
Coor&nation Chemistry Reviews 
Ekevier Publishing Company Amsterdam 
Printed in The Netherlands 

137 

SPLITTiNGS OF d--CONFIGURATIONS IN PENTAGONAL AND HEXA- 

GONAL LIGAND FIELDS. COMMENTS ON THE MAGNETIC PROPER- 

TIES AND ABSORPTION SPECTRA OF SANDWICH MOLECULES 

hf. 1. BAN AND F. J. GILDE 

Institute of General and Physical Chemistry. University. Szeged (Hungary) 

Most of the workers who studied the clcctronic structure of the sandwich 
molecules’ - 6 used the covalent model as a starting point whilst few of them’-’ 
used the ionic model. We have tried to get to some qualitative conclusions con- 
cerning the magnetic propcrtics and spectral behaviour of di-n-cyclopentadicnc 
and dibenzene compounds of transition metals, on the basis of the purely ionic 
model assuming ligand fields of Ds, or Ds,, and D6b symmetries. 

First we assume that the central ion in the sandwich molecules consists of a 
point-like ionic core and one d-electron, and the five- and six-membered rings arc 

regular pentagons (C-C bond distance is 1.46 A) and hexagons (C-C bond distance 
is 1.39 i\) in which the apices represent ligands of an effective point charge Z > 0. 

It was in these systems that the energies of the single d-electron have been calcul- 
ated. The electron has an energy in the field of the free central ion to which con- 
tributes the effect of the ligands represented by a potential: 

z - c2 
F;= -I-_ 

.J IRJ--PI 
(1) 

where;;1: is the position vector of thej-th ligand and P that of the d-electron. The 
energy contributions are then given by integrals of the typ 

<JI I K I JI> 

where @ is a linear combination of the five d-orbitals. Disregarding the factor 
-Z - ef the forms Of P, in Dsd or Ds,, and in D6,, are 

Vs = IO 2 + 10 2 P,(cos Se)P,(cos 3) + 10 $(cos QO)P4(COS 9) @a) 

and 

v, = 12 : + 12 3,(c0s &-,)P,(c0s 9)+ 12$4(cos &,)P,(cos 9) (2b) 

and the corresponding one-electron integrals 
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<+I I pi I t1> = g f G(0) + ; f G(2)P,(cos 30) - gf G(4)P.,(cos GO) 

W) 

<o I v5 I o> = $+(O) f $JG(2)P,(cos 30) + ;$f W)Pe(cos W ~ 

(3c) and 

<+2 

<+I 

w,lH>=~ gGf WV 

(4d 

I v, I f l> = gfG(O) + ~fC(Z)P~(COS 90) - ;; f G(4)P,(cos 9,) 

(4b) 

<o I V6 I O} = $fC(O) + ;;/c(2)P,(ms $0) + gz 576 f G(r))P&os 3*) 

in which 

f=$ (5) 
0 

ZC is the effective charge of the central ion, 3, the polar aoglc of the Iigands 
determined at a given R by the sizes of the cyclopentadiene or benzene rings 
(Fig. l), and 

G(n) = s 0 

-2f'dr + s OD 
R 

(J# -$ ewzfr dr (6) 

Fig. 1. 
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where t is the distance between the electron and the central ion and R that between 
the ligand and the central ion, and n = 0, 2 or 4. 

Introducing the following notations 

Q@) = ; fG@) 

D,(5) = $$7(2)P2(cos $0) 

D*(5) = $5 ~G(4)~~(cos 30) 

and 

R,(6) = 45 ” f GW 

5.46) = g5 fG(4)P&os 3c) 

respectiveIy, we get formally the same expressions for both symmetries~ 
<2 I K I 2> = D&-2~,W + a&5), 

<1 f v,i I> = &_ds~ f m3) - 4&(s) f 

(0 I v, I 0> = D,(s)+ 2D,(s)+65,(s). 

t JaJ 

GW 

(7c) 

@a) 

(gb) 

(W 

(9a) 

(9b) 

(9c) 

This result, of course, agrees with that of other authors’*“‘2 who investigated 
problems of axial symmetries. 

Since in Ds or II6 symmetries* the d-orbitais split in the form: 

I- = A,+&+E2 WV 

and since 

do transforms like A$ 
d*, like E, and 
d*, like E2 

the expressions (9a, 9b, 9c)actuafiy give the energies betonging to the correspond- 
ing irreducible representations. 

The numerical evaluation of the one-efectron eneqies does not c;fusc mu& 
trouble. By using the substitution 

a=f-R 

* For simplicity WC deaf with I), and D. symmetries instead of I& or I&, and D,, spmt~~etn’c~. 
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we get for G(n) that 

where 

s 

OD 
A,(a) = emar * xm dx (12) 

1 

For the probable values of fand R cf = I-3 au and R = 4-6 au*) we calculated 
the one-etectron energies and found that, as a rufe, the sequence of the encrgies- 
regarding the minus sign in the factor -Z * et-is 

In the Tables i and 2 the energy differences A, (= &a,)-E(e,)) and 
A, (= E((e,)-E(e,)j are given. ft cart be seen from the Tabtcs that, in gcnemt, 
d, and A, are of the same order of magnitude and the larger is R or Z,cf) the 

smaller is the difference between them. 

TABLE 1 
- _- _-.--. -_- - ---. .__ 
D, f --- t-. _-. ---. 
R 1 2 3 
--. -_.-.._- --. __I__" .-._ 
4 /I, 0.3221 0.1215 0.0527 

A* 0.0047 0.0195 0.0129 

5 A, 0.2489 0.0789 0.0346 
A, 0.1168 0.0298 0.0127 

6 A, 0.1742 0.0520 0.0232 

A‘ 0.1164 0.0220 0.0089 
---. __- 

TABLE2 
--____-. -. ,I_ .--. _- .- ,_I 

& f _-- .,-- _- -. .- - 
R I 2 3 

-- --_-. ~ .- - .-.- 
4 A, 0.3323 0.1164 3.0479 

A* --OS969 -oo.o032 0.0078 

5 '3: 0.2843 O&856 0.0370 
fh 0.0772 0.0262 0.0120 

6 Ai 0.202s 0.0585 0.0268 
Jf, O.Io9S 0.0230 0.0101 

-.___----.____~.-- 

It can also be pointed out that by increasing R or 2, both the absoiute 

values of the eoergies and the energy differences d, and A2 are decreased. 
On the basis of the above considerations two cises can be distinguished. In 

the first case the separations d, and d, (Fig. 2) are rerativety Iarge. By increasing 
R or ZC, or both of them, the first cast turns into the second one where the scpara- 
tions ,d, and d, arc sm3it. 

----I- e2‘ 
A2 

~ 

Ql 

4 

03 

Fig. 2. 
.-mm-..- 
* t au = 10Q700cm-x 
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TABLE 3a 
-.--.-----_--__- _.._ _- _ _.. __. .- ._-.. _.-- -..---_ 
No. of Electron confiRttrarion Ground Fxcired &ramp/es _ --.-_-_-_ -.-- -..-. -- -.-.-__. 
clecrrwts ion Mokcttle 

_-. - .-. -- - _-. 

0 d’ (4’ 

I d= (a,)’ (er) 

2 da (a,)’ (Cl)’ 

1 d’ kJr)’ (r,)’ 

0 d6 (0,)’ (et)’ 

srare Configttrurions Safes 

‘A, 

lE1 

‘A, 

‘E, 

‘A* 

I d’ (all2 (eJ* (4 ‘Ez 

(a,)‘ (r,)J (4 
(a,) (cd (c3 

(4 69 (~3’ 
(4’ W’ (4’ 

‘E, Ti(cpL 
‘ES Mo(cP),’ + 

2’E,, 2’E, 
=A,, =A*, ‘ES 
‘E, 

- 

JE 1 
‘A,. ‘A:, “5,;. 3’Ez 
‘E,. ‘4 

Cr(cpj, 

‘A, 
Z’E,. 2?E1 
=A,. =At. =E, 
2=E: 

Fc(cp),+~ 
Wb&) 
(Cr(br&+) 

‘A,. *A:, ‘E, 
=A,. ‘A:, 2 ‘E,. =E, 

Wcp), 
CO(CP),’ 
Rh(cp),+ 
Ru(cp): 
I&p),+ 
(Cr(b&l 

CO(CP) 2 
Ni(cp),+ 

-. -.-__- -.---_-_. --- --. -.--_- --.- -..- .- .- 
J The data of Tablrr 3 and 4 arc those for Ds symmetry, thcreforc. they arc only valid for the 
cyclopcntadicnc compounds. Minor deviations in the (excited) many-elcctror. states occur for D. 
symmetry (see Ref. 13). 

In order to intcrprct the magnetic properties of the sandwich molecules, let 
us fill up one-by-one the one-electron states with electrons. It is obvious that the 

energy distribution r&ted with the first case is favourable to the so called “low 
spin case*’ and the second, to the “high spin case”. The electron configurations 
corresponding to these cases are given in the third columns of the Tables 3 and 4. 
As it can be seen, for a number of cyclopentadicne and for a few bcnzenc com- 
pounds (last columns) the numbers of unpaired clcctrons (first columns) agree 
with those corresponding to the electron configurations in the normal states. If 
one found that for a given cast the calculated and observed energy distribution or 
electron configuration were different, it would mean (i) that the presented ionic 
model could not bc applied to that particular case, or (ii) that the sandwich rings 
suffered distortion and as a consequence one should have different S9, polar angles 

at a given constant R. 
To be able to explain, at least qualitatively, the spectral behaviour of these 

molecules, the many-elc%tron states arising from the splittings, in fields of Ds and 
D6 symmetries, of electron configurations l3 have to be considered. The fourth 
columns of Tables 3 and 4 show the ground states corresponding to the electron 
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TABLE 4 

No. of Etectron configurariun Ground Exclfed Examples 

elecrrons ion Molecule - slate Conjiguraiions StZeT 
-_ . ..- -- 

2 

3 

d” 

d’ 

d4 

d’ 

d’ 

d’ 

d1 

d* 

d’ 

w tell 

(4 k3’ 

(al)’ ted’ ted’ ‘El 

“A, 

JAt 

ZE, 

=A, 
“Et. “Et 
“El 

ws%+ 

V(w), 

CdcP)s+ 

- 

Mn(cp), 

- 

- 

Ti(cp),- 
WP),z + 

Wcp): 

configurations in the normal states as wcIl as the excited levels (sixth coiumns), 
considering only one-electron jumps (fifth columns) from the ground electron 
configurations. 

Finally, we would like to touch upon a few cxamplcs to comparc these 
qualitative results with experimental data from the literature (Table 5). 

TABLE 5’ 

Molecule 

Ni(wh 
Wwh 
McP), 
CoW!*+ 
Rb(cP),+ 
Ir&P),+ 

Probabfe d-d bands Reference 
in A (141 

5700 4400 ;L 

4400 (3200) b 
3300 2700 C 

4200 320 d 
3200 
3000 eb 

L Spectral data for other compounds are rather scarce, e.g. for Cr(bz)* and Cr(b&+ see Refs. I5 
and 16. 
b The broad tail, in tbc absorption spectra, towards the lorqer wavelengths may cover several 
bands. 
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Theoretic&y, in all the cases given in Table 5 three transitions arc possible 
(see Tables 3 and 4) and one can expect certain similarity in the absorption spectra 
of low spin d6 (Table 3) and de (Table 4) systems seeing that for both systems 
a non-degenerate (A) state is the ground level and the three excited level& ‘are 

doubly dcgeneratc (E) states. To select the true transitions from the possible ones, 
calculation of intcrelectronic repulsions should bc carried out but considering 
that the presented model is a rather rough and simple approach to the real problem 
there would have been no much point in doing it. 
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