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Abstract: The photoelectron spectra of [Ti(3-C7H7)(n-CsHs)], [Nb(9-C7H7)(n-CsHs)], [Ta(n-C7H7)(n-CsHsMe)],
and [Mo(n-C7H;)(n-CsH;)] have been acquired with synchrotron radiation in the incident photon energy range 20-95
eV. Relative partial photoionization cross sections have been derived for the valence bands. The 1a, highest occupied
molecular orbital (in [Nb(n-C7H;)(7-CsHs)), [Ta(n-C;H;)(n-CsHsMe)], and [Mo(n-C7H7) (n-CsHs))) is confirmed
as almost wholly metal-localized. The principal source of metal-cycloheptatrienyl ring covalent bonding is found to
be the 1e; molecular orbitals. The mixed metal/ligand character of the 1e; orbitals, estimated as around 60-80% metal
character, indicates that neither the +1 nor the -3 formalism for the charge on the cycloheptatrienyl ring is an accurate
description of the metal-ring bonding in these complexes. It is considered that three metal valence electrons are

required to form the metal-cycloheptatrienyl bond.

Introduction

The cycloheptatrienyl ring is of particular interest among the
aromatic carbocyclic ligands in possessing a doubly degenerate
¢, symmetry highest occupied molecular orbital (HOMO) which
contains one electron. As both a +1 and a -3 formal charge
therefore satisfy the Hiickel 4n + 2 rule for aromaticity, the
interaction of the cycloheptatrienyl ring with a transition metal
center via its e, level raises interesting questions of electron
localization. Aside from the intrinsic theoretical interest, an
understanding of the bonding between transition metals and the
cycloheptatrienyl ring is of key importance in rationalizing and
predicting the number and nature of ancillary ligands which the
metal center can support. Ina recent publication concerning the
synthesis and the electronic and molecular structures of some
(n-cycloheptatrienyl) (-cyclopentadienyl) derivatives of the group
V metals,! we addressed the nature of the (n-C;H;)-transition
metal bond using helium discharge lamp photoelectron spec-
troscopy (PES) in conjunction with theoretical considerations
and electrochemical, electron spin resonance (ESR), and X-ray
crystallographic techniques.

In this paper we report a more extensive photoelectron (PE)
spectroscopic investigation of the bonding in [M(n-C;H7)(n-
C;sH;)] systems, in which we have used synchrotron radiation to
provide access to a wide range of incident photon energies. The
information which can be obtained from the PES experiment is
greatly increased when the energy of the exciting radiation is
continuously tunable. In previous studies of a wide range of
chemicalsystems,2® we have demonstrated some of the problems
associated with drawing conclusions from conventional discharge
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lamp PES and have established the variable photon energy
technique as a powerful tool in electronic structure determination.
The observation of features such as delayed maxima, Cooper
minima, p — d, and shape reasonances in the photoionization
cross sections of valence MOs has furnished a more thorough
understanding of electron distribution and facilitated unequivocal
assignment of PE spectra. Of particular relevance to the present
work are our investigations of [M(n-CsHs);] (M = Fe, Ru, Os),3
[Mn(3-CsHsR);] (M = Cr, R = H; M = Mo, R = Me),” and
[U(n-CsHs).),* with which extensive comparison is made.

We have targeted four mixed sandwich molecules for inves-
tigation, [ Ti(n-C7H;)(9-CsHs)], [Nb(n-C7H;)(n-CsHs)), [Ta(n-
C7H7)(17-C5H4Me)] ’ and [MO('I]-C7H7) (17-C5H5)], which between
them cover 16-, 17-, and 18-electron configurations and provide
examples from all three transition series. Furthermore, they
sublime readily to give PE spectra with well-separated bands of
metal, ligand, and mixed metal/ligand character. It wastherefore
expected that they would yield valuable data against which our
previous conclusions could be tested.

Boththeoreticaland experimental methods have been employed
to address the bonding in mixed sandwich molecules.!-1%-17 The
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Figure 1. Qualitative molecular orbital diagram for [M(n-C7H7)(»-
CsHs)], with symmetry labels appropriate to the C., point group.
Shadings indicate the phases of the carbon 2p, atomic orbitals; the sizes
of the circles on the C atoms reflect the relative contributions of their
2p, orbitals to the MO, calculated at the extended Hiickel level.

structural data obtained for [Mn(»-C;H;)(»-CsHs)] (M =
Ti,'8V,1° Cr!6) indicate that the rings are planar and parallel, and
it may be reasonably assumed that [Nb(n-C;H7)(n-CsHs)], [Ta(n-
C;H7)(n-CsHsMe)], and [Mo(n-C;H;)(n-CsHs)] have similar
structures. Assuming infinite axes of rotation for the carbocyclic
rings (an approximation made in many treatments!3), an MO
diagram may be constructed in the C., point group.!’:!3 Figure
1 presents such a scheme, in which only the interaction of the e
symmetry pw orbitals of the ligands with the metal is considered.
In the pseudoaxial ligand field generated by the rings, the metal
d-orbitals split into three sets, d,2 (1a,), dx, dy, (3€), and d,2_,2,
d,y (1e;), which are of ¢, 7, and 6 symmetry, respectively, with
respect to the metal-ring axes. In [Ti(y-C;H;)(n-CsHs)], the
le; MO is the HOMO, while the 1a, level is singly-occupied in
[Nb(n-C;H7)(1-CsHs)] and [Ta(n-C;H;)(n-CsHsMe)] and is
filled in the 18-electron [MO(T}-C';H';)(T}-CsHs)].

Thering e MOs become progressively stabilized with increasing
ring size,! and the energies of these levels with respect to the
metal d-orbitals are such that an e, () interaction is the principal
source of (n-CsHs)-metal bonding. However, the e,(6) MOs
provide the more important interaction for the seven-membered
ring. The cycloheptatrienyl e, orbitals are the main contributors
to the l1e, complex MOs, while the 2e, levels are predominantly
cyclopentadienyl in character.

Of the more metal-based MOs, the 3¢, MOs are antibonding
while the 1a; MO is largely nonbonding (the nodal cone of the
d,2orbital intersects the metal-directed lobes of the C 2p, orbitals
of the rings close to their region of maximum electron density!2).
ESR evidence strongly supports the metal nd,: nature of the 1a,
MO, 112
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The le, orbitals are metal—>carbon back-bonding, and the
cycloheptatrienyl e, orbital content of these complex MOs is of
central importance in determining the nature of the (n-C;H,)-
transition metal bond. If these MOs are found to be largely
metal-localized, the conclusion must be that there is relatively
little metal—carbon back-bonding (the (n-C;H;) ring is func-
tioning more as a +1 ligand), whereas if a substantial ligand
contribution is revealed, the metal-ligand 6 interaction is strong
(the (n-C;H>) ring is functioning more as a —3 ligand).

The +1 formalism for the charge on the (3-C;H) ring is
attractive, as it leaves the ring with six pr electrons, isoelectronic
with (n-cyclopentadienyl) and arene rings. Thus [Ti(n-C;H;)-
(n-CsH;s)] was considered to contain a Ti(0) (d*) metal center.20
Subsequent evidence, however, suggested that the unipositive
formalism was misleading. An extensive series of compounds
[M(n-C;H;)L,X] (M = Ti, Zr) exists, where L = O, N, and P
donor ligands and X = halides and alkyl groups. The typically
“harder” L ligands (ethers, amines) are more tightly bound than
the “softer” phosphine ligands,!%2! suggesting that the metal center
is more d° than d* in character. A similar conclusion can be
drawn from the infrared stretching frequency of the CO adduct
in [Nb(n-C;H,)(n-CsHsMe)CO]*,! which at 2086 cm™! is beyond
the range found for cationic Nb(III) complexes of the type [Nb-
(n-CsHs)L3(CO)X]+.22

The evidence from a helium discharge lamp PES study of [Ti-
(n-C7H7)(n-CsHs)]'0 also favored a d° titanium(IV) center. This
is in contrast, however, to our recent results on [V(n-C;H7)(n-
CsHs)], [Nb(n-C7H;)(n-CsHs)], and [Ta(n-C;7H7) (n-CsHeMe)),!
in which the le, level was found to contain a significant
contribution from both ligand and metal valence atomic orbitals
(AOs), a conclusion supported by theoretical studies.!? Following
this work, we proposed that the (n-C;H-) ligand is best described
as a 7-electron donor and a trivalent ligand and that three metal
electrons are required to form the (n-C;H;)—transition metal bond.
In doing so, however, they retain a significant degree of metal
character.

The aims of the present study, therefore, were to test more
fully this assertion, to quantify the relative metal and ligand
contributions to the le, MOs, and to resolve the discrepancy
between the results obtained for [Ti(n-C;H;)(n-CsHs)] and the
group V analogues. It was also hoped that more information
would be gathered concerning the nature of the resonances
proposed to be molecular shape resonances that were found in the
cross sections of the valence bands of [M(n-CsHs),] (M = Fe,
Ru, Os) and [M(n-C¢HsR),] (M = Cr, R = H; Mo, R = Me),
in addition to the p — d resonances, in particular whether their
occurrence is governed by the amount of metal d-orbital character
in an ionizing MO or if the symmetry of the outgoing ionization
channel is more important.

Experimental Section

[Ti(n-C7H7)(n-CsHs)] was synthesized by Dr. S. E. Jackson according
tothe literature procedure.2> [Nb(n-C;sH7)(9-CsHs)] and [Ta(n-C7H7)(n-
CsHsMe)] were synthesized by Dr. P. Scott according to the published
procedure,' and [Mo(n-C7H7)(n-CsHs)] was synthesized by Dr. P. Scott
via a route analogous to that used for [Nb(n-C;H7)(n-CsHs)].2! All
compounds were characterized by NMR and elemental analysis,?! and
their spectral purity was checked by measuring their helium discharge
lamp spectra prior to running at the synchrotron radiation source.

The PE spectra of [Ti(n-C7H7)(n-CsHs)], [Nb(n-C7H7)(n-CsHs)],
[Ta(n-C7H7)(n-CsHsMe)], and [Mo(n-C7H7)(n-CsHs)] were obtained
using the synchrotron radiation source at the SERC’s Daresbury
Laboratory. A full account of our experimental method has been given,?
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Table 1. Incident Photon Energy Ranges Used in Acquisition of the
Photoelectron Spectra of [M(n-C7H7)(n-CsHs)] (M = Ti, Nb, Mo)

Green et al.

Table 2. Vertical IEs and Band Assignments for
[M(n-C7H7)(n-CsHs)] (M = Ti, Nb, Mo) and

and [Ta(»-C7H7)(n-CsHMe)] [Ta(n-C7H7)(n-CsHiMe)]
incident incident ion
photon photon compound band IE (eV) state related MO
energy energ; i
compound range (eV) compound range (eyV) [Ti(n-C7H7) (n-CsHs))® ‘g ggi ;gf ;::
[Ti(n-C7H;)(n-CsHs)] 2080 [Mo(n-CsHy)(n-CsHs)] 21-80 C 9.90 EE, le
[Nb(n-C;H7)(n-CsHs)]  21-80  [Ta(n-C;H:)(n-CsHMe)]  20-95 >11 ligand ¢ and
[Nb(2-C7H7) (n-CsHs)]? A 585(5.98) A, la
B 7.00(7.11) 3E; le;
and the apparatus and its performance are described elsewhere.24 Hence B’ 7.36(7.50) !E: le:
only a brief account of experimental procedures is given here. C 8.77(8.78) 2¢,
Synchrotron radiation from the 2-GeV electron storage ring at the C 9.2309.13) 2¢,
SERC’s Daresbury Laboratory was monochromated using a toroidal D 1>01f2 (10.4) lli;land v and
grating monochromator and was used to photoionize gaseous samples in "
a cylindrical ionization chamber. The photoelectrons were energy [Mo(2-C7H7)(n-CsHs) 14 A 5.70(5.87) ;Al }al
analyzed using a three-clement zoom lens in conjunction with a (B: 73 g (;.5;) E; 2ez
hemispherical electron energy analyzer, which was positioned at the “magic , 8.86 (8.93) €1
otre C’ 9.25(9.28) 2¢;
angle” so as to eliminate the effects of the PE asymmetry parameter, §, D 10.38(10.4) le,
on signal intensity. Multiple-scan PE spectra were collected at each >11 ligand ¢ and *
photon energy required. The decay of the storage ring beam current was [Ta(n-C;H7)(n-CsHMe))e A 5.47 1A, la;
corrected for by linking the scan rate with the output from a photodiode B 689 3E, le,
positioned to intersect the photon beam after it had passed through the B 7.2l IE, le,
ionizationregion. Thesensitivity of the photodiode to different radiation C 873 2e;
energies was determined by measuring the np~! PE spectra of Ne, Ar, C 9.14 2e;
and Xe. These were also used to characterize and correct for a fall off D 10.19 le
in analyzer collection efficiency at PE kinetic energies <15 eV. >11 ligand ¢ and =

Photoionization cross sections for the rare gases were taken from the
literature,25:26

Sample pressure fluctuations were corrected for by collecting a
“standard” calibration spectrum before and after each data spectrum.
The integrated intensities of the bands in these spectra were then used
as a relative measure of the sample density in the ionization region.

All four compounds were introduced into the spectrometer inside a
1/ +-in. diameter copper tube sealed with a naphthalene plug. The copper
tubes were surrounded by Semflex noninductively wound heating wire
which was used to vaporize the samples. The required heating currents
were low (<1 A). A liquid nitrogen-cooled cold finger was fitted to the
spectrometer to prevent diffusion of the compound into the pumps.

Band areas were obtained by deconvoluting the spectra using
asymmetric Gaussian functions. Relative partial photoionization cross
sections (RPPICS) were derived from these band areas using a suite of
programs initially developed by Glyn Cooper and J.C.G. and subsequently
installed on the Convex C220 supercomputer at the Daresbury Laboratory.
Fano profiles were obtained using a program written by Glyn Cooper.?’

Results and Discussion

The PE spectra of [Ti(z-C7H7)(n-CsHs)], [Nb(r-C7H7)(7-
C;sHs)), [Ta(n-C7H7)(n-CsHeMe)], and [Mo(3-C7H7)(-CsHs)]
have been measured over the incident photon energy ranges given
in Table 1. Table 2 presents ionization energy (IE) data and
band assignments. Figures 2, 5,8, and 12 present selected spectra
of all four molecules. RPPICS have been derived for bands A-D
(Nb, Ta, Mo) and A—C (Ti). They are given in graphical form
in Figures 3—4, 6-7, 9-11, and 13; the cross sections are given
in numerical form together with associated errors in the
supplementary material.

1. [Mo(n-CsH7)(n-CsHs)}. The PE spectrumof {Mo(%-C;H)-
(7-CsHs)], recorded at 30 and 48 eV, is presented in Figure 2.
Theassignment (Table 2) is as given by previous workers.!” Bands
E, F, and G are assigned to the ring C-C and C-H ¢ bonding
MOs, together with the most stable ring 7 ionizations. Thelarge
number of MOs ionizing above 11 eV makes detailed assignment
impossible, and no attempt was made to derive RPPICS for bands
E-G.

Below an IE of 11 eV are four bands, which are assigned to
the four occupied MOs of Figure 1. Band A is assigned to the

(24) Potts, A. W.; Novak, I; Quinn, G. V,; Dobson, B. R.; Hillier, I. H.
J. Phys. B 19885, 18, 3177.

(25) West, J. B,; Marr, G. V. Proc. R. Soc. London, A 1976, 349, 391.

(26) West, J. B.; Morton, J. At. Data Nucl. Data Tables 1978, 22, 103.

(27) Cooper, G. D. Phil. Thesis, University of Oxford, 1987.

9 IE data from ref 10. ¢ IE data from a remeasurement of the He I
spectra prior to running at the synchrotron radiation source. Those in
parentheses are from ref 17. < IE data from a measurement of the He I
spectrum prior to running at the synchrotron radiation source.
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Figure 2. Photoclectron spectrum of [Mo(n-C7H7)(n-CsHs)], acquired
with synchrotron radiation at (a) 30 and (b) 48 eV.

T T

metal-based 1a; HOMO, and band B, to the 1e; MOs; the greater
width of this band implies greater vibrational excitation in the
molecular ion, reflecting the metal to carbon back-bonding
character of these MOs. Bands C and D are assigned to the 2¢;
and le, levels, respectively. The shoulder to band C (labeled C’)
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is more clearly visible in the Hel spectrum,!”-28 which is of slightly
superior resolution to the spectra acquired with synchrotron
radiation. The shape of band C is characteristic of the e, levels
of cyclopentadienyl rings bonded to transition metals, and such
structure has been observed on numerous occasions.2%-33 Its origin
has been attributed to a Jahn—Teller distortion in the molecular
ion,32 although it has also been suggested that a ground state
distortion of the coordinated ring,*? or a C-H stretch,* may be
the cause.

The spectrum of [Mo(n-C;H;)(n-CsHs)] is similar to that of
[Mo(n-CsHsMe),],”1! with which it is isoelectronic. The major
difference in the valence bands lies in the separation of bands C
and D. In [Mo(n-CsHsMe),], in which they are assigned to the
¢1u and e;; MOs resulting principally from the toluene ey, levels,
theylie0.70eV apartin IE. Thissplitting reflects a metald-orbital
contribution to the e;; MOs, which are stabilized with respect to
the e,, set. However, a 1.52 eV separation is found in [Mo(-
C;H;7)(n-CsHs)], on account of the relative energies of the e,
levels of the five- and seven-membered rings. The similarity in
electronic structure of [Mo(n-CsHsMe),] and [Mo(n-C;H;)(»-
C;sH;)] will be addressed through a comparison of the RPPICS
of the valence bands of [Mo(n-C;H7)(n-CsHs)] with those
obtained previously for [Mo(-CsHsMe),).”

The RPPICS of bands A-D of [Mo(n-C;H;)(n-CsHs)] are
presented in Figures 3 and 4 and will be discussed in two parts.
First the predominantly metal d ionizations, the 1a;~ (A) and
le,- (B) bands, are discussed and second the 2e;-1 (C) and le;-
(D) bands.

(i) The 1a;-1 and ley+ Bands. The RPPICS of bands A and
Bare given in Figure 3a and their renormalized branching ratios
(BR) (the fraction of the combined areas of bands A and B
associated with each band) in Figure 3b. Below anincident photon
energy of ca. 40 eV, the RPPICS of the two bands are somewhat
different, with band B displaying a steep fall off from 21-40 eV
(interrupted by a small shoulder at 30 eV) and band A having
a minimum at 24 eV followed by a maximum at 30 eV.
Subsequently both bands show maxima close to the 4p ionization
potentials of free Mo (2P3/; = 42 ¢V, 2P/, = 45 ¢V¥), which are
attributable to resonant photoemission of 4d electrons in the
vicinity of 4p — 4d giant resonant absorption, a well-established
effect in both atomic and molecular photoionization.2-9:36-41

The 4p — 4d giant resonant absorption process for [Mo(n-
C7H;)(n-CsHs)] is represented by the equation

(4p)°(1e,)*(12,)%(3¢,)" + hv — (4p)*(1e,)*(12,)%(3e)! (1)

In C., symmetry, the irreducible representations of the 4p°
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(31) Lichtenberger, D. L.; Kellogg, G. E.; Pang, L. S. K. In Experimental
Organometallic Chemistry; Wayda, A. L., Darensbourg, M. Y., Eds.; ACS
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Figure 3. (a) Relative partial photoionization cross sections and (b)
renormalized branching ratios of bands A and B in the photoelectron
spectrum of [Mo(n-C7H7)(n-CsHs)].

configuration transform as (A; + E;), so that the states arising
from the (4p)°(1e3)4(1a;)2(3e;)! configuration are given by the
direct product

(A;+E)XE ='E +'A, +'A,+'E,+’E, + A, +
‘A, +°E,
Application of the dipole selection rule and assumption of Russell-

Saunders coupling give the allowed final states as !A; and !E;.
Autoionization

(4p)°(1e;)*(12))%(3e;)! — (4p)°(ley)*(1a)*(3e,)° + ¢ (2)

is possible, along with the super-Coster—Kronig (SCK) decay
processes

(4p)*(1e,)°(1a,)%(3e,)’ + & (3a)
(4p)°(le;)*(13,))Ge)' —~

(4p)°(le,)*(1a))!(3¢))° + ¢~ (3b)
inwhich a valenceelectronis ionized with simultaneous relaxation
of another into the hole in the 4p subshell. The final states of

egs 3a,bare identical to those produced by direct photoionization
of the le; or 1a; MOs:

4p)°(lep)’(12))*(3e)’ + ¢ (4a)
(4p)%(1e,)*(12,)%(3e,)’ + hy —

(4p)°(ley)*(1a))'(3¢))° + €~ (4b)
Interchannel coupling between the corresponding final states in
the resonance and direct ionization processes should lead to two
overlapping Fano profiles,*24? resulting from absorption to the
1A; and 1E; excited states, for the RPPICS of the le;! and 1a;!
bands.

(42) Fano, U. Phys. Rev. 1961, 124, 1866.
(43) Fano, U.; Cooper, J. W. Phys. Rev. A 1965, 137, 1364.
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Figure 4. (a) Relative partial photoionization cross sections and (b)
renormalized branching ratios of bands C and D in the photoelectron
spectrum of [Mo(n-C;H7)(n-CsHs)].

Fano found that, for a single resonance interacting with a single
continuum channel, the cross section in the vicinity of the
resonance is described by three parameters, the resonance energy
E,, the resonance width T, and the line profile index g. The latter
measures the relative contributions of the direct and resonant
ionization channels. Large g valuesimply large photoabsorption/
SCK decay probabilities. The cross section o(E) as a function
of incident photon energy E in the vicinity of a resonance is given
by

(g+¢?
o(E) = go(1 - X(E, -E))(_1+_ez) )

where ¢ = (E — E;)/0.5T, gy is the background cross section, X
is a parameter which determines the percentage decrease in o
per electronvolt, and E is the lower photon energy.limit of the
fit. The necessity of X reflects the general decrease in MO cross
sections with increasing incident photon energy (vide supra).
Fano resonance profiles were fitted to the experimentally
determined RPPICS of bands A and B, using eq 5. The values
of the Fano parameters obtained are givenin Table 3. Satisfactory
fits were obtained to two Fano profiles with identical line profile
indices. Equation 5 is based on the assymption that the direct
ionization process interacts with a single resonance channel. The
distinct asymmetry of both RPPICS plots in this region together
with the fact that two Fano profiles were required to obtain a
good fit is strongly reminiscent of the data collected for [Mo-
(n-C¢HsMe),).” In that study we concluded that there is a
molecular shape resonance coincident with the p — d resonance
process, which between them combine to give the observed
RPPICS. Strong evidence for this came from a comparison with
[Cr(n-C¢Hg).), in which the p — d resonance occurs at slightly
higher incident photon energies (ca. 50 eV) and in which a
maximum was still observed at 42 eV. That two resonance
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Table 3. Fano Parameters Obtained from the RPPICS and Bands
A and B in the Photoelectron Spectrum of {Mo(n-C7H7)(n-CsHs)]

band q E, (eV) ) r X hy range (eV)
A 1.35 43.1 6401 8.26 0.024 38-70
48.3 1.81
B 0.76 41.6 17040 104 0.024 38-70
49.8 0.14

processes are occurring simultaneously means that the values of
the Fano parameters are suspect.

The cross section of band A from 24-40eV is extremely similar
to the corresponding band in [Mo(n-C¢HsMe).], which is
unsurprising given the almost pure Mo AO nature of the HOMO
in both complexes. Of key importance, however, is the extra
data point obtained for [Mo(n-C;H7)(n-CsHs)] at 21 eV. That
the cross section at 21 eV is higher than it is at 24 eV is strong
evidence to suggest that the maximum at 30 eV is not due to the
delayed maximum* in the cross section of the 4d AOQ of Mo,
which was the assignment in [Mo(n-CsHsMe),]. The results on
[Mo(n-C7H7)(n-CsHs)] indicate that an incident photon energy
of 21 eV, corresponding to a PE kinetic energy of 15.3 eV, may
be taken as an upper limit to the value of the delayed maximum,
in excellent agreement with the ca. 15 eV obtained from
calculations on atomic Mo.45 As there are no atomic effects
which readily explain it, we therefore conclude that the maximum
in band A at 30 eV is due to a molecular shape resonance.

The RPPICS of band B between 21 and 40 eV may be explained
by the mixed Mo/C AO content of the 1e; MOs. Atlow incident
photon energies, the cross section of the C 2p AO contribution
dominates the MO cross section, displaying the monotonic cross
section fall off associated with ligand-based orbitals.3479 This
arises from a decreased photoionization dipole matrix element as
the wave function of the free electron becomes more oscillatory.
The shape resonance of band A at 30 eV may be responsible for
producing the shoulder to the RPPICS of the le;™! band at 30
eV, but it is not until ca. 40 eV that the metal contribution to this
MO begins to reveal itself.

Thebranching ratio (BR) plot (Figure 3b) illustrates that both
of the RPPICS maxima occur more strongly in band A than
band B. The behavior of the two bands at high incident photon
energies (60-80¢V) isimportant, in that it reveals band B to gain
in intensity relative to band A. This is due to the approaching
Cooper minimum#+#7 in the cross section of the 4d subshell of
Mo, calculated to occur at a PE kinetic energy of 82 eV, and
further demonstrates the greater metal contribution to the MO
giving rise to band A than band B. A similar effect was also
observed in [MO('I)-C6H5MC)2].

Thus theevidence presented indicates that the 1a; MO ismetal-
localized, with a significant metal/ligand mixing being found in
the le;levels. Comparison with the previously measured [Mo(n-
C¢HsMe),] suggests that the 1a; and 1e; MOs of the mixed ring
compound have localization properties very similar to those of
la;g and ley, levels of the bis-arene system.

(ii) the 2¢,~! and 1¢;~! Bands. The RPPICS and renormalized
BRs of bands C and D are presented in Figure 4a,b. Both bands
display cross section behavior typical of ligand localized MOs.
B and D shows a small enhancement in the region of the Mo 4p
—4d giant resonance. This may bedue toa small metal d-orbital
contribution tothe 1e; MOsor tointerchannel coupling.? Neither
the le; nor 2e; MOs has features in its RPPICS which can be
identified with the shape resonances found in the more metal-
localized ionizations. This is an important piece of information
in determining whether MO symmetry of metal d-orbital content
is the controlling influence upon the existence and magnitude of
the observed shape effects. A discussion of these data is deferred

(44) Manson, S. T.; Cooper, J. W, Phys. Rev. 1968, 165, 126.

(45) Yeh, J. J.; Lindau, 1. At. Data Nucl. Data Tables 1988, 32, 1.
(46) Cooper, J. W, Phys. Rev. 1962, 128, 681.

(47) Cooper, J. W, Phys. Rev. Lett. 1964, 13, 762.
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Figure 5. Photoelectron spectrum of [Nb(n-C7H7)(n-CsHs)], acquired
with synchrotron radiation at (a) 30 and (b) 48 eV.

until the cross section results for the other title molecules have
been presented.

2. [Nb(n-CsH7)(n-CsHs)). The PE spectrum of [Nb(n-C;H;)-
(7-CsHs)), recorded at 30 and 48 eV, is presented in Figure 5.
The assignment is given in Table 2 and is as proposed by previous
workers.17 The spectrum is very similar to that of [Mo(-C;H;)-
(n-CsHs)], but the relative intensity of band A is lower than that
of the 1a;~! ionization of [Mo(n-C;H7)(n-CsHs)]. This arises
fromthe 1a; MO being singly occupied in [Nb(n-C7H7)(3-CsHs)]
but doubly occupied in [Mo(7-C7H7)(2-CsHs)]. Theasymmetry
of band B, which is more pronounced in the He I spectrum,!.17
isa result of an exchange interaction between the unpaired electron
remaining in the 1e; MOs following ionization and the electron
in the 1a;. That of band C, which is again not well resolved in
the spectra acquired with synchrotron radiation, probably arises
from a Jahn-Teller distortion, as for [Mo(»-C7H7)(n-CsHs)].

The RPPICS of bands A-D are presented in Figures 6 and 7.
Figure 6 gives the RPPICS of bands A and B, together with their
renormalized BRs. The data are similar to those for [Mo(n-
C;H;)(n-CsHs)], with both bands showing cross section en-
hancements in the region of the Nb 4p subshell binding energies
(*P3;2 = 38 €V, 2P/, = 40 ¢V¥) and band A having another
maximum at 27 eV.

The 4p — 4d giant resonant absorption process for [Nb(n-
C;H7)(n-CsH;)] and subsequent SCK decay may be represented
by equations similar to eqs 1-4 but reflecting the differing ground
state occupancies. The half-filled a, shell leads to a greater
number of final states, and four overlapping Fano profiles for the
RPPICS of the 1e;7! and 1a,~! bands are expected viainterchannel
coupling between the corresponding final states in the SCK and
direct ionization processes. The cross section behavior may be
further complicated by the existence of a final configuration that
cannot be achieved through a simple direct photoionization,
namely ((4p)5(1lez)3(1a,)%(3e;)1). It is therefore expected that
the RPPICS maxima of the metal-based ionizations of [Nb(»-
C;H;)(n-CsHs)] are the result of a complicated series of ionization
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Figure 6. (a) Relative partial photoionization cross sections and (b)
renormalized branching ratios of bands A and B in the photoelectron
spectrum of [Nb(n-C7H7)(n-CsHs)].

processes, which the expected molecular shape resonance will
further affect.

There are four separate features within the RPPICS enhance-
ment of band B over the photon energy range 36—65eV. Detailed
assignment of these is not possible, but it is likely that the shape
resonance occurs at the same incident photon energy as in [Mo-
(n-C7H7)(1-CsH;)] and therefore that it is the origin of the first
maximum (at 40 eV). It is curious that this maximum is not as
strong in the RPPICS of band A, unlike the two Mo complexes
discussed previously. It proved impossible to fit adequately Fano
functions to the RPPICS of bands A and B. Given their
complicated cross section behavior—both expected and found—this
is not a surprising result.

Thelow incident photon energy behavior of band A is analogous
to that found in [Mo(n-C7H7)(2-CsHs)]. 1t is curious that the
maximum in the shape resonance occurs 3 ¢V lower in [Nb(z-
C;H;7)(n-CsHs)] (at 27 eV), but the minimum in the RPPICS
of band A at 24 eV indicates that the subsequent maximum is
not due to the delayed maximum in the Nb 4d AO cross section.
This is calculated to occur at a PE kinetic energy of ca. 11 V.45
Once again the incident photon energy of 21 eV, corresponding
to a PE kinetic energy of ca. 15 eV, places an upper limit on the
experimental value of the delayed maximum, but in the absence
of spectra below 21 eV, no further conclusions can be drawn. The
shape resonance may be mirrored in band B at 27 eV, but the
effect is slight, supporting further the observation that the low
photon energy shape resonance is stronger in the 1a,”1 than the
le;! band.

The BR plot (Figure 6B) reinforces the preceding discussion
and again emphasizes the mixed metal/C AO nature of the le,
MOs. The BR of the purely metal-based MO( 1a,) decreases
at high incident photon energies on account of the Cooper
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Figure 7. (a) Relative partial photoionization cross sections and (b)
renormalized branching ratios of bands C and D in the photoelectron
spectrum of [Nb(n-C7H7)(n-CsHs)].

minimum in the Nb 4d AO cross section (calculated to occur at
a PE kinetic energy of 79 e¢V4%), as was observed for the Mo
complex.

In general, then, the RPPICS behaviors of the 1a;~! and le;!
bands of [Nb(-C;H7)(n-CsHs)] are qualitatively similar to those
of their Mo analogues; examination of Figures 3 and 6 suggests
that the metal d-orbital content of the le; MOs is approximately
similar for both complexes.

Figure 7 presents the RPPICS and renormalized BRs of bands
C and D. As with [Mo(n-C;H;)(n-CsHs)], the cross section
variation of these two bands is somewhat different from those of
bands A and B, but the slight RPPICS enhancement in band D
of [Mo(n-C;H7)(n-CsHs)] in the p — d resonance region is
stronger in the corresponding band of [Nb(n-C;H7)(n-CsHs)].
Band C, which displayed no metal d-orbital contribution in [Mo-
(n-C7H7)(n-CsHs)], has a small cross section maximum at 40
eV, although both Figures 7a,b indicate that the effect is weaker
in the predominantly cyclopentadienyl-localized e; MOs than in
their cycloheptatrienyi counterparts.

3. [Ta(n-C;H,)(n-CsHMe)). The recently synthesized [Ta-
(n-C7H;)(n-CsH4Me)] ! is the first example of a cycloheptatrienyl—
Ta complex. Figure 8 presents the He I spectrum, together with
that obtained using synchrotron radiation at 50 eV. It can be
readily assigned by comparison with the previously reported [M(7-
C;H;)(n-CsHs)] spectra. Theasymmetries of bands Band C are
attributed to the same causes as in [Nb(3-C;H7)(n-CsHs)], to
exchange and Jahn-Teller effects, respectively.

Figure 9 gives the RPPICS of bands A and B, and Figure 10,
their renormalized BRs. Both bands have cross section behavior
which is different from that seen in the complexes discussed so
far, with four separate maxima over the 20-95-eV incident photon
energy range employed. The data for band A are particularly
striking.

In the region of the p — d giant resonance (ca. 35-65 eV),
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Figure8. Photoelectronspectrum of [Ta(n-C7H7)(n-CsHMe)],acquired
(a) at 21.22 ¢V (He Ia) and (b) with synchrotron radiation at 50 eV.
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Figure 9. Relative partial photoionization cross sections of (a) band A
and (b) band B in the photoelectron spectrum of [Ta(n-C7H7)(n-CsHs-
Me)].

there are now two distinct RPPICS maxima in both bands A and
B,at42and 52 eV, in contrast to the second row systems discussed
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Figure 10, Renormalized branching ratios of bands A and B in the
photoelectron spectrum of [Ta(3-C7H7)(n-CsHMe)].

thus far. This is in accord with the increased splitting of the IEs
of the np subshell as n moves from 4 to 5. The ?P;3/; and 2Py,
states are split by 2 eV in Nb and 3 eV in Mo, while for atomic
Ta, 2Py, = 38 ¢V and 2Py, = 47 eV .3

The 5p — 5d giant resonant absorption process for [Ta(n-
C;H;)(n-CsH4Me)] is represented by two equations

(5p)%(1e,)*(1a,)(3¢))° + hv — (5p)°(le,)*(1a,)%(3¢")°
(6a)

(5p)°(1e)*(1a,)'(3e,)° + hv — (5p)*(1e,)*(1a,)! (3e,)!
(6b)

in a manner analogous to that for [Nb(z-C;H;)(3-CsHs)]. A
significant difference between the two systems arises because of
the increase in spin—orbit coupling effects in the third row over
the second row metals, to the point at which the LS coupling
scheme is no longer valid. A treatment of the p — d resonances
in [W(CO)s),? [Os(n-CsHs)a),* and [U(n-CsHs),]* under the j—j
coupling approach led in all cases to the prediction that the first
RPPICS maximum should be more intense than the second. In
all cases the reverse was found in practice, as is the situation in
d— f photoabsorption spectra of lanthanide and actinide elements,
e.g. Th*® and U4 The conclusion was that neither coupling
scheme provides a valid approach, as the magnitude of exchange
and spin-orbit effects are similar.®

Given this body of evidence, the fact that the second RPPICS
maximum is again more intense than the first in both bands A
and B, and the complications arising from the possibility of more
than two open shells in the molecular ion ((5p%)(le;*)(1a,!)-
(1e,!)) and the expected molecular shape resonance, we do not
feel that a group theoretical treatment of the p — d resonance
in [Ta(n-C7H7)(n-CsH4Me)] under either coupling scheme is
rewarding.

The molecular potential field of [Ta(y-C;H;)(n-CsHMe)]
should not differ significantly from those of the complexes
discussed so far,and a shape resonance might therefore be expected
in both bands A and B at ca. 30 eV. The symmetric nature of
both RPPICS enhancements suggests that, if a shape resonance
is occurring, it is coincident in photon energy with one of the p
— d resonance maxima.

The RPPICS of both bands A and B fit very well to two Fano
profiles having identical line profile indices, one profile being
used to fit each of the separate maxima at 42 and 52 eV. The
values obtained are given in Table 4.

(48) Cukier, M.; Gauthe, B.; Wehnkel, C. J. Phys. (Paris) 1980, 41, 603.

(49) Cukier, M,; Dhez, P,; Gauthe, B.; Jaegle, P.; Wehnkel, C.; Combet-

Farnoux, F. J. Phys. (Paris) 1978, 39, L315.
(50) Wendin, G. Phys. Rev. Lett. 1983, 53, 724.
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Table 4. Fano Parameters Obtained from the RPPICS and Bands
A and B in the Photoelectron Spectrum of [Ta(n-C7H7)(n-CsHMe)]

band q E, (eV) ap r X hv range (eV)
A 1.06 38.2 1019 1.62  0.027 34-62.5
47.6 6.93
B 0.15 37.2 7009 489 0.034 36-60
45.1 6.78
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Figure 11, Relative partial photoionization cross sections of bands C and
D in the photoelectron spectrum of [Ta(n-C;H7)(3-CsHMe)].

There is a maximum in the RPPICS of both bands at 22 eV,
which may be identified with the delayed maximum in the Ta 5d
AOcross section. Calculations predict that this maximum should
occur at about the same PE kinetic energy as that of the 4d AO
of Nb (ca. 10 eV).4 An incident photon energy of 22 eV
corresponds to a PE kinetic energy of ca. 16.5 ¢V in band A and
15.1 eV in band B, which is somewhat higher than the predicted
value. The data for [Ta(n-C;H;)(n-CsHyMe)] are the first to
show a cross section maximum at these low incident photon
energies, the previous RPPICS revealing only the fall off following
the delayed maximum. Hence, ofall of the experimental estimates
of the positions of the delayed maxima, the Ta one is the most
reliable.

The remaining feature in the RPPICS of bands A and B is the
maximumat 28 eV. Itisverylikely that thisisdueto the molecular
shape resonance seen at 27 eV in [Nb(n-C;H;)(n-CsHs)] and at
30eV in [Mo(n-CsHsMe),] and [Mo(n-C;H;)(n-CsHs)]. Once
again the effect is significantly greater in the 1a; MO than the
162.

The BR data (Figure 10) indicate that the resonance features
are stronger in the more metal-localized orbital. There is aslight
gainin relative intensity of band B over band A at higher incident
photon energies, but it is not as great as in the second row
complexes. This is in agreement with calculation,* which
indicates that a Cooper minimum in the cross section of the 5d
AOQ of Ta occurs at a photon energy of ca. 190 eV, substantially
higher than that of either Nb or Mo.

The RPPICS of bands C and D are given in Figure 11. Unlike
the equivalent e,™! bands in [Mo(n-C;H)(n-CsHs)] and [Nb-
(n-C7H7)(n-CsHs)], the cross section behavior is typical of
essentially ligand-based MOs, with no RPPICS enhancement at
incident photon energies corresponding to the resonance phe-
nomena observed in the 1a,™! and le;™! bands.

4. Ti(n-CsH7)(n-CsHs)]. The He I and He II spectra of [Ti-
(n-C7H7)(n-CsH;)] are very similar to one another, and this lack
of change in the form of the spectrum as the incident photon
energy is raised from 21.22 to 40.81 eV was taken as evidence
of little or no Ti 3d AO character in the 1e; MOs.1® Together
with the chemical evidence discussed earlier, the discharge lamp
spectra support the assertion of a Ti(IV) (d?) metal center with
the oxidation state of the cycloheptatrienyl ring being —3. In the
light of substantial RPPICS enhancements of the 1e;~! bands in
[Mo(5-C7H7)(n-CsHs)] and [Nb(5-C;Hy)(n-CsHs)] in the p —
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Figure 12, Photoelectron spectrum of [Ti(n-C7H1)(n-CsHs)], acquired
with synchrotron radiation at (a) 33 and (b) 48 eV.

d resonance regions, it was decided to investigate [Ti(»-C;H7)-
(7-CsHs)] using synchrotron radiation.

The PE spectrum of [Ti(n-C;H;)(7-CsHs)], recorded at 33
and 48 eV, is shown in Figure 12. [Ti(n-C;H;)(3-CsHs)] is a
16-¢electron complex, and the HOMO is the le; MO. Conse-
quently only three bands are observed below an IE of ca. 11 eV.
The change in the form of the spectrum as the incident photon
energy is raised to 48 eV—just above the energy of the He Il
line—is quite dramatic, with the 1e,~! band (band A) undergoing
a substantial increase in relative intensity. This is illustrated in
Figure 13, which presents the RPPICS and BRs of bands A, B,
andC. Itcanbeseenthatitis only as the incident photon energy
is increased above 42 eV that the p — d resonance takes effect,
providing an elegant example of the advantages of access to a
continuously tunable light source.

The 3p subshell of atomic Ti ionizes at 38 (2P3/2) and 39 (P, ;2)
€V.35 Group theoretical consideration of possible absorption and
decay processes along the lines of eqs 1—4 leads to the prediction
of four overlapping Fano profiles for the RPPICS of the 1e;™!
band.

The shape of the RPPICS enhancement of band A between
38 and 60 eV is unlike any seen in the other [M(n-C;H;)(»-
C;sH;)] molecules. It is very symmetric, and if there is a shape
resonance occurring, it is obscured by the p — d resonance. It
proved impossible to obtain a Fano fit to the RPPICS of band
A in this region. This non-Fano enhancement may be caused by
a coincident shape resonance or may reflect the presence of four
possible intermediate states in the p— d giant resonant absorption
process. Aqualitative inspection of Figure 13a, however, indicates
that the p — d resonant enhancement of the le;! band is
large—indeed its cross section is highest in the p — d resonance
region. This suggests that the -3 formalism for the charge of the
cycloheptatrienyl ring is not a good way of describing the
cycloheptatrienyl-Ti bonding in this complex, as it implies a
ligand-localized le; MO.

There is no feature in the RPPICS of band A which correlates
with the shape resonance seen in the cross sections of the 1a;™!
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Figure 13. (a) Relative partial photoionization cross sections and (b)
branching ratios of bands A-C in the photoelectron spectrum of [Ti-
(1-C7H7)(n-CsHs)).

and some of the le;! bands of [M(%-C;H7)(n-CsHs)] at photon
energies between 27 and 30 eV. Once more, the absence of a
la,™! ionization makes it difficult to draw any conclusions from
this observation, in that what was quite a strong feature in the
le;! band of [Ta(n-C;H;)(n-CsHsMe)] was not observed in [Nb-
(n-C7H7)(n-CsHs)]. Similarly there is no low photon energy
cross section feature which equates with a delayed maximum.
For atomic titanium, the delayed maximum in the 3d orbital
cross section is calculated to occur at a PE kinetic energy of ca.
23 eV, % which would place it at an incident photon energy of ca.
30 eV for band A.

The RPPICs of bands B and C are very similar to one another,
with both displaying a significant enhancement in the p — d
resonance region. As the BR plot (Figure 13b) shows, it is only
in the high incident photon energy region (>60 e¢V) that the
behavior of bands B and C differ. This is almost certainly an
artefact of the curve fitting, as above 60 eV a higher analyzer
pass energy is employed, resulting in poorer spectral resolution.
It is therefore unlikely that the gain of band B over band C at
higher photon energies is a real effect.

Estimates of Covalency. Such extensive dataona closed related
series of molecules prompted us to examine whether we were able
to obtain a quantitative estimate of the d-orbital character of the
le; orbital from the cross section data. Visuaily the behavior of
the RPPICS of the le, orbitals is intermediate between that of
the metal-localized a; RPPICS and those of the ligand-based e,
orbitals. There are three photon energy regions in which metal
d and ligand 2p cross sections differ. At low photon energies, the
ligand cross sections decay rapidly above the threshold whereas
metal d cross sections can exhibit delayed maxima. Over the np
— nd resonance region, the metal cross sections show resonant
enhancement, whereas such enhancement is only present weakly
in ligand bands as a result of interchannel coupling. At high
photon energies, 4d and 5d orbitals can show Copper minima in
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Table 8. Estimates of the Percentage of Metal Character in the e, Orbitals and the Significance of the Fit

compound k RSq(7) R a (a/b) 8 y RSq(11) %M
[Mo(#-C7H7)(n-CsHs)] 0.63 0.923 0.986 2020 (0.078) 0.689 0.352 0.976 66
[Nb(n-C7H7)(n-CsHs)] 0.63 0.983 0.997 611 (0.087) 0.606 0.378 0.994 62
[Ta(n-C7H7)(5-CsHMe)] 0.74 0.925 0.979 269 (0.045) 0.928 0215 0.966 82
their cross sections, a consequence of their radial nodes. That 70000 (@
we have identified such comparative atomic behavior in the cross - ——B
sections studied here suggested that a fit to the RPPICS of the 60000 )
le;! bands of the Mo, Nb, and Ta compounds by a linear 50000 X = Best fit
combination of the RPPICS of the 1a,! and le,™! bands may be § 40000 \ —— Residual
possible. The presence of molecular effects, such as shape g X R
resonances, may well invalidate such an attempt, but in the 30000
molecules studied here, the strength of the shape resonance appears g 20000
to correlate with the perceived d-orbital content of a MO. 10000

Accordingly, we assumed that the 1a,™! and le,”! RPPICS
represented ideal metal d and ligand 2p behavior, respectively, 0
and used a least squares technique to estimate the percentage of -10000 3 —— e )
metal character in the 1le; MO. The cross sections of the 1a, 0 20 40 60 80 100
orbitals were multiplied by 2 in the case of the Mo compound, Photon energy
and 4 in the case of the Nb and Ta compounds, to give a data
set a;, which compensated for the lower occupancy of these orbitals.
The RPPICS for the le; and le, orbitals, bands B, b;, and D, d,, 25000 o)
respectively, were assumed to be related to a,; by the expression .

b, = ka, + (1 - k)d, ) —e—Best fit
150003 \ ———— Residual

and a best, least squares estimate of k obtained from the expression

Z(ai -d))(b;-d)
k=— ®)

_ _2
;@,. d)

A function g; was defined as the residual difference between the
experimental data b; and the least squares fit:

g = bi - kai - (1 - k)dl (9)

The quality of the fit was estimated by calculating RSq where

2.8

RSq=1-—— (10)

Z(bi - E)z

The correlation between b; and (ka; + (1 — k)d,) was estimated
by drawing the best straight line between the two sets of data
points and calculating the correlation coefficient R. Values
obtained are given in Table 5.

The best fit linear combination is compared with the RPPICS
of the le,™! bands, and the residual difference, g;, is plotted in
Figure 14. The le; orbitals of the second transition series
compounds are estimated to have very similar d-orbital contents
of 63%, while that estimated for the third row element Ta is
somewhat higher at 74%. The residual is largest at low photon
energy values, as might be expected as this region is where the
assumptions of the Gelius model are least valid.

A more flexible expression (eq 11) was used to fit the le;™!
cross sections, where a constant term, «, was included and the
amounts of ligand and metal contribution were unrelated, i.e.

b,=a+ Pa; + vd, (11)

The percentage of metal character was calculated from 1008/(8
+ ). Values obtained are given in Table 5. Not expectedly the
RSq values improved; however, the constants found were small

Cross section

25000 Frrrrrm T
20 30 40 50 6 0 8 %

Photon energy
c
20000 © B
—e—Best fit
15000 —— Residual
g 10000
§ 5000
S
0
-5000 +—+———1————T T T
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Figure 14, Comparison of the RPPICS of bands B and the best linear
combination of the RPPICS of bands A and D for (a) [Mo(n-C7H;)-
(n-CsHs], (b) [Nb(n-C;H7)(n-CsHs)], and (c) [Ta(n-C;H;)(n-CsHe-
Me)]; the residual, g;, is also plotted in each case.

compared to the average value of b, b, and the relative proportions
of metaland ligand contribution were within 10% of those obtained
using the simpler method. All results are given in Table 5.

In conclusion, the Gelius model gives a reasonably good account
of the le;! cross section in terms of the 1a,”! and le,! cross
sections, though it provides an underestimate which can be readily
accounted for by the overlap terms at these low photon energies.
It provides a way of obtaining an empirical estimate of metal
character in the le, orbital and suggests that for Mo and Nb the
metal contribution is between 60 and 70%, whereas for Ta it is
probably between 70 and 80%.
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Summary and Conclusions

In all four molecules studied, substantial RPPICS enhance-
ments are observed in bands corresponding to ionization from
MOs with significant metal d-orbital character in the region of
the np subshell binding energies. This np — nd giant resonant
absorption is greatest for the 1a,~! bands, which are due to metal-
localized MOs. Itisnot valid to compare directly the magnitudes
of resonance phenomena between complexes containing different
metals, but as all of the compounds bar [Ti(3-C;H7)(n-CsHs)]
have their own “internal standard” (the 1a,~! band), it is possible
to obtain a measure of the degree of metal d-orbital involvement
intheother valence MOs. Strong evidence is found for substantial
metal d-orbital involvement with the le; levels in [Mo(-C;H-)-
(n-CsHs)], [Nb(-C7H7)(n-CsHs)], and [Ta(n-C7H7)(n-CsHae-
Me)]. Quantitative estimates of this effect suggest 63% metal
character for the second transition series compounds and 74% for
the Ta compound.

This is also the conclusion for the 1e; MOs of [Ti(n-C;H-)-
(7-CsHs)], even without a 1a;~! band for reference. The very
strong RPPICS enhancement that occurs at incident photon
energies just above the He Ilx line resolves the discrepancy
between the discharge lamp spectra of [Ti(n-C;H7)(n-CsHs)]
and the group V analogues and highlights the benefits of
synchrotron radiation in the PES experiment. In contrast, the
¢; bands show very little metal character.

In our study of [Mo(9-CsHsMe);),” we analyzed the observed
shape resonances in terms of the symmetry of the outgoing
ionization channel and the amount of metal d-orbital character
to the ionizing MO. This proved inconclusive, however, in that
the shape resonances were found to occur only in the bands
corresponding to ionization of g symmetry MOs (ionizing into
u-type continuum channels), which of course are the only ones
toexhibit metal d-orbital character. The data presented here for
the mixed ring compounds suggest that it is metald-orbital content
which is the factor governing the magnitude and occurrence of
these resonances, as the g/u symmetry notation is not defined for
[M(n-C7H7)(n-CsHs)] and the shape resonances occur only in
bands with metal d-orbital contributions.

The maxima in the 1a,~! RPPICS of [Mo(»-C;H7) (n-CsHs)],
[Nb(n-C7H7)(n-CsHs)], and [Ta(-C7H7)(n-CsH4Me)) at 27—
30 eV are mirrored to some extent in the RPPICS of the mixed
metal/ligand 1e;7! band, being visible in [Mo(n-C;H;) (n-CsHs)]
and [Ta(n-C;H;)(n-CsH;Me)] but not in [Nb(n-C;H7)(-CsHs))
(or [Ti(n-C7H7)(n-CsHs)]). Aswasnoted for [Mo(n-CsHsMe),],
however, the C 2p AO contribution to the RPPICS of the 1e;™!
bandsat these low incident photon energies may well be obscuring
the effect.

Green et al.

There is clear evidence to suggest that the shape resonance
seen in the la;g! and ley~! bands of [Mo(y-CsHsMe),] at ca.
42 eV also occurs in the equivalent bands of [Mo(n-C;H;)(7-
CsH;s)] and [Nb(n-C7H7)(9-CsHs)]. Thatthereis nosuch feature
in the cross section of the 1e;~! band of either molecule is evidence
that this resonance is also primarily metal d-orbital content
controlled, in that the le;;~! band of [Mo(3-CsHsMe),], which
mirrors the shape resonance in the 1a,; and le%-! bands, is
found to have significant metal d AO character, unlike the e;~!
bands of the mixed ring species. This resonance is not seen in
[Ta(n-C;H7)(n-CsH4Me)] or [Ti(n-C7H7)(n-CsHs)] but may be
hidden by the p — d resonance features.

One of the possible ways of envisaging shape resonances is that
the ionizing electron is initially excited to a quasibound anti-
bonding MO, a state which then decays into the molecular ion
plus a photoelectron. Good overlap between bound and quasi-
bound MOs is an important factor in the process, and it may well
be that the quasibound intermediate MO(s) in these shape
resonances are strongly localized in the region occupied by the
metal atom. Consequently only MOs with significant metal AO
(in the case of the valence MOs, metal d AO) content will
experience the shape resonance.

In general, therefore, the cross section results support our
previous proposal as to the bonding mode of the cycloheptatrienyl
ring to transition metal centers. The principal metal-ligand
covalentinteractionisin the 1e; MOs, which contain four electrons
of mixed metal/ligand character. Three of these electrons can
be considered as having come from the metal, and they retaina
significant degree of metal d-orbital character in the complex.
Hence, if a neutral transition metal possess 7 valence electrons,
nomore than (n— 3) are available for bonding toancillary ligands
in complexes containing the metal and a cycloheptatrienyl ring.
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