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Abstract

Gas-phase photoelectron spectroscopy is used to investigate metal�/metal interactions and the mixed-valence positive ion states of

biferrocene and bis(m-fulvalenediyl)diiron. The spectra of phenylferrocene and 1,1?-diphenylferrocene are used to show that, in

comparison to ferrocene, the extension of the ligand p system and the reduced ligand symmetry do not have an appreciable effect on

the band profile of the metal-based ionizations. In contrast, the initial ionization bands of both bimetallic molecules, which derive

from the metal-based 2E2g ionizations of ferrocene, are spread over a wide energy range, indicating delocalization across the two

metal halves of the molecule and formal oxidation states of�21=2 for each metal atom in these cation states. The broadening and

splitting of this ionization band for bis(m-fulvalenediyl)diiron is twice that observed for biferrocene, consistent with a through-bond

ligand-mediated mechanism of interaction. Ionizations of the bimetallic molecules that derive from the metal-based 2A1g ionizations

of ferrocene occur in a single narrow band, indicating that both through-space and through-ligand interactions are not appreciable

for the dz2 -based orbitals. The difference between the metal�/metal interactions in these positive ion states follows from the different

overlap and energy match of the metal orbitals with fulvalendiyl orbitals of the appropriate symmetry. Most important to the

metal�/metal interaction in the ground ion state are empty fulvalendiyl orbitals with two nodes perpendicular to the C5 planes and

gerade and ungerade symmetries with respect to the inversion centers of the molecules. In the gas phase, both species are found to be

strongly interacting, delocalized mixed-valence compounds in their ground ion states.

# 2002 Published by Elsevier Science B.V.
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1. Introduction

Evaluation of electron transfer processes has gained

much attention due to their importance in biological

systems [1], and their potential application in molecular

electronics and molecular sensors [2]. Many studies of

electronic communication between two sites in a system

have focused on bimetallic molecules with metal centers

of mixed valency [3,4], in particular molecules that

contain a delocalized bridging ligand such as 4,4?-
bipyridine [5] or polyynes [6], and bi- sandwich mole-

cules of biphenyl, and fulvalenediyl [2,7�/9]. Molecular

and supramolecular [10] systems incorporating metallo-

cenes and most notably ferrocene have been extensively

studied. In particular, two molecules that can be

considered classical test cases for evaluating electronic

communication are biferrocene, Fv(FeCp)2, where Cp is

cyclopentadienyl (h5-C5H�
5 ); and bis (m-fulvalene-

diyl)diiron, Fv2Fe2, where Fv is fulvalenediyl [11]

(m�h5:h5-C10H2�
8 ):/

These two molecules are useful models not only

because they have discrete electron transfer properties

that can easily be evaluated by a number of spectro-

scopic methods [12�/15], but also because they can

provide insight into the factors of electron transfer by

comparing two molecules that have similar metal centers
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but a different overall molecular geometry with much

different metal�/metal distances.

Mössbauer spectroscopy [16] has shown that both the

neutral species Fv2Fe2 and Fv(FeCp)2 and the dioxi-

dized species [Fv2Fe2]2� and [Fv(FeCp)2]2� have

equivalent iron centers. In contrast, while the Möss-

bauer spectrum of [Fv2Fe2]� was shown to exhibit two

equivalent iron centers even at 77 K, the spectrum of

[Fv(FeCp)2]� at this temperature resembles a combina-

tion of the spectra of ferrocene and ferrocenium

indicating two iron centers with different charges.

Solid-phase X-ray photoelectron spectroscopy also

shows the equivalence of the two iron atoms in

[Fv2Fe2]� [17]. From these previous studies,

[Fv(FeCp)2]� has been considered a class II species

according to the classification system of Robin and Day

for mixed-valence molecules [18], indicating that some

properties of distinct, localized FeII/FeIII components

are discernible under certain conditions, while

[Fv2Fe2]� has been considered a class III species,

indicating strong interaction and delocalization of the

unpaired electron between the two metal centers corre-

sponding to oxidation states of 2.5 for each metal atom

[12�/15].

Delocalization of the unpaired electron in the mixed

valence state implies electronic connection between the

two metals. The pathway for such connection between

the two metal centers in these molecules is still not

completely understood. While a through-space interac-

tion between the two metal centers of Fv(FeCp)2 would

be small considering the transoid geometry of the

molecule, Hillman and Kvick [19] have proposed that

a direct through-space iron�/iron interaction is present

in [Fv2Fe2]�[PF6]� based on crystallographic data of

the cation species. Furthermore, Böhm [20] has reported

He I photoelectron spectra for Fv2Fe2 and Fv(FeCp)2.

The photoelectron spectra were assigned based on

computational results from semiempirical INDO mole-

cular orbital calculations [21]. Based on these computa-

tional results, Böhm concluded that no appreciable

through-space interaction occurs between the metal

centers of these molecules, that hole exchange for both

of these molecules is too fast to couple with a vibrational

mode in the time-frame of photoelectron spectroscopy,

and therefore that these molecules actually contain two

inequivalent iron sites in trapped valences. However, due

to the limitations of the computational methods and the

poor resolution of the photoelectron spectra, these
issues deserve closer examination.

In this study, the gas-phase He I and He II photo-

electron spectra of Fv2Fe2 and Fv(FeCp)2 are reported

and used to analyze the metal�/metal communication

present in the cation states formed by photoionization.

The data reported here are of much higher precision and

signal-to-noise than the He I data previously reported

[21] and analysis leads to a different assignment of the
lowest energy cation state than the previous study.

Important features of the ionization profiles that give

insight to the mixed-valence states are revealed. The

photoelectron spectra of phenylferrocene (FcPh) and

1,1?-diphenylferrocene (FcPh2) are also reported and

used to evaluate the effect of the extended p interaction

in the ligand and lowered symmetry of the molecules on

the ion states.

These photoelectron experiments give a measure of
the metal�/metal communication in the gas phase for

comparison with the results of other spectroscopic

techniques that have studied these species in solution

or the solid state. The fast time scale of the photoelec-

tron experiment precludes any time averaging of geo-

metries or localized states. In addition, the

photoelectron technique has the advantage of providing

information on the metal�/metal interaction for not only
the ground state of the ion, but also for excited

electronic states of the ion. Evaluation of this spectro-

scopic information gives insight into the factors that

control electronic communication between two or more

metals in molecular and supramolecular systems.

2. Experimental

2.1. Preparation of compounds

The compounds Fv2Fe2 and Fv(FeCp)2 were synthe-

sized and characterized using published methods [17,22].

The compounds FcPh and FcPh2 were prepared and

characterized by slight modifications of literature pro-

cedures [23�/25], with the following details for the
example of FcPh. In the presence of ZnCl2 (21.36

mmol) and PdCl2(PPh3)2 (0.6 mmol), 18 mmol of

ferrocene in THF was reacted with 20 mmol of tBuLi
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in C5H12. The mixture was then reacted with 18 mmol of

bromobenzene and quenched with 12 ml 2 M HCl

thereafter. The final product was extracted and sublimed

in vacuum. The crystal was obtained from C3H8O by
slow evaporation of solvent and the structure was solved

using direct methods followed by Fourier synthesis in

the Molecular Structure Laboratory of the Department

of Chemistry, University of Arizona [26]. 1H-NMR and

mass spectra were used to verify the compounds.

2.2. Data collection

Photoelectron spectra were collected using an instru-
ment that features a 36 cm hemispherical analyzer

(McPherson) and custom designed sample cells, excita-

tion source, and detection and control electronics that

have been described elsewhere [27]. The argon 2P3/2

ionization peak at 15.759 eV was used as an internal

calibration lock of the absolute ionization energy. The

difference between the argon 2P3/2 ionization peak and

the methyl iodide 2E1/2 at 9.538 eV was used to calibrate
the ionization energy scale. Both He I and He II valence

spectra were collected for all four molecules. During

data collection, the instrument resolution (FWHM of

the Ar 2P3/2 peak) was 16�/18 meV for HeI and 20 meV

for He II. The sublimation temperatures of compounds

were: Fv2Fe2 (180 8C), Fv(FeCp)2 (130 8C), FcPh

(80 8C), and FcPh2 (120 8C) (monitored by a ‘K’ type

thermocouple attached to the cell).

2.3. Data analysis

All of the He II spectra were corrected for the He II b
source excitation (48.4 eV, 12% intensity of He II a
source). The data are represented analytically in terms

of asymmetric Gaussian peaks, which are defined by the

position, half widths on the high and low binding energy
side, and the amplitude. The vertical dashed lines in the

figures of the spectra are the actual data points with the

length of the line representing the variance of each data

point. The number of peaks used for the analytical

representation is based solely on the profile of a given

band. This procedure has been described elsewhere in

more detail [28]. The uncertainty in the relative band

areas is on the order of 5% for overlapping peaks and
less than 2% for well separated ionization bands. The

confidence of the peak positions was typically 9/0.02 eV.

Parameters for overlapping bands may be interdepen-

dent and less certain.

2.4. Theoretical details

The geometries of neutral and cationic states were
optimized using the Amsterdam Density Functional

package, version 2.3.0 [29�/32] at the local density

approximation (a�/0.7) level. The calculated structures

compare well with the reported X-ray diffraction

structures [17,33]. Fenske-Hall calculations [34] using

the structures from the ADF calculations were carried

out for the purpose of comparing individual orbital
interactions. The atomic basis functions for the Fenske-

Hall calculations were generated using the method of

Bursten et al. [35]. Contracted double-zeta functions

were used for the Fe valence d atomic orbitals and for

the C 2p atomic orbitals. Basis functions for the metal

atoms were derived for the �/1 oxidation state. Ground

state atomic configurations were used for the basis

functions of all other atoms. Visualizations of the
molecular orbital isosurfaces were produced using

VTK [36] developed in this laboratory [37].

3. Results

3.1. General ionization features

General assignments of the ionizations will be pre-

sented in this section with more detailed analysis that

gives insight to the metal�/metal communication re-

served for the Section 4. The He I valence photoelectron

spectra of the compounds studied here are shown in Fig.

1 with the spectrum of ferrocene shown in Fig. 1A for

comparison. In each of these spectra the energy region
above about 10.5 eV contains ionizations arising from

C�/C and C�/H s-bonding orbitals, as well as the lowest

energy, completely symmetric p-based ionizations of Cp

and/or Fv. Due to a large degree of overlap among these

ionizations, this region does not provide much inter-

pretable information and only the ionization bands

located from 5.5 to 10.5 eV will be examined closely.

The assignments for the ionizations in this low energy
region along with the analytical representations of

bands 1, 2, and 3? are listed in Table 1. Several

overlapping ionizations are discernable in region 3, but

Fig. 1. Gas-phase valence photoelectron spectra of: (A) ferrocene; (B)

phenylferrocene; (C) 1,1?-diphenylferrocene; (D) biferrocene

(Fv(FeCp)2), and (E) bis(m-fulvalenediyl)diiron (Fv2Fe2).
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the specific energies and contours of individual ioniza-

tions in this region are not important to this study. For

sake of conciseness, only the energy range and total

relative ionization area in this region are listed in Table

1. The assignments of the ionizations 1, 2, and 3? follow

from comparison of the band positions and shapes with

those of the ferrocene spectrum, by comparisons within

the series, and by comparisons of He I and He II

ionization intensities (vide infra). The ionizations gen-

erally reflect the combination of two ferrocene mole-

cules. The ionization peaks labeled 1, 2, and 3 for

Fv(FeCp)2 and Fv2Fe2 represent twice as many ioniza-

tions as the peaks labeled 1, 2, and 3 for ferrocene,

because each half of the bimetallic molecule fragment

contributes one corresponding ferrocene-type ioniza-

tion. For all these molecules the ionization bands 1

and 2 are predominantly metal d-orbital based and

ionization bands 3? and 3 are predominantly ligand p-

orbital based. These assignments reflect the primary

orbital character associated with the ionizations, but as

will be shown significant mixing of metal and ligand

character is often present. Important observations are

that the ionization envelopes of bands 1 of Fv2Fe2 and

Fv(FeCp)2 are rather different from those of ferrocene,

and that the ligand-based ionizations have been spread

over a broader energy region than for ferrocene.

3.2. Ferrocene ionizations

A short review of the assignments of the ionization

bands of ferrocene is helpful before the assignments of

the ionizations of the molecules studied here are

considered in greater detail, with further details avail-

able elsewhere [38�/40]. D5d symmetry will be utilized for
labeling the ion states. The low-energy ionizations of

ferrocene (Fig. 1A) are divided into three types. The

ionization labeled 1 is assigned to the 2E2g ion state. This

ion state corresponds to removal of an electron from the

e2g orbital, which is composed primarily of the metal dxy

and dx2�y2 orbitals but also has significant ligand p
character due to mixing with the unoccupied Cp2 e2g�
orbital. Ionization band 2 corresponds to the 2A1g ion
state, or removal of an electron from the a1g orbital that

is almost completely metal dz2 -based due to very poor

overlap and energy matching with the filled ligand p-

based orbital of a1g symmetry. A second low intensity

Gaussian is needed to properly model the shape of

ionization 2 due to the presence of a short vibrational

Table 1

Analytical representations of the valence ionizations 1, 2, and 3? and the energy range and collected relative areas of ionizations in region 3

Band Position (eV) Half width Relative area Label

High Low He I He II

Ferrocene

1 6.86 0.46 0.21 3.50 2.94 2E2g

2 7.25 0.13 0.09 1 1 2A1g

3 8.75�/9.84 9.94 4.11 2E1g, 2E1u

FcPh

1 6.72 0.48 0.25 3.23 2.94 /dxy; dx2�y2/

2 7.10 0.17 0.11 1 1 /dz2/

3? 8.02 0.66 0.21 2.64 1.5 Cp, Ph

3 8.73�/10.05 15.52 5.97 Cp, Ph

FcPh2

1 6.67 0.50 0.28 3.33 3.13 /dxy; dx2�y2/

2 7.05 0.15 0.12 1 1 /dz2/

3? 7.92 0.46 0.24 6.23 2.94 Cp, Ph

8.25 0.73 0.25

3 9.00�/10.41 21.37 7.50 Cp, Ph

Fv(FeCp)2

1 6.50, 6.73 0.39 0.26 2.61 2.26 /dxy; dx2�y2/

2 7.00 0.24 0.21 1 1 /dz2/

3? 7.90 0.65 0.18 0.97 0.48 Fv(ag)

3 8.6�/9.75 9.57 2.80 Fv, Cp

Fv2Fe2

1 6.36, 6.62, 6.83 0.36 0.27 3.63 2.61 /dxy; dx2�y2/

2 7.00 0.22 0.15 1 1 /dz2/

3? 7.72 0.41 0.14 1.09 0.37 Fv(b3u)

3 8.53�/9.73 7.84 3.37 Fv
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progression. Ionization band 3 is attributed to the 2E1u

and 2E1g ion states, which correspond to ionizations

from the predominantly Cp-based e1u and e1g orbitals.

These Cp-based orbitals are the symmetry combinations

of the one-node Cp p eƒ1 orbitals. The lower ionization

energy portion of band 3 is associated with the 2E1u ion

state while the 2E1g ion state occurs at slightly higher

ionization energy. The e1u orbital is almost completely

ligand based because the only metal orbitals that can

interact with this orbital by symmetry are the high-

energy occupied metal 3p orbitals and the virtual metal

4p orbitals. The e1g orbital in contrast has extensive

mixing with the unfilled metal orbitals of e1g symmetry

(dxz /dyz), and this bonding interaction results in the Cp-

based e1g orbital being stabilized compared to the e1u

orbital. This interaction also accounts for the broad-

ening of the e1g ionization relative to the e1u ionization.

These assignments are consistent with all photoelectron

spectroscopic studies that have been performed on

ferrocene, including variable photon energy studies

and evaluation of the effects of substitution of different

groups on the cyclopentadienyl ligands [41]. The elec-

tronic structure of the ferrocenium cation has also been

investigated by EPR studies, and agrees with the

photoelectron spectroscopy in that the 2E2g is the

ground state configuration of the cation, and that the
2A1g state is an excited state of the cation [42]. The

relative energy of these ion states reflects the large

amount of relaxation and correlation effects that are

often encountered for organometallic molecules, and

has been discussed in greater detail elsewhere [40]. Two

points are important for later assignment and discussion

of the metal-based ionizations of the bimetallic mole-

cules: the first is the sharpness of the predominantly

metal dz2 orbital ionization (2), which indicates the non-

bonding nature of this orbital; and second is the

relatively intensity of bands 1 and 2 at their maximum

amplitude. As will be shown, the trends observed in the

metal-based ionizations of Fv2Fe2 and Fv(FeCp)2

indicate that the relative ordering of the ion states for

these molecules that are descended from the 2E2g and
2A1g ion states remains the same as for ferrocene, in

contrast to the assignment originally suggested by Böhm

[21].
An indication of the atomic character in ionization

bands can be obtained by examining the relative

intensity changes of ionization bands between He I

and He II spectra and by assuming that atomic cross

sections are additive in a molecule. The relative intensity

of an ionization will increase in a He II spectrum

compared to a He I spectrum if the corresponding

orbital contains iron character as compared to an

ionization from an orbital of primarily carbon character

[41]. As an example, the He I and He II spectra of the

lower valence region of Fv(FeCp)2 are shown in Fig. 2

and the relative band areas for all the molecules studied

here are listed in Table 1.

3.3. Phenylferrocene (FcPh) and 1,1?-diphenylferrocene

(FcPh2)

The electronic interactions of the p orbitals between

the phenyl ring and the Cp ring in FcPh and FcPh2 can

be used to model the electronic interactions between the

two rings in the Fv ligand and to examine the effect of

ligand p delocalization and lower symmetry on the

electronic structure of substituted ferrocenes. The crys-

tal structure of phenylferrocene [26] and other p-
conjugated ligands on ferrocene [43,44] show that the

angle between the plane containing five carbon atoms in

Cp and the plane containing six carbon atoms in phenyl

is around 108, with the small deviation from planarity

most likely influenced by packing forces in the solid

state.

Close-up spectra of phenylferrocene and 1,1?-diphe-

nylferrocene are shown in Fig. 3 along with that of
ferrocene for comparison. The similarity of the spectra

Fig. 2. He I and He II spectra of the low valence ionization energy

region of biferrocene (Fv(FeCp)2).

Fig. 3. The low valence ionization energy region of ferrocene,

phenylferrocene, and 1,1?-diphenylferrocene.
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of the phenyl-substituted molecules to that of unsub-

stituted ferrocene is apparent. The three spectra each

have peaks labeled 1 and 2 that are associated with the

metal d ionizations and peaks labeled 3 associated with

the ligand p ionizations. The metal ionizations of both

phenyl-substituted molecules are shifted slightly to

lower ionization energy from that of ferrocene due to

the greater electron donor ability of phenyl compared

with hydrogen on the Cp ring. With the increasing

electron flow to the metal center, the metal ionizations

are destabilized about 0.16 eV for FcPh and 0.21 eV for

FcPh2. However, compared with ferrocene the relative

energies, widths, and relative intensities of band 1 and 2

for both FcPh and FcPh2 have not changed.

In contrast to the general similarity of the metal-based

ionizations of FcPh and FcPh2 to those of ferrocene,

significant differences in the band profiles of the ligand-

based ionizations labeled 3 are observed. One primary

difference is that the molecules with phenyl-substituted

cyclopentadienyl rings have additional ligand-based
ionizations labeled 3? located near 8 eV that have no

counterpart in the ferrocene spectrum. For FcPh and

FcPh2 the ionizations labeled 3 and 3? are derived from

the e1g and e1u orbitals of ferrocene and the e1g orbitals

of benzene. The profile change in the Cp-based ioniza-

tion region compared to ferrocene reflects the interac-

tions between the Cp- and Ph-based orbitals. Each

degenerate set of Cp- and Ph-fragment orbitals will have

one component that has a node across the Cp�/Ph bond

and therefore almost no net overlap effect. The Cp- and

Ph-fragment based p orbitals that do have character on

the Cp�/Ph bonded carbons will form strongly bonding

and antibonding combinations. As shown below, the

highest occupied orbital of the phenylcyclopentadienyl

fragment is an anti-symmetric combination across the

bridging carbons. Similarly, band 3? of FcPh is due to a

strongly destabilizing filled-filled interaction of one

component of the Cp-based e1u orbital of ferrocene

with a p orbital of the phenyl substituent.

Band 3? of FcPh2 consists of two ionizations that arise

from two combinations of the phenylcyclopentadienyl

orbital shown above. The combined area of band 3? for

FcPh2 is twice that of band 3? for FcPh, as expected for

the two ionizations, and the profile shows a splitting of

0.34 eV. With the traditional definition of the z-axis

pointing from the metal center to the Cp centroid, the

splitting is dependent on the rotational orientation of

the two CpPh rings around the z -axis. If the CpPh

fragments are rotated such that the phenyl rings are

eclipsed (08 rotation angle around the z -axis) or

opposite each other (1808 rotation around the z-axis),

then one of the combinations contributing to 3? has the

symmetry to be stabilized by interaction with a metal d

orbital, and a splitting between the two ionizations is
expected. If the CpPh fragments are rotated to a 908
angle orientation, the Cp nodes are orthogonal and

there should be little splitting because neither combina-

tion has the symmetry to interact with the metal.

Fenske-Hall calculations predict that the splitting of

band 3? would be 0.63 eV at a 08 rotation angle, 0.07 eV

at a 908 rotation angle, and 1.14 eV at a 1808 rotation

angle. The observed splitting indicates that the preferred
rotation of the CpPh fragments is not 908, but the exact

angle is uncertain.

3.4. Biferrocene (Fv(FeCp)2)

For sake of comparison the He I close-up spectra of

ferrocene, Fv(FeCp)2, and Fv2Fe2 are shown in Fig. 4.

The metal-based ionizations of Fv(FeCp)2 and ferrocene

are generally similar, indicating that the order of the

primarily dx2�y2=dxy and dz2 ionizations is still the same

for Fv(FeCp)2 as for ferrocene. The information from
the He II spectrum is also consistent with this assign-

ment, showing that the intensity of band 1 decreases

compared to band 2 due to the significant ligand

character present in the primarily dx2�y2=dxy-based

orbitals. Band 1 of the bimetallic molecules contains

four ionizations derived from the two 2E2g ionizations of

the two ferrocene-like halves of the molecule. Without

communication between these two halves the ionizations
would have the same contour as that of ferrocene and

the phenylferrocenes just discussed. As can be seen, the

contour of band 1 in the spectrum of Fv(FeCp)2 has

changed compared to the contour of the corresponding

bands of ferrocene and the phenyl-substituted ferro-

cenes. At least two Gaussians are needed to model the

appearance of band 1 for Fv(FeCp)2. The exact splitting

Fig. 4. The low valence ionization energy region of ferrocene,

biferrocene (Fv(FeCp)2) and bis(m-fulvalenediyl)diiron (Fv2Fe2).
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within band 1 is difficult to determine due to the overlap

with band 2, but the change in band profile from the

monometallic to the bimetallic complex is clear. This

splitting is due to the electronic interactions between the
two halves of the molecule, and will be further addressed

in Section 4. In contrast, no apparent splitting is

revealed for band 2, which contains two ionizations

derived from the 2A1g ionizations of the ferrocene-like

halves of the molecule. For these ionizations there is

little apparent communication between the two metal

centers. Furthermore, the relatively narrow width of this

band indicates that there is little geometry change of the
molecule to this ion state. Thus the dz2 orbitals remain

primarily non-interacting.

Ionization bands 3? and 3 are assigned to ionizations

from orbitals that are primarily cyclopentadienyl and

fulvalenediyl p in character. A detailed illustration of the

Fv ligand orbital construction can be found elsewhere

[45]. The ionization 3? of Fv(FeCp)2 has previously been

assigned to the fulvalenediyl orbital of ag symmetry [21].
The nodal properties of this orbital are illustrated below.

The nodal properties of this orbital show that it has an

antisymmetric interaction across the linking carbon

atoms and negligible interaction with the metal d-

orbitals. This orbital can be thought of as arising from

the anti-bonding combination of two ferrocene e1u Cp-

based orbitals.

3.5. Bis(m-fulvalenediyl)diiron (Fv2Fe2)

As shown in Fig. 4 the shape of the metal-based

ionization band 1 of Fv2Fe2 has greatly changed from

that of ferrocene and even more so now than observed

for Fv(FeCp)2. Three Gaussian peaks are needed to

model the shape of band 1 in Fv2Fe2 in order to obtain a

satisfactory account of the contour. Contrary to what is

observed in the spectra of ferrocene and Fv(FeCp)2,
peak 2 of Fv2Fe2 now has greater intensity at its

maximum than peak 1 due to further energy spreading

of band 1 in Fv2Fe2. The width of peak 2 is now more

clearly observed than for Fv(FeCp)2, and it is clear that

peak 2 retains its narrow width.
The ionization 3? of Fv2Fe2 has previously been

assigned to the fulvalenediyl-based orbital of b3u sym-

metry [21]. The nodal properties of this orbital are

similar to those of band 3? in Fv(FeCp)2 shown

previously, but with an additional anti-symmetric com-

bination across the bridging carbon�/carbon bond of the

second fulvalenediyl ligand (see diagram a below).

Similar to the corresponding orbital of Fv(FeCp)2, this

orbital again has almost no interaction with the metal d-

orbitals due to its nodal properties. Whereas the

spectrum of FcPh2 had two ionizations in this energy

region that were split by 0.33 eV, the spectrum of Fv2Fe2

has only one ionization well separated from the other

ligand ionizations as indicated by the ionization band

profile and the integrated cross section listed in Table 1.

The companion combination orbital to 3? has nodal

properties as shown in diagram b below. This orbital is

similarly antibonding across the carbon atoms that link

the rings, but it has the correct symmetry to donate and

bond into the empty metal d orbitals. As a consequence,

it is stabilized at least 0.8 eV in ionization energy in

comparison to 3? and is located under the ionization

band labeled 3. This is a slightly greater separation than

the splitting of the Cp e1u and e1g ionizations of

ferrocene (0.69 eV) and almost double the splitting of

band 3? presented in FcPh2, presumably due to the

exactly 08 alignment of the two fulvalenediyl ligands and

the resultant better donor ability of this fulvalenediyl

orbital to the unfilled metal d orbitals.
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4. Discussion

4.1. Comparison to previous studies

The spectroscopic information for these bimetallic

fulvalenediyl molecules shows that the general ferrocene

electronic structure is for the most part preserved. The

assignment of the metal-based ionizations for

Fv(FeCp)2 and Fv2Fe2 obtained here based solely on

experimental information is different from that given by
Böhm, who first reported He I photoelectron spectra of

these molecules. The only assignment of the metal-based

ionizations of these molecules consistent with all the

experimental results presented here places the ioniza-

tions from the dx2�y2 and dxy orbitals at lower ionization

energy than ionizations from the dz2 orbitals. Böhm

assigned the dz2 -based ionizations as the lowest energy

ionizations based primarily on calculations performed
using the INDO method. The large amount of relaxa-

tion and correlation effects encountered in metallocenes

has caused the calculation of experimental observables

for such molecules to be especially troublesome [40], and

interpretation of experimental results for systems like

these based upon computational results must be ap-

proached with great caution. The assignment given here

is the only one consistent with all of the photoelectron
spectroscopic results, and also is in agreement with other

experimental results for these bimetallic molecules. For

example, the EPR spectra of both [Fv(FeCp)2]� and

[Fv2Fe2]� are consistent with the ground state of the

cation as given by our assignment [46].

4.2. Extent of and pathway for electronic communication

The four molecules studied here all show evidence for

extensively delocalized p systems in the ligands. As
shown for the phenyl-substituted ferrocenes, splittings

are observed in the ligand ionization region due to p-

interactions between ferrocene ligand-based orbitals and

phenyl orbitals. In contrast, no apparent splitting of the

metal-based ionizations of the phenyl-substituted ferro-

cenes are observed, indicating that the broadening of

these ionization bands for the bimetallic molecules must

be caused by other factors than simple delocalization of

the ligand p system or the reduced symmetry of the

molecules.

Table 2 lists the overall width of bands 1 and 2. The

width of band 1, which contains the ionizations from the

dx2�y2 and dxy orbitals of each metal, shows a consistent

increase from monometallic to bimetallic molecules and

essentially doubles for Fv2Fe2 as compared to the

monometallic molecules Fig. 5. The width of band 1

increases by 0.22 eV from ferrocene to Fv(FeCp)2, and

increases another 0.23 eV from Fv(FeCp)2 to Fv2Fe2,

indicating a greater degree of metal�/metal communica-

tion for Fv2Fe2 than for Fv(FeCp)2, and suggesting that

the extent of broadening is related to the number of

bridging fulvalenediyl groups and not to the distance

between the metal centers. The ionizations in band 2,

which arise from the dz2 orbitals from each metal, do not

show an apparent splitting for either bimetallic mole-

cule. Although the band width of 2 for the bimetallic

molecules is somewhat larger than for the monometallic

molecules these changes do not show a clear trend and

are essentially insignificant because they are only on the

order of the width of the narrow vibrational progression

associated with ionization from these largely nonbond-

ing orbitals. This also indicates that the minimum-

energy molecular geometry for this ion state is not

much different from the geometry of the neutral

molecule.

As an example to show the importance of both orbital

overlap and orbital energy matching for efficient orbital

mixing, an energy correlation diagram for FcPh derived

from the experimental ionization energies of ferrocene,

benzene, and FcPh is shown in Fig. 6. On the left-hand

side are the ionization energies of ferrocene. On the

right-hand side are the ionization energies of benzene.

As shown previously in the results section, the orbitals

with bridging carbon character overlap well with each

other and form symmetric and anti-symmetric combina-

tions with large splittings as observed for the Cp and

CpPh-based ionizations in the 8�/10 eV energy region. A

close energy matching between the Cp-based orbital

Table 2

Overall widths of bands 1 and 2

Band 1 Band 2

Ferrocene 0.34 0.11

FcPh 0.37 0.14

FcPh2 0.39 0.14

Fv(FeCp)2 0.56 0.22

Fv2Fe2 0.79 0.19

Fig. 5. Close-up spectra of ionization bands 1 and 2 of ferrocene,

biferrocene (Fv(FeCp)2), and bis(m-fulvalenediyl)diiron (Fv2Fe2).
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from the ferrocene fragment and the p orbitals of the

phenyl fragment contribute to the large splitting of these

combinations. The ionizations arising from orbitals with

nodes at the bridging carbons do not have good overlap

even with close energy matching, and the symmetric and

anti-symmetric combinations are not greatly split.

Although overlap would be present between one com-

ponent of the e2g-metal-based orbitals of the ferrocene

fragment (due to the ligand character present in this

orbital) and the p orbital of the phenyl fragment with

bridging carbon character, the energy gap between these

two orbitals is much larger and the metal-based ioniza-

tion band does not show appreciable profile changes

from those of ferrocene. A dashed line is used in Fig. 6

to indicate this much weaker interaction that is still

allowed by symmetry.

Compared to this example of FcPh, mixing between

the metal centers of Fv(CpFe)2 and Fv2Fe2 should be

favorable because of the close (essentially degenerate)

energy matching. But as the experimental results in-

dicate, even with very good energy matching significant

orbital mixing is only present between the dx2�y2 and dxy

orbitals of the two metal centers, and is not present for

the dz2 orbitals of the two metal centers. In contrast to

the broadening observed for band 1 in both bimetallic

molecules, the relative sharpness of band 2 indicates that

the dz2 orbitals of the two metal centers do not have

appreciable communication with each other. This ob-

servation is of interest for two reasons. First, the a1g

orbital of ferrocene has essentially no ligand character in

it. Second, from the results of Penning ionization

electron spectroscopic studies of ferrocene [47], it is

known that the a1g orbital is as exposed out of the

molecule, if not more so, than the e2g orbital. Therefore,

any splitting of the metal ionizations from direct metal�/

metal through-space interactions would be expected to

be nearly as pronounced for the dz2 -containing orbitals

as for the dx2�y2 orbitals. The absence of splitting of the

dz2 -based orbitals then indicates that through-space

interactions are not the major contribution to the strong

metal�/metal interactions present in these bimetallic

molecules.
The atomic character of these orbitals can be visua-

lized by the orbital surface plots of the dx2�y2 and dz2

orbitals of FcPh (left-hand side) and the combinations

of each of these orbitals of Fv2Fe2 (right-hand side)

from Fenske-Hall calculations shown in Fig. 7. The

number below each contour plot is the percentage of

total metal character calculated in the orbital. The

dz2 -based orbitals for these two molecules each show

essentially no ligand density present, while the

dx2�y2 -based orbital contains significant electron density

from the ligands. The ligand character in this orbital is

derived from the empty two-p-node orbitals that have

the proper symmetry for back-bonding from the metal d

orbitals. Much more ligand character is present in the

dx2�y2 -based orbital of Fe2Fv2 as compared to FcPh,

with the majority of ligand-based electron density

residing at the bridging carbons. The greater metal�/

metal interaction in Fe2Fv2 than in Fv(FeCp)2 can be

understood because of the presence of two bridging

carbon�/carbon bonds in Fe2Fv2. Fenske-Hall calcula-

tions also show that the energy gap between the metal d-

orbitals and the empty two-node ligand orbitals is at

least 3 eV less for Fv2Fe2 than for Fv(CpFe)2. This

better energy match results in a stronger interaction in

Fv2Fe2 than in Fv(CpFe)2, as evidenced by the spread-

ing of band 1 in both bimetallic molecules.

If the amount of contribution to the splitting of band

1 and band 2 from both direct through-space metal�/

metal and through-ligand metal�/metal communication

can be separated, the pathway of metal�/metal electron

delocalization can be better understood. One way in

which this can be done is to use a Hückel analysis that

utilizes the eigenvalues of and overlap integrals between

two metal orbitals from Fenske-Hall calculations to

compute the energy splitting using the following for-

Fig. 6. Energy correlation diagram for phenylferrocene derived from

the experimental ionization energies of ferrocene and benzene.

Fig. 7. Orbital surface plots of the metal dz2 and dx2�y2 -based orbitals

of FcPh and Fv2Cp2 (Fenske-Hall calculations, contour value of 0.028

electrons per Å3), illustrating the greater amount of ligand character in

the dx2�y2 -based orbitals of Fv2Cp2 and the lack of a direct metal�/

metal interaction. The number below each contour plot is the

percentage of total metal character calculated in the orbital.
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mula:

DE�Eantibonding�Ebonding�
H11 � H12

1 � S
�

H11 � H12

1 � S

While it is difficult to obtain quantitatively and some-

times qualitatively accurate results with high level

calculations for this type of molecule [40], approximate

molecular orbital methods such as the Fenske-Hall

method are built on the principles of orbital overlap

and orbital energy matching, and this method has long
been used effectively to reveal the pertinent electronic

structure and bonding features of organometallic mole-

cules. In the equation shown H11 and H12 are the

diagonal and off-diagonal energies of the orbitals of

interest, and S is the overlap between the two orbitals.

The calculated DE is then the energy splitting that

results only from the direct metal�/metal through-space

interaction. For Fv2Fe2 the overlap integral between the
two dx2�y2 orbitals is 0.00488 and between the two dz2

orbitals is 0.00179, and the DE due to through-space

interactions is then 0.062 eV for the dx2�y2 combinations

and 0.021 eV for the dz2 combinations. The calculated

through-space contributions to the splitting for the dx2�y2

orbitals are insignificant compared to the spreading

observed in the spectra of both Fv2Fe2 and Fv(CpFe)2.

Another demonstration is to computationally elim-
inate the mixing between the metal dx2�y2 and dxy

orbitals of the ferrocene fragments and the empty two-

node e2g� -based orbitals of the Fv ligands. This can be

carried out in a Fenske-Hall calculation by deliberately

setting to zero the overlap integral between the metal

dx2�y2 and dxy orbitals and empty e2g� -based ligand

orbitals of Fv2Fe2. When this is done, the calculated

splitting of the metal-based dx2�y2 combinations changes
from 0.77 to 0.03 eV. In another words, of a calculated

0.77 eV splitting, at least 0.74 eV is the result of through-

bond interactions between the metal and ligand orbitals

and only a maximum of 0.03 eV is from direct through-

space metal�/metal interaction. Both of these model

demonstrations imply that the direct through-space

metal�/metal interaction in Fv2Fe2 is negligible.

4.3. Geometry change upon ionization

Density functional calculations are able to satisfacto-

rily reproduce the geometries of both the neutral and

cationic molecules. Selected calculated and experimental

bond lengths for Fv2Fe2 and [Fv2Fe2]� are listed in

Table 3. The calculations agree with our assignment of

the photoelectron spectra in that the ground cation state

is associated with a state that is ionized from a

dx2�y2 -based orbital. The Fe�/Fe distance changes from
3.93 to 3.69 Å from the neutral to the ground cationic
2B3u (dx2�y2 ) state compared with the experimental values

of 3.98 and 3.63 Å. As mentioned previously, this

shortening of the experimental distance had been taken

to indicate a direct metal�/metal interaction. A short-

ening of the bridging C�/C distance by 0.02 Å is also

observed. Most significantly, the geometry perturbation

that most contributes to the shortened Fe�/Fe distance is

tilting of the rings in each Fv ligand towards each other.

Such tilting is not observed for the higher energy 2Ag

(dz2 );
2B1g (dxy), 2B2u (dxy ) cationic states. If the Fv

ligands are flattened out but all the other coordinates

are kept the same as calculated for the cation state, the

Fe�/Fe distance changes from 3.69 to 3.88 Å. Fenske-

Hall calculations with the geometries from both neutral

and cationic 2B3u (dx2�y2 ) state show no significant

changes of Fe�/Fe or Fe�/C overlap integrals. The

shortened bridging C�/C bond length and ligand tilting

can be interpreted as being due to the ionization
occurring from an orbital with antibonding character

at the bridging C�/C bond. Both the tilted Fv and

shortened bridging C�/C bond distance contribute to the

shorter Fe�/Fe distance in [Fv2Fe2]� species observed in

the crystal structure without invoking metal�/metal

bond formation [17].

5. Conclusions

The photoelectron spectroscopic study reported here

of Fv(FeCp)2 and Fv2Fe2 gives a measure of the amount

of communication that exists between the two metals as

well as an indication of the pathway by which this

communication occurs. Good orbital energy matching

favors good metal�/metal communication, and the
appreciable amount of ligand character mixing in the

primarily dxy- and dx2�y2/-based orbitals provides a

ligand-mediated pathway for metal�/metal communica-

Table 3

Experimental and calculated structures of Fv2Fe2 and [Fv2Fe2]�

Fv2Fe [Fv2Fe2]�

Obs. Calc. Obs. Calc.

Fe�Fe? (Å) 3.984(4) 3.928 3.636(1) 3.694

C1�C1? (Å) 1.476(9) 1.458 1.447(4) 1.443

Fe�C1 (Å) 2.056(6) 2.052 2.085(2) 2.092

Fe�C2 (Å) 2.049(8) 2.044 2.065(2) 2.067

Fe�C3 (Å) 2.054(8) 2.047 2.052(2) 2.068

Angle a (8) 178.7 179.8 175.2 175.8

a Angle from Cp(centroid)�C1�C1?.
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tion, which is greater in Fv2Fe2 than in Fv(FeCp)2. Any

direct through-space metal�/metal electron interaction

has far less contribution to the ground and excited

positive ion states of both Fv2Fe2 and Fv(FeCp)2. The
communication between the metal centers is greater for

Fv2Fe2 than for Fv(FeCp)2, but since both bimetallic

molecules in their ground ionic states show extensive

communication between the two metal centers on the

photoelectron spectroscopy timescale, they should both

be described as class III species in the gas phase.
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