
Organometallics 1992, 11, 2559-2569 2559 
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Oscihtor strengthe for the inner-shell excitation (C le, 0 Is, Fe 2p, and Fe 3p) of eight gas-phase organoiron 
complexes Fe(C0)6, Fe2(CO)Q, RFe(COI3 (R = C4&, c-C6H8, c-C8Hd, and CpFeCpR’ (R’ = H, C2H3, C4&) 
have been derived from electron energy loss spectra recorded under electric dipole scattering conditions. 
Tentative spectral assignments have been made b a d  upon comparison to the spectra of free ligands and 
to previous gas-phase studies of related organometallic species. The spectra provide insight into how core 
excitation spectrodlcopy reflecta the iron-ligand bonding in these complexes. The C Is, 0 Is, and Fe np 
spectra of related molecules in a series (e.g., carbonyl complexes or ferrocene derivatives) have a similar 
shape, suggesting similar origins of the spectral features. Small variations through each series have been 
interpreted in terms of changes in the electronic structure associated with changing substituents. The 
sensitivity of core spectra to ligand-ligand electronic interaction has been 888688Bd through comparisons 
to spectral simulatiom based on the sums of experimental spectra of free ligands and single-ligand complexea 
Spectral simulations based on extended Htickel (EHMO) calculations have also been carried out for C 
1s and Fe 2p excitation in Fe(C0)6 and Fe2(CO)* The Fe 2p spectra are surprisingly sensitive to the type 
of ligands present in the complexes. 

I. Introduction 
Organometallic complexes have been receiving consid- 

erable attention in both theoretical and experimental 
chemistry since the discovery of ferrocene. This is chiefly 
due to the many applications of these compounds in areas 
such as synthesis, homogeneous catalysis, cluster and 
solid-state chemistry, chemical vapor deposition of metallic 
thin films, etc. Molecular spectroscopies have played a 
pivotal role in organometallic chemistry by addreasing 
problems associated with electronic structure, bonding 
schemes, molecular formation, and the chemistry of the 
complexes. Inner-shell excitation by electron energy loss 
(ISEELS)’ and X-ray absorption (NEXAFSI2 spectroscopy 
has been extended recently to gas-phase organometallic 

Becaw of the spatially localized character 
of core excitation, spectra recorded at several different core 
edges can be used to map out the unoccupied molecular 
orbitals NOS) as they contribute to the various inner-shell 
electronic excited states of a molecule. Extended HDckel 
(EHMO) calculations within the equivalent ionic core 
virtual orbital model” (EICVOM) have proven helpful in 
interpreting ISEELS spectra of organometallic compounds. 

The present work is a systematic extension of these 
studies to organoiron complexes. The spectra of several 
series of related organoiron complexes have been recorded 
to investigate the sensitivity of core excitation spec t”py  
to the electronic structure, particularly with regard to 
metal-ligand bonding and ligand-ligand interactions. The 
spectra of F e ( c 0 ) ~  and Fe2(CO)Q are compared in order 
to study the sensitivity of core spectra to the weak met- 
al-metal bond predicted by the 18-electron rule. Three 
iron tricarbonyl complexes with butadiene (C4H6), 1,3- 
cyclohexadiene (c-C6Hs), and cyclooctatetraene (c-C8HJ 
ligands are used to explore ligand-ligand interaction in 
mixed ligand complexes. Ferrocene (FeCh, Cp = $%&Is) 
and two monosubstituted ferrocenes with a vinyl 
(CpFeCpCHCH2) or a butyl (CpFeCpC,HJ substituent 
on one of the Cp rings were UBBd to test the sensitivity of 
core excitation spectra to more remote perturbations of 
the electronic structure. ISEELS spectra at the C Is, 0 
Is, Fe 2p, and Fe 3p edgea of the gas-phase Complexes have 

‘Permanent addrean: Institut Mr Physikalische Chemie, Freie 
Universittit Berlin, Takustr. 3, DlOOO Berlin 33, Germany. 

0276-7333192 /2311-2659$03.O0/0 

been recorded using scattering conditions dominated by 
electric dipole transitions. All spectza, except those at the 
Fe 3p edge, have been converted to optical oscillator 
strengths to study trends in the transition probabilities 
through the molecular series. EHMO calculations have 
been used to help assign the spectra of the two carbonyl 
complexes. The C 1s and 0 1s spectra of Fe(C0)6 have 
been presented briefly,’ while the C 1s spectrum offer- 
rocene7 has been discussed in considerable detail previ- 
ously. All other spectra are being reported for the first 
time, to our knowledge. 

11. Experimental Section 
The gas-phase ISEELS spectrometer employed in this work 

was operated with a high-energy incident electron beam (2.5 keV 
plus the energy lose) and small scatbring angle (<2O), with 0.6-eV 
FWHM overall resolution. Ita basic principles and operating 
procedures have been described elsewhere.’ The organoiron 
complexes were obtained from commercial sources (Strem 
Chemical Co. and Aldrich). They were used without purification. 
In some cases, the initial spectra contained contributions from 
volatile impurities, which disappeared with time through pref- 
erential evaporation. In such cases, only spectra acquired after 
a stable spectral shape was attained were used for further analyeie. 
Where necemary, sample tranefers were performed under an inert 
atmosphere. In a few mea, the solid samplea were placed directly 
inside the vacuum chamber, at a site very close to the incident 
electron beam, in order to have adequate vapor pressure in the 
scattering region of the spwbmeter. In some cases, the chamber 
was heated slightly to further increase the signal. In such cases, 
care was taken to monitor for possible decomposition of the 
complexea. This was readily detectable in the carbonyl complexea 
by the appearance of the sharp Rydberg structure of CO around 
294 eV. Frequently it was found that decomposition did occur, 

(1) Hitchcock, A. P. Phys. Scr. 1990, T31, 159. Hitchcock, A. P. 
Proceeding8 of Escolo Latino-Americana de Fiaica; World Scientific 
Publishing: Singapore, 1991. 

(2) Sthhr, J. NEXAFS Spectroscopy; Springer: Berlin, 1992. 
(3) RW,  E.; Hitchcock, A. P. J. Am. Chem. SOC. 1989, 111, 2614. 
(4) Hitchcock, A. P.; Wen, A. T.; RGhl, E. J. Electron Spectrmc. ISSO, 

(5) Sondericker, D.; Fu, 2.; Bradley, J.; Eberhardt, W. J. Chem. Phys. 
51,653. 

1990,92, 2203. 
(6) Cooper, G.; Sze, K. H.; Brion, C. E. J. Am. Chem. SOC. 1989,111, 

5051. CooDer, G.; Sze, K. H.; Brion, C. E. J. Am. Chem. SOC. lsSo,112, 
4121. 

(7) RGhl, E.; Hitchcock, A. P. J. Am. Chem. SOC. 1989, 111, 5069. 
(8) Schwarz, W. H. E. Chem. Phys. 1975,11, 217. 
(9) Reference deletad on revision. 
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Table I. Energiea (E, eV), Term Values (T, eV), and Propored Aaaignnentr for Featurea in the C l a  Spectra of CO, Fe(CO)&, 
and Fe,(CO), 

co Fe(CO)r Fe9(CO)a . .I _ _  
E T' no. E (AO.l) T 

287.40 8.7 1 287.806 5.7 
~~ 

2 sh 289.3 4.2 
3 290.5 3.0 
4 ah 291.3 2.2 

293.3 2.8 5 292.6 0.9 
296.1 293.5 
300.8 -4.7 6 296.2 (4) -2.7 
304.0 -7.9 7 303.2 (8) -9.7 

no. E (AO.1) T 
1 287Mb 5.7 
2 sh 289.2 4.2 
3 290.6 2.8 
4 sh 291.2 2.2 
5 292.3 1.1 

6 295.6 (4) -2.2 
7 303.4 (8) -10 

293.4 

assignment (fiial orbital) 
**(C=O) 
**&lWl 
**ddoal 
**clOul 
Rydberg 
IP' 
2e (1s - r*; 3d - **) 
u*(C=O) 

T = IP - E. Calibration relative to COz (C le - r*: 290.74 eV): AE = -2.94 (3) and -3.08 (2) eV for Fe(CO)6 and Fe2(C0)9, respec- 
tively. ' IPS from XPS?* The metal carbonyls have large shake-up. This is the energy of the main XPS line. 

but only after several days. We interpret this as indicating that 
the decomposition was catalyzed by complex fragments or ele- 
mental iron produced in the decomposition. The spectra pres- 
ented here as those recorded before any decomposition had be- 
come apparent. Absolute oscillator strengths were obtained by 
a conversion procedure described elsewhere.'O 

111. EHMO Calculations 
Calculations and qualitative descriptions of the MO 

structure of the ground states of Fe(C0)6,11 Fe2(C0)9,12 
FeCp2,13 and C4H6Fe(C0)314 have been presented in the 
literature. These articles give valuable insight into the 
general characteristics of bonding mechanisms and, in 
some casea, information about the low-lying unoccupied 
MOs. Additional semiempirical calculations have been 
used in this work to obtain a more complete picture of the 
unoccupied MOs as sampled by core excitation. In some 
cases, there are large changes in the virtual orbital char- 
acter between the ground and core excited states because 
of relaxation of the valence electron distribution in the 
presence of a localized core hole. EHMO calculations, 
carried out in the equivalent ionic core virtual orbital 
model: have been found to account for the relaxation 
induced by the core hole and to give a satisfactory simu- 
lation of the core excitation spectra of many organo- 
metauic~ .~J~J~ EHMO calculations of the C 1s and Fe 2p 
spectra of Fe(CO)6 and Fe&0)9 are reported in this work. 
EHMO results for C 1s excitation of ferrocene have been 
reported earlier.' The molecular geometries used in the 
calculation were taken from the literature (Fe(C0)6,17 
Fe2(CO)g18). An idealized Da molecular geometry was 
adopted for both complexes for simplicity as well as con- 
venience. This seems appropriate since the gas-phase 
structure of Fe2(CO)g is not precisely known. Previous 
EHMO studies of the metal 2p spectra of Co complexes16 
have indicatad a rather strong sensitivity to geometry. The 
energies and exponents for the Fe atomic orbitals were 
taken from the same literature source18 as in our previous 
studies. As discussed earlier,16 the results are somewhat 
sensitive to the choice of Hiickel parameters. The same 

(10) Mclaren, R.; Clark, 5. A. C.; Ishii, I.; Hitchcock, A. P. Phys. Rev. 
A 1987,35, 1683. 

(11) Guenzburger, D.; Saitovitch, E. M. B.; DePaoli, M. A.; Manela, 
H. J. Chem. Phys. 1984,80,735. Olthoff, J. K.; Moore, J. H.; Tossell, J. 
A.; Giordan; J. C.; Baerends, E. J. J. Chem. Phys. 1987,87, 7001. 

(12) Heijiwr, W.; Baerends, E. J.; Ros, P. Faraday Symp. Chem. SOC. 
1980,14,211 and references therein. 
(13) Haaland, A. Acc. Chem. Res. 1979,12,415 and referencea therein. 
(14) Albright, T. A.; Burdett, J. K.; Whangbo, M. H. Orbital Znter- 

actione in Chemistry; John Wiley & Sone: New York, 1985; p 368. Elian, 
M.; Hoffmann, R. Znorg. Chem. 1975,14, 1058. 
(15) Rirhl, E.; Wen, A. T.; Hitchcock, A. P. J. Electron Spectrosc. 

1991, 57, 137. 
(16) Hitchcock, A. P.; Wen, A. T.; Rirhl, E. Chem. Phys. 1990,147,51. 
(17) Evene, R. V. G.; Lister, M. W. Z'rane. Faraday SOC. 1939,35661. 
(18) Cotton, F. A. h o g .  Znorg. Chem. 1976, 21, 1. 
(19) Albright, T. A.; Hoffmann, P.; Hoffmann, R. J. Am. Chem. SOC. 

1977,99,7546. 

Energy (eV) 

Mgure 1. Oscillator strengtha for C le  excitation of CO, Fe(CO)6, 
and Fe&O)@ derived from inner-shell electron energy loss spectra 
(ISEELS) measured under conditions of 2.5-keV fiid electron 
energy, 2 O  scattering angle, and 0.6-eV FWHM resolution. The 
hatched linea indicate th;:ocation of the C le  ionization potentials 
as determined by XPS. 
parameters have been used in all calculations in order to 
have the most meaningful trends through series. 

The EHMO results were used to generate spectral sim- 
ulations, as described previously.l6 As an example, the 
EHMO simulation of C l e  excitation at the axial carbonyl 
of Fe(C0)6 is the sum of Gaussian lines with relative 
positions given by the virtual orbital energies, a width of 
1.0 eV fwhm and intensities given by Cc2(N2p) where 
c(N2p) ie the LCAO coefficient, the contribution of the N 
2p A0 to the virtual MO in the molecule where a N atom 
replaces one of the axial carbonyl carbon atoms to account 
for the core hole within the equivalent core approximation. 
A similar calculation and spectral simulation was carried 
out for C 1s excitation of an equatorial carbonyl. The 
EHMO simulation of the complete C 1s spectrum of Fe- 
(CO), is a 2:3 weighted sum of these component spectra. 
The energy scale of this simulation should approximate 
the experimental term values. In fact, EHMO energies are 
typically too low by about 4 eV. More suggestive com- 
parisons have been made by aligning the most prominent 
feature of the EHMO simulation with that of the main 
feature in the experimental spectrum. 

IV. Results and Discussion 
1. C 1s Spectra. A. Iron Carbonyl Complexes. The 

C 1s spectra of Fe(CO)6 and F%(CO), are compared to that 
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ground 
ax L , , , I ,state 
eq 

ckl  I ' c l s r  I - 
-io -9 -e -7 

Orbital Energy (eV) 

Figme 2. EHMO reaults for the r* orbitale of Fe(CO)5 in both 
the ground state and in the preaence of C 1s core holes. The upper 
portion sketchea the orbital energies and selected orbital shapes. 
The lower portion presents the spectra on an EHMO orbital 
energy scale with intensities given by the square of the C 2p 
(ground state) or N 2p (C 1s excitation) LCAO coefficients in the 
r* orbitale. Note the carbon atom considered for the spectra 
derived from the grounddate calculation is the aame aa that which 
is replaced by the (2 + 1) N atom in the C 1s excited-state 
calculation. 

of free CO in Figure 1. Energies, term values, and pro- 
posed assignments of the spectral features are listed in 
Table I. The spectra of the two metal carbonyl species 
are quite similar. Each is dominated by an intense, low- 
energy peak corresponding to C 1s - **(-) excitation 
localized on a single carbonyl ligand. Several weak featurea 
are apparent between 289 and 292 eV, just above the main 
+(CO) resonance. These are assigned to C 1s - a * d e w  
transitions, which may be thought of as a type of charge 
transfer since the majority of the density of these orbitals 
is on carbonyl ligands other than that containing the C 1s 
hole. 

The distinction that is being made between **local and 
r * d M  is well-illustrated by a comparison of the EHMO 
results for ground-state and C l a  excited Fe(C0)6 (Figure 
2). In the ground state, the 10 r*(CO) orbitals may be 
divided into axial and equatorial sets, in each case delo- 
calized over mveral carbonyl ligands. If the C 1s s p e d "  
reflected the ?r* orbitals of the ground state, the C 1s - 
r* region of the spectrum would consist of six rather in- 
tense transitions distributed over 2 eV (upper part of the 
lower panel of Figure 2). The resulting spectrum would 
exhibit obvious shoulders at our experimental resolution 
(0.6 eV) and clearly separated peaks at state-of-the-are 
resolution (45 meV). However, the carbon 1s core hole 
modifies the virtual orbitals substantially. The lowest 
energy virtual orbital becomes strongly localized on the 
C 1s excited carbonyl and is stabilized by more than 1 eV 
relative to the ground state. At  the same time, the higher 
energy r* orbitals are either unchanged or are 
"antilocalbed" on carbonyl ligands without the C 1s core 
hole. The energies of the antilocalized MOs are unchanged 
or only slightly stabilized relative to the ground state. 
Thus, when the effect of the core hole is taken into ac- 
count, EHMO predicta the main C 1s - r* intensity in 
Fe(CO), to be associated with three components, a doubly 
degenerate r* ld(ax)  and two orthogonal r*ld(eq) reso- 

- 
286 2W 280 292 294 

Energy (eV) 

Fleure 3. Simulated spectra (light solid line) derived from EHMO 
calculations compared to the experimental spectra (dark d i d  line) 
of Fe(CO)6 and F%(CO)@ The simulations are the weighted sum 
of components associated with C 1s excitation at the two different 
types of C atoms in each species. The individual linea of the 
aimulation are Gauaaiana of 1.0.eV FWHM with a relative pasition 
given by the virtual orbital energy and an intensity given by 
Da(N2p). The absolute energy scale of the weighted sum was 
set by aligning the main peak in the simulation to the main C 
1s - r* peak in the experimental spectrum. The intenaity of 
the EHMO-simulated spectrum waa eatabliahed by matching the 
main r* peak area to the experimental value. The vertical linea 
under the simulated spectra indicate the positions and relative 
intensities of the lines of the component spectra. 

nances, separated by 0.2 eV. At higher energy, EHMO 
predicts weak features corresponding to small N 2p con- 
tributions to the antilocalized or unmodified ** orbitals. 
It is the latter that are denoted C 1s - r*d- transitions. 
As shown in Figure 3, the spectral simulations derived 

from EHMO calculations agree well with the experimental 
C 1s spectra of Fe(CO& and Fe2(CO)* The simulations 
are the weighted sum of two components [2(Cd) + 
3(C ullb&] in Fe(CO), and [3(Cbd-) + 6 ( C b m ) ]  in 
F%$O), These componenta each consist of several lines 
as indicated in Figure 3. EHMO simulates the discrete 
portion of the experimental C 1s spectra of both species 
reasonably well, reproducing both the extraordinary con- 
centration of the oscillator strength in the lowest energy 
a*- feature as well as the weakness and some aspects of 
the energy distribution of the C 1s - a*&- transitions. 
However, the EHMO calculations suggest there should be 
additional bands at 291.5 and 293 eV in Fe2(CO)g which 
are not evident in the experimental spectrum. These 
features could be present but are not observed as distinct 
features in the experimental spectra on account of overlap 
with Rydberg transitions which the minimal basis set 
EHMO treatment cannot predict. 

The oecillator strengths for 1s - e(-) featurea (and 
the r*(C==C) resonances, in the other complexes) have 
been derived by peak area measurements using Gaussian 
cuve fits. Theae reaults are s- inTableII. The 
main + resonance of the carbonyl complex is less intense 
than that of the r*(CO) resonance of CO. However, on 
a per carbonyl basis, the sum of the oscillator strengths 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
8,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
1,

 1
99

2 
| d

oi
: 1

0.
10

21
/o

m
00

04
3a

04
5



2562 Organometallics, Vol. 11, No. 7, 1992 Wen et al. 

Table 11. Integrated Intensities (P, XlO-*) of 1s - r* Transitions in Organoiron Complexes 

0 1s c 1s 
r*(COP r*(c--o)" 

species **Locll xr*debad Er*(C==O) r*(C=C)" r*loul **delml Er*(C==o) 
co 18.0 18.0 7.51 7.51 
Fe(COh 14.9 2.8 17.7 7.20 0.58 7.78 
FedCOh 16.0 2.3 18.3 6.25 1.70 7.95 
c4H, 
CIWe(CO), 
CSH8 
CBH~F~(CO)S 
CBH8 
CBHeFe(CO), 

12.4 

13.9 

31.9 

13.6 2.6 16.2 12.2b 6.41 0.49 6.90 

(17.3)c (3.1)' (20.4)' 12.2 5.83 0.89 6.72 

(19.7)' (4.3)' (24.0)c 17.9 5.93 1.02 6.95 

"The oscillator strength for r*(C--O) are given per carbonyl for ewe of comparison. The values for r*(C=C) me not normalized per 
C=C bond. bThis is the area of all structures below the main r*(C=O) line. 'Theae f values are believed to be too high because of 
contributions from underlying C 1s - r*(C=C) transitions. dThis value includes the r*(C=C) signal which most likely underlies the 
r*(C=O) feature in the C$I$e(CO), complex. 

Table 111. Energies (E, eV), Term Values (T, eV), and Proposed Assignments for Features in the C 1s Spectra of 
C4H6Fe(CO)I, c-C6H8Fe(CO)o and c-C8H&(CO)I 

CIWe(CO)3 c-C6H$e(CO), c-CBHeFe(COh 
T T T assignment (final orbital) 

no. E CH CO no. E CH CO no. E CH CO CH co 
1 284.9 
2 285.5 
3 287.77' 
4 289.7 

290.8b 
5 292.4 

293.2b 
6 br 298 (1) 
7 301.2 (8) 

~~ 

5.9 1 
5.3 2 

5.43 3 
3.0 4 

-1.6 5 

-7.2 6 
-8 7 

285.1 
285.8 
287.74" 
289.8 
290.5' 
292.3 
293.V 
299 (1) 
301.2 (8) 

1 284.2 
5.4 2 sh 284.8 
4.7 3 sh 285.5 

5.26 4 287.67' 
3.2 5 289.4 

290.4' 
-1.8 6 293.3 

292.8' 
-8.5 7 298 (1) 

-8 8 301 (1) 

6.2 
5.6 
4.9 

5.13 
3.4 

-2.9 

-7.6 
-8 

a Calibration relative to COz: AE = -2.97 (4), -3.00 (31, and -3.07 (3) eV for CJI&(CO)a, c-C&Fe(CO),, and c-C&Fe(CO)S, respec- 
tively. IPS from XPS.2l e IPS estimated from those of related species (C,H8e(CO)3).a1 

of the T*(CO)~& and r*(co)d,l& resonances is in rather 
good agreement with the r* oscillator strength for CO. 
This observation supports our r*(CO)del& assignment 
since this observation is consistent with a simple redis- 
tribution of C 2p contributions to the r* orbitals. 

Relative to CO, Rydberg structures and double excita- 
tions are much less prominent in the metal carbonyls. 
Their intensities seem to be substantially diminished, 
either because of extensive mixing with valence orbitals 
(of which there is a higher density) or because large-R 
Rydberg orbitals are excluded from the C 1s core region 
by virtue of the large size of the molecule. 

One motivation of the EHMO study wm to investigate 
the possible ocmmnce and energy position of a postulated 
C 1s - 6(FeFe)  transition in F%(CO), EHMO predicts 
an orbital of unambiguous u*(FeFe) character at t = -7.9 
eV for excitation at the bridging carbonyl and e = -8.7 eV 
for excitation at the terminal carbonyl. Energetically C 
1s excitation to these orbitals would lie at 289 or 290 eV, 
but EHMO predicts zero intensity since there is no N 2p 
contribution to these orbitals; i.e., there should not be any 
signal arising from C l e  - a*(Fe-Fe) transitions. This 
agrees with experiment and our previous studies of Mn2- 
(CO)103 and CO&O)~~~ where evidence for C 1s - u*(M- 
M) features was sought but also not found. Basically, if 
there is a well-localized 6(M-M) virtual orbital, it is not 
likely to be significant in the C 1s spectrum because of poor 
spatial overlap with the C 1s core orbital. 

The u*(C=O) shape resonances in the C 1s spectra of 
the metal carbonyls occur about 1 eV lower in energy than 
that in free CO, as found in other transition-metal car- 
bonyla3-6 This is consistent with the increase in C-O bond 
length and the weakening of the CO bond, as predicted 
by the dn-pr back-donation model for bonding of CO to 

metals." The 6 shape resonance is considerably broader 
than that in free CO. This could be related tothe existence 
of numerous closely-spaced fmal states in this region. 
Altematively, the u* resonances of metal carbonyls could 
decay into the direct C 1s ionization continuum more 
rapidly than in CO. The photoelectron at the metal car- 
bonyl 6 peak has agreatm kinetic energy than in CO since 
the C 1s IP of the metal carbonyls ie about 2 eV below that 
of C0.21 This should lead to an increase of 2 eV in the 
resonance width according to a published correlation be- 
tween photoelectron energy and resonance width.22 Thk 
is in reasonable agreement with the observed increase in 
resonance width. 
B. Iron Tricarbonyl Complexeg with Unsaturated 

Hydrocarbon Ligands. The C 1s spectra of three orga- 
noiron complexes (RFe(C0I3, R = butadiene, cyclo- 
hexadiene, and cyclooctatetraene) are presented in Figure 
4. The energies, term values, and tentative assignments 
for the spectral features are listed in Table 111. The 
spectra of these three complexee are similar, indicating that 
the most intense features involve excitations to virtual 
orbitals associated with the Fe(CO)3 fragment which is 
common to all three species. The sharp, intense peaks at 
287.7 eV are attributed to the main C 1s - r*(C=O)ld 
transition. These occur at essentially the same energy as 
in the pure carbonyl complexes. The weak feature ob- 
served around 289.7 eV in each species is attributed to C 
1s - Ir+d- transitions (see Figure 5 for an expanded plot 

(20) Dewar, M. J. S .  Bull. SOC. Chim. I+. 1951, C17. Chatt, J.; Dun- 

(21) Jolly, W. L.; Bomben, K. D.; Eyermann, C. J. At. Data Nucl. Data 

(22) Connersde, J. P. J. Phys. E 1984,17, L166. 

caneon, L. A. J. Chem. Soc. 1953,2959. 

Tables l984,31, 453. 
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Inner-Shell Excitation of Organoiron Compounds 

I 10 

280 29U 300 310 
Energy (eV) 

Figure 4. Oscillator strengths for C 1s excitation of (C&)Fe- 
(CO)s, (~-Cde)Fe(C0)~ ,  and (c-C&)Fe(CO), derived from 
ISEELS spectra recorded under the conditions as described in 
Figure 1. Hatched linea indicate eatimatad C le IPS. 

of thie spectral region). In the continuum, there are two 
major u* shape resonances for each complex. The fist 
resonance at 292 eV is assigned to C 1s excitations to a fl 
MO associated mainly with the C-C single bonds of the 
polyenes. The second broad peak, that between 298 and 
304 eV, likely contains contributions from both u*(C=C) 
and a*(C==O) resonances. Based on the bond length 
correlation and the spectra of related species, these are 
expected around 299 and 303 eV, respectively. 

According to literature MO schemes" of RFe(C0)a 
complexes where R is a diene, the LUMO is concentrated 
mainly on the diene portion of the complex, while the 
next-to-LUMO is concentrated at  the Fe metal. Conse- 
quently, the lowest energy band in the C 1s spectrum of 
each complex (e.g., that at 284.9 eV in CJ&Fe(CO)a) is 
assigned to C l e  - #(c-C) transitions. For the c-C&, 
complex, thie feature only appears as a weak shoulder on 
the low-energy side of the first peak and is not as well- 
resolved as in the spectra of the C4& and c-C& deriva- 
tives. Above the feature associated with the LUMO, there 
is another feature at 285.5 eV. This is assigned to C 1s 
excitations to the next-to-LUMO, an orbital that is based 
largely on the Fe atom. The C 1s spectrum of CpCo(CO)$s 
greatly resembles that of c-C&Fe(CO)a in thia low-energy 
region. It seems that ligands having a 5- or 6-membered 
ring structure, such as C a s -  and c-C6H8, mix effectively 
with the metal 3d orbitals of the M(CO), fragment. This 
mdta in spectra which exhibit unresolved, broad bandlike 
peaks formed by the overlap of several transitions. 

The q4 bonding between the metal and the unsaturated 
hydrocarbon ligands (R) is through electron donation from 
a diene to the Fe(CO)s fragment, which is a good acceptor 
by virtue of ita three CO ligands. Thus, as in C~CO(CO)~,'~ 
a net charge transfer from the dienes to the carbonyls is 
expected in all three of these complexes. Can we see 
spectral modifications reflecting thh charge transfer, sim- 
ilar to those which were identified in the C 1s spectrum 
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Figure 6. Comparison of the experimental C 1s spectra (dark 
lime) of RFe(CO)3 (R = butadiene, 1,3-cyclohexene, and cycle 
octatetraene) and slmulations generated by summing the C 1s 
spectrum of R with 0.6 times that of Fe(COI6 (light line). 

of CpCo(C02)? The effecte of ligand-ligand interactions 
in mixed ligand complexes should be best identified by 
comparison of the experimental spectrum with that of a 
weighted sum of the C 1s spectra of F e b  and Fe(CO),. 
However, although the spectra of the free hydrocarbon 
ligands are available, the F e h  complexes which would be 
required to characterize the Fe-R bonding interaction are 
not known. Instead we have prepared simulations which 
are the sum of the C 1s spectrum of the free diene lig- 
and- with 0.6 timea that of Fe(COIS. Figure 5 compares 
the discrete region of the experimental C 1s spectra with 
these experimentally derived spectral simulations. Such 
simulations should give insight into the modifications of 
the virtual orbitals of the R group caused by metal-ligand 
interaction. It should also provide some information 
concerning the possible effects of ligand-ligand interaction 
on the carbonyl orbitals. 

The simulation of the C4HeFe(CO)a complex supporta 
assignment of the lowest energy peak to C 1s - 
transitions on the diene ligand, but it does not predict the 
285.6-eV feature that we have attributed to excitations to 
Fe-3d-dominated MOs. This is understandable since a 
simulation consisting of the spectrum of free ligand R and 
Fe(CO), cannot be expected to predict spectral features 
aseociated with Fe-R antibonding levels. Thus, one can 
infer from the comparison that the C 1s spectrum of the 
hypothetical species Fe(C4H& should contain a feature 
around 286 eV which would be a result of the C4&-Fe 
interaction. This feature would be analogous to the C l e  - 48, (3d,, ,) transition in the metallocenes,' and thus, 
we label suct transitions u4elt to emphasize the analogy 
with ferrocene. In all three species, the dienemetal in- 
teraction causes a marked suppression of the C l e  - r* 
intensity on the diene and introduction of one or two ad- 
ditional levels a t  slightly higher energy, apparently of 
mixed r*(c-C) and Fe 3d character. The discrepancy 
between simulation and experiment is greatest for the 

(23) Hitchcock, A. P.; Beaulieu, S.; Steel, T.; Stshr, J.; Seth, F. J. 
Chem. PhY6. 1984.80.3927. 

(24) H&hcock,'A. P.; Newbury, D. C.; Ishii, I.; Stahr, J.; Honley, J. 
A.; Wwing, R. D.; Johnson, A. L.; Sette, F. J.  Chem. Phya. 1988,86, 
4849. 
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Table IV. Energies (E, eV), Term Values (T, eV), and Propored Assignments for Features in the C Is Spectra of 
CpFeCpCH==CHt, CpFeCpH, and CpF&pC4HS 

CpFeCpCzHS FeCPz CPFeCPCIHB assignment (fmal orbital) 
no. E Tcp TR no. E T no. E T CP R 
1 sh 284.4 6.4 **(CH+HZ) 
2 285.6 4.5 1 285.7 4.3 1 285.6 4.4 “4el ”(Fe 3d) 
3 287.14’ 2.91 2 287.21‘ 2.82 2 287.18” 2.82 r*(tp) 
4 289.1 0.9 1.7 3 289.0 1.0 3 289.0 1.0 u*(CH) u*(CH) 

290.v 290.03‘ 290.v IP(CP) 
290.8‘ WCzHJ 

5 292.3 -2.3 4 292.2 -2.2 4 292.4 -2.4 ~l*(c=C) u*(C-C) 
6 298 (1) -8 5 298 -8 5 298.0 (5) -8 ~Z*(C--c) U*(C--c) 
7 302 (1) -11 6 301.4 (8) -11.4 shake-up shake-up 

“Calibration relative to COG AE = -3.60 (41, -3.53 (2), and -3.56 (3) eV for CpFeCpCH=CH,, FeCp,, and CpFeCpC4Hg, respectively. 
*IPS from XPS.1’ IPS assumed to be the same as for ferrocene and ethene. 

c-CgH8 complex, implying a stronger interaction between 
the c-CgHg and Fe(C0)3 fragments than in the other two 
species. According to the simulation, the spectrum of 
c-C,H$e(CO), should be much more intense in the diene 
T* region than observed. Cyclooctatetraene (COT) has 
three low-energy u* resonances at 284.8,287.3, and 289.3 
eV.24 Since the q4-diene bonding involves only two of the 
four C = C  bonds in COT, the u* orbitals associated with 
those two bonds should mix more extensively with the Fe 
3d orbitals than those associated with the two C-C bonds 
which are remote from the iron. There is negligible de- 
localization in COT due to the nonplanar structure. Thus, 
it is conceivable that part of the ?rc density is rather similar 
to that in free COT, giving rise to the low-energy n9C-C) 
structure at 284.2 eV which is much less intense but oth- 
erwise similar to the lowest T* feature in COT (284.8 eV). 
The Ir*(c-C) MOs at the q4 bond are extensively modified 
through mixing with Fe 3d. The latter would then give 
rise to the features at 284.8 and 285.5 eV, which are similar 
to those observed in the spectra of the other Fe-diene 
complexes. 

The C 1s - T * ( C = O ) ~ ~  transition is much more in- 
tense than the C 1s - r*(C=C) transition. Why? T*- 
( C 4 )  resonances are intrinsically weaker than fl(c-0) 
resonances.10 This difference is further magnified because 
Fe 3d orbitals mix better with u*(C=C) than with r*- 
(c-0) MOs owing to more appropriate spatial and energy 
matches between the metal 3d and the diene u* orbitals. 
Strong back-donation of metal 3d density into the empty 
u* orbital of the polyene can be thought of as “blocking” 
the promotion of the C 1s electron into this A* orbital, thus 
diminishing the transition probability. Less pictorially, 
but more correctly, the reduced intensity is associated with 
changes in the orbital mixing which result in a smaller C 
2p contribution to the dir-pu orbital. This point is 
well-illustrated by Figure 5. In each species the experi- 
mental feature associated with r*(C=C) is much weaker 
than predicted by the simulation. 

We expect the RFe(C0)3 spectra to be influenced by 
charge transfer between the donating diene and the ac- 
cepting carbonyls. From analogy to C~CO(CO)~,U notable 
effects should include a weaker r*(CO) resonance and a 
stronger ‘‘4eIg” peak, than in the Fe& and Fe(CO)s com- 
plex. Although we cannot compare to Feh ,  a comparison 
of the r*(CO) intensity of Fe(C0)5 and that of the RFe- 
(CO), complexes should be sensitive to the ligand-ligand 
interaction. The integrated u*(CO) oscillator strengths 
(per carbonyl) for all species are summarized in Table 11. 
While the precision of the peak integration is not high 
because of its sensitivity to detaile of background sub- 
traction, the results do seem to support the expected 
charge transfer in C41-I$e(CO),. The evidence is contra- 
dictory in the other two RFe(CO), complexes. In these 

a I ’  

1 J i z 3  i 5 6 I 

Enorgy (oV) 

Figum 6. oecillator strengths for C 1s excitation of CpFeC&H, 
(Cp: q-C5H5), FeCp,, and CpFeCpCIHg derived from ISEELS 
spectra recorded under the conditions described in Figure 1. 

other species, f(#d is greater than in free CO, presumably 
because of contributions from underlying C 1s - ?r*(C=C!) 
transitions on the CsH8 and C8H8 ligands. 

C. Substituted Ferrocenes. The C l e  spectra of 
FeCp, and the two ring-substituted ferrocenes are pres- 
ented in Figure 6. Energies, term values, and proposed 
assignments are given in Table IV. This comparison 
show directly that substituents on the Cp ring have little 
influence on the basic electronic structure of ferrocene, 
since the spectra of all three species exhibit the four major 
spectral features of ferrocene. There is an additional 
low-energy feature in the spectrum of CpFeCpC2HS which 
is associated with C l e  - u* transitions at the vinyl sub- 
stituent. The C 1s excitations at the butyl substituent do 
not appear to give rise to distinct features, but changes in 
the relative intensities of the four ferrocene features are 
consistent with broad underlying bands at the positions 
expected from the C 1s spectrum of butane.26 The sharp 
peak at 285.6 eV is assigned to C 1s - 4e1, (3dzzaz) in 
ferrocene3 and to a “4elg-like” orbital in the other two 
species. The main line at 287.2 eV is attributed to C 1s - r*(Cp) transitions. The intensity between the r*(Cp) 
resonance and the ionization potential is attributed to the 
overlap of C l e  - U*(C-H)~~ and Rydberg transitions. 

(25) Hitchcock, A. P.; Ishii, I. J. Electron Spectrosc. 1987, 42, 11. 
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Table V. Energies ( E ,  eV), Term Values (T, eV), and Proposed Arrillnmentr for Features in the 0 1s Spectra of CO, Fe(CO)&, 
Fel(C0)* C4HJb(CO)a c-C,H&(CO),, and c-C8H,,Fe(CO), 

assignment 
Fe(COh Fe2(CO)p C4HdFe(C0)8 CBH&(CO)~ C8HBFe(CO)3 (final co 

E T no. E T no. E T no. E T no. E T no. E T orbital) 
534.1 8.3 1 533.8" 5.7 1 533.90 5.8 1 533.90 5.1 1 533.90 5.2 1 533.7 5.4 **(C=O) 

2 536.2 3.5 2 536.0 3.0 2 536.0 3.0 2 sh 535.3 3.8 T*- 

2 537.2 2.3 3 537.6 2.1 3 Sh 536.6 2.4 **d- 
541.0 1.4 3 537.9 1.6 Rydberg 
542.4b 539.5b 539.76 539.P 539.w 539.w IP 

4 539.8 (4) -0.3 4 539.5 0.2 3 539.6 (4) -0.6 3 539.2 (4) -0.3 4 540.0 (4) -1.0 cont onset? 
551.0 (8) -8.5 5 549.9 (8) -10 5 549.5 (8) -9.8 4 549.8 (8) -11 4 549.8 (8) -11 5 550.0 (8) 11 a*(C=O) 

"Calibration relative to C02 (0 le - **: 535.4 eV): AE = -1.60 (6) and -1.50 (8) eV for Fe(CO)6 and Fe2(CO)B, respectively. Calibration relative 
to O2 (530.8 eV): AE = 3.07 (7), 3.10 (7), and 2.90 (8) eV for C4H,$e(CO)3, c~H&(co)3, and C8Hge(CO)3, respectively. bIPs from XP!3.21 
Eetimated from the 0 1s IP of C4we(CO)3. 

These features are stronger in the spectra of the two fer- 
rocene drivatives, perhaps because these two complexes 
contain more C-H bonds. 
As discussed ~reviously,~ there is very strong interaction 

of u* orbitals associated with adjacent C-C bonds in a 
localized bond orbital description of aromatic ring struc- 
tures. This produces a large splitting in the energies of 
d C - C )  orbitals which leads to two prominent continuum 
resonance in ferrocene. The strong band at 292 eV in the 
continuum is labeled the ul*(C=C) shape resonance, while 
the intense, broad band around 298 eV is labeled the 
u2*(C=C) shape resonance. Both are associated with the 
Cp ring. For the two ring-substituted ferrocenes, the 
continuum resonances are more intense than the 286-eV 
4elg-like excitation, whereas the opposite is the case for 
ferrocene. Since the intensities of the 4elg-like and @(Cp) 
transitions are rather constant in all three species, this 
implies the change in the relative intensity of discrete and 
continuum features is associated with more intense con- 
tinuum features, consistent with additional contributions 
from u* resonances associated with the C-C bonds of the 
group attached to the Cp ring. 

The low-energy shoulder at 284.5 eV in the C 1s spec- 
trum of CpFeCpC2H3, is aasigned to excitations to the r* 
level of the vinyl substituent. Spectral simulation supporta 
this assignment. In Figure 7, the experimental spectra of 
both derivatives are compared to simulations created from 
the sum of the C 1s spectrum of the ring substituent 
(ethene'O and butane26) and that of Fe(Cp),. The simu- 
lation suggests that the lowest energy r*(C==C) feature 
of CpFeCpC2H3 should be more intense than observed. 
This indicates there is significant interaction between the 
vinyl r*(C=C), the r*(Cp), and the Fe 3d orbitals such 
that the contribution of C 2p orbitals of the vinyl sub- 
stituent to "r*(C==W is considerably less than in free 
ethylene. Overall the simulated spectrum of CpFeCpC2H3, 
although it does predict all major spectral features, has 
significant disagreement regarding relative intensities. 
This is expected since the vinyl substituent interacts with 
the Fe 3d orbitals through the Cp ring, an effect which this 
type of simulation cannot be expected to reproduce. The 
simulated and experimental spectra of CpFeCpC4HB afe 
in much better agreement. This may be interpreted in 
terms of a poor energy and spatial match and thus less 
mixing between the Fe 3d orbitals and the virtual orbitals 
of the alkyl group relative to that with the r*(C=C) or- 
bitals. This observation is consistent with that of Waite 
and Papadopoulis,2' who note that a vinyl has a much 
larger effect than a methyl substituent on the polarizability 
and valence charge transfer excitations of substituted 
ferrocenes. 

(26) Hitchcock, A. P.; SMhr, J. J. Chem. Phys. 1984,87, 3253. 
(27) Waite, J.; Papadopoulis, M. G. J.  Phy8. Chem. 1991,95, 5426. 

I . . . . I .  . . .  I . .  
a85 80 m 

Enargy (aV) 

Figure 7. Comparison of the experimental C 1s spectra of 
CpFeCpR (R = GH3 and C&) (dark line) and simulations which 
are the sum of the C 1s spectra of RH (ethene and butane) and 
Fe(CP)2 (light line). 

2. 0 Is Spectra. The 0 1s spectra of all five oxygen- 
containing complexes, two iron carbonyl and three mixed 
ligand, are presented in Figure 8, along with that of CO. 
The energies, term values, and proposed assignments of 
the 0 1s spectral features are given in Table V. The 0 
1s spectra of all carbonyl complexes have very similar 
shapes and energies. As in the 0 1s spectrum of CO, the 
two main features are the intense 0 1s - r*(C=O) 
transition and the strong, broad c+(C--O) shape resonance 
in the continuum. The r* resonance occurs at 533.8 f 1 
eV in the complexes. This is about 0.3 eV lower than the 
energy of the 0 1s - r* resonance in CO. The interpre- 
tation of the energy shift of the r*(C=O) excitation has 
been discussed in detail previ~usly.~ The u* resonances 
occur around 550 eV, about 1 eV below the corresponding 
u* resonance in CO. As discussed for the corresponding 
C 1s - u*(CO) feature (section IV.l.A), the decrease in 
the energy of the a*(C=O) shape resonance is believed to 
be associated with weakening of the C 4  bond by virtue 
of backdonation from Fe. The back-donation also reduces 
the oscillator strength of the 0 l a  - r*(C=O) transition* 
by almost 20% (see Table 11). 

In addition to the intense 0 1s - r*(C=O) and u*- 
(C=O) resonances, weak 0 1s - r * d e l d  transitions can 
be detected around 536-537 eV. These are most visible 
in Fe&0)9 and C-C~H@~(CO)~, but a careful examination 
of the data reveals that similar structures occur in the 0 
1s spectra of all of these complexes. An ill-defined 
s h c t u r e  attributable to Rydberg transitions occurs around 
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Table VI. Energiea (E, A0.2 eV), Term Valuea (T, eV), and Propored Assignments for Features in the Fe 2p Spectra of 
Fe(CO)*, Fe2(CO),, C&Fe(CO)& c-C,H&@O)I, and c-C8Hfle(CO), 

assignment 
Fe(c0h Fe2(CO)g CIHBFe(CO)3 CaBFe(CO)s CBHBFe(CO)3 (fid 

E T E T E T E T E T orbital) 
~ 

L3 
709.9 5.8 709.9 5.6 709.9 4.9 710.0 4.5 709.8 4.8 Fe 3d 
711.8" 3.9 712.1" 3.4 711.7" 3.1 711.8'' 2.9 711.6" 3.0 r*(CO) 
714.5 1.2 714.1 1.4 r*(CO) 
715.7b 715.5c 714.ab 714Mb 714.6d IP 

722.5 5.6 722.5 5.5 722.7 4.7 722.5 4.5 722.3 4.7 Fe 3d 
r, 

742.2 3.9 724.6 3.4 724.2 3.2 724.3 2.7 724.2 2.9 r*(CO) 
728.1 728.0 727.4 727.0 727.1 P 

"Calibration relative to C02 (0 1s - r*: 535.4 eV): AE = 176.4 (3), 176.7 (2), and 176.3 (2) eV for Fe(CO)b, Fez(CO)p, and C&Fe(CO),. 
Calibration relative to SFB (F 1s - al,: 688.27 eV): AE = 23.33 (2) eV for C&Fe(CO),; to the 0 1s - r*(CO) of the aame species AE = 
177.9 (3) eV for c-CJ&Fe(CO),. *IP from XPS."l 'IP assumed the aame as for Fe(CO),. d I P  estimated from values for the other RFe(CO)3 
species. 'Derived from the L IP by addition of the separation of the main Lg and L2 excitation peaks. 

Table VII. Energies (E, A0.2 eV), Term Values (T, eV), and Propored Assignments for Features in the Fe 2p Spectra of 
C D F ~ C D C H ~ H , .  F~CD,. and CDF&DGH. 

~~~ ~~ ~ 

L3 
709.1" 3.9 708.9"~~ 4.1 708.9" 4.1 4el&-like), Fe 3d 
711.7 1.3 711.5 1.5 711.3 1.7 3ezu(-like), Cp r* 
713.V 713.M 713.W IP 

721.4 3.9 721.2 4.2 721.2 3.9 4el&-like), Fe 3d 
Lz 

724.2 1.1 723.9 1.5 723.8 1.5 3ezu(-like), Cp r* 
725.3 725.4 725.3 IP" 

"Calibration relative to C02 (0 1s - r*: 535.4 eV): AE = 173.7 (3), 173.5 (4), and 173.5 (2) eV for CpFeCpCH4H2, FeCR, and 
CpFeCpC& respectively. Note these values are 0.6 eV higher than thoee reportad owing to an accurate recalibration. e IPS 
estimated from that of Fe (c~) , .~ l  d I P  from XPSJ1 'Derived from the L3 IP by addition of the separation of the main L3 and L2 excitation 
Peaks. 
538 eV. This is much wea.ker than in the spectrum of free 
CO, as expected in bulky molecules due to greater va- 
lence-Rydberg mixing associated with the increased den- 
sity of valence MOs. Because the oxygen atoms are at the 
periphery of these molecules, one might expect Rydberg 
transitions to be less "quenched- than at the C 1s edge. 
This factor is counterbalanced by the reduced size of the 
0 1s core orbital. The outcome seems to be a small ab- 
solute intensity but leas change in Rydberg intensity from 
free CO at the 0 1s than at the C 1s edge. Overall, the 
0 1s Spectra of all of the complexes are very similar, not 
only in energy but also in relative intensity, signifying that 
they prmseas essentially the same origin. This is consistent 
with localization of the core excitation and very little 
modification of the virtual orbitale of the Fe(C0l3 fragment 
with other changes in the molecule. 

3. Fe 2p Spectra. The Fe 2p spectra of all eight species 
are compared in Figure 9. The energies, term values, and 
proposed assignments for the spectral features are listed 
in Tables VI and VII. As noted earlier,I6 the shape of 
metal !2p spectra correlatea closely with the type of ligands 
in a complex. Among these species, the Fe 2p spectra of 
Fe(C0)6 and Fe&O)o are similar but quite distinct from 
those of ferrocene and substituted ferrocenes which, in 
turn, are distinct from the Fe 2p spectra of the RFe(COI3 
species, whose spectra are in certain ways intermediate 
between those of the carbonyls and metallocenes. The Fe 
2p spectra of Fe(C0I6 and F%(CO)@ exhibit two features, 
with the lower energy band having only one-third to 
onehalf of the intensity of the more intense, higher energy 
band. This pattern occurs at both the L3 and Lz edges. 
The close nimilnrity of the shape of the L3 and & features 
is characterietic of the metal 2p spectra of all near-covalent 
complexes.16 This is in distinct contrast to the Spectra of 

Energy (aV) 

Figure 8. 0 l e  oscillator strength spectra of CO and the five 
CO-containing organoiron species derived from ISEELS spectra 
recorded under the conditions described in Figure 1. Each 
spectrum is presented in two parta, with the higher enegy com- 
ponent amplified %fold. 

ionic complexes and the predictions of crystal field cal- 
culations, where there are major differences between the 
shapes of the L3 and L2 componenta.28 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
8,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
1,

 1
99

2 
| d

oi
: 1

0.
10

21
/o

m
00

04
3a

04
5



Inner-Shell Excitation of Organoiron Compounds Organometallics, Vol. 11, No. 7, 1992 2567 

Energy (eV) 

Figure 9. Fe 2p oecillator strength spectra of the eight organoiron 
complexea, derived from ISEELS spectra recorded under the 
conditione described in Figure 1. The hatched linea indicate the 
location of the Fe (&pJ ionization potentials as measured by 
XPSZ1 or estimated from similar species. 

The apparently strong "ligand sensitivity" of metal 2p 
spectra has been noted previously, and a simple MO-based 
explanation has been proposed.ls This model proposes 
that the shape of transition-metal2p excitation spectra 
is closely related to the type of metal-ligand bonding and 
that this is a more important factor than the d-electron 
count or molecular symmetry, which are traditionally used 
to explain the electronic structure and spectra of organo- 
metallic complexes. In contrast to this qualitative MO 
model, de Groot et da have emphasized atomic multiplet 
effecta and the importance of crystal field strength as 
determinants of metal 2p spectral shapes. Since the crystal 
field strength (as expressed by the lODq parameter of 
octahedral fields, for example) is closely related to the 
charge or dipole character of the ligands, the MO and 
crystal field models are not necessarily mutually incom- 
patible. The challenge is to devise ways of using com- 
parisons between calculation and experimental spectral 
recorded at modest resolution to distinguish the relative 
importance of multiplet, crystal field, and MO concepts 
in determining the metal 2p spectra of covalent complexes. 
As a step toward this goal, we have compared the exper- 
imental spectra of Fe(C0)6 and Fe2(CO)@ with EHMO 
calculations and with the results of atomic multiplet cal- 
culations taken from the literature.= 

The Fe 2p spectra of Fe(C0I6 and Fe2(CO)@ are pres- 
ented on an expanded scale in Figure 10, in comparison 
to the spectrum of Fe2+ (d6) in an Oh field with lODq = 
1.2, calculated by the atomic multiplet theory,= and to 
simulations derived from EHMO calculations of these 
carbonyl complexes. The atomic-multiplethased predicted 
spectrum was smoothed slightly from the literature pres- 
entation to accoullt for the experimental resolution. The 
EHMO-based simulated Fe 2p spectra were generated as 
for the C 1s simulated spectra except that c2(Co3d) de- 
termined the intensity (peak area). The peak widths in 
the Fe(CO)6 EHMO-baaed simulation were 0.7 eV except 
for the peak at 716 eV for which a 4ev FWHM line width 
was aeeumed. The peak widths in the Fe2(CO)@ EHMO- 
based simulation were 1.0 eV except for the 716-eV peak 
where a width of 2.0 eV was used. The atomic multiplet 

(28) de Groot, F. M. F.; Fuggle, J. C.; Thole, B. T.; Sawatzky, G. A. 
Phys. Rev. B 1990,42,5459. de Groot, F. M. F.; Fuggle, J. C.; Thole, B. 
T.; Sawatzlry, G. A. Phys. Rev. B 1990,41,928. de Gmt,  F. M. F.; Grioni, 
M.; Fuggle, J. C.; Ghijwn, J.; Sawatzky, G. A.; Petereen, H. Phys. Rev. 
B 1989,40,5715. 

Energy (eV) 

Figure 10. Comparison of the experimental Fe 2p spectra of 
Fe(COl6 and Fez(CO)B with EHMO spectral simulations of these 
species and the atomic multiplet calculation for Fe2+ (de) in an 
0, field with lODq = 1.2.= In the -0 simulation, the relative 
inkdtiea are established from x$(Co3d) and the individual line 
widths are 0.7 eV (4 eV for the 71&eV peak) for Fe(CO)6 and 1.0 
(2 eV for the 715-eV peak) for Fez(CO)e. The main line of the 
EHMO calculation ie aligned with the main peak of the ex r- 

been smoothed in order to better match our experimental rem- 
lution and shifted by 1.6 eV to align the main L3 peak. For both 
predicted spectra, the intensity scale was calibrated from the area 
of the experimental spectrum between 707 and 716 eV. 

theory clearly provides a superior representation of the 
spectrum even though the symmetry and ionic charge are 
not correct. 

According to the EHMO results, almost all of the low- 
lying virtual orbitals of the iron carbonyls have a dominant 
A*(CO) character with varying admixtures of Fe 3d. It is 
the latter which is associated with the Fe 2p spectra. A 
low-intensity band is observed between 709 and 710 eV 
in the spectra of both speciea. The EHMO calculation does 
not predict any feature in this region for Fe(C0)6 and 
provides only a poor match for Fe2(CO)* In contrast, the 
atomic multiplet calculation reproduces almost all of the 
structure in the experimental spectra, both in position and 
relative intensity. The most intense peak at 712 eV in each 
species is assigned to Fe 2p excitation to the Fe 3d com- 
ponent of the main density of ?r*(CO) MOs. According to 
the EHMO results, the intense 712-eV peak arises mostly 
from excitations to a small  number of s*(CO)-type MOs 
(two in Fe(CO)5 and one in Fe2(CO),). There is rather 
serious dieagreement in the lowest energy region for Fez- 
(CO),. EHMO suggests there should be quite strong ex- 
citations to a number of orbitals, the lowest energy of 
which is of a*(Fe-Fe) character. However, while the 
Fe2(CO)@ spectrum does have intensity in this region, so 
does Fe(C0I5, but EHMO does not predict this. 

Metal carbonyls have a strong preference for adopting 
an 18-e- configuration at the metal in order to achieve 
coordinative saturation. CO ligands also favor the for- 
mation of M-M bonds12 and metal clusters, due to their 
small size and the fact that their bonds to metals are co- 

imental spectrum. The digitid atomic multiplet spectnun P hee 
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valent rather than ionic, which leaves the metal atom in 
an environment perhaps similar to that of the bulk metal. 
Cotton1s interprets Fe2(CO)Q as having a single Fe-Fe 
bond. This is consistent with the short Fe-Fe distance of 
2.623 A. From the weak bond conceptB and MO consid- 
erations, a low-lying a+(Fe-Fe) MO of large Fe 3d character 
is expected in Fe2(CO)Q. Transitions to such an orbital 
should appear as low-lying features in the Fa 2p (and Fe 
3p) spectra However, the experimental Fe 2p spectra do 
not support these concepts. It seems that either the Fe 
2p - u*(Fe-Fe) transition is too weak to be detected or 
the u*(FeFe) character is distributed over such a large 
number of MOs that there is very little difference from the 
spectrum of mononuclear metal complexes. 

The crystal field/atomic multiplet approach to the 2p 
X-ray absorption of 3d transition-metal compoundsB 
predicts that such spectra should have a very complex 
multiplet-line structure, typically consisting of many 
hundreds of lines for 3d elements such as Fe, which are 
in the middle of the period and have a large d count. A 
series of X-ray absorption metal 2p spectra of ionic com- 
plexes in the solid stateBp30 at systematically increased 
resolution have been reported recently. With each im- 
provement in resolution, additional spectral detail is re- 
vealed, supporting the belief that metal 2p spectra are very 
complex. If t h i s  atomic-like model is relevant to covalent 
organoiron complexes, explaining the detailed origin of 
metal 2p spectra will be beyond the capabilities of EHMO. 
de Groot et al.% and Chen and Setteso have presented 
examples of the very complex, many-line spectra that 
appear to be characteristic of metal 2p core excitation. The 
multiplet/crystal field theory of de Groot et alaB seems to 
be very successful in predicting the spectra of ionic 3d 
complexes as well as complexes with ligands such as 
cyanide which generate large crystal fields?l The degree 
of relevance of this approach to the spectroscopy of more 
covalent, weak crystal field transition-metal compounds 
remains to be determined. Certaidy inclusion of MO 
considerations, i.e., full ligand field theory, has been found 
to be important in obtaining a proper understanding of 
the electronic structure and chemical properties of 3d 
transition-metal complexes. It is possible, however, that 
the shorbrange, spatially localized character of core ex- 
citation could mean that the 3d density in the region of 
the compact 2p core orbital is adequately described by a 
theory which only considers the effective charge that the 
ligands present to the small-R region of the Fe 3d orbitals. 
In that case, crystal field theory could be adequate. 

The Fe 2p spectra of the three RFe(CO)S species are 
similar to each other and more similar to the iron carbonyls 
than to the ferrocenes, as found at the C 1s edge. Parallel 
to the carbonyls, we assign the most intense peak to Fe 
2p excitations to the Fe 3d component of the **(CO) MOs. 
The greatest difference from the Fe 2p spectra of the 
carbonyls is the greater intensity and higher energy of the 
fmt band around 710 eV in the spectrum. This band also 
varies considerably among the three RFe(CO)s species. It 
is best resolved in C&I&'e(CO), and least well-resolved in 
C6HsFe(CO)s. Clearly the first feature is more strongly 
associated with the *-bonded R group than the Fe(C0)3 
fragment. The Fe 2p spectra of the ferrocenes have their 
strongest transition at 709 eV, very close to the energy of 
the first peak in the Fe 2p spectra of the RFe(CO)3 com- 
plexes. The v4 bond of dienes is similar to the v6 bond of 

Wen et al. 

Phya. 1987,87,4344. 
(30) Chen, C. T.; Sette, F. Phya. Scr. 1990, T31,119. 
(31) Cramer, S. P.; et al. Unpublished work. 
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Figure 11. Fe 3p energy loss spectra of the eight organoiron 
complexes. A smooth curve extrapolated from the valence con- 
tinuum backgrwnd hae been subtracted from each spednun. The 
Sd3 at the Fe 3p edge was typically 1:lO. The hatched linea 
indicate the 3pa/z and 3pl/~ IPS eatbated from the atomic 3p Ipp9 
and the chemical shifts of the 2pa/z IPS. 

a Cp. Thus, one might expect that the additional intensity 
in the 710-eV peak observed in the RFe(C0I3 complexes 
relative to the pure iron carbonyls has an origin similar 
to that for the main peak in the Fe 2p spectra of the 
ferrocenes, namely, Fe 2p excitations to an orbital of 
mainly Fe 3d character but with admixture of r(C==C). 
In addition, the three RFe(COl3 complexes show small 
variations in the shape of the 710-eV peak which are sim- 
ilar to the variations in the shapes of the lowest energy 
peak in the C 1s spectra of the same species. This suggests 
that the ?r*(C=C) and 4eu-like orbitals, which are believed 
to be relevant in the C 1s spectrum, are also the final 
orbitals in the lowest energy Fe 2p excitations. However, 
it is the Fe 3d component of these orbitals rather than the 
C 2p component which determines the relative intensity. 
Higher resolution ISEELS or X-ray absorption spectra 
would be very useful to further investigate the parallels 
between the C 1s and Fe 2p spectra. 

The dramatic change between the Fe 2p Spectra of the 
ferrocenes and the iron carbonyl complexes well-illustrates 
the strong dependence of the Fe 2p spectra on ligand type. 
Again, the spectra of the three ferrocene complexes are 
quite similar, indicating that alkyl or vinyl substitution 
has very little influence on the Fe 2p excitation of fer- 
rocene. This could be a consequence of the large distance 
between the Cp substituents and the Fe 3d orbitals directly 
involved in the Fe 2p excitation. The most intense peak 
at 709 eV is ascribed to Fe 2p - 46 -like transitions since 
simple MO concepts and EHMO ~ a % ~ h t i o n s ~ J ~ J ~  indicate 
these orbitale have a large Fe 3d contribution. The less 
intense peak around 711 eV is attributed to Fe 2p - 
3e2,-like excitations. The 3e2, MO is localized largely on 
the Cp rings of the molecule. Thus, this excitation has 
metal-*ligand charge-transfer character.ls While the 
reduced symmetry of the substituted ferrocenes should 
split the degeneracy of both the 4ele-like and &-like MOs, 
there is no clear indication of this effect. A pseudode- 
generate character of these virtual MOs is suggested by 
valence excitation spectroscopy of ring-substituted fer- 
r o c e n e ~ . ~ ~  The latter work showed that substituted fer- 

(32) Dowben, P. A.; Driscoll, D. C.; Tab, R. 5.; Bong, N. M. Or#ano- 
metallice 1988, 7, 306 and references therein. 
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rocenes have similar electronic shcturea  to that of F ~ ( C P ) ~  
and that substituents c a w  very small energy shifta but 
no changes in orbital ordering. 

4. Fe 3p Spectra. The Fe 3p spectra of the eight 
complexes are presented in Figure 11 on a common energy 
scale. A smooth background extrapolated from the un- 
derlying valence-shell continuum has been subtracted. No 
attempt was made to convert these spectra to oscillator 
strength scalea or to derive a detailed assignment. Broadly, 
the 3p spectra are characterized by two features. The peak 
at 60 eV occurs below the 3p IP, which is estimated to be 
about 66 eV.33 This peak likely arises from Fe 3p exci- 
tations to the Fe 3d component of the lower energy MOs 
responsible for the Fe 2p structure. It is possible the 
individual transitions making up this feature have non- 
symmetric Fano line shapes. Evidence for this has been 
presented in studies of the momentum transfer depen- 
dence of the Ni 3p edge of d i d  Ni,u and the calculations 
of van der Laan% predict signifcant interaction between 
the 3p excited states and the underlying 3d continuum, 
the phenomenon reaponsible for Fano line shapes. A broad 
band around 68 eV is also a common feature of all eight 
spectra. Both of these spectral features likely comprise 
a number of unresolved 3p312 and 3p112 components. 
As noted earlier,16 the shapes of the 3p spectra appear 

to track those of the Fe 2p spectra, with the same sys- 
tematic relationship to types of ligand. In particular, the 
60-eV peak of the carbonyl complexes has an abrupt edge 
with a low-energy shoulder, while the ferrocene complexes 
have a more rounded peak with distinct evidence of a 
shoulder which could be the relatively intense low-lying 
Fe 3p312 - 4el peak. The shift by around 2 eV to lower 
energy in the be 3p - 3d structure in Fe(Cp), and de- 
rivatives relative to that in the carbonyl complexes is as- 
sociated with a lower Fe 3p ionization energy, based on the 
2-eV chemical shift between the Fe 2p312 IP of ferrocene 
and Fe(C0)6.20 

Recently, van der Laan% has predicted the 3p absorption 
spectra of 3d transition-metal compounds using the atomic 
multiplet and crystal field description developed by de 
Groot et al.= These calculations predict that there should 
be a multiple-line structure but that the visibility of the 
individual lines is very dependent on the experimental 
resolution and natural line width as well as the interplay 
of the exchange, spin-orbit, and crystal field interactiom 
for a given complex. This is well-illustrated by the high- 
resolution metal 3p spectra of the transition-metal atomsa 
which show clearly resolved multiplet structure. The 
crystal field calculations show that it is the overlap of the 
two spin-orbit components, combined with resolution 
limitations, which causes the M23 spectrum to have only 
one strong line, whereas the & spectrum has at least two 
strong linea. Interestingly, the van der Laan36 calculations 
do predict a higher energy peak in the region of the broad, 
67-eV continuum feature. However, it is most prominent 

(33) Shirley, D. A.; Martin, R. L.; Kowalczyk, S. P.; McFeeley, F. R.; 

(34) Dietz, R. E.; McRae, E. G.; Taft, Y.; Caldwell, C. W. Phys. Rev. 
Ley, L. Phys. Rev. B 1977,15,644. 

Lett. 1974,33, 1372. 

E.; Sonntag, B.; Wetzel, H. E. 2. Phys. D.  1986,2, 347. 

(36) van der Laan, G. J. Phys. Condensed Matter 1991,3,7443. 
(36) Meyer, M.; Preacher, Th.; Von Raven, E.; Richter, M.; Schmidt, 

Organometallics, Vol. 11, No. 7, 1992 2569 

in calculations carried out with large crystal field, whereas 
experimentally the 67-eV peak is strongest in the ferrocene 
complexes, which should have a weaker crystal field than 
the carbonyl complexes. 
As with the Fe 2p spectrum, comparison of the Fe 3p 

spectra of Fe(CO), and Fe2(CO)g could potentially provide 
evidence for excitations to u*(Fe-Fe) orbitals. This com- 
parison suggests there is additional intensity around 58 
eV in the Fe2(COIg spectrum relative to that of Fe(CO)& 
This could be evidenced for Fe 3p312 - u*(Fe-Fe) tran- 
sitions in Fe2(CO)g. However, this difference is rather 
sensitive to the details of the background subtraction, and 
there are similar low-energy shoulders in some of the other 
complexes containing only a single Fe atom. More con- 
vincing evidence for a M np - u*(M-M) feature has re- 
cently been observed in the Co Bp and Co 3p spectra of 
complexes containing 3 Co atoms, RC[CO(CO)~]~~' 

V. Summary 
The C Is, 0 Is, Fe 2p, and Fe 3p spectra of eight orga- 

noiron complexes have been recorded under dipole con- 
ditions. They have been converted to oscillator strengths 
and assigned tentatively on the basis of spectral compar- 
isons, EHMO calculations, spectral simulations, and com- 
parison with previous studies of related organometallic 
species and the free ligand molecules. While the EHMO 
results do not fully reproduce all aspects of the experi- 
mental spectra, they certainly are useful for providing 
insights into the effect of the core hole and for giving more 
information than is available from a solely experimen- 
tally-based assignment procedure. 

Each edge in the series shows a certain pattern and 
reveals complementary, spatially localized, symmetry-se- 
lected information about the unoccupied electronic 
structure of these complexes. The C 1s spectra are the 
most sensitive to minor substituent effects, as expected 
since the substituents in all casea contain carbon and many 
of these carbon atoms are directly involved in the ligand- 
metal bonding. All of the 0 1s spectra are quite similar, 
indicative of a strong chromophoric character to the Fe- 
(CO)3 fragment. The Fe 2p spectra are quite sensitive to 
the type of ligand but insensitive to chemical substitution 
at remote locations on the ligands. The Fe 3p spectra are 
the least informative. As in previous studies of other 
metal-metal binuclear complexes (Mn2(CO)lo3 and C s -  
(CO)815), compelling evidence for inner-shell excitations 
to a u*(FeFe) MO in Fe2(CO)g was not found. Investi- 
gations of complexea with a greater number of metal-metal 
bonds3' and/or compounds with multiple metal-metal 
bonds are expected to be more fruitful in this regard. 
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