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due solely to coordination of NO to 2. The IR absorption at 1890 
cm"1 denotes linear coordination of the nitrosyl ligand to the 
rhodium metal center.21 According to the initial EXAFS anal
ysis,20 coordination of NO to 2 would result in a six-coordinate 
(MNOj8 complex which would require the nitrosyl ligand to adopt 
a bent configuration.23 Therefore, if 2 is the source of the nitrosyl 
species, either loss of the oxygen adduct ligand or a reversible 
change in surface coordination must occur. At this time, there 
is no evidence to rule out either effect. 

4. Summary 
Reaction of the /u-oxo carbonyl complex 1 with 30 Torr of NO 

at 100 0C resulted in the formation of the rhodium oxygen adduct 
2 (80%) and rhodium nitrate/nitrite complex (20%) and was 
characterized by IR analysis and XPS. Comparison of the Rh 
3d5/2 binding energies of 2 prepared via reaction of 1 and O2 (310.1 
eV) and of the NO-treated sample (310.1 eV) demonstrated the 
two to be identical within experimental error. XPS corroborated 
both the lack of nitrosyl coordination seen in IR and the sample's 
similarity to 2 in its reactivity for CO. The rhodium nitrate/nitrite 
complex was identified by IR (vN0 = 1540 cm"1), and an alternate 
assignment of this species to a carbonate complex was refuted by 
a 13CO labeling experiment. No other nitrogen-containing 
products, either coordinated to the rhodium metal center or in 
the gas phase (e.g., N2O), were observed by IR analysis. However, 
IR did detect CO2 formation, which suggests that N2 may be the 
primary nitrogen-containing product in this reaction. 

Reaction of 1 with 70 Torr of NO at 400 0C was monitored 
by IR analysis. Both the decomposition of the rhodium ni
trate/nitrite complex and the appearance of a nitrosyl species were 
observed. The nitrosyl species possessed a linearly coordinated 

(23) Enemark, J. H.; Feltham, R. D. Coord. Chem. Rev. 1974, 13, 339. 

1. Introduction 
Considerable attention is now being given to the electronic 

spectroscopy of organometallic compounds on account of their 
interesting and varied electronic structures and because they are 
useful models for the bonding of organic compounds to metal 
surfaces. Since the metallocene ("sandwich") compounds were 
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NO ligand (vN0 = 1890 cm"1). Upon cooling and evacuation, the 
intensity of this absorption significantly decreased. 

After the carbonyl complex 1 had been reacted with 30 Torr 
of NO at 100 0C, generating 2 and the nitrate/nitrite complex, 
1 was regenerated from 2 by reaction with 30 Torr of CO at 100 
0C. The rhodium nitrate/nitrite complex was unreactive toward 
CO under these conditions. More significantly, even after 1 had 
been reacted with 70 Torr of NO at 400 0C and formation of the 
nitrosyl species was observed, 1 was identified by IR as the primary 
product after treatment of the sample with 30 Torr of CO at 100 
0C. In contrast to several of the previous investigations, only trace 
amounts of rhodium isocyanate, accounting for less than 2% of 
the total rhodium in the sample, was identified by IR analysis 
(̂ NCO = 2204 cm"1). Formation of the isocyanate complex has 
been traced to the presence of rhodium aggregates; in separate 
experiments, conversion of dimeric complex 2 to a larger rhodium 
aggregate by treatment with H2 resulted in a much greater yield 
of the isocyanate complex (27%) under milder reaction condi
tions.24 In addition to decreasing the amount of active rhodium 
in the sample, isocyanate complex formation is undesirable since 
exposure to water will produce ammonia, which is tightly held 
and poisons the complex.25 The ability to regenerate 1 demon
strates the integrity of the silica bonding and coordination to the 
rhodium metal center under the aforementioned reaction con
ditions. The catalytic behavior of these silica-attached rhodium 
complexes toward NO reduction by CO merits investigation. 
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discovered in 1951,1 their electronic structure has been extensively 
studied by calculation2 and by most standard spectroscopies. 
Spectroscopic studies of the unoccupied levels include electron 
transmission spectroscopy (ETS)3,4 and valence excitation in the 
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Abstract: The C Is oscillator strength spectra of M(C5H5)2, M = Fe, Co, and Ni, have been derived from inelastic electron 
scattering spectra under conditions dominated by electric dipole transitions. The region below the C Js ionization potential 
in each spectrum is dominated by two peaks which are assigned to C Is -» 4elg(dxz,d>z) and C Is ->- 3e2u(7r*) excitations. These 
spectra are dramatically different from that expected for the C Is spectrum of the free cyclopentadienyl radical or the 
cyclopentadienyl anion, either of which should be dominated by a single, low-lying Is -» tr* transition. The intensity of the 
lower energy C Is -* 4elg transition is strongly dependent on the metal atom because of changes in the ground-state electron 
configurations. The results of extended Hiickel theory calculations of the ground and C Is excited states are found to be in 
qualitative agreement with the experimental results. The metallocene spectra are the first unambiguous experimental evidence 
for strong modification by metal bonding of the core excitation spectrum of a ligand. The spectra show that site-selective 
inner-shell excitation is a highly sensitive probe of the character of the unoccupied and partially filled molecular orbitals of 
organometallic compounds. 
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visible and near ultraviolet.5"8 In addition, the Fe K-shell X-ray 
absorption spectrum of gaseous ferrocene9 and the metal K-shell 
spectra of solid ferrocene and nickelocene have been recorded and 
analyzed with the aid of multiple scattering calculations.10 

Inner-shell excitation spectroscopy offers a useful complement 
to ETS and valence electron excitation as a means of investigating 
the unoccupied molecular orbitals of organometallic compounds. 
Inner-shell excitation measures a site-selected, dipole, partial 
density of states since the core hole localizes the excitation on a 
single atom. Thus CIs excitation energies and particularly 
transition intensities, which are primarily sensitive to the C2p 

contributions to the optical orbital at the core-excited atom, can 
be a useful probe of the virtual orbitals of organic and organo
metallic molecules. As an example, the intensities of C Is -» w* 
transitions have been used to study the effect of various substituents 
on the spatial distribution of the carbonyl ir* orbital in HCOX, 
X = F, OH, NH2 ." For the metallocences studied in this work 
C Is -* 7T* intensities are used to probe the involvement of C2pz 

orbitals in the metal-ring bonding and antibonding orbitals. 
Recently inner-shell electron energy loss spectroscopy (ISEELS) 

has been used to investigate several transition-metal carbonyls.12-14 

When the C Is and O Is spectra of the metal carbonyls are 
compared to those of free CO, the energies of the Is —•• TT* and 
Is —• a* transitions are found to be very similar. The only re
markable change from the spectrum of free CO is that the os
cillator strength of the C Is - • ir* transition [f(C_2s,ir*)] is 
somewhat reduced, and there is a systematic decline of f(C_ls,ir*) 
with increased d-electron count on the metal. The decrease in 
f(C ls,7r*) has been interpreted as a measure of the extent of 
increased backbonding since the trends in the ISEELS results are 
consistent with other experimental determinations (e.g., IR, XPS) 
of the strength of backbonding in the compounds studied.12 

In this paper we focus our interest on the cyclopentadienyl (Cp) 
aromatic ligand, ir-complexed to transition metals. In sharp 
contrast to the metal carbonyls, where the shape of the spectra 
are largely independent of the metal atom, the metallocene C Is 
spectra are very different from that expected for free Cp and are 
found to vary considerably with metal atom replacement. Ex
tended Hiickel calculations of the metallocenes are used to assist 
spectral assignment through the trends in virtual orbital energies 
and wave functions with metal type. The relationship of the 
energies of continuum C I s - * a*(C-C) features and the C-C 
bond length is also discussed. Finally, the metallocene spectra 
are compared to the C Is NEXAFS of a surface which is believed 
to consist of a monolayer of cyclopentadienyl (C5H5, Cp) on 
Pt(111).15 This comparison demonstrates the utility of core 
excitation spectra of organometallics as models for NEXAFS 
studies of 7r-bonded chemisorbates on metal surfaces. 

2. Experimental Section 
The inner-shell electron energy loss spectrometer and operating tech

niques have been described previously.16 Briefly, we measure the dis
tribution of energy losses of an electron beam with a kinetic energy 
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Figure 1. Qualitative molecular orbital diagram for the group 8b me
tallocenes. 

chosen so that the beam energy after inelastic collision is 2.5 keV. With 
this impact energy and an average scattering angle of 2°, primarily 
electric-dipole electronic transitions are excited. The resolution, limited 
mainly by the energy spread of the unmonochromated incident electron 
beam, was 0.7 eV FWHM. The metallocene samples were used as 
supplied from Strem Chemicals. The low vapor pressure of the solid 
compounds required the use of a direct inlet system with placement of 
the sample as close as possible to the scattering region. 

The C1 s spectra were converted to absolute optical oscillator strengths 
(/values) by using a conversion procedure described and tested previ
ously.17 The reproducibility of/values derived from independently 
recorded spectra is about 5%, whereas the absolute accuracy is about 20% 
according to comparisons with known optical oscillator strength data.17 

3. Results and Discussion 
3.1. Molecular Orbital Descriptions and Details of Extended 

Hiickel Calculation. The frontier orbital electronic structure {Dsd) 
of the group 8b 3d-metallocenes is generally accepted to be4,5 

Fe(Cp)2: (3e2g)4(5alg)2(4elg)°(3e2ll)
0(4e2g)0 

Co(Cp)2: (3e2g)4(5alg)2(4elg)1(3e2u)°(4e2g)() 

Ni(Cp)2: (3e2g)4(5alg)2(4elg)2(3e2u)°(4e2g)0 

A schematic indicating the metal (M) and cyclopentadienyl (Cp) 
origins of the molecular orbitals of metallocenes is presented in 
Figure 1. The molecular structure and bonding of the 3d me
tallocenes has been reviewed by Haaland.18 In the gas-phase 
equilibrium conformation the Cp rings are eclipsed {Dsh). 
However, we use Did symmetry labels throughout this paper since 
this is the more commonly employed nomenclature owing to the 
belief from early X-ray crystallography that the staggered (Did) 
conformation was more stable. 

We have used extended Hiickel theory (EHT) calculations to 
aid our spectral interpretation. The experimental gas-phase, Dih 

molecular geometries were employed in the calculation.18 The 
metal-ring plane distances are 1.674, 1.741, and 1.834 A for the 
Fe, Co, and Ni metallocenes.18 The calculations were also carried 
out with the staggered, Did geometry of ferrocene and simple 
exchange of the metal atom. These latter results were found to 
be very similar to those obtained by using the correct experimental 
geometry, consistent with the known low barrier to rotation of 
7r-bonded Cp rings. Two different sets of Hiickel parameters, those 
given by Albright et al.19 and those of Halet et al.,20 were found 
to give identical orbital orderings and similar energies. The 
reported results are those derived by using the Hiickel parameters 

(17) McLaren, R.; Clark, S. A. C; Ishii, I.; Hitchcock, A. P. Phys. Rev. 
A. 1987, 36, 1683. 
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Table I. Energies (E, eV), Oscillator Strengths 
Ferrocene, Cobaltocene, and Nickelocene 

E 

Fe(Cp)2 

/ T V 

(J), Term Values (TV, 

Co(Cp)2 

E f 

eV), 

TV 

and Proposed 

E 

Ass ignments 

Ni(Cp)2 

f 

for Features in 

TV 

the C Is Spectra of 

assignment 
final 

orbital 

285.72 
287.196 

289.1 

290.0 
292.0 
293.7 
297.7 
301 (sh) 

0.149 
0.280 

4.3 
2.8 
0.9 

-2.0 
-3.7 
-7.7 

-11 

284.81 
286.82» 
289.4 

290.0 
291.9 

297.7 
302 (sh) 

0.077 
0.291 

5.2 
3.2 
0.6 

-1.9 

-7.7 
-12 

284.38 
286.33» 
288.3 
288.9 
289.8 
291.3 
292.6 
297.5 
301 (sh) 

0.056 
0.323 

5.4 
3.5 
1.5 
0.9 

-1.5 
-2.8 
-7.7 

-11 

4elg (M 3d) 
3e2u(Cp x*) 
Ryd 
Ryd 
IP (C ls)c 

<r*(C-C) 
double excitation 
a*(C-C) 
shake-up ? 

"TV = IP - E, where IP is the energy of the main XPS line. 'Calibration relative to CO2 (Is • 
-3.92 eV; Ni, AE = -4.41 (3) eV. 'From XPS.23 

• TT*, 290.74 eV41): Fe, AE = -3.55 eV; Co, AE 

Table II. Orbital Energies (e, eV) and 2pz Coefficients for Ground State and "C ls-Excited" Metallocenes from Extended Hiickel Theory" 

orbital Fe(Cp)2 Co(Cp)2 Ni(Cp)2 

Du 

4e2g 

3e2u 

4elg 

4e2g 

3e2u 

4elg 

DiH 

e2' 

z{' 

e i " 

e2' 

e 2 

El" 

char. 

ir* 

TT* 

B. "C Is 
IT* 

T* 

Axzjz 

-e 

5.77 
5.77 
6.49 
6.49 
7.76 
7.76 

Excited State(s)" 
5.77 
6.04 
6.49 
7.31 
7.84 
8.50 

c(C2pz)» -e 

A. Ground State 
0 
0.55 
0 
0.56 
0 
0.34 

[(NHC4H4)M(C 
0 
0.14 
0 
0.31 
0 
0.61 

6.41 
6.41 
6.55 
6.55 
9.67 
9.67 

SH5)]+ Eq1 

6.41 
6.47 
6.55 
7.86 
9.69 

10.01 

c(C2Pz)
4 

0 
0.55 
0 
0.56 
0 
0.33 

livalent Core Species 
0 
0.03 
0 
0.55' 
0 
0.38' 

—e 

6.38 
6.38 
6.60 
6.60 
9.85 
9.85 

6.38 
6.43 
6.60 
7.83 
9.87 

10.26 

C(C2pr)» 

0 
0.55 
0 
0.56 
0 
0.36 

0 
0.05 
0 
0.55' 
0 
0.40' 

"The extended Hiickel parameters were those reported in ref 19, while the geometries were those of the gas-phase molecule as determined by 
electron diffraction.18 Although the D5h symmetry labels are those which are correct for the eclipsed equilibrium geometry, the Did labels are used 
in order to conform to common usage. 'This is the 2p2 coefficient at the atom which is converted to TV in the Z+l calculation. Note that, for 
symmetry reasons, this coefficient is zero in one partner of each e-symmetry orbital. 'Note that the effect on the intensity of the C I s - * 4elg 
intensity of the partial occupancy of the 4e,g orbital in Co(Cp)2 and Ni(Cp)2 has been taken into account in Figure 3 by a proportional reduction of 
these orbital coefficients. 

of Albright et al.19 The present EHT results give the accepted 
orderings of the outermost orbitals in the ground-state electronic 
structure of the Fe, Co, and Ni metallocenes. 

In addition to the ground-state electronic structure, an EHT 
calculation of the Z + l , equivalent core analogy species, 
[(C4H4NH)M(Cp)]"1" was carried out. The eigenfunctions and 
eigenvalues of this equivalent core ionic species provide a better 
approximation to the CIs core excited states than the virtual 
orbitals of the neutral ground state.21,22 In this approach, the 
virtual orbital eigenvalues are compared to the experimental term 
values (TV = IP(C Is) - E) (see Table I) of the C Is states, while 
the c2(N2pz) values, i.e., the square of the 2pz atomic orbital 
coefficient on the core excited atom (the N atom in 
[(C4H4NH)M(Cp)]"1", are considered to be estimates of the relative 
transition intensity. There are C Is orbitals of appropriate sym
metry to provide electric-dipole allowed transitions to virtual 
orbitals of all symmetries. Table II presents the EHT results for 
both the ground and C Is excited states. 

3.2. C Is Spectra: Features below 290 eV. The CIs oscillator 
strength spectra of Fe(Cp)2, Co(Cp)2, and Ni(Cp)2 [Cp = C5H5] 
are shown in Figure 2. The C Is ionization thresholds (IPs), taken 
from XPS,23 are indicated by the hatched vertical lines in Figure 

(19) Albright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. Soc. 1977, 
99, 7546. 
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Phys. 1987, 117, 73. 
(23) Bakke, A. A.; Jolly, W. L.; Schaf, T. F. J. Electron Spectrosc. 1977, 

//, 339. Towan, D. O.; Park, J.; Barber, M.; Swift, P. Chem. Commun. 1971, 
1444. 

2. The energies, term values, and proposed assignments are 
presented in Table I. The oscillator strengths of the first two 
features in each spectrum were derived from least-squares fits to 
gaussian line shapes. These results are also listed in Table I. 

The metallocene spectra are characterized by two strong res
onances in the pre-edge region and two broad features above the 
C Is IP. As has been found in previous studies of C Is excitation 
in unsaturated organometallics such as the metal carbonyls,12-14 

the C Is spectra of the metallocenes are dominated by excitations 
to 7r* and a* orbitals associated with the cyclopentadienyl ligand. 
The Is—*<7* spectral features (292 and 298 eV) are discussed in 
greater detail in the following section. In addition to the four 
strong features, there are weak shoulders in the region around 
the C Is IP. These are likely associated with C I s - * Rydberg 
excitations for the features below the IP and double excitations 
for those above the IP. 

Although the positions of the continuum a* features are rel
atively constant through the series, the pre-edge, 7r*-like features 
(«284, «287 eV) display appreciable, systematic shifts in their 
energies and intensities with the complexed transition metal (Table 
I). This is in distinct contrast to the core excitation spectra of 
metal carbonyls12"14 where the energies of the Is —- T* transitions 
are essentially independent of the identity of the metal atom and 
where there are only relatively minor variations of the oscillator 
strength per carbonyl with metal type.12 Although a direct 
comparison with the cyclopentadienyl anion or radical is not 
possible since their CIs spectra have not yet been reported [Re
cently we have recorded the C Is spectrum of cyclopentadiene 
as well as that of the Diels-Alder dimer.24 The C Is spectrum 
of the dimer exhibits one strong C Is —* -K* transition at 284.7 
eV, as expected from comparison to the C Is spectra of other 
species with isolated double bonds. The spectrum of the monomer 
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Energy CeV) 

Figure 2. Oscillator strengths for C Is excitation of ferrocene cobal-
tocene, and nickelocene derived from electron energy loss spectra re
corded with 2.5 keV final electron energy, 2° scattering angle, and 0.7 
eV FWHM resolution. After background subtraction to isolate only the 
Is signal, the spectra were corrected for a kinematic term and normalized 
at IP + 25 eV to scaled, calculated atomic oscillator strengths, according 
to a procedure previously documented.17 The hatched lines indicate the 
energies of the main line CIs IPs as determined by XPS.23 

(C5H6) has its principle -K* feature at 285.1 eV, and it also contains 
a moderately intense second C Is —* ir* peak at 287.4 eV. The 
C Is —* TT* energies and the 2.4-eV splitting of the two ir* levels 
are similar to that observed in f/ww-l,3-butadiene.16,17] the low-
energy ir*-region of the CIs spectrum of cyclopentadienyl should 
be dominated by a single peak since there is only one empty TT* 
orbital of e2" symmetry in the minimal basis MO scheme of the 
anion, C5H5" (Cp"). This transition might be expected to occur 
around 285 ± 1 eV, based on the C Is spectra of other aromatic 
and conjugated hydrocarbons (e.g., the C Is —* ir* transition 
occurs at 284.6 eV in butadiene16'17 and 285.3 eV in benzene25). 
However, the shielding effect of the negative charge in Cp" might 
raise the C Is -* ir* energy somewhat relative to its energy in 
the neutral, six-electron aromatics. It is clear that there is a strong 
qualitative difference between the single TT* feature expected in 
free Cp" and the two "ir*-like" features seen in the metallocene 
C Is spectra. 

The shifts in the absolute energies and term values of the first 
two transitions through the metallocene series are considerably 
greater than the shifts in the XPS IPs, indicating relatively large 
effects of the metal on the energies of the virtual orbitals involved. 
This is consistent with the electron transmission (ET) spectra of 
the metallocenes3'4 where the anion state energies vary consid
erably. Thus the energy shifts in the first peak in the C Is 
spectrum primarily reflect changes in the energies of the virtual 
orbitals rather than the C Is orbitals of the metallocenes. 

Two interpretations were considered initially for the assignment 
of these pre-edge features in the metallocene C Is spectra. One 
possibility was that the two features are transitions to the two (3e2u 

and 4e2g) ring-ir* orbitals. This alternative would be consistent 
with the dominance of intramolecular transitions in the NEXAFS 
of molecules chemisorbed on metal surfaces.25,26 The other 

(24) Hitchcock, A. P.; Wen, A. T.; Riihl, E., manuscript in preparation. 
(25) Horsley, J. A.; Stohr, J.; Hitchcock, A. P.; Newbury, D. C; Johnson, 
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possibility was that the first feature is a C Is —* 4elg(d„,dJ,2) 
transition, while the second consists of unresolved transitions to 
the two ring-Tr* orbitals. We have used the extended Hiickel 
theory (EHT) calculations in order to help choose between these 
alternatives. The intent of these semiempirical calculations is to 
search for trends rather than provide highly accurate numerical 
results. Table II presents the EHT results for both the ground 
state and C Is excited states. 

According to the magnitude of the carbon 2p coefficients in 
the ground-state EHT results (Table HA) there should be three 
low-lying C Is excitations, although the C I s - * 4elg(dxz,d^z) 
transition would be considerably weaker than the C Is —* ir*(ring), 
and the two C I s - * ir*(ring) transitions would not be resolved 
with our spectrometer since the 3e2u and 4e2g orbitals are very 
close in energy. The ground-state EHT calculations for the Fe, 
Co, and Ni species indicate separations of less than 0.8 eV and 
a large ring-ir* character to both orbitals (c2(C2p2) = 0.3) (see 
Table II), while an Xa calculation indicates 0.16 eV separation 
in the Ni(Cp)2 ground state.3 In the absence of strong interaction 
with occupied e2g(d) orbitals, the 3e2u and 4e2g ring-7r* orbitals 
are expected to be very close in energy since they correspond to 
positive and negative combinations of the e2" orbital of each Cp 
ring which are rather distant from each other (the ring-to-ring 
separation is >3.3 A). The EHT calculations indicate that the 
ring-7r* virtual orbitals are strongly modified by the C Is core 
hole. In the core-equivalent species the 3e2u orbital is split by «1.5 
eV, but the orbital shape is not greatly changed while the 4e2g 

orbital is "repelled" from the core excited atom (the N2pz coef
ficient becomes very small) and the splitting associated with the 
symmetry reduction is much smaller than that in the 3e2u orbital. 
Thus the EHT results for the "C Is excited states" predict only 
two rather than three pre-edge transitions, which is consistent with 
the experimental results. 

The large N2pz coefficients for the 4elg and 3e2u orbitals in the 
EHT calculation of the CIs excited states of the Fe, Co, and Ni 
species strongly supports assignment of the lower energy feature 
to C I s - * 4elg(d.cz,d>,2) and the higher energy peak to C I s - * 
3e2u(7r*) transitions in these three species. The increase in the 
4elg occupancy with increased d-count of the metal atom provides 
a simple explanation of the decrease in the intensity of the first 
peak. In the ground state the 4elg orbital is composed mainly of 
metal 3dvz and 3dyz orbitals (c2(C2pz) = 0.11, according to the 
EHT results—Table II), and thus one would not expect strong 
C I s - * 4elg transitions on account of the poor spatial overlap. 
This is also indicated by an Xa calculation of nickelocene which 
indicates 57% transition metal, 27% p„ 12% inner sphere, and 
4% outer sphere character3 for the 4eig orbital—i.e., this orbital 
is very heavily concentrated on the metal. Any ring C2p character 
to the 4elg orbital can be attributed to mixing with the occupied 
TT orbital of e / ' symmetry in free Cp". According to the EHT 
results for the equivalent core species (Table HB), the C2pir 
character of the 4elg orbital is greatly enhanced when there is a 
carbon Is hole, presumably because the core hole potential lowers 
the 4elg(d;tz,d>,z) orbital energy and increases the ir* character 
through enhanced mixing with the 3elg (TT) orbital. 

The spectra show that the C I s - * 4elg intensity is considerably 
reduced in Co(Cp)2 and Ni(Cp)2 relative to Fe(Cp)2. At first 
glance this experimental result seems qualitatively different than 
the EHT result where the N2pz coefficient in the 4elg orbital is 
similar in all three molecules (0.61, 0.38, 0.40). However the 4e,g 

orbital is partially occupied—by one electron in Co(Cp)2 and by 
two electrons in Ni(Cp)2. This will reduce the spectral transition 
intensity since electron promotions into occupied orbitals are not 
allowed by the Pauli exclusion principle. The observed change 
in the intensity of the C I s - * 4elg transition is approximately 
inversely proportional to the occupancy of the 4elg orbital in these 
species. Thus we are suggesting that the 4elg orbital is similar 
throughout the series and that, to first order, the reduced intensity 
can be related to the changes in ground-state occupancy with metal 
d-count. In a sense this can be considered to be an extension of 
the situation in the transition-metal carbonyls where the reduced 
C I s - * ir*(CO) oscillator strength in the higher d-count species 
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Fe Co Ni 
Figure 3. Comparison of the experimental C Is term values (TV = IP 
- £) and oscillator strengths with the attachment energies (AE) from 
electron transmission spectroscopy3,4 and the orbital energies and squares 
of N2p2 coefficients from an extended Hiickel theory (EHT) calculation 
of CpM(C4H4NH)+. The 4elg orbital coefficients for the Co and Ni 
species have been reduced from their calculated values in order to account 
for their partial occupancy. The EHT orbital energy scale has been 
chosen to give best agreement with the experimental energies. The areas 
of the circles are proportional to the square of the 2pz coefficient, while 
the areas of the rectangles are proportional to the experimental oscillator 
strengths. 

has been attributed to increased metal—*carbonyl backbonding.12 

However, in the latter case, changes in the C Is —»• TT* intensities 
are related to varying extents of orbital mixing, whereas the 
dominant effect in the group 8b metallocenes appears to be partial 
occupancy of the 4elg(d) orbital. 

The second peak around 287 eV in the Fe, Co, and Ni me-
tallocene CIs spectra is assigned to C I s - * 3e2u(^*) transitions 
with minor contributions from C I s - * 4e2g(7r*) transitions. This 
assignment is supported by the EHT results which predict that 
the C I s - * 4e2g(ir*) transition will be 5-90 times less intense than 
the C I s - * 3e2u(ir*) transition. Experimentally, the =287-eV 
peak increases in intensity with increasing d-count, although much 
less dramatically than the «284-eV peak. The EHT coefficients 
predict an increase by a factor greater than two in the intensity 
of the C I s - * 3e2u transition between ferrocene and (cobaltocene, 
nickelocene). No such increase is observed experimentally. 

Overall, although there are quantitative differences, particularly 
in relative intensities, the EHT calculations qualitatively reproduce 
the main trends in the experimental results. Figure 3 presents 
a graphical comparison of the experimental term values and os
cillator strengths with the EHT orbital energies and N2pz coef
ficients for the equivalent core analogy species. The attachment 
energies (AE) from ETS3,4 are also plotted. The main quantitative 
discrepancy between the EHT orbital energies and experimental 
term values is an average difference of 4.6 eV. Some of the 
differences between experiment and calculation may be associated 
with the gross simplification of the use of virtual orbital energies 
rather than differences of energies of properly constructed elec
tronic states. This could be particularly important for the open 
shell species where each electron configuration will have several 
associated electronic states. 

The only other core excitation studies of metallocenes of which 
we are aware are those of the metal K-shell absorption spectra 
of ferrocene9,10 and nickelocene.10 In that work the lowest energy 
features were identified as very weak transitions to the 4elg orbital; 
however, the experimental spectra are dominated by M Is —* a2u 

and M I s - * e]u continuum resonances which have a dominant 
metal 4p character. Thus the metal K-shell spectra provide a 
complementary picture since the orbitals accessed and their spatial 
distribution greatly differ from the orbitals probed in the C Is 
spectra. 

Our core excitation results are in good agreement with the 
electronic transmission spectra (ETS) of the metallocenes. Both 
techniques probe the unoccupied orbitals of the ground state, but 
the ETS gives a total-molecule picture that is unaffected by the 
core hole stabilization. The two features observed in the ETS of 
ferrocene3,4 have been attributed to population of the 4elg(d„,d>,r) 
and 3e2u and 4e2g(7r*) orbitals. Probably both anion states as
sociated with population of the two ring-7r* orbitals are populated, 
but they are not resolved since, as noted earlier, these two orbitals 
are the symmetric and antisymmetric combinations of the e2"(x*) 
orbital of each Cp ring, and thus the energy separation is small. 
Interestingly the higher energy negative ion resonance in the ETS 
of Ni(Cp)2 is clearly split, with the two components at 2.05 and 
2.60 eV. In Figure 3 we have suggested this 0.55-eV splitting 
may correspond to that between the 3e2u and 4e2g(7r*) orbitals. 
One might expect this splitting to be smallest, and thus unresolved 
in Ni(Cp)2 since the ring separation is largest in this species. This 
is the prediction of our EHT calculations; however, other calcu
lations have suggested that the 3e2u-4e2g(7r*) separation is 0.4 eV 
larger in Ni(Cp)2 than in Fe(Cp)2.4 The energy spacings of the 
first two ISEELS bands of the Fe-Ni species are comparable to 
the ca. 2-eV separation of the first two anion states observed by 
ETS3,4 (see Figure 3). The decrease in energy of the 4elg orbital 
with increasing metal atomic number suggested by the ISEELS 
term values is also seen in the anion state energies. Overall there 
is an average core hole stabilization energy (AE - TV) of 5.5 ± 
0.2 eV for the 4elg and 3e2u orbitals. This is somewhat smaller 
than the values of 6-8 eV reported in organo-halide compounds,27 

indicating that core hole stabilization varies among different classes 
of compounds. The 4elg orbital of Fe(Cp)2 has an apparently 
anomalously low stabilization energy of 4.9 eV. 

With regard to the absolute intensities of the C I s - * ir*(3e2u) 
transitions in these species, one might expect their oscillator 
strengths to be comparable to those of C Is —* w* transitions in 
other conjugated or aromatic ir-bonded species such as butadiene 
and benzene. The average/-value for the C Is —* -K* transition 
in these three metallocenes is 0.29/4 = 0.075 per formal double 
bond. This is quite similar to the oscillator strength per double 
bond of the C 1 s -* TT* transition in butadiene (0.14/2 = 0.07017) 
and that in benzene (0.244/3 = 0.081). As has been concluded 
previously,17,28 oscillator strengths for localized core excitations 
in molecules with similar local structures are found to be quite 
similar. 

3.3. Is —* (T* Continuum Resonances. The cyclopentadienyl 
rings have 5-fold symmetry and thus have a single C-C bond 
length. According to a simple model of the relationship between 
molecular structure and Is —* a* transitions16,29 there should be 
only a single <r*(C-C) resonance at about 296 eV. However two 
continuum peaks are observed in each spectrum around 292 and 
298 eV. This pattern is very similar to that found in the C Is 
spectra of free and chemisorbed benzene, pyridine,25 and other 
six-electron aromatics30,31 where two continuum resonances are 
also observed. On the basis of analogy with benzene we interpret 
these features as one-electron transitions to a* shape resonances25,32 

with the average energy reflecting the molecular bond length. The 
NEXAFS of a monolayer of cyclopentadienyl adsorbed on Pt-
(Hl ) 1 5 (Figure 4) is consistent with this interpretation. Two 

(27) Benitez, A.; Moore, J. H.; Tossell. J. A. J. Chem. Phys. 1988, 88, 
6691. 

(28) Robin, M. B.; Ishii, I.; McLaren, R.; Hitchcock, A. P. J. Electron 
Spectrosc. 1988, 47, 53. 

(29) Sette, F.; Stohr, J.; Hitchcock, A. P. J. Chem. Phys. 1984, 81, 906. 
(30) Doering, J. P.; Gedanken, A.; Hitchcock, A. P.; Fischer, P.; Moore, 

J.; Olthoff, J. K.; Tossell, J.; Raghavachari, K.; Robin, M. B. J. Am. Chem. 
Soc. 1986, 108, 3602. 

(31) Newbury, D. C; Ishii, I.; Hitchcock, A. P. Can. J. Chem. 1986, 64, 
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(32) Hitchcock, A. P.; Stohr, J. J. Chem. Phys. 1987, 87, 3253. 
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continuum features are observed at 292 and 298 eV in the Cp/ 
Pt(111) spectrum, and each one has the polarization dependence 
of an inplane C Is —* a* transition, assuming that the plane of 
the ring is parallel to the Pt surface. However, there is evidence 
from NEXAFS of benzene on Cu(110)," partial cross sections,34 

and calculations22 that suggests (ls,7r,7r*2) double excitations also 
contribute to the lower energy continuum feature in benzene. 
Perhaps a similar situation exists in the CIs spectrum of the 
metallocenes. If one considers only the higher energy feature to 
correspond to bond length sensitive Is ->- <r*(C-C) transition, then 
the bond length correlation for Z = 1229 predicts a bond length 
of 1.43 A, in excellent agreement with the known structures (Rx 

= 1.43 A in nickelocene and 1.44 A in ferrocene18). 
3.4. Comparison with NEXAFS Studies of Tr-Bonded Aromatics. 

In essentially all of the NEXAFS of chemisorbates studied to 
date26 the core excitation spectra have been found to be dominated 
by transitions within the chemisorbed molecule. The major effect 
of the surface metal atoms on the spectra seems to be a line 
broadening which has been attributed to lifetime reductions as
sociated with hybridization of the metal and molecule electronic 
structure.35 Given that the surface bond in many cases has a 
strength comparable to many covalent bonds, it seems surprising 
that there is relatively little evidence for surface-induced modi
fications of the adsorbate virtual electronic structure. The addition 
of the C I s - * 4e,g transition and the relatively large energy shifts 
in the spectral features with identity of the metal atom indicates 
that the virtual orbitals accessed by CIs excitation of the me
tallocenes differ dramatically from those of free Cp, i.e., the virtual 
orbitals of Cp attached to a metal are no longer just those intrinsic 
to the Cp ligand but rather have a large metal admixture. Al
though this result is not surprising from MO theory, it does 
contradict a frequent, implicit assumption used in the interpretation 
of NEXAFS of chemisorbates. Thus the present results provide 
an important caution to NEXAFS interpretations which ignore 
modifications to the virtual orbital structure of chemisorbates 
associated with the metal bonding. 

The observation of major changes in the C I s spectra of the 
metallocenes relative to that expected for free Cp" suggests that 
the C Is NEXAFS of adsorbed cyclopentadienyl or similar ir-
bonded aromatics may be a good place to look in greater detail 
for evidence of changes of virtual electronic states induced by 
surface bonding. A study of the temperature dependence of the 
vibrational spectra of cyclopentene adsorbed on a Pt(111) surface36 

suggested that cyclopentadienyl is the stable end product when 
this surface is heated. Recently Johnson15 has reported the 
NEXAFS of this surface, but a full interpretation of the spectrum 
was not carried out, in part because of the lack of spectra of 
gas-phase models and in part because of possible uncertainty in 
the nature of the surface species. In Figure 4 we plot the surface 
NEXAFS spectra15 in comparison with the C Is spectrum of 
Ni(Cp)2, which is valence isoelectronic with Pt(Cp)2. A linear 
background has been subtracted from the NEXAFS data to isolate 
the CIs signal. 

The NEXAFS of the monolayer Cp/Pt(l 11) state produced 
by room temperature annealing of cyclopentene, consists of a 
broad, structured rr* resonance (peak at 287 eV, shoulder at 285 
eV) and two a* resonances at 291.7 and 297.5 eV. In the original 
discussion15 only a single TT* resonance is mentioned, but it is clear 
that there are at least two electronic states in the ir* region, just 
as we find for the metallocenes. Although the first IT* peak is 
considerably more intense than in the metallocenes and all features 
are broader, the qualitative agreement with the present metallocene 
spectra adds further support to the conclusion that a cyclo
pentadienyl species, oriented flat on the Pt(111) surface, is formed 

(33) Bader, M.; Haase, J.; Frank, K.-H.; Ocal, C; Puschmann, A. J. Phys. 
Coll. 1986, 47, C8-491. 

(34) Piancastelli, M. N.; Ferrett, T. A.; Lindle, D. W.; Medhurst, L. J.; 
Heimann, P. A.; Liu, S. H.; Shirley, D. A. / . Chem. Phys. 1988, 89, 6096. 

(35) Jugnet, Y.; Himpsel, F. J.; Avouris, Ph; Koch, E. E. Phys. Rev. Lett. 
1984,55, 198. 

(36) Avery, N. Surf. Sci. 1984,137, L109; 1984, 146, 363. Netzer, F. P.; 
Rosina, G.; Bertel, E.; Saalfeld, H. B. J. Electron Spectrosc. 1988, 46, 373. 
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Figure 4. Comparison of the C Is spectrum of gas-phase Ni(Cp)2 and 
the NEXAFS spectra of Cp/Pt(l ll)15 (the surface ,s.tate derived from 
room temperature.,annealing C-C5H8 adsorbed at 90 K onto Pt(IIl)). 
Assuming that the ring lies flat on the metal surface, the orientation 
dependence of the NEXAFS clearly demonstrates ir-symmetry for the 
285- and 287-eV features and tr-symmetry for the 292- and 298-eV 
features. 

under these conditions. The change from the C Is spectrum of 
cyclopentene15,37 is dramatic and consistent with that expected 
for conversion in the adsorbed phase to an aromatic electronic 
structure (i.e., increased w* resonance intensity, along with in
creased resonance width and a shift to higher energy associated 
with metal-molecule orbital mixing). Comparison to the CIs 
spectrum of Ni(Cp)2 reveals that the low-energy shoulder on the 
•K* band is an expected spectral feature. Indeed, it is a distinctive 
feature associated with the chemisorption bond since free Cp" 
would be expected to have only a single C Is —* TT* feature. The 
present results suggest that additional low-lying C Is —* ir*-
(metal-ring) resonances could be a general feature of 7r-bonding 
to metals. This is relevant to studies of other Tr-bonded adsorbates, 
such as the NEXAFS of benzene on Pt(IIl) ,2 5 Ag(II l ) , Cu-
(10O),33 and Ag(IOO)38 and the near-edge energy-loss fine structure 
(NEELFS) of benzene and pyridine on Cu and Ag(IOO).39 The 
occurrence of strong metal participation in the unoccupied elec
tronic structure of chemisorbed molecules has previously been 
indicated through Xa calculations in the case of ethylidene on 
Pt(IIl) .4 0 

4. Summary 

CIs core excitation spectra of the group 8b 3d-metallocenes 
have been presented for the first time. The spectra are dra
matically different from that expected for the free cyclopentadienyl 
ligand. They also show a very strong dependence of the near-edge 
ir* features on the nature of the metal atom. These results are 
in strong contrast to the C Is spectra of transition metal carbonyls 
where the spectra are found to be largely independent of the metal 
atom. A major part of the difference seems to be related to the 

(37) Hitchcock, A. P.; Newbury, D. C; Ishii, I.; Stohr, J.; Horsley, J. A.; 
Redwing, R. D.; Johnson, A. L.; Sette, F. J. Chem. Phys. 1986, 85, 4849. 

(38) Stohr, J., private communication. 
(39) Tyliszczak, T.; Esposto, F.; Hitchcock, A. P. Phys. Rev. Lett. 1989, 

in press. 
(40) Horsley, J. A.; Stohr, J.; Koestner, R. J. J. Chem. Phys. 1985, 83, 

3146. 
(41) Hitchcock, A. P.; Ishii, I. J. Electron Spectrosc. 1987, 42, 11. 



J. Am. Chem. Soc. 1989, 111, 5075-5077 5075 

open shell electronic structure of these metallocenes and an ap
preciable ring TT* character to the empty or partially filled metal 
3d orbitals. The core hole polarization in the C Is excited states 
has a considerable effect on the spatial distributions of the virtual 
orbitals according to the EHT calculations. 
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We recently showed2 that when HCl is dissolved in a molten 
mixture OfAlCl3 and l-ethyl-3-methyl-l//-imidazolium chloride 
(EMIC) containing 55.0 mol % AlCl3 at ordinary temperatures 
and pressures it becomes a Bronsted superacid similar in strength 
to liquid HF (H0 = -15.13). The acidity of this mixture was 
determined by spectrophotometrically measuring the protonation 
of arene bases. 2-Methylnaphthalene proved to be a base of 
intermediate strength and was used for a quantitative study of 
the effect of HCl pressure on the Bransted acidity. The results 
were consistent with the following simple chemical model. The 
protonation of an arene base (B) in an acidic AlCl3-EMIC melt, 
i.e., one containing significantly more than 50 mol % AlCl3, can 
be represented for thermodynamic purposes by eq 1. The 

HCl + B *± BH+ + Cl" (1) 

stoichiometric equilibrium constant for this reaction (K'B) is given 
by eq 2, where pA"'B = -log K'B, Tl is the protonation ratio 

pK'E = -log n + pCl + log />HC1 (2) 

([BH+]/[B]), pCl = -log [Cl"], and PHci is the pressure in atm 
of HCl in equilibrium with the melt. In these experiments pCl 
was fixed by the Cl" exchange equilibrium given in eq 3, so that 
PHa was the only variable that affected the system acidity. 

Cl" + Al2Cl7" ^ 2AlCl4- (3) 
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Table I. Spectra of Arenium Ions in AlCl3-EMIC (66.4 mol % 
AlCl3) under ~1 atm HCl at 23 0C 

starting arene Xma, (nm) [10"3t (M"1 cm"')] 
fluorene 382 [33.3 ± 0.5"-6] 
chrysene 268 [27.9], 296 [18.2], 340 [21.5], 

525 [18.9 ± 0.3a'6] 
2-methylnaphthalene 270 [3.6 ± 0.1c], 400 [17.8 ± 0.4«] 
mesitylene 262 [10.2], 360 [10.7°] 

"Band used to measure a. bAverage of two independent measure
ments. c Average of three independent measurements. 

We have now extended these studies to include melt composition 
as a variable, from 51.0 to 66.4 mol % AlCl3. (The latter value 
is close to the solubility limit for AlCl3 at ambient temperatures.4) 
We will show that the protonation of arenes of intermediate 
basicity responds to these changes in melt composition in the way 
described by eq 2 when pCl is calculated from previously measured 
thermodynamic properties of AlCl3-EMIC melts.5 Then we will 
examine the protonation of weakly basic arenes, including benzene. 
With these results we compare HCl/AlCl3-EMIC with other 
strong Bronsted acids. In making this comparison it is instructive 
to treat eq 2 in terms of acidity function formalism. We define 
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Proceedings Series: Princeton, NJ, 1987; p 93. 

© 1989 American Chemical Society 

Quantitative Study of the Acidity of HCl in a Molten 
Chloroaluminate System 
(AlCl3/l-Ethyl-3-methyl-l/f-imidazolium Chloride) as a 
Function of HCl Pressure and Melt Composition (51.0-66.4 
mol % AlCl3) 
G. P. Smith, A. S. Dworkin, R. M. Pagni,1 and S. P. Zingg* 

Contribution from the Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee 37831. Received December 2, 1988 

Abstract: The acidity of HCl in Lewis acid mixtures OfAlCl3 and l-ethyl-3-methyl-li/-imidazolium chloride (EMIC) has 
been determined as a function of HCl pressure (PKCI) ar>d melt composition at ambient temperatures. The equilibrium constant 
(A-B) for the protonation of arene bases (B) according to the reaction HCl + B^= BH+ + Cl" was determined from the relation 
log K'B = H' + log ([BH+]/[B]) with the protonation ratio measured spectrophotometrically and the acidity function, H' 
= log ([Cl"]//5HCi). evaluated by using the thermodynamic model of Dymek et al. to calculate [Cl"]. Values of log K'B were 
determined for chrysene, fluorene, 2-methylnaphthalene, and mesitylene over a range of HCl pressures and melt compositions, 
while estimates for benzene, toluene and naphthalene were obtained at a single pressure and composition (1 atm, 66.4 mol 
% AlCl3). The correlation between log K'B for these arenes in HC1/A1C13-EMIC and log KB for the same arenes in HF/BF3 
suggests that H' - H0 =* 0.4, where H0 is the Hammett acidity function. According to this criterion H0 for 0.01 atm HCl 
in 51 mol % AlCl3 has a value of-12.6 (a superacid comparable to 100% H2SO4). At 1 atm HCl, a melt saturated with AlCl3 
at ambient temperatures (~67 mol % AlCl3) is a much stronger superacid with a value of H0 on the order of -18. 


