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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 excmplified 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- o
state electronic structures [1—11]. However, particular attention has been focussed -
‘on ferrocene itself, and no single computational i framework has been applied - :
to a wide range of metallocenes. Also, while the excited-state propertles of the T
d™ metallocenes have been partnally elucidated within the multi-parameter. . o
‘ligand-field model [12—17], comparable MO calculations of a more general and - .
definitive nature have been limited to the closed-shell molecule: ferrocene.and its~ -
derivatives. It is, therefore, the purpose of this work: to attempt a general theo-:"- .
retical mterpretatmn of both ground- and excited-state. -properties of the metal ‘
'.locenes and to correlate the results Wlth the avallable expenmental data




;Method results and dlscussmn

EVA General ' ' ‘ '

LA staggered Ds, molecular geometry was assumed for all the metallocenes

‘ stud1ed The metal—carbon bond lengths are listed in Table 1, while the geome-

-:try of the cyclopentadienyl (Cp) ring was as in ref. 18.

- All ground-state calculations were carried out within a modlfled [19] CNDO
computatlonal framework [20] incorporating a generalisation of Dewar s half-
electron method [21] and the MECI * method [22].

One modification to the basic CNDO equations used here is the implementa-
‘tion of the Wolfsberg—Helmholtz 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 7z. Vanadocene was chosen for this purpose and calculations
were performed over a range of k values from 1.0 to 2.0. The variation of molec-
ular orbital energies with % is shown in Fig. 1.

For all values chosen, the outer molecular-orbital sequence of vanadocene is
found to be (€z5)*(e1g)*(e1u)*(€2¢)3(a1)(€1¢)?, the half-electron SCF procedure
placing 0.75 electrons of a-spin and 0.75 electrons of -spin in each of the highest

filled {e’;) molecular orbitals. The MECI calculations consistently predict 2 °A,,
ground state (arising from the high-spin outer electronic configuration (e3¢)*(a;;)!
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 1.4 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 8 and 4.

TABLE 1
MOLECULAR GEOMETRIES

-Complex Metal—carbon Ref.
bond length (am)

2+

V(Cp)2 0.2054a
V(Cp)2*© -0.219¢
V(Cp)> 0.230 41
Ccx(Cp)," -~ 0.202¢
Cr(Cp), 0.222 42
Mn(Cp)2 '0.238 43
Fe(Cp)2"* 0.196
Fe(Cp)z - 0.2056 18
Ce(Cp)>* 0.2044a
Go(Cp)2 0.213 . 41
Ni(Cp)> 0.2196 .44

G Estimated.

* MECI = multi-electron configuration interaction.
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Fig. 1. Variation of eigenvalues with k in V(Cp)>- Fig. 2. Tanabe—Sugano-type diagram for V(Cp)3.

The accepted bonding patterns are correctly reproduced by the method used
here, the outer molecular orbital sequence being in general, e}, > a3 > €,;. The ex-
perimental estimate [26] of 0.91 for the metal d? orbital coefficient of the a,,
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)2.k=1.4

E caled. (kK) E exp. (kK) Assignment
18.8 17.6 4Agg—>:Elg
18.9 19.7 T JE2g
24.7 24.6 2Elg
8.8 - - E2g
2
10.8 - 2EZg
12.6 - — zAlg

13.1 . - . A2g
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. TABLE3 - :
METALLOCENE GROUD-STATE ELECTRONIC PROPERTIES (k = 1.4)

-Complex- . -~ Atom charges - Bond Indices Metal atomic orbital 6ccupancies
: M c M—C c—C s p d
V(CD)ZZf +0.846 +0.003 '0.356 1.268 0.311 0.811 3.032
- V(Cp')2+ +0.264 +0.003 0.339 1.286 0.313 . 0.808 3.615
V(Cp)2 ’ —0.281 —0.004 0.312 1.302 0.307 0.779 4.195
cr(Cp)z" —0.231 +0.047 0.349 1.257 0.305 0.762 5.165
Cr(Cp)2 —0.599 +0.026 0.338 1.285 0.309 0.748 5.543
Mn(Cp)2 —0.193 —0.006 0.323 1.293 0.323 0.844 6.026
Fe(Cp)a™ —0.416 +0.072 0.368 1.242 0.311 0.835 7.271
Fe(Cp)2 - —0.610 +0.034 0.357 1.270 0.318 0.818 7.474
CO(C‘D)2+ —0.421 +0.076 0.381 1.239 0.324 0.875 8.222
Co(Cp)2 —0.499 +0.027 0.292 1.271 0.320 0.849 8.328

Ni(Cp)2 —0.412 +0.021 0.229 1.272 0.310 0.845 9.257

tion is found to increase in the order: Ni(Cp), < Co(Cp), < V(Cp). <Mn(Cp).
< Cr(Cp), < Fe(Cp).. This is in agreement with the limited experimental data
available [14,27—29]. The predicted 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 metallocenes (Fig. 4) and their ions (Fig. 5). For the highest e, (e',) and
a,g 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

TABLE 4
GROUND-STATE ELECTRONIC STRUCTURES OF a!—4® METALLOCENES
Predicted ground state and elec- : Experimental
tronic configuration ground state
ehg Glg eg
V(Cp)23_+ 1 0 0 2E2g Jahn—Teller distortion
V(Cp)2 1 1 0 3Eag 3A2¢
ViCp)z | 2 1 0 YA2g SAsg
cx(Cp)2™" 2 i o SA2g SAsg
Cx(Cp)2 2 2 o 3a2g 3a, £
Mn(Cp)2 3 2 o 2E;g 64 g
Fe(Cp)3" 3 2 o 2E2¢ . 2E2g
Fe(Cp)z 4 2 o TA)g tary,
Co(Cp)2 4 2 o lag lag
Co(Cp)2 4 2 1 2E1g. 2E,g
Ni(Cp)2 4(e1g) 2 2 3424 SAag
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Fig. 3(a)
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Fig. 3(c)

nickel. For all the neutral metallocenes studied with the exception of nickel-
ocene, the outer molecular orbital sequence is e, < a;; < €',. This is consistent
with the majority of previous calculations. Many of the molecular orbitals are
strongly metal-localised; the degree of localisation 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 (e5,)*-
(@12)*(€}g)° corresponding to the high-spin *A,, ground state: this agrees with
both previous calculations [10,11] and experiment [14,32]. Removal of an elec-
tron from the ey, or a,, levels gives the 3B g(e2g) (arg)! and F4,,.(e5,)* states, res-
pectively, and these ionisations are calculated to require 6.9 and 7.5 eV. Experi-
mentally, a low-energy band in the photoelectron spectrum at 6.78 eV has been
attributed to a superposition of these energetically similar states [31].
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Fig. 3(d)

Fig. 3. Density contours for ferrocene orbitals. Horizontal lines show the position of the ring planes: (a)
apg orbital, (b) e'zg orbital, (c) dyx, component of e'lg orbital, (d) total electron dexnsity in ferrocene, ver-
tical section.

The calculated 3A,; 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 4 ,,(ezg)*-
(@1¢)" ground state for the Cr(Cp),” ion, as it does also for the d* neutral vana-
docene, with the higher-energy states quoted in Table 6.

For manganocene a 2E,, ground state corresponding to the outer electronic
configuration (e%g)3(a.g)? is predicted, identical to that of the isoelectronic fer-

7 (continued on p. 206)
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TABLE 6 - , .
LOW-ENERGY IONISATION PROCESSES IN THE NEUTRAL METALLOCENES

Complex:  M(Cp)2 M(Cp)2"* Ionisation Energies (eV)
Moleeula.r ground state and Molecular ion states and Calc. Exp.
outer electronic configuration outer electronic configuration

e'2g C1g e'lg e’2g alg e'lg
V(Cp)2 42y 2 1 o 3By 1 1 ] 6.9 6.78
342¢ 2 0 0 7.5
Cr(Cp)2 3A2g 2 2 0 %Az, 2 1 0 7.3 5.71
2E, . 2 1 o 8.5 7.04
2E2g 1 2 o 8.8 7.30
2a2¢ 2 1 o 9.1 7.58
24, 2 1 o 9.3
. 2E3g 3 0 0 10.7
Mn(Cp)2 2E3g 3 2 0 S42g 2 2 0 7.5 6.26
3Ezg 3 1 o 8.3 6.91
1By g 2 2 o 8.5
la,g 4 1} 0o 9.2
Co(Cp)2 2B, 5. 2 1 lagg 4 2 o 4.3 5.56
3k, 3 2 1 6.6
g .
3Eag 3 2 1 6.9 7.18
'Eg 3 2 1 7.4
LBy, 3 2 1 7.5 7.63
3Eg 4 1 1 8.5 8.01
e1g d1lg eig elg G1g €lg
- Ni(Cp)2 a2 4 2 2 2E)g 4 2 1 5.7 6.51
: 4Ezg 3 2 2 8.9

‘rocenium cation, and for the molecular ion the lowest energy state is found to

be 3Azg(e'zg)z(a 1g)>- In thisinstance the e, — a,, 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
havmg a singlet 'A,, ground state arising from an outer electronic configuration
(e5¢)*(a:1¢)?. Since Dewar’s method and the closed-shell molecular orbital forma-
lism [34] are now coincident, a critical appraisal of Koopman’s theorem [35] is
now p0551ble The calculated and experimental 1on1sat10n potentials are listed in~
.Table 7.

. Cobaltocene is found to havea E’lg(egg)“(a,g)z(e 1g)! ground state, in accord
w1th experimental observations [36]. Ionisation from the (e,g) level produces a.
A, ground state for the cobaltocmlum cation. The higher-energy states, to-
gether with a551gnments are shown in Table 6 to be essentla.lly in agreement
Wlth expenment : :

‘The outer electronic conflguratlon (elg)“(a,,;)z(e,g)2 for mckelocene, correctly
formulat&s a’ 3Azg ground state [37]. Tonisation gives a 2E1g ground state for the -
molecular ion,. also-in agreement w1th experiment. - :

In order to develop a method by which absorption. spectra can be quantlta-
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TABLE 7 -
ORBITAL ENERGIES AND LP.’s (eV) FOR Fe(Cp)>

1.P. (caled.) Assignment LP. (exp.) ¢ Assignment
6.7 eag 6.9 ey’

6.6 Qg 7.2 ay’

7.2 elg 8.7 el'

8.6 eln 9.1 e”

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 “A4,, 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.

]

w14 20 L A e o

"Fig 6. Variation of eigenvalues with k for V(Cp)*. . Fig. 7. Tanibe—Sugané-type diasram for V(Cp)2



- The d? complex V(Cp)," and the d* complex V(Cp),?* cannot be regarded as
o 51mp1e ionisation products of the parent vanadocene, since the molecular geom-
. etry alters to accommodate the effect of the reduced ionic radii of the vana-
~ dium(III) and vanadlum(IV) ions. The variation in molecular-orbital energies
- with % is depicted graphically for V(Cp)," in Fig. 6 and the corresponding Tanabe—
'Sugano diagram is shown in Fig. 7. Dewar’s SCF procedure shows the existence
" of two possible ground states. These are the 3A,, and Ezg states. The MECI cal-
culation shows the latter state to be more stable in the range of k& values chosen
-~ but indicates the occurrence of the 3Azg ground state at higher ligand-field
- strengths. Magnetic data support a 3A,g ground state.
- Similar effects are evident for the d' complex V(Cp),*". The e}, level is again
strongly dependent on ligand-field strength (Fig. 8), resulting in the energy of the
- 2E,, excited state being radically altered as k is increased (Fig. 9). The ground
state is found to be the Jahn—Teller susceptible *E,, state and further calcula-
tions show that a Jahn—Teller distortion to C,, symmetry leads to the orbital
sequence(d. 2, 2)(d,,)(d,.)(d..). This distortion, shown schematically in Fig.
10, is identical to that postulated for formation of protonated ferrocene,
Fe(Cp).H", where it was concluded that the metal—ring bonding is essentially
‘unaltered by the degree of distortion [38]. We assumed the vanadium—carbon
bond lengths remained unaltered during the distortion and reduced the ring—
metal—ring angle from 180° to 165°. It was found that reduction of this angle

(continued on p. 211)

8. Vana °’1°f ﬂgen"a-lua Wl“-h k f°1' V(Cp)zztii- F!g- 9 Tanabe—Sugano-type dxagram for V(CD)22+ i
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Fig. 18. Tanabe—Sugano-type diagram for Fe(Cp),*. Fig. 19. Variation of eigenvalues with k for Fe(Cp)2.

strengthened the overall metal—rting interaction, thereby stabilising the system;
this, however, does not compensate for the increased nuclear energy brought
about by mutual approach of the rings. It was next shown, however, that a small -
increase in metal—carbon bond length (0.01 nm) is sufficient to stabilise the
Jahn—Teller distorted system with respect to the unperturbed species and it is

- therefore concluded that for C,, distortion to occur, a concomitant increase in .
metal—ligand separation is required. With thisrestriction, the above model of pro-
tonated sandwich compounds is perfectly acceptable. This view is remforced by -
the existence of the C,, species Mo(Cp).H, [39]. ' 7

A singlet, triplet or pentuplet ground state can exist for d* chromocene Ex-

‘ penmental evidence indicates a 3E,,_ ground state, while the calculations predict
a >A,, ground state: the double occupancy of the a,, level merely reemphamses
the importance of configuration interaction. ‘

The chromocinium cation has’ atA,, ground state like the 1soelectron1c va- .
nadocene. Consequently, for these’ species both the molecular-orbital sequence = -
(Fig. 13)and Tanabe—Sugano dlagram (Flg 14) are similar. In Cr(Cp),", how-- - =~
ever, although the ezg - alg separatmn is comparable to that in vanadocene the o

_efglevel isat’ ‘considerably higher energy. This results i in the spm—a]lowed exclta-_ s
tlons bemg much more energetlc than in vanadocene. - -. L

. Experimental data favour a high-spin ®4 ;, ground state for manganocene, D
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Fig. 20. Tanabe—Sugano-type diagram for Fe(Cp);.

while Fe(Cp)," has been shown to have a 2E,, ground state. The eigenvalue varia-
tions with & are similar for both species (Figs. 15 and 17) and, consequently, a
2E,, ground state is predicted for both. At lower values of % (<1.4), the outer
electronic configuration of Fe(Cp)," leads to a 24, ground state, whilst for val-
ues of 2 > 1.4 the calculated electronic transition energies deviate from experi-
ment. The Tanabe—Sugano diagram for manganocene (Fig. 16) corresponds to
that expected for the ferrocinium cation. Similarly for ferrocene itself, for a
value close to 1.0, the Tanabe—Sugano diagram (Fig. 20) gives results in good
agreement with experiment. The outer electronic configuration is, however,
(aig)?(e1g)*(e1¢)°- ‘At higher ligand-field strengths, however, this order is changed
and the generally accepted (e3;)*(a:1;)?(ei)° orbital sequence prevails. The asso-
ciated Tanabe—Sugano diagram (Fig. 20) renders a satisfactory interpretation of
the lower-energy ligand-field bands of ferrocene. In the context of these calcu-
lations, it should be remembered that the spectral energies involved are rather small.
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