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Summary 

The CNDO-MO formalism has been used to study the ground- and excited- 
state properties of unsubstituted metallocenes of the first-row transition-metal 
ions. The multi-electron configuration interaction (MECI) method has been-ap- 
plied to the calculation of both photo-electron and absorption spectra and the 
agreement with experiment is satisfactory. The electronic properties of the metal- 
locene series are described and the variations in the bonding schemes within the 
series are rationalised. 

Introduction 

The novel bonding patterns characteristic of metal sandwich compounds pro- 
vide an intriguing challenge to the versatility of current theoretical techniques. 
The electron-deficient nature of these species, as exemplified by the metallo- 
cenes, is best described by molecular-orbital theory and, accordingly, numerous 
MO methods of varying sophistication have been used to study their ground- 
state electronic structures [l-11]. However, particular attention has been focus& 
on-ferrocene itself, and no single computational .framework has been applied 
to a wide range of metaJlocenes.Also, while the excited-state properties of the. 
d” metallocenes have been partially elucidated &thin the multi-parameter.. -- 
ligand-field model [12-171, comparable MO calculations of a more..gene& and. 
defin$ve nature have been &mited to the closed-shell molecule~ferroceneand its 
derivatives. It is, therefore, the purpose of this work:& attempt d general theo_--.-: _ 
reti* interpretatio.n bf both ground- and excited-statep+op&ties of -the metal-~:. :$-_ ... 
locenes a&d to correlate the results with .the available expe@ental data. : I.---!:. .I; 
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.- Astaggered Dsd molecular geometry was assumed for all the metallocenes 
studied. The metal-carbon bond lengths are listed in Table 1, while the geome- 

--t& of the cyclopentadienyl (Cp) ring was as in ref. 18. 
All ground-state calculations were carried out within a modified [19] CNDO 

computational framework 1203 incorporating a general&&ion of Dewar’s half- 
electron method 1211 and the MECI * method [22]_ 

One modification to the basic CNDO equations used here is the implementa- 
tion of the Wolfsberg-Helmboltz approximation [23] to determine the values 
of the off-diagonal Fock-matrix elements. We carried out preliminary studies in 
order to determine an appropriate value for the Wolfsberg-Helmholtz propor- 
tionality constant k. Vanadocene was chosen for this purpose and calculations 
were performed over a range of k values from 110 to 2.0. The variation of molec- 
ular orbital energies with k is shown in Fig. 1. 

For all values chosen, the outer molecular-orbital sequence of vanadocene is 
found to be (e2g)4(e1g)4(el,)4(e;,)“(al,)“(e&.)o, the half-electron SCF procedure 
placing 0.75 electrons of a-spin and 0.75 electrons of p-spin in each of the highest 
filled (e:,) molecular orbit&. The MECI calculations consistently predict a 4A2g 
ground state (arising from the high-spin outer electronic configuration (&)2(al,)1 
over this range of k values. Use of the Racah parameters B and C, evaluated for 
the metal ion in its zeroth oxidation state [24], as perturbations in the MECI 
process results in the excited states depicted graphically in Fig. 2. Inspection of 
Fig. 2 (a Tanabe-Sugano-type [25] diagram) clearly indicates the optimum value 
of l-4 for k, which gives the best agreement between calculated and experimen- 
tal optical absorption spectra (Table 2). Consequently, in initial studies of the 
metallocene series, a k value of 1.4 was adopted: the ground-state properties de- 
rived from this series of calculations are summarised in Tables 3 and 4. 

TABLE1 

MOLECULARGEOMETRIES 

-ComPlex Metal-carbon 
bondlength <nm) 

Ref. 

wP),*+ 0.205O 
wCP)*+ 0.219 = 
V&P)2 0.230 41 

cwm2+ 0.2020 
53<cp)2 0.222 42 
MnGP)z 0.238 43 

Fe<cP)2+ 0.196 0 
F@<CP)z 0.2056 18 

cGl?)2+ O-204'= 
CoKm2 0.213 41 

NW-%)+ 0.2196 44 

0 Estimated. 
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Fig. 2. TanabeSugano-tYPe diagram for V(CPh- 

The accepted bonding patterns are correctly reproduced by the method used 
here, the outer molecular orbital sequence being in general, e’,, > aI; > ezti The ex- 
perimental estimate 1261 of 0.91 for the metal dz orbital coefficient of the czlg 
molecular orbital in the ferrocinium cation is in satisfactory agreement with the 
calculated value of 0.99. Electron density contour maps are shown in Fig. 3 for 
ferrocene. 

The calculated metal-carbon bond indices provide a quantitative measure of 
the degree of metal-ring interaction and on this basis, the metal-ligand interac- 

TABLE 2 

CALCULATED AND EXPERIMENTAL ABSORPTION SPECTRUM OF V(Cp)z, k = 1.4 

E calcd. (kK) E rxp. (kK) Assignment 

18.8 17.6 4&g * 4Elg 
13.9 19.7 4&g 
24.7 24.6 4E1g 

8.8 - 2E2g 
10.8 - 2Ezg 
12-6 - lAlg 

13.1 - *Azg -. 



METALLOCENEGROUD-STATEELECTRONICPROPERTIES <k= 1.4) ., 

Coqplex Atomcharges -: BondIndices Metalatomic orbitaloccupancies 

M C M-C C-C i P d 

vuG2+ +0_846 

WcPjz+ -to.264 

wcpk2 -0.281 

cr<cP)z+ -0.231 

cwCP)Z -0.599 

meCP)t -0.193 

FeWPh+ -0.416 

Fe(Cp)z -0.610 

cowP)2+ 4.421 

CO(CP)Z -0.499 

Ni<Cb):! -0.412 
- 

+0_003 
+0.003 
-0.004 
+0.047 

to.026 
-0.006 
+0.072 
io.034 
i-O.076 
+0.027 

+0.021 
- 

0.356 1.268 0.311 0.811 3.032 
0.339 1.286 0.313 0.808 3.615 
0.312 1.302 0.307 0.779 4.195 
0.349 1.257 0.305 0.762 5.165 
0.338 1.285 0.309 0.748 5.543 
0.323 1.293 0.323 0.344 6.026 

0.368 1.242 0.311 0.835 7.271 
0.357 1.270 0.318 0.818 7.474 
0.381 1.239 0.324 0.875 8.222 
0.292 1.271 0.320 0.849 8.328 

0.229 1.272 0.310 0.845 9.257 

tion is found to increase in the order: Ni(Cp) 2 < Co(Q), < WCPL < Mn(Cp)2 
< Cr(Cp)* < Fe(Cp),. This is in agreement with the limited experimental data 
available [ 14,27-291. The prec&tecl ground states are obviously compatible, in 
general, with experiment [30]. 

It is possible to repeat the SCF process for the unipositive molecular ion (as- 
suming the same molecular geometry) and to obtain the ground and excited 
states of the ionised species by means of a MECI calculation. Such calculations 
were therefore carried out on the molecular ions, M(Cp),: resulting from re- 
moval of an electron from the parent metallocenes. Only the lowest-energy mo- 
lecular ionisation potentials will be considered explicitly. 

For comparison, the molecular-orbital energies have been plotted for the neu- 
tral metahocenes (Fig. 4) and their ions (Fig. 5). For the highest elg(e;,) and 
alg levels, the energy variation is somewhat erratic and is due to the increasing 
number of valence electrons on crossing the transition series from vanadium to 

TABLE4 

GROUNI)STATEELECTRONICSTRUCTURESOF d'-d* METALLOCENES 

Predictedgroundstateandelec- Experimental 

tronicconfiguration groundstate 

ekg =1g e;g 

v<cP)22+ 1 0 0 'Ezg Jahn-Tellerdistortion 

wcP)2+ 1 1 0 3Ezg 'Azg 
VKp)2 2 1 0 

Cmp)z+ 
4&g 4&g 

2 1 0 4&g 4.42g 
~<cpkz 2 2 0 3-42g 3&g 
maa) 3 2 0 2E2g 6A 'g 
Fe<Cp)2+ 3 2 0 ZE2g 'Ezg 
Fe(cP)z 4 2 0 

co<cP)2+ 

'Alg 
'Alg 

'Alg 
4 2 0 

2Exg 
'Alg 

Coux9>2 4 2 1 Z-%g 
Ni(cP)z 4<etg) 2 2 3A2g 3A2g 



Fig. 3(a) 



(c) 
Fig. 3(c) 

nickel. For alI the neutraI metalIocenes studied with the exception of nickel- 
ocene, the outer molecuIar orbital sequence is eig < alg < e&. This is consistent 
with the majority of previous calculations. Many of the molecular orbit& are 
strongly metal-localised; the degree of local&&ion is well shown in Table 5. 

The lower-energy ionisation potentials, as evaluated from MECI calculations 
on.both M(Cp), and M(Cp),“, are summarised in Table 6. These results will now 
be discussed further in relation to the individual metallocenes. Unless otherwise 
stated, all photo-electron spectral data have been abstracted from ref. 31. 

B. Electronic ground states of the metallocene series 
Vanadocene is predicted to have the outer electronic configuration (e&)*- 

(alg)l(e;g)o corresponding to the high-spin 4A2g ground state: this agrees with 
both previous calculations [lO,ll] and experiment [ 14,32 J_ Removai of an elec- 
tron from the e)za or alg levels gives the 3E2,(e&$(a,,)1 tid 3A,,(ci&)2 states, res- 
pectively, and these ion&&ions are calculated to require 6.9 and 7.5 eV. Experi- 
mentally, a low-energy baud in the photoelectron spectrum at 6.78 eV has been 
attributed to a superposition of these energetically similar states 1311. 



_. 203 

Fig. 3(d) 

Fig. 3. Detity contom for ferrocene orbit&. Horizontal lines show the position of the ring P~IXS: @a) 

01 g orbital, (b) eb g orbital. <c) d, component of e$g orbital. Cd) total electron density in fmrocene. ver- 

tical section. 

The calculated 3A2g ground state for chromocene will help to resolve the con- 
troversy which exists at present over the assignment of the lower-energy photo- 
electron bands of this compound. The MECI calculation predicts a 4A2g(ezg)2- 
(alg)l ground state for the Cr(Cp),’ ion, as it does also for the d3 neutral vana- 
docene, with the higher-energy states quoted in Table 6. 

For manganocene a 2E2g ground state corresponding to the outer electronic 
configura%ion (eQ3(alg) z is predicted, identical to that of the isoelectronic fer- 

(continued onp.206) 
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TABLE 6 

LOW-ENERGY IONISATION PROCESSES IN &E NEUTRAL METALLOCENES 

Complex. M<Cp)2 Mu+ Ionisation Energies <eV) 

Molecular ground state and Molecular ion states and Cab Exp. 
outer electronic configuration outer electronic configuration 

VwPJ2 

Cr<Cp)2 

Mn(CP12 

COQzP)2 

Ni<Cp)z 

3 2 0 

4.. 2 1 

1 1 0 6.9 
2 0 0 7.5 

2 1 0 7.3 
2 1 0 8.5 
1 2 0 8.8 

2 1 0 9.1 
2 1 0 9.3 

3 0 0 10.7 

2 2 0 7.5 
3 1 0 8.3 
2 2 0 8.5 
4 0 0 9.2 

4 2 0 4.3 
3 2 1 6.6 

3 2 1 6.9 
3 2 1 7.4 

3 2 1 7.5 
4 1 1 8.5 

elg a1g eig 

4 2 1 5.7 

3 2 2 8.9 

6.78 

5.71 
7.04 

7.30 

7.58 

6.26 

6.91 

5.56 

7.18 

7.63 
8.01 

6.51 

rocenium cation, and for the molecular ion the lowest energy state is found to 
be 3A2g(e;g)2(alg)2. In this instance the eig - alg orbital splitting is significantly 
reduced in comparison with chromocene. The low-spin ground state of manga- 
nocene is in agreement with the work of Rabalais et al. [33]. 

Ferrocene is the only neutral metallocene of the first-row transition metals 
having a singlet lAlg ground state arising from an outer electrotic configuration 
(e;,)“(al,)‘. Since Dewar’s method and the closed-shell molecular orbital forma- 
lism [ 341 are now &incident, a critical appraisal of Koopman’s theorem 1351 is 
now possible. The calculated and experimental ionisation potentials are listed in 
-Table 7. 

_Cob&ocene is found to have a 2Elg(e;g)4(alg)2(e~g)’ ground state, in accord 
.with experimental observations [36]. Ionisation from the (elg) level produces a 
!Als ground state for the cobalto&nium cation. The higher-energy states, to- 
gether with &signments, are shown in Table 6 to be essentially in agreement 
with-experiment. 

Thiz’outer electronic configuration (elg)4(uIg)2(e;g)?, for nic~elocen~,.~orrectly 
‘f&&&&s a:TA& sound state 137 J. Ioriisation gives a_2Elg ground-state for the. 
mol&+rlar’iori,,&lso-ti agreem_e~~.with..experiment. 
i ..: bi+%ier~to develop. k:metbod.by .wbich absorption.spectra can be quantita- 
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TABLE 7 

ORBITAL ENERGIES AND I.P.‘s (eV) FOR Fe(Cp)z 

I.P. <c&d.) Assignment 1-P. (exp.) a Assignment 

6.7 
6.6 
7.2 
8.6 

6.9 
7.2 
8.7 
9.1 

e2’ 
Ql’ 
el’ 
el” 

a Ref. 40. 

tively predicted, we must examine the effect of k and other input data on the 
excited states. Hence, we have constructed Tanabe-Sugano-type diagrams (as in 
Fig. 2) for selected metallocenes. 

C. Excited-state properties of the metallocene series 
The 4A29 ground state of vanadocene permits three low-energy spin-allowed 

transitions, as demonstrated in Fig. 2. The low-lying excited-state energies (ex- 
cluding two-electron excitations which are of negligible intensity) and experi- 
mental spectral bands are compared in Table 2. For vanadocene the agreement 
is very good, as expected from the parametrisation scheme. 
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