly covalent. The atomic orbital coefficients in a -

* This work has been supported by the Italian Nutional Research Council.
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given molecular orbital strongly depend upon the field of the other occupied
molecular 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 Slater
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 _;
assignment of the observed bands on the basis of the order of the energy levels.

It is clear that, in order to take into account both of these ;acts, a con-
figuration-interaction calculation needs to be performed.

From these considerations it is evident that the molecular orbital 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 S.C.F.-L.C.A.O. scheme
is the method with the least restrictive approximations and, therefore, the most
suitable for describing systems like transition metal compiexes.

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 the electron correlation®?

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 IN'I:I"IGRALS

a. Zero differential overlap

This approximation consists in neglecting all the two-electron integrals in
which the product ,( 1)x.(1), appears (x, and x, 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”.

Coordin. Chem. Rev., 1 (1966) 24-38
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We wish to point out here that when the second condition is not exactly
fulfillcd, but the overlap between the involved atomic orbitals is not larger than
0.3-0.35as it is in many coordination molecules, the “zero differential overlap” i
still a good approximation. Therefore, we will discuss the effect of the ““zero dxﬁ'er-
entlal overlap on the v2lues of the melecuiar integrals. If

Z Cirkyr
r

teprésonts a wclecular orbital without “zero differentia! cverlap”, the coulomb
. and exchange intcgrals between two molecular orbitals @; and @;,

Jij = Z CipCigCirCjs (pqlrs)

PsqsFs 3

Kij = Y, €ip€igCuCis(Pq | 1s)

g r,s ) -

applying the Mulliken approximation'?, are given by the relations:

o= (c;,,zc 0 (c,-,>; ¢1:5:) (pp | 17)

P q
Kij = z [%(ci‘) L_, c qul,,‘)-l-%(C D Z ciquq)] * [%(cl'r Z cJ Srs)+
P q q q s
+ e X, Sl (P2 111

where

Ggirs = f 1, D" —xq(l)xscz) dz, de,

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:

¥ = Z a;,’a;*(pp | rr)
U' = Z &1 Jpal‘ajr(pp | rr) .

Now, in order to have the same popuiation ana.lysxs15 the following relation
must hold:

a.* = ¢ L. CSs ‘ _ : | W

. Therefore the coulomb mtegrals iz both cases are exactly given by the same '
expression

Ju= 5. (cfpzo,q 20 @y zc-ss,g (pPIri) S ayay, (ppln) Y

Pl’ . Br

; The exchange mtegrals are equa_l prov1ded that the quantmes e
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{i(cip Z ch pq)+%( Jjp z Ciqqu)]
- are substltuted by - : S
Apdjp = [(cu, 2 ciqqu) (¢ Z cmqu)] . .

This corresponds to mtroducmg the geometncal mean mstead of the anth-

metical mean. _
The difference between the two quantities is given by the exptessxon

B(ci, Z CigSpd +3cip Y, Cis5pg)1—Bipa5, = » @
q -
2 ; 2
a. a ng : [ 'jq
P O )
pCip o s ipCjp ;p pa e Cipll
~which is equal to zero when :
Gip Qjp . .
ul | R = f 3)
Cip Cip ° C

with f, 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

06
5=Qs
0.4
0.2
e 02 04 _, 06 08 b

a‘ ..
) and of 3cy(c:*+Sca®)+c *(c;+Sca)) (——) for several values of S

Fig. 1. Plot of a,a, (.
agajnst al’.

such integrals are not larger than 0.3-0.35. This is clearly illustrated in Fig. 1 for
the case of a basis of two atomic orbitals .

@ = CixatCaXa ¢ = a;xtazx,
,¢* = ¢;* 1+ %2 0% = a,* 1 +a*y;

The quantxtv;s a1a1 and e, (e ¥+ Se,*) 42, %(e, +Sc2)] for several values of Sare .

’ plotted against @,2, which substantially represents the poss1ble situations of. bond

&g

polarity. The difference in this pamculat case is fau'ly constant and almost i m-

 dependent of the polarity.. - -
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With regard to the core integrals Ry
Hii= f ¢i*Hcore¢idT, B . T

they are given respectively in the two cases by the following expressions:

H;= ?_: CipCigH gy H; = ; aiszpp+2 h A;p@igBpq
. q -

Pra<p

On the basis of the equality (1), these integrals are equal if 8, is defined in this way

Beq = G . % [Hpy—3S,(Hpp + H,,)l ’ @

ip aiq

When the difference (2) is small, condition (3) is almost true and f,, 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 posteriori'’’!® 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 be
used in the case of integrals of the type (pq | pg), when x, and g, are atomic orbitals
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 evaluated 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:

f 2 (T+Upgp de = —1,

1
[ 2@ — 20, 82, 6o = 1,4,
12 ’

where I, and A4, are respectively the valence state ionization potential and electron
affinity fcr the atomic orbital y, and U, is the potentlal from the nucleus and from
all the electrons around it. ]
~ In the case of a coordination compound the situation is comphcated by the
fact that each atom participates in the bonding with several atomic orbitals, and
- a separation similar to that of a = and o system cannot be made.
_ In 2 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 atom1c orbitals, at least for values of occupatlon
numbers rather close to those of the atom in the moleculc.
This requirement is fulfilled by the relation!’
E=C+2Upmy+t 72, gpnpng+1} gpny(n,—1)
P P a(+p) P
where E is the valence state energv
n,, n, are occupation numbers . f

C U 9pqe» 9pp aT€ 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 semi-empirical one-centre
integrals defined in this way:

U, = f 2T+ U, dt

9pq = (PP | 99)—3(pq | Pq)
» = (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.

c. Two-centre integrals

Coulomb integrals

Pariser and Parr in their original papers!?-1! evaluated the two-centre cou-

lomb integrals making an interpclation 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 orbltals is quite small, the uni-
formly charged sphere approx:matlon can be used.

In subsequent papers Pariser!® and later Hoyland and Goodman!® report_gc_i
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 mteg‘als
when R = 0 is not known. Therefore, one cannot make any 1nterpolat10n. o

In Flg 2 the integral (pp | 99), when x, and yx, are 2p, atomic orbxtals of
carbon, is plotted against R. The curves correspond to different criteria of evalua-
tion. In particular curve ¢ corresponds to the theoretical computation using Slater
orbitals with exponent { = 1. .040. This value reproduces the seml-empxrxcal one-

centre integral (pp | pp)- - Ll e T e o T

Coordin. Chem. Rev., 1 (1966) 24738
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1 2 3 4 A 6&7
Fig. 2. Plot of the coulomb integral (pp | ¢qg) for carbon atomic orbitals against R. The different
curves correspond as follows: a) Theoretical computation with Slater exponent; b) Pariser-Parr
parabola; ¢) Theoretical computation with { = 1.040; d) Uniformly charged sphere approxima-
tion with R = 1.1046 A ; €) Hoyland-Goodman curve; f) Inga Fischer-Hjalmars relation; © Pa-
riser values

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

Both methods give very close values, slightly greater than those 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 basis of this comparison we think that the method corresponding to
curve c¢ 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 Slater a.o. Sphere approxim.

integrals - value with § = 1.953 withr = 0.625 4
d,d,2 | d ad,2) ) 14.694 - 14.694 14.694

(d.,d_, ld. 4. ,) - 13.285 13379 12697

(d,,d,, | dy2—yadyz—y2) - 13.285 13.379 - 12.806
eoydey | dea—ypdea- 2 ' 13.864 13.945 14.103

( ada|d_d.) . 13.672 . 13.756 . 13,671

zdzzl yzs) . 13.091 - 13.190 12571
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volving different 3d atomic orbitals of 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 unsaturated hydrocar—
bons are usually evaluated a posteriori in such a way as to fit some experlmqntal
data, e.g. the observed transitions of ethylene and benzene.

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

In order to discuss the possibility of estabhshmg a different criterion of
evaluation, in Fig. 3 the integral f,, in the case of unsaturated hvdrocarbons is

Gv)
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S
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Fig. 3. Plot of § integral for carbon atoraic orbitals against R. The different curves correspond as
follows: a) and b) From ethylene mo'siule by means of the Morse equation ; ¢) Hoyland-Goodman
relation; d). ) and f) Mulliken’s relation éF(I +I )S wnth 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 B that we
obtained in a previous paper2° 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-ceatrs coulomb integrals involving
the same atomic- orbital.

** The two curves have been obtained by using two dlfferent values of ionization potentlal for.
the carbon atom, 11.54 eV and 9.84 eV. St . .

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



32 - - . L. OLEARI, L. DL SIPIO; G. DE MICHELIS

_ Curve c represents the integral obtained from the cmpmcal -exptesswn of
Hoyland and Goodman'®: log (—B) = 2.00054-1.17030R. :
Fmally curves d, e and f have been obtained by means of Mulliken’s expres-
. sion?': B, = %(I +1)F - S,, assigning to F the values 0.8, 1.0 and 1.2.

From Flg 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 tc 1.

The largest discrepancy appears when R'is smaller than 1 A. In fact, as it is
clear from equation (4) the f 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 energies.

Penetration integrals

The penetration integrals (h:pp), which represent the potential energy of one
electron in a x, atomic orbital in the field of the neutral atom #, 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 atomic orbital on the central 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:pp) = 1Y, n,°(pp | 9445

whcre g 0 is the number of electrons in the Zq» @tomic orbital on the neutral atom 4;
fis an empirical factor which was evaluated in such a way ¢s to reproduce, by an
S.C.F. calculation, the experimental dissociation energies of the monoxides. There-
fore, due to the proeedure 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 the apprommatlons made in the
evaluation of tke other mtegrals - . e
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4, DISCUSSION OF THE ROLE OF THE VARIOUS FEATURES IN THE CALCULATION SCHEME
a. The wave function of the ground staie

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

Fp.on Uph *,‘ Z qnqh[(phph | 9891) —¥(Psqn | Pra)1+

an(#pn)

%P,,,.p,,(p;.p;. | Pape) + Z [—(k:psps) + Z( v — 0l (PuPr | 2:a]
where

. .y ¥ core — 2
Upn - f&m H Xpn dr P qude 2 Z Cige
filled
m.o.

€iq. is the coefficient of the atomic orbital x,, on atom k in the molecular orbital
= 2 X g
k ax

P, .. is the occupation number of g, in the molecule and n,.°in the ncutralatom.
When the semi-empirical one-centre integrais are introduced, the expression
can be written as follows:

onon = — Lt 1P, U — Am.) + k(Z'h) [—(k:pwpn) +

Z( i "q?o) (PI;PI; | 2x9:91

—1I,, = Uph + Z qhqh[(phph l a1ds) —¥(Pads | Ph‘h)]

an(#pn)

—A,, =U,, + Y. Puoll(eps | 449n) —3(Padn | PxaW)1+ 3P 5, (PrPh | PuDR)

an(+pn)

I, 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 k. -4,
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, ..

—I +% PhPh( A’Ph)

c6rresponds substantially’to the diagonal elements of the.secular equation in the

Coordin. Chem. Rev., 1 (1966) 24-38
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Wolfsberg-HelmhoIz scheme w1th the merovements of Ballhausen-Gray In par- _ :
ticular when P, , = 1 it becomes equal to the Mulliken electronega,glvxty
~ The two-centre part of F,, :

Y [—e:pap) + X Poe—10%) (2a2s | 22901
k(#h) 9k .

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 II 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 whether the involved atoch orbital is on the central
atom or on a ligand.
Moreover the data of Table II explains the fact thatthe Wolfsberg-Helmho]z

TABLE 11 .

THE DIAGONAL ELEMENTS OF THE SECULAR EQUATION OF MnO,~

Atomic :  Fpup,, (eV)

orbitals ) one-centre part two-centre part toral
4s —21.22 20.48 . —0.74
4p —15.73 16.52 +0.79
3d3,3d2_y2 —27.86 19.73 —8.13
3d_,, 3d_,, 3d —27.73 20.82- —6.91
2p, —2.75 —8.06 —10.81
2p, 7 —3.89 —7.20 —11.09

method gives a wrong order for the first two antibonding levels®>-2# 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 symmetry
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
’elementa of .the atomic orbitals d.., dxz_,z are lower:than those of d.., d.,,d,,
and the energy order of the antlbondmg orbitals is E < Tz, in agreement with the
expenmental ﬁndmgs.

-+ *.Recently Vlste and Gray* usmg the Wolfsberg-HeImholz scheme obtained the right order of.
- levels by inclanding in the calculations the 2s atomic orbitals of the oxygens. Nevertheless, such
_orbitais cannot be considered as the determining fastor .for obtaining the right order of levels.

This. is supported by the fact that by including the 2s atomxc orbltals in the case of octahedral' . '—.‘: .

ccmplexts even poorer results have been obtamed’
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b 17ze role of the conﬁguratwn mteractlan -
. In the case of MnO,~ only the transmons T2 «:A; are allowed and the

" - mono-excited configurations belongmg to the irreducible representation Tz can be

divided in two non-interacting groups: one (group a) 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 III -
RESULTS OF THE COﬁHGURATION—INTERACI’[ON CALCULATION IN MDO‘_'
Configurations 4. - C.L eigerivectors*
Group a ) : :
1) Qea_i2) , 3.113 0901 0.277 0.157 0.010 0.
(2:,,‘,,)—1 Qe 4286 —0.409 - 0.729 0427 —0.038 0.021 -
(ll‘gx )t e, 5.217 —0.047 —0.605 0.716 —0.056 -0.078
(ie, ,)- (3:,, ) ' 6.142 —0.050 —0.028 —0.053 0.951 0.235
(Zt,xy -1 (22) 6.773 0.057 —0.031 —0.261 —0.287 0.863
(a)™ (31z,) 7.674 0.099 0.138 - 0.440 0.070 0.405
(lt,xy)"- (2ay ) 8.217 0.034 0.035 0.102 —0006 -—0.161
(e, (41z,,) 11.133 0.044 0.020 0.016 —0.055 0.013
(gt @r.,) 12.349  —0.020 —0.056 —0.073 —001i —0.050
B C.L eigenvalues 2351 3.315 5.777 6.033 6.739
Group b
‘/2 [tlx) (3tlzx -
(tly) (3!,”)] 2.208 0973 —0.201 —0.096 0.014
1
72 [2t:. )t B1e,)+ .
Q3,07 (B3] 5.198 0.219 0.770 0496 —0.218
73 it )7 Gty )+ _ _
(13,071 G )] 5.575 —0.026 —0.513 0.854 0.054
1 ) >
73 )™ Ga)— . .
() @)l 7.292 —0.049 —0.318 —0.:20 —0.900
1 : : C
1/2 [(2t’zy — (4txzx)+
Q)T @ )] 9527 —0.045 0039 —0017 —0.292
‘/2 [(ltlzy -t (4t’zx)+ . ’
(Uta, ) (415 )]** - 10.280
B C.L eigenvalues = . 2039 4697 5874 7441

-* On.y thc cxgenvectors compondmg with the low&st elgenvaluw are reported here.
** This conﬁguration has been neglected. ) . S - -

'Coordm. Clxem. Rev,, 1 (1966) 24——38 o S ' R o - S
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In each gi'oup there are many configurations with some of them having very
close energies. As a consequence, there is a strong interaction, and the, energles of
the excited states (rows B of Table III) differ remarkably from those cqgrespondmg
to the single excited configurations (column A of Table TID)*.

This shows that, as previously pointed out, in coordination compounds in
order to give a correct 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
accourt 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 sclieme 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 ccordination 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
1)V=—' r>R1+R2

r
,2) V = T60RSR,57 [5(R,S +R26)—r6+30rR12R22(4R1+4R% -390+
+ 80R,3R,*—40r3(R,3+ R,3)—24r(R, +R25)+45r2(R1 +R2 -
_ 2p 2 2 4 2
45R,2R,%(R,>+ R,?) + 157 (R,2+R,%)] |R—R, | <r< R‘1+R2
1 ,
3) V.= — [15R,®>—3R,%—5r%] : r< R,—R; (R; > R;)

15R,

* Only the data corresponding to a dlpole transition along the z axis and with Mn° reference
oxidation state are reported in the table®. (@) (@) denotes a singlet wave function, linear
combination of two Slater determinants, cortspondmg to the excitation D, D, ;- With t,xt,ytlz,
faoyls:ylaey And €226, > are denoted the molecular orbitals belonging to the irreducible represent-
ations T,, 7. and E which iransform like LxLyL d,.d. ydxyand d 2 d 22 respectively. o
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n) The charge cloud of the d,,, d.y, dyy, dy2 ;2 atomic orbitals can be ap-
proximated to four tangent spheres. The charge cloud of the d.. atomlc orbltal is
ngen by the expression -7

‘\ zz = %dzz_:z +3id_a_ 22+§dzz._xz cda_ 2
¥ ¥

where again d_._ .. and d.:_,.° can be approximated to four tangelit spheres and
‘dz2_y2 da_y to the two overlapping spheres of d.»—..* and d_»_ .2

‘On the basis of the uniformly charged sphere approximation, the one-centre - Lt
coulomb integrals involving d orbitals are given by the following expressions (r in
‘A is the radius of the spheres):

&
9.192
(dzz z2 I d..z 22) - _.( V)
192
(d"xdle d-x z:) = 9———-
r
7.982
(dzxdzx I dzyd-y) = (dzxd-vx I d dxy) = (d_xd.x I dxz_y1dx2__y2) =3 _r__
8.822
(dxvdxy l dxz—ydez —-y2 = "—r——'
8.552
(d.d-.ld_d.)=——
r
7.740
(dzzdzZ l dxydxy) = (dzz 22 I dx2—y2dxz_yz) — -

8.011
(dzxdzx | dyz yzdxz_ yz) = _r_

Note added in proof

With regard to a remark of Professor Jorgensen 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 +28. 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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