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d-d* Transition is one of many interesting 
problems in the study of the transition metal com- 
plexes. Therefore, many experimental and theoretical 
works have been made for several decades. As a result 
some empirical rules, for example the spectrochemi- 
cal series, nephelauxetic series, hyperchromic series, 
averaged potential field rule, efc., have been proposed 
[I] and are used even now for deciding the structure 
of the transition metal complexes. The crystal field 
and ligand field theories [2] have been used for 
theoretical study of d-d* transitions in most case. 

In the previous papers [3-51 we have investigated 
the electronic structure of the various transition 
metal complexes in the ground states using the CNDO 
method, and have explained the binding energy, 
ionization potential, trans influence, etc. Our next 
target is d-d* transition. In the present study we 
take into consideration three kinds of six-coordinate 
complexes, [Co(OH,),J 3+, [Co(NH,),] 3+ and [Co- 
(CN),13-, which have been investigated experimental- 
ly in detail, and calculate the first and second excita- 
tion energies with both INDO and CNDO methods. 
From the calculated results we attempted to elucidate 
theoretically the spectrochemical and nephelauxetic 
series. 

The exchange integrals play an important role in 
the d-d* transitions which are mainly intra atomic 
transitions. Therefore, we must use the INDO 
method. For a comparison we have done also a 
CNDO calculation of the three hexacoordinate 
Co(II1) complexes mentioned above. Recently, some 
INDO calculations for the transition metal complexes 
have been done [6-91. However, the present paper is 
the first work for the systematic study of d-d* tran- 
sition with the INDO method. 

The energy of d-d* transition is calculated by 
the following two steps. At first, the ground state is 
calculated by INDO and CNDO methods. Then SEC1 
calculation (Singly Excited Configuration Inter- 
action) is carried out using the MO’s which are con- 
tributed mainly by d-orbitals of the central metal 
ion. The matrix elements in INDO scheme are as 
follows: 

F, = I_I~ t z (Pnn - Z&y,, + G&; JJ on atom A 
B+A 

Clack and Smith [lo, 1 l] neglected exchange inte- 
grals except only (/~/.~lvu) and (m&v) among one- 
center exchange integrals, Gt,,. However, their ap- 
proximation is not rotational invariant as pointed out 
by Bacon and Zerner [6]. For that reason, when we 
have applied the same type of calculation that Clack 
and Smith used in d-d* transition, a breakdown of 
space symmetry of d-d* levels occurred by CI 
calculation. Therefore, it is necessary to use the 
INDO scheme which includes all one-center exchange 
integrals. 

The values of one-center core integrals of Co, Up,,, 
used are as follows: 

U,= -84.36, Upp= -79.18, II,= -150.33 (a.u.) 

For example, U,, is expressed by 

U,, = -1, - [F’(s, p) - ‘/bG1(s, p)] - 7 [F’(s, d) - 

- ‘/roG(s, d)l 

The ionization potentials I, are estimated by the 
following manner : 

I,= E(4s04p1 3d’) - E(4s14p’3d7) = -10.62 (eV) 

I,= E(4s14p03d7) - E(4s14p13d7)= -5.16 (ev) 

Id = E(4s14p13d6) - E(4s14p13d7) = -14.70 (eV) 

The values of two-center core integral, $, overlap 
integral, $,, two-center repulsion integral, rfvBB, are 
taken to be the same as those in CNDO scheme of our 
previous paper [3]. We used Slater Condon para- 
meters given by Anno and Teruya [ 121, which are 
necessary to calculate one-center repulsion integral. 

The experimental values of Co-N (1.97 A) and 
Co-C (1.90 A) distances and ligands, CN, NH3 and 
HzO, are used in the calculations [ 13, 141. We 
estimated Co-O distance to be I .9.5 A. 

The calculated excitation energies are summarized 
in Table I. For a comparison, the results obtained by 
the ab initio MO method [ 15,161 and by experiment 
are also given [ 17, 181. 

As seen from Table I, in the CNDO calculation the 
splitting between the first (‘Tr.& and second (‘T,.& 
levels is considerably smaller than the experimental 
values. Furthermore, the excitation energy is calcu- 
lated to be much larger than that of the experimental 
one. The reason is as follows: In the CNDO scheme, 
one-center exchange integrals in the central metal 
ion are neglected, which contribute to the localized 
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TABLE I. d-d* Transition Energies (in eV). 

INDO CNDO ab initio obs. 

[CdOH2)613+ I;a ;I;“, 3.74 - 2.06b 
3.83 - 3.09 

lCo(NHs)e13+ I: 2.89 3.46 2.64c 2.60* 
3.91 3.52 4.26 3.66 

[WW,13- I; 4.42 4.77 3.46e 4.02* 
5.31 4.84 4.18 4.84 

aI: ‘T II: rs; lTZg. bRef. 17. CRef. 15. *Ref. 18. 
eRef. 16. 

excitation such as d-d* transition. This makes J 
(Coulomic integral) small and the excitation energy 
large. 

The results of ab initio MO calculations show that 
in the ammine complex, ‘Tag is calculated to be 
greater than that of the experimental value, although 
the calculated r Tr, is in good agreement with experi- 
ment. On the other hand in cyanide complexes both 
‘Tlg and ‘Tag levels are calculated to be smaller than 
those of experimental ones. In order to improve these 
results it seems necessary to use a large basis set and 
carry out large CI calculation. 

As seen from Table I, the transition energies of 

lT1, and ‘TZg calculated by INDO method are in 
good agreement with experiment. Accordingly, the 
INDO method is the useful tool for the theoretical 
study of empirical rules because we can carry out 
systematic calculation of a series of various transition 
metal complexes with an economical rate. Further- 
more, the INDO method provides simple and clear 
chemical pictures of the electronic structure of transi- 
tion metal complexes. 

When the calculated excitation energies are plotted 
against experimental ones (Fig. l), a linear relation is 
obtained. This suggests that our parameters are useful 
for the comparative study of d-d* transitions of 
various transition metal complexes. From this figure, 
it is found that the order of these excitation energies 
is in accord with that of spectrochemical series. In 

Fig. 1. Plots of calculated d-d* transition energies vs. ob- 
served ones for six coordinate compounds. I, ‘Tr,; II, lTzg. 
@, [CO(OP&,]3+; ., [Co(NHs)613+; 0, lCo(CN)613-. 

Table II, the calculated orbital energies and A0 coef- 
ficients are shown. Our calculation shows that the 
d-d* transition is related closely to the participation 
of d-orbital of the central metal in the metal-ligand 
bond. The order of Ae (the difference of tPg (HOMO) 
and e,*(LUMO)) among these complexes is not 
coincident with that of the spectrochemical series. 
However, the order of A(= 1 - C&C&*) which mea- 
sures the extent of the participation of d-orbital in 
the metal-ligand bond is in accord with that of 
excitation energy. Namely, the large A causes the 
increase of the excitation energy. Figure 2 shows the 
plots of A against the nephelauxetic parameter (h) of 
the ligands. The linearity between A and h shows that 
our calculation explains the nephelauxetic series. 

The CNDO scheme such as CNDO/S method 
which has been used for the study of the electronic 
spectra is useful for delocalized systems such as the 
conjugated compounds [19, 201. However, it is not 

TABLE II. Calculated Orbital Energies (in a.u.) of HOMO and LUMO and A0 Coefficients. 

[~~(~~2),13+ [Co(NH&]3+ [CdCN613- 

+J-OW -0.591 -0.498 0.181 
q2s(HOMO) -1.219 -1.167 0.138 
AE 0.628 0.668 0.649 

C,@JMOJ 0.902 0.867 0.781 

Ctls(HOMO) 0.950 0.957 0.938 
G.&2(ctlsJ2 0.734 0.688 0.537 
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Fig. 2. Plots of A(=1 - C&&z,) YS. nephelauxetic 

meter (h). a,, [Co(OHa)e13+; 0, [WNH3)613+; 0, 
W),13-. 
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appropriate to study the localized excitation such as 
d-d* transition. Therefore, in such systems it is 
necessary to use a scheme which takes account of all 
types of one-center exchange integrals. As the INDO 
calculation using our parameter set explains the 
experimental d-d* transition energies satisfactorily, 
we are investigating other empirical rules such as 
averaged potential field rule with the present scheme. 
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