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ABSTRACT 

The bonding in a series of ligand-bridged metal dimer complexes has 

been characterized by He(I) and He(II) photoelectron spectroscopy and 

approximate molecular orbital calculations. Bridging ligands such as 

carbonyl, nitrosyl, methylene and pyrazolyl in the complexes [CpFe(NO)12' 

[Cp*Fe(NO) h, [CpRu(NO) h, [Cp*Co(CO) h, [CpFe(CO)2h, [Cp*Fe(CO)2h, 

[CpFe(CO)12-~CO-~CH2' [Cp*Fe(CO)12-~CO-~CH2' [CpFe(NO)12-~CH2' [CpRu(NO)12-

~CH2' [CpCo(CO)12-~CH2' [CpRh(CO)12-~CH2' [Ir(pyrazolyl) (CO)212' [Ir(3-

methylpyrazolyl) (CO)212 and [Ir(3,5-dimethylpyrazolyl) (CO)212 are 

investigated and their effects upon metal-metal interactions are surveyed. 

Due to the presence of two d7 or dB late metal atoms per molecule, these 

complexes display many overlapping ionization bands in a narrow valence 

ionization region. Attention has been given to modelling the 

photoelectron single ionization with asymmetric and symmetric Gaussians. 

The overlapping ionizations are successfully represented in terms of the 

model bandshapes. Thermodynamic relationships between bond dissociation 

and photoelectron ionization energies are also investigated. With 

relationships of this type, trends in bond energies may be correlated with 

ionization energies. Ligand inductive and bonding effects as well as 

small changes in molecular geometry cause shifts in the metal-based 

ionizations, which aid chemical understanding and interpretation of the 

molecular orbital picture. By comparing a series of related metal dimers, 

the assignment of related ionizations in the photoelectron spectra becomes 

apparent. Changes in ligand ~ accepting ability and changes in metal and 
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formal oxidation states are also probed. Addition information is provided 

by observation of vibrational fine structure in CP20S, [CpFe(NO) hand 

[Cp·Co(CO)J 2 and spin-orbit splitting in CP20s. The metal-ligand 

backbonding combinations are found to be the most stable interactions and 

are responsible for the stability of the metal dimers. Metal-metal 

interactions are found to be relatively unimportant. Ligands with 

stronger ~ accepting abilities allow for more stabilized supported metal 

dimer complexes. 
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CHAPTER 1. 

INTRODUCTION 

A basic knowledge of the bonding interactions which stabilize the 

reactants and products, as well as knowledge of the factors contributing 

to the stability of reaction intermediates, is necessary for understanding 

the reactivity of molecular systems. Experimental and theoretical methods 

are continually improving for the evaluation of these bonding 

interactions. Since the 1960s, photoelectron spectroscopy has been 

developed to give detailed pictures of bonding and electron distribution. 1 

The study of organometallic molecules by photoelectron spectroscopy, hand 

in hand with theoretical techniques, has expanded the chemist's 

understanding of fundamental metal-metal interactions. 

The nature of the supported metal-metal interaction (of the type 

illustrated below), and their chemistry has been of interest for many 

years because of their value as models for cluster and surface chemistry.2 

The metallic, methylene bridged species and other related species have 

been proposed or demonstrated as species involved in carbon monoxide 

reduction chemistry, 3 olefin metathesis reactions, 4 alkyne polymerization4 

and methylene transfer reactions. s The bondingS and reactivity at the 

metal-metal bonds7 has also been under investigation. 

Photoelectron spectroscopy has been used to analyze the electronic 

structure of other metal-metal interactions. 8 Strong metal-metal mUltiple 

bonded systems such as M02(02CCH3)4 ,8b M02Cl4(PR3)48a and M02(OCR3)S8d have 
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been extensively studied. Compounds such as Mo2C14(PRa)4 and Mo2(OCRa)6 

possess metal-metal interactions which are not supported by bridging 

ligands. In the case of Mo2(02CCHa)4' the bridging ligands are chelates 

and there is no single atom of the ligand that is simultaneously bonded 

to both metals in a bridging fashion. These strong multiple metal-metal 

bonded systems normally consist of strong sigma, pi and delta metal-metal 

bonding interactions. 
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The metal-metal centers studied thus far in this group are either 

early transition metals or high symmetry complexes. The early transition 

metals possess fewer electrons and the photoelectron spectra are 

substantially easier to interpret. As later transition metal species of 

low symmetry are studied, such as shown below on the right, the 

photoelectron spectra become complicated by overlapping ionizations. With 

the added number of electrons, the antibonding delta, pi and sigma metal-

metal levels are occupied. These ionizations are the molecular levels 

normally located at lowest ionization energy and generally associated with 

the reaction chemistry of the complex. 

d4
, 3 Metal Ionizations, D4h 

1 (J 

1 ~ (2 degenerate bands) 
1 0 

de, 8 Metal Ionizations, e2v 

8 Separate but Overlapping Bands 
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The electron structure of monomeric late transition metal species, 

such as CpCo(CO)2 and CpRh(CO)2 have been investigated by photoelectron 

spectroscopy. 9-12 The photoelectron spectra of these complexes were 

considered difficult to interpret because of the large number of 

electrons. The presence of overlapping ionizations complicate the 

spectra. Because of the added number of ionizations and the greater 

difficulty in assigning the ionizations of these dimeric species, the 

spectra were assigned by examining the shifts in ionization energy between 

similar complexes and changes in band area between He(I) and He(II) 

ionization source energies. Comparative trends between He(I) and He(II) 

spectra,13,14 between first and second or third row metals,9,15,16 between 

coordinated cyclopentadienyl and methylated cyclopentadienyl, 11,17 between 

a Co(CO) fragment pair and Fe(NO) pair (proton shifts1B) and between 

bridging carbonyl and bridging methylene19 are used to clarify the 

assignment of certain photoelectron ionizations. 

This dissertation presents a study of the photoelectron spectroscopy 

and electronic structure of a series of d7 and dB metal, bridging ligand 

supported dimeric complexes. With a basic understanding of the 

photoelectron band shape and an application of basic photoelectron 

ionization principles, the most complicated of spectra are simplified and 

the information contained in the photoelectron ionizations is obtained. 

From band shape analysis, individual ionizations can be interpreted for 

non-bonding or anti-bonding character (sharp narrow bands) bonding 

character (broad asymmetric bands). Vibrational fine structure and its 
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effects on the profile of the individual photoelectron ionization are 

examined in detail. In the photoelectron spectrum of osmocene, 

vibrational fine structure and spin-orbit coupling are directly observed 

and unique information on the molecular structure and bonding of the 

cationic species is obtained. An unusual example of an anti-bonding a* 

ionization, which results in the formation of a formal 1/2 bond order upon 

ionization (asymmetric broad ionization, skewed to low ionization energy) , 

is observed in the photoelectron spectrum of [Ir2(~-pz)(CO)2]2. 

The ease in obtaining information from the fitting of photoelectron 

ionizations is, of course, depend'ent upon the amount of separation between 

ionization bands. However, confidence in band assignment and ionization 

position is increased when trends between related species and ionizations 

are applied. In the case of osmocene, the metal-ring symmetric stretch 

vibrational frequency of cationic osmocene in the 2E2(s/2) state is quite 

accurately found between adjacent vibrational states. While for 

[CpFe(NO) h, the assignment of the eight metal based ionizations is 

accomplished by mapping observed trends between the ionizations of 

isoelectronic complexes [Cp*Fe(NO)]2' [Cp*CO(CO)]2 and [CpRu(NO)]2. 

The probing of these bridging ligand supported metal-metal 

interactions by using these methods allows for the understanding of this 

entire class of compounds. It is found that the metal-metal direct 

interactions are weak non-bonding or anti-bonding in character. The main 

support for the structures of these systems is found in the bridging 

ligands' framework. The most stable of these interactions is found in the 
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With compounds such as [CpFe(NO) hand 

[CpFe(CO)2J2' which possess a formal metal-metal double bond and metal

metal single bond, respectively, these bonds are not found to be localized 

between the metals but delocalized through the ~ bonding system of the 

bridging ligands. The more subtle effects on the metal-metal interactions 

and chemistry about the metals is influenced by the bridging ligands' ~ 

system. The electron density distribution through the ~ system and its 

affects on the metal centers can be grossly effected by: the methylation 

of pyrazolyl in the bridging pyrazolyl systems of [Ir(pyrazolyl) (CO)2J 2, 

the methylation of cyclopentadienyl in [Cp*Fe(NO) h or [Cp*Fe(CO)2h or 

[Cp*Fe(CO)J2-~CO-~CH2' and the substitution of fundamentally different ~ 

electron accepting bridging ligands such as methylene for carbonyl, and 

nitrosyl for carbonyl. These influences affect the metal-metal non

bonding and anti-bonding capabilities and help regulate the frontier 

orbi tal controlled or charge controlled reaction chemistry of these 

species. Even at relatively long metal-metal distances in 

[Ir(pyrazolyl) (CO)2J 2, the effects of pyrazolyl methylation on the anti

bonding a* ionization (HOMO) are substantial. 

Chapter 3 and appendix A will discuss a few fundamental principles 

of photoelectron spectroscopy. The energy profile of a typical ionization 

event described and evaluated for an accurate position, amplitude and 

halfwidths. A statistical method for the evaluation of reasonable modeled 

photoelectron spectra is discussed in chapter 3. The effects of basic 
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thermodynamic properties and their relationships between ionization 

potential and bond energy will be addressed in appendix A. 

Chapters 4 focuses on a detailed discussion on the bonding 

interactions in osmocene. This fundamental organometallic complex 

beautifully illustrates the effects of vibrational fine structure on the 

ionization profile and the information available from the vibrational fine 

structure dealing with the cationic molecular structure. Attention is 

given to spin-orbit coupling found in osmium and its effects on the 

orbital splitting in the photoelectron spectrum. 

Chapters 5, 6 and 7 examines the bonding interactions between two 

metals and the influence of bridging ligands, such as carbonyl, nitrosyl 

and methylene, on the metal-metal interactions. Structural and electronic 

changes in these metal-metal dimers are found to influence the stability 

of several of the metal-metal interactions. The electronic structure of 

the bridging ligand-metal interactions are further augmented by the 

addition of terminal ~ accepting ligands, such as carbonyl and nitrosyl. 

Chapter 8, explores the lone pair-lone pair repulsive interactions 

of a series of dB [Ir(pyrazolyl) (CO)2h complexes. The influence of 

pyrazolyl methylation to the ionization at lowest binding energy is 

examined and found to substantially effect the ionization energy of this 

Ir2 0* antibonding combination, which in turn influences the reaction 

chemistry of the iridium dimer. 
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CHAPTER 2. 

EXPERIMENTAL 

Gas Phase Ultraviolet Photoelectron Studies 

He(I) and He(II) photoelectron information is used to evaluate the 

ionization potential of a series of molecular ionizations and with the 

support of analytical modeling techniques, accurate ionization energies 

can be obtained. The photoelectron spectrum can be correlated to the 

molecular orbital distribution of the neutral molecule by employing 

Koopmans' theorem. 20 With the support of calculations, the bonding can be 

interpreted from the photoelectron spectrum. However, the comparison of 

photoelectron spectra between isoelectronic and isostructural complexes 

are used to reveal trends which are used to experimentally support the 

calculationally interpretated single photoelectron spectrum. In this 

chapter, the experimental techniques, the experimental conditions for each 

compound measured and the calculational conditions are discussed. 

He(I) Photoelectron Spectra. Photoelectron spectra were measured on a 

spectrometer with specially designed photon sources, ionization cells, 36 

cm radius hemispherical analyzer (McPherson), power supplies, counter 

interface, and collection methods that have been described elsewhere. 21- 25 

The argon ionization at 15.759 eV (±O.002 eV) was used as an internal 
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calibration lock of the energy scale. Instrumental conditions and data 

regions for various data collections are reported in Table I. 

Because high signal-to-noise is required for the vibrational 

analysis, spectra were obtained over a series of days. As an example, 

individual data scans for osmocene were collected by scanning a region for 

anywhere from 0.5 seconds to 2.0 second per data point. The individual 

data scans were then summed together resulting in total collect times of 

11 to 22 seconds per data point for the metal and ligand regions and total 

collect times of 8 to 11 seconds per data point for the individual metal 

ionizations. Spectra were taken over the ranges of 5.93-16.00 eV (0.02010 

eV separation between points), 6.654-8.300 eV and 9.554-11.200 eV (0.00547 

eV separation between points), 8.401-9.5 eV (0.00365 eV separation between 

points) and the shortest ranges corresponding to 6.669-7.400 eV, 7.213-

7.700 eV and 7.519-8.250 eV (0.00243 eV separation between points). The 

vibrational analysis of other complexes were handled in a manner similar 

to that of osmocene. 

At no time did any of the ionization features in earlier scans differ 

from those in later scans. Shifts in the internal calibrant between scans 

were at all times less than half the energy separation between data points 

of the respective region during collection. 

The higher temperature spectra of the osmocene metal 2Al band were 

taken at 90°C and 100 ·C by placing the sample within a small copper 

tube, sealed at one end and capped with teflon tape. The teflon was 

punctured with a 22 gauge needle and the capsule placed within the 
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Table I Experimental Conditions and Data Regions. 

Compound Temp. He # pt Region t::. eV Total Filename 
Co Mode (eV) Time 

Cr(CO)6 (9/88) 23 I 201 9.40-7.81 0.00792 16.7 3CRC06.CAZ 

Fe(CO)5 (9/88) 23 I 501 10.8-7.75 0.00609 10.85 lFEC05.CAZ 

CpzOs 55 I 501 16.0-5.97 0.0201 3.2 CPOS1.FAZ 
(10/87) 501 11.3-6.12 0.01034 5.6 1CPOS2.CAZ 

301 8.3-6.86 0.00547 16.75 2CPOS3.CAZ 
301 11.2-9.55 0.00547 22.4 3CPOS3.CAZ 
301 9.5-8.4 0.00365 16.4 4CPOS3.CAZ 
301 8.25-7.52 0.00243 8.9 5CPOS1.CAZ 
301 7.4-6.7 0.00243 8.4 6CPOS1.CAZ 
201 7.7-7.21 0.00243 11.2 7CPOS8.CAZ 

(11/87) II 501 20.0-6.31 0.02738 7.8 CPOSI!. SAZ 
(7/88) 90 I 201 7.7-7.21 0.00244 1.1 CPOS90.CAZ 

100 I 201 7.7-7.21 0.00244 0.4 CPOS.100 

[ CpFe (NO) 12 120 I 501 16.0-5.59 0.02060 2.1 1FENO.FAZ 
(6/88) 301 10.75-6.53 0.01401 30.5 FENO.1CZ 

301 8.0-6.53 0.00487 79.6 FENO.2CZ 
201 7.75-7.16 0.00295 35.5 FENO.3CZ 

(7/88) II 501 20.0-5.05 0.02984 4.75 4FEN02.FSZ 
301 10.75-6.54 0.01400 22.0 FEN02.1SZ 
301 9.0-6.44 0.00852 20.0 FEN02.2SZ 

[Cp*Fe(NO)lz 93 I 501 15.7-5.75 0.02009 10.0 PMFNO.FC 
(9/88) 301 10.0-5.8 0.01400 13.45 PMFN01.CAZ 

301 7.9-5.9 0.00670 42.5 PMFN02.CAZ 
201 7.0-5.9 0.00548 73.5 3PMFNO.3CZ 

(9/88) II 501 20.0-5.97 0.02801 1.0 PMFN02.FSZ 
301 10.0-5.79 0.01400 29.0 PMFN02.1CZ 
301 8.2-5.816 0.00792 18.0 PMFN02.2CZ 

[CpRu(NO) lz 136 I 501 16.0-6.0 0.020 1.7 2RUNO.FAZ 
(12/86) 501 12.0-6.53 0.01092 7.3 3RUNO.CAZ 
(4/88) II 501 20.0-5.0 0.02802 3.0 RUN02.FZS 

301 12.0-5.97 0.0201 60.0 RUN02.SAZ 

[Cp*Co(CO) 12 103 I 501 16.0-6.0 0.02010 2.8 CPCO.FAZ 
(6/88) 501 10.0-5.73 0.00857 9.5 CPCO.1CZ 

301 8.0-5.8 0.00731 16.0 CPCO.2CZ 
201 6.8-5.8 0.00487 10.5 CPCO.3CZ 
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Compound Temp. He # pt Region I:l eV Total Filename 
Co Mode (eV) Time 

[CpFe(NO) J2- 78 I 501 16.0-6.0 0.02010 4.0 2FENCH.FAZ 
t'CH2 (2/87) 300 11.8-6.0 0.01934 Ii CH2FEN.CI 
(5/88) II 501 20.0-5.9 0.02802 2.0 FENCH2.FZ 

301 12.0-5.97 0.02010 32.0 FENCH2.SZ2 

[CpRu(NO) h- 105 I 501 16.0-6.0 0.02010 3.6 RUNCH.FAZ 
t'CH2 (1/87) 501 12.0-6.51 0.01096 15.4 RUNCH2.CAZ 
(11/87) II 501 20.0-5.0 0.02802 4.5 RUNCH2.FZS 

301 12.0-6.14 0.01947 13.3 RUNCH2.SAZ 

[CpCo(CO) h- 60 I 501 16.0-5.85 0.02025 4.0 3CCOMF.4Zb 

t'CH2 501 11.6-6.37 0.01043 4.5 2CCOMC.4Zb 

(5/88) II 501 20.0-6.29 0.02741 2.5 COCCH2.2FZ 
301 11.9-6.42 0.01828 20.0 COCCH2.SAZ 

[CpRb(CO) h- 85 I 500 16.0-5.93 0.02014 Ii CH2RH.FUL 
t'CH2 (8/79) 300 12.1-6.65 0.01816 Ii CH2RH.VAL 
(4/88) II 501 20.0-5.0 0.02994 1.8 RHC2CH.1F1 

301 12.0-6.52 0.01828 21.5 RHC2CH.SAZ 

[CpFe(CO)2h 110c I 300 11.1-6.15 0.01651 Ii CPFENO.CIZ 
(10/82) II 200 16.0-4.96 0.05518 Ii CPFENO.FII 
(12/82) 100 10.5-5.91 0.04592 Ii CPFENO.DII 

[Cp*Fe(COhh 150c I 301 10.0-5.16 0.01608 5.1 PMFP.6Z 
(10/82) II 200 20.0-3.89 0.08057 4.5 PMFPII .FII 
(12/82) 201 10.0-4.96 0.02507 14.0 PMPFII .DII 

[CpFe(CO) h- 115c I 301 12.0-6.26 0.01906 6.2 CPFPME.8Z 
t'CH2 -t'CO d II 201 12.0-5.88 0.03044 27.0 CPFPME.D2C 

[Cp*Fe(CO) h- l60c I 292 10.65-5.61 0.01727 7.6 PMFPME.6Z7 
t'CH2-t'CO d II 201 11.0-4.88 0.03044 21.0 PMFPME.DII 

[Ir(t'-pz) 85 I 501 16.0-5.67 0.02062 2.3 lIROPZ.FAZ 
(CO)2h 301 12.0-6.88 0.01702 13.0 4IROPZ.SAZ 
(12/87) 301 8.4-7.3 0.00365 5.0 3IROPZ.CAZ 

[Ir(t'-3-Mepz) 85 I 501 16.0-5.69 0.02058 1.5 2IR1ME.FAZ 
(CO)2h 301 12.0-6.88 0.01702 4.0 IR1ME.CAZ 
(12/86) 301 8.2-7.1 0.00365 5.2 IR1ME2.CAZ 

[Ir(t'-3,5- 85 I 501 16.0-5.69 0.02058 2.2 2IRPZ.FAZ 
Me2PZ) (CO)2h 301 12.0-6.89 0.01699 5.6 2IRPZ.CAZ 
(11/86) 301 8.0-6.9 0.00364 7.5 3IRPZ.CZ1 
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Compound Temp. He # pt Region I:J. eV Total Filename 
Co Mode (eV) Time 

Pyrazole 23 I 501 16.0-6.0 0.02007 1.0 PZO.FAZ 
(10/87) 301 12.0-6.87 0.01703 6.25 PZO.CAZ 

3,5-Me2- 23 I 501 16.0-6.0 0.02007 1.8 PZ.ZAF 
Pyrazole 301 12.0-6.87 0.01699 7.0 PZ.AC 
(11/86) 

Ethylsilane 23 I 301 17.0-9.6 0.02453 16.0 lETHSI.GZ 
(3/86) 

Phenylsilane 23 I 501 16.0-5.86 0.02024 9.0 2PHSIH.ZF 
(9/85) 

t-butylsilane 23 I 501 16.0-8.32 0.01533 12.7 lTBUSI.FZ 
(3/86) 

a Total collect times are unavailable. This data was collected by John 
Hubbard and this information was not kept with the data file. In some 
cases the original data 'file' is on paper tape. 

b This photoelectron data was obtained by Glen Kellogg. 

C The photoelectron spectra of these compounds were obtained by John 
Hubbard. The sublimation temperature of these complexes are not 
accurately known (±lOO), since the temperature was measured from a 
correlation plot of voltage versus cell temperature as measured outside 
the instrument. 

d The photoelectron spectra were obtained on the same dates as the 
compounds directly above. 

-~ --~-~----~------
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ionization cell. The cell was heated and the signal allowed to stabilize 

at the chosen temperature. 

He(II) Photoelectron Spectra. Samples were handled similarly in the 

He(II) study. The He(II) radiation source was a differentially pumped, 

charged particle oscillator type lamp based on designs previously 

described26 except for He(II) spectra taken of [CpFe(NO) 12 and [Cp*Fe(NO) 12 

in which a capillary discharge was used with the He(I) lamp setup. For 

comparison of He(I)/He(II) ionization band cross sections, spectra have 

been corrected for the experimentally determined variation of electron 

transmission with kinetic energy of the spectrometer analyzer. 27 The 

He(II)a (40.81 eV) spectra have also been corrected for ionizations from 

the He(II)B (48.4 eV, 12%) source excitation. Some He(II) spectra were 

found to be shifted from the He(I) values an average of 0.04 eV to higher 

binding energy. This effect may be caused by the difficulty in centering 

on the reference peak with the He(II) source. Spectra which show this 

difference in peak position are corrected so as to align with the He(I) 

bands. 

Compcnmds All the photoelectron spectra of the compounds listed above in Table I 

were obtained either through donation or were purchased. Osmocene was 

purchased from Strem. The a1ky1si1anes (gasses or liquids with high vapor 

pressures) were obtained from Dr. James O'Brian. The iridium dimers were 

made by Dr. Janet L. Marshall from Dr. Harry B. Gray's laboratory. 
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Complexes of the type [CpM(XO) lh- (I-'CO)n- (I-'CH2)m' (where Cp is either 

cyclopentadienyl or pentamethylcyclopentadienyl, M is iron, ruthenium, 

cobalt or rhodium, X is either nitrogen or carbon, and n - 0,1; m - 0,1; 

and 1 - 1,2) were synthesized by Dr. John Hubbard. 

The only complex, which was not well behaved while the photoelectron 

spectrum was being obtained, was [Cp·Co(CO)J 2-I-'CH2. This complex lost CO 

as the compound was heated under vacuum. After the evolution of CO, a 

photoelectron spectrum was obtained of the resultant complex at z120° C. 

At this sublimation temperature, it is expected that this material still 

contains both metal atoms and is still a metal dimer. The photoelectron 

spectrum clearly shows cyclopentadienyl ionizations and metal based 

ionizations. Mass spectrometry was performed on the original complex (CI 

and EI) and only fragments of molecular weight less than the expected 

parent fragment were found. It can be concluded that larger clusters are 

not being formed. At this time, this complex is proposed to lose one 

carbonyl and the resultant compound would be of the form [Cp·Coh-I-'CO-I-'CH2. 

There is some support for the thermal decomposition of this complex as 

published by W.A. Herrmann and A. Schafer. They report the thermal 

decomposition of several I-'-alkylidene complexes at atmospheric pressure 

and at 180 0 and 250 0 C, as measured by gas chromatography.26 

Analytical Representations of Photoelectron Spectra. The data are 

represented analytically in terms of asymmetric Gaussian peaks, which are 

defined by parameters representing the position of the peak, the 
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halfwidths on the high (Wh ) and low (W1 ) binding energy sides of the peak 

and the amplitude of the peak as determined by program GFIT. 29,30 

Vibrational progressions are modelled by symmetric Gaussians, where the 

high (Wh ) and low (W1 ) energy halfwidths are constrained to be equal to one 

another throughout an entire vibrational progression. The relative band 

areas are also evaluated in program GFIT and model the ionization cross

section of the photoelectron band. The uncertainty in relative band area 

can be on the order of 5% for overlapping peaks or poorly defined 

baselines. For well separated ionization bands that go to baseline 

between the peaks, the uncertainty is on the order of 2%. 

Molecular Orbital Calculations 

[Ir(pyrazolyl)(CO)21z Molecular orbital calc·ulations were performed using 

the Fenske-Hall method. 31 For the work of [Ir(pyrazolyl) (CO)2h, the 

iridium functions for the calculations were generated by the method of 

Bursten, Jensen, and Fenske. 32 In order to judge the sensitivity of the 

results to the diffuseness of the metal basis functions, the calculations 

were performed with iridium functions from atomic oxidation states of 0, 

+1, and +2. Ir(I) functions were found to be consistent with the 

calculated d orbital occupation and were used for the calculations shown. 

The iridium functions were single r functions for all the core atomic 

orbitals and double r for the 5d orbitals. The 6s and 6p were represented 

by single r functions with an exponent of 2.0. The N, C and 0 atoms had 
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double r 2p functions while hydrogen possessed a single r function with 

an exponent of 1.2. 

The bond distances and angles were taken from crystal structures of 

[lr(J.I-pz) (CO)2h and [lr(J.I-3, 5-Me2-pz) (CO)2h with carbon-hydrogen distances 

taken to be 1.1 A. The coordinate system about each metal was oriented 

so that the z axis of the metal is normal to the square plane of 

coordinated ligands and the x and y axes bisect the coordinated ligands 

found about each metal. Each geometry was idealized to C2v symmetry (see 

appendix B). 

Calculations were also performed using Rh(l) functions 33 to further 

test the sensitivity of the calculations to the basis functions and to 

relate the results of the present study to similar rhodium complexes. We 

observed little difference between the calculated trends and molecular 

orbital ordering of iridium versus rhodium. However, the predominantly 

metal iridium a* molecular orbital energy tended to be destabilized on the 

order of ~O.3 eV with respect to the same molecular orbital of the rhodium 

complexes. The calculations with different atomic basis functions (lr and 

Rh and various oxidation states) showed that the same approximate 

description is obtained in each case. Quantitative comparison of the 

small changes is questionable due to the approximate nature of the 

wavefunctions and the neglect of relativistic and other effects. 

[CpH(XO)]2 Fenske-Hall calculations were also performed on [CpFe(J.I-NO)12 

and [CpCo(J.I-CO) ]2. Basis functions Is through 3d for iron and cobalt were 
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taken from the tables of Richardson, Nieuwport, Powell and Edgel1. 34 

Exponents for the single r 4s and 4p orbitals were set at 2.0 and 1.6 for 

iron and 2.2 and 2.3 for cobalt, respectively. The basis functions used 

for C, N, 0 and H are as stated above. The bond distances and angles used 

for the [CpFe(I-'-NO) h system35 • 36 and [CpCo(I-'-CO) h system37 were obtained 

from crystal structures and were idealized to C2h symmetry. The C-H 

distances used in the calculations of each complex was taken as 1.1 A (see 

Appendix B). 

[CpFe(COhh and [CpFe(CO) h-pCO-pCH2 Basis functions for Fenske-Hall 

calculations performed on these species are as stated above. The atomic 

coordinates for [CpFe(CO)2h were idealized to C2v symmetry and were 

obtained from the crystal structure of the cis oriented complex. 38 The 

coordinates for [CpFe(CO)12-I-'CO-I-'CH2 were obtained from the crystal 

structure39 and idealized to Cs symmetry. 

The energies used to form the molecular orbital diagrams for these 

complexes were obtained from the SCF matrix, which was calculated without 

the cyclopentadienyl ligands and with a +2 charge (see Appendix B). 

[CpFe(NO)]2-pCH2 Basis functions for the Fenske-Hall calculations are as 

stated above. The coordinates were obtained from an unpublished crystal 

structure solved by Dr. John Hubbard. The coordinates were idealized to 

Cs symmetry (see Appendix B). 
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CHAPl'ER 3. 

FUNDUMENTAL PRINCIPLES IN PHOTOELECTRON SPECTROSCOPY: 

BAND PROFILE ANALYSIS 

Introduction 

Methods of numerical data modelling and analysis have been thoroughly 

developed and discussed in areas of spectroscopy such as IR4o
-

42 and XPS. 43 

Lorentz and Gaussian distributions have often been used both individually 

and in tandem to represent observed band shapes. The factors involving 

intrinsic band shapes and instrumental broadening have been given detailed 

and extensive attention for the analysis of overlapping bands and 

complicated spectra. There has been no such evaluation for valence 

photoelectron ionizations. For many years the quantitative data of 

photoelectron spectra have been analyzed and presented in the literature 

in a variety of different ways. 44-49 The lack of consistency found in the 

reporting of photoelectron band positions and band areas limits comparison 

of the ionization information of different molecules reported from 

different laboratories. Many authors have attempted to place ionization 

peak positions by locating peak maxima and have estimated relative 

increases or decreases of peak area by reporting the relative band 

intensity. These methods may be adequate if the ionization bands are well 

separated from one another. However, it is generally the case that 

ionization bands are overlapping and frequently unresolved from one 
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another. Correlations of core-valence ionizations and correlations with 

chemical substitutions requires more accurate and reproducible values. 5o 

It has become increasingly clear that reported values derived from 

photoelectron data should be more precise and consistent over wide ranges 

of photoelectron studies. A clear and reproducible analytical 

representation, for which the confidence limits are known, would allow 

for a statistical evaluation of quantitative numbers for comparisons of 

trends. This would replace visual judgments used in reporting shoulders 

and band maxima. Further, one may gain physical significance from 

apparent band shapes of ionizations and gain a statistical indication of 

the number of ionizations to be found under an ionization envelope. 

For over ten years, this method has been used in our laboratory to 

model photoelectron data and has given useful insight into the various 

possible interpretations of photoelectron data. There is now an 

increasing interest in a reliable method for modelling photoelectron data 

as the complexes being studied have become intrinsically more difficult. 

In this chapter, a method for evaluating photoelectron band shapes will 

be reviewed. Examples of photoelectron spectra will be modelled with 

asymmetric Gaussian bands and the adequacy of the model will be discussed. 

Theoretical Shapes of Unresolved Valence Ionization Bands 

The theoretical band shape of a photoelectron ionization event, where 

the excitation is to a single electronic state of the positive ion, is 

discussed elsewhere in greater detail. 51-53 A review of the basic 
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principles and expected ionization band shapes are discussed in this 

section. It should be understood that contributions to the ionization 

line shape of large molecules are primarily due to unresolved vibrational 

progressions. Broadening due to instrumental factors and the He(I) photon 

source can be as small as ",,9 -11 mV. The maj or contributions to the 

intrinsic instrumental resolution54 are a sum of hemispherical analyzer 

resolution55 (less than 1 mV), the broadening due to the photon source56 

(estimate to be 6 mV), Doppler broadening of the sample photoelectron 

peak56 (for Ar 2P3/2 ionization the Doppler broadening is found to be ",,5 mV 

and becomes less with more massive samples) and rotational broadening, 

which for large molecules can be ignored. At this high resolution a 

Lorentz band shape is seen in the ionization profile of argon. However, 

it is generally the case that instrument resolution runs closer to 15-30 

mV, on argon, and has been reported elsewhere as high as 100 mV. 57 This 

effectively swamps out any perceivable Lorentz contribution to the line 

shape. Even so, general molecular band envelopes consisting of unresolved 

vibrational structure for larger molecules normally spans anywhere from 

0.1 to 1.0 eV, a much greater width than any intrinsic broadening. 

Therefore, the primary contribution to ionization band shape is the 

unresolved vibrational fine structure accessed upon ionization to the 

cationic state. 

The band shape of a photoelectron ionization is then determined by 

the potential well of the cationic molecular state and the relative 

displacement of the cationic potential well from its neutral counterpart 
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Figure 1 Photoelectron ionization event. 
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along the radial axis. Precise descriptions of the band shape provides 

valuable information for assignment and interpretation of the spectrum. 

Since the ionization process occurs on a time scale of 10-13 to 10-14 

seconds,56 much faster than the time scale of molecular motion, the 

ionization event is considered to be instantaneous as compared to 

vibrational motion. When the Franck-Condon principle of vertical 

excitation holds, 51,52 the most probable ionization occurring from the 

ground state of the neutral molecule results in the production of a 

vibrational1y excited cationic state, (see Figure 1). The ionization 

occurring from a primarily bonding orbital, upon removal of the electron, 

affects the bonding in the molecule and results in a substantial 

equilibrium bond distance change in the cation. The most probable (or the 

vertical) ionization occurs from the ground state of the neutral molecule 

to the vibrationa11y excited cationic state directly above the neutral 

ground state. The adiabatic ionization occurs from the ground vibrational 

state of the neutral molecule to the ground vibrational state of the 

molecular cation .. 

Depending on the bond distance change, which can occur upon 

ionization to the cationic state and which is also related to the bonding 

or antibonding characteristics of neutral molecular orbital, the band 

shape can vary from a nearly symmetric profile to an extremely asymmetric 

profile. In Figure 2A, an ionization to a bonding state is illustrated. 

The probability distribution of the neutral molecular ground state is 

given by /W2/, which is a symmetric Gaussian distribution for a harmonic 
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Figure 2 The band shapes expected for ionizations to cationic states with 
A) a moderate displacement along the radial axis. B) no displacement 
along the radial axis. 
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oscillator approximation. The bond distance change is large enough that 

the vertical ionization occurs midway up the potential well curve and the 

well is deep enough so that anharmonicity is minimal. The number of 

accessible vibrational levels found above the vertical ionization are 

expected to be greater than those found below the vertical ionization. 

The vertical ionization is expected to be closer in energy to the 

adiabatic ionization, limiting the number of vibrational levels between 

the vertical and the adiabatic ionizations and yet allowing access to a 

number of vibrationally excited states above the vertical ionization (see 

Figure 2A). This ionization event is represented by an asymmetric 

Gaussian with the halfwidth to the higher energy side of the vertical 

ionization greater than the halfwidth to lower energy. 

Here, the term halfwidth refers to two differing and independent full 

halfwidths at halfheight. One full halfwidth at halfheight is used from 

the position in energy of the band (vertical ionization) and to lower 

energy, the other full halfwidth at halfheight is used from the position 

in energy of the band to higher energy. In effect, two Gaussians of the 

same amplitude and position are split in half and the right side of one 

is joined to the left side of the other. 

With no change in equilibrium bond distance upon ionization, which 

occurs for non-bonding or antibonding orbitals, the most probable 

transition is from the ground state of the neutral molecule to the ground 

state of the cationic state. In this case, no vibrational level of lower 

energy can be accessed, only vibrational levels to higher energy. The 
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resulting sharp band shape possesses a pronounced asymmetry biased to 

higher energy (see Figure 2B). All of these ionization events are 

represented by an asymmetric Gaussian. The asymmetric Gaussians are 

expected to possess greater half widths to higher ionization energy than 

the half widths to lower ionization energy. 

Modelling Bond Shapes 

The shape of an ionization band can be modelled as the mapping of the 

ground state neutral molecular wavefunction probability onto a function 

representing the curve of the cationic potential well surface. The 

neutral ground state probability function is normally represented as a 

symmetric Gaussian distribution for a potential well approximated by a 

harmonic oscillator. The cationic potential well surface may be 

represented, for the first approximation, as a straight line (see 

Figure 3A). The line is chosen to be tangential to the cationic potential 

well at the most probable transition. The line may then fairly represent 

the ionization distribution for a small interval centered about the 

vertical ionization. Obviously, a line does not take into account any 

curvature of the cationic potential well and the accuracy of the 

representation decreases as the line deviates from the potential well 

curvature. Further, the mapping of a neutral ground state symmetric 

Gaussian potential distribution onto a line requires a symmetric Gaussian 

ionization distribution, which requires three parameters to define. 

Should the ionization event take place from a system in which the 
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displacement of the cationic potential well is large and the walls are 

steep, then the surface of the potential well may be represented by a 

straight line. However, this is not generally an adequate approximation. 

A better representation of the cationic potential well surface would 

be a two line model. Here the curvature of the cationic potential well 

is approximated by two lines intersecting at the most probable transition 

and proceeding away from this point in a tangential manner to best 

represent the slope of the potential well in that direction. Here the 

mapping of the neutral ground state probability distribution is mapped 

onto a line with greater slope to higher energy or smaller radial 

displacement and is also mapped onto a line with less slope to lower 

energy or larger bond distance changes. This results in a ionization band 

shape which is Gaussian in overall shape but with the halfwidth to higher 

binding energy greater than the halfwidth to lower binding energy. The 

resulting asymmetric Gaussian is a better representation of the ionization 

event. The accuracy decreases in the tails of the Gaussian model as the 

cationic potential well sides curve away from the representative lines. 

Note that because of the characteristic shape of the cationic well, the 

halfwidth to higher binding energy (Wh ) will always be greater than or at 

best equal to the lower binding energy halfwidth (W1 ). Depending upon the 

degree of asymmetry in the ionization band shape some suggestions of the 

bonding capabilities of the molecular orbital and the radial displacement 

from the neutral state can be implied. 59 

--------- ------------
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With this two line model in mind, photoelectron spectra are fit with 

asymmetric Gaussians of the form: 6o 

-k[ (E-p)!W]2 
C(E) - A e (1) 

where C(E) is the electron counts as a function of binding energy E. The 

peak amplitude is represented by A, P is the peak position and W is either 

the width at half-height to lower binding energy, (E<P, Wl-W) or W is the 

width at half-height to higher binding energy, (E>P, Wh-W). This form of 

an asymmetric Gaussian which has been used in other fields to evaluate 

asymmetric band contours, 41,42,61 and is easily understood with respect to 

the two line model. Each halfwidth is independent and correlates to the 

differing line slopes of the two line model. This as)~etric Gaussian 

requires four independent parameters to define the function. 

Programming of this equation is relatively simple and possesses good 

convergence behavior. 62 Different types of asymmetric Gaussian functions, 

with halfwidths varying over wide intervals, introduces added parameters 

which are not necessarily warranted. They also complicate the procedure 

while detracting from the simplicity of the two parameter halfwidth 

asymmetric Gaussian function. 

Illustration of the Hodel: Chromium Hexacarbonyl 

Chromium hexacarbonyl is known to possess an extensive metal-carbonyl 

vibrational progression under the metal based ionization, which causes the 

overall band shape to possess an asymmetric profile. In Figure 4, the 

photoelectron spectrum of the t 2g ionizations of chromium hexacarbonyl is 

--------------
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shown. These electrons occupying the t 2g set are coupled to the carbonyls 

through backbonding into the carbonyl 1C* orbitals. Vibrational activation 

will occur upon ionization to the cation and affect the t 2g set. The 

metal-carbonyl symmetric stretch is barely observed in the photoelectron 

spectrum and is only clearly observed in the derivative of the band. 53 As 

can clearly be seen, the t 2g ionization band is asymmetric in shape. 

The chromium hexacarbonyl t 2g ionization has been modelled with a 

symmetric Gaussian in Figure 4A and illustrates the poor fit which 

results. The background has been accounted for by a linear baseline. 

This introduces two more parameters, a slope and y-intercept, to the total 

band fit. It is important that there is sufficient data quality to 

uniquely define all the independent parameters used in a fit. Additional 

and unnecessary parameters should be avoided if there is no photoelectron 

data to support them, since they will not aid in the interpretation of the 

spectrum. Because a least squares fit minimizes the difference between 

the data and the model function, certain parameters suffer for the overall 

minimization. While the overall amplitude of the symmetric Gaussian 

represents the amplitude of the ionization well, the halfwidth of the 

symmetric Gaussian (0.5331 eV) tends toward the average of the low energy 

and high energy halfwidths of the asymmetric Gaussian (W1-O. 3049, Wh-O. 7109 

and Weve-0.5089). However, the position of the symmetric Gaussian fails 

to give a true estimate of the vertical ionization, in contrast to the 

asymmetric Gaussian which better represents the ionization position 

(8.3525 eV). Note that photoelectron data fit with symmetric Gaussians 
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Table II Analytic Representations of Cr(CO)6 Valence Ionizations. 

Number of Relative 
parameters Pos. Amp. Wh W1 Area R.. x.,,2 

301 data points 

Symmetric fit 3 8.430 4990 0.533 0.533 1.000 0.087 22. 684 

Asymmetric fit 4 8.353 5064 0.711 0.305 1.000 0.018 1. 020 
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can give errors in peak position on the order of 0.1 eV, in this case (see 

Table II). 

The band fit in Figure 4B with one asymmetric Gaussian, is not 

perfect. Toward the tails of the asymmetric Gaussian, the data is poorly 

modelled but not as poorly modelled as what is found for the symmetric 

Gaussian fit. This deviation is not unexpected, as noted in the previous 

section on modelling of the ionization event. 

Statistical Evaluation 

There are some simple tests which may be used to evaluate how well 

the model function represents the experimental data. 64 One of the simplest 

methods is to take a ratio of the sum of deviations squared over the sum 

of data squared. The evaluation of this ratio R is expressed as: 

N 

I [fcalc(i) - faxp(i)]2 
R -

i-l _________ _ (2) 

where fcIl1c(i) is the calculated function, faxp(i) is the experimentally 

determined value and i runs over the number of data points, N. R is 

considered to be a measure of the goodness of fit and should range near 

to zero as the calculated fit becomes a better representation of the 

experimental data. As previously discussed, the asymmetric Gaussian 

represents a single ionization band very well except at the wings of the 

band. Toward the wings, the asymmetric Gaussian tends to tail off more 

rapidly than the data. A relatively inadequate fit is expected in the 
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tails of the ionization bands, near the baseline. By weighing the tops 

of the data peaks in the fit a greater amount than the baseline, this 

focuses attention towards the ionization peak heights and not on the 

baseline depths. Rw is then be expressed as: 

N 

L w(i) [fca1c(i) - fexp(i)]2 Rw - ~i-~l ________________ __ (3) 
N 

L w(i) [fexp(i)]2 
i-l 

where w(i) is a weighing factor which is proportional to the magnitude of 

the data. 

(4) 

This gives a Rw value which will reflect how well the calculated function 

represents the experimental data with emphasis on the peak heights. 

However, neither R nor Rw reflects how well a spectrum fit with a multitude 

of parameters compares with a spectrum fit with half the peaks or 

parameters. If both functions represent the data adequately, Rw will not 

give any indication as to which function is the more reasonable model and 

will in fact suggest that the model with the greater number of parameters 

is the better representation. 

The larger the number of Gaussian peaks or parameters used to fit the 

data, the better the representation of the data. However, the random 

addition of extra parameters is not always justified by just a better 

overall fit. A better test of the goodness of fit is the X,} test65 •66 

which rewards for a better overall fit but penalizes for extraneous and 

unnecessary parameters. Xv2 is expressed as: 
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N 

v I w(i) [fca1c(i) - fexp(i»)2 
i-I (5) 

N 

N I w(i)a(i)2 
i-I 

where a(i) is the variance on the experimental data and v is the degrees 

of freedom. 

v-N-n-l (6) 

v is equal to the number of data points, N, minus the number of 

parameters, n, used to generate the calculated function. 

The variance on each data point, ai' is estimated for frequency type 

data by: 

(7) 

where Yi is the number of electrons counted per channel. The average 

variance, a, is calculated from the following equation: 

N 

~ wi a 2 i a2 _ 
i-I (8) 

N 

~ wi 
i=l 

The average variance may also be estimated for each data set by evaluating 

the following equation found for the best overall fit to the data: 

N 

I w 2 
i 

(9) 
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If the fitted function is a good approximation of the parent function, 

then the estimated variance s2 should agree will with the parent variance 

0 2 and the value of Xv2 should approximate unity. 

Different models of the same data can now be compared and a test of 

additional terms evaluated. Because the difference of two X2 values 

distributes as X2 and the ratio of X2 distributes according to an F 

distribution, Fx can be evaluated: 

(10) 

where the degrees of freedom for Fx are ~1 and ~2: 

~1 (11) 

(12) 

This ratio, Fx ' is a measure of how much the additional terms has improved 

the value of Xv2 • The probability of corresponding Fx values can be found 

for various ~1 and ~2 degrees of freedom in statistical probability tables 

of F distribution functions. 

For Cr(CO)6' Fx is found to be 6330, a very large number. The 

difference between the degrees of freedom between the symmetric and 

asymmetric Gaussians, ~1' is one. The degrees of freedom for the 

asymmetric band fit, ~2 is 297. From these values and an F distrivution 

table, it is found that the probability of the symmetric band fit being 

better than the asymmetric band fit has less than 1% confidence. 

Therefore, the asymmetric band is statisically better model for this data. 
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Overlapping Ionizations: The Example of Iron Pentacarbonyl 

The photoelectron spectrum of iron pentacarbonyl in the region of 7.5 

to 11.0 eV has been discussed previously.s7 It has been established that 

this molecule, possessing D3h symmetry, undergoes Jahn-Teller distortion 

upon ionization from either one of the doubly degenerate metal e' or e" 

sets. During the photoelectron process, the symmetry is broken and the 

resulting electron distribution in the photoelectron spectrum reflects the 

splitting in the originally degenerate sets to give a spectrum of 

overlapping single ionizations. The spectrum in Figure 5 clearly shows 

this splitting under the band envelope at 8.5 eV. The splitting is not 

as clear in the band at 9.8 eV. 

If symmetric Gaussians are used to evaluate the splitting between the 

two ionization bands under the ionizations at 8.5 eV, one finds that the 

majority of area is accounted for under one Gaussian and the other 

symmetric Gaussian helps to account for the shoulder to the low binding 

energy side (see Figure SA). Further, the calculated fit fails greatly 

toward the baseline on the low energy side. If this fit of symmetric 

Gaussians allowed to vary as they will during the fitting process, there 

is little to no physical information to be derived or modelled from these 

peak distributions. Since it is expected that the split ionizations 

should be roughly equal in ionization area, the symmetric Gaussian 

amplitudes can be constrained to equal each other by forcing the Gaussian 

bands to be generally the same in magnitude (see Figure 5B). However, the 

overall general fit of the data, as reflected by a larger Xv2 value, is 
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much poorer and the fit does not in any way represent the structure on the 

ionization envelope (see Table III). 

In Figure 6, the same ionization bands have now been fit with 

asymmetric Gaussians. It can be clearly seen that the overall ionization 

band structure is better represented with the asymmetric Gaussians as 

compared to symmetric. The theoretically expected 1:1 ratio between split 

ionization bands is modelled quite well without an equal amplitude 

constraint between the two Gaussian band representation. Note that even 

the ionization at 9.8 eV is better represented by an asymmetric Gaussian 

than by the symmetric Gaussian, especially nearer the tails of the 

ionizations. 

The separation between 2E' ionizations vary depending upon whether 

symmetric or asymmetric Gaussians are used and upon the constraints used 

during the fit. As seen in Table III, the Xv2 values become smaller and 

the fit becomes markedly better as asymmetric Gaussians are used. There 

is not much difference in the goodness of fit between the unconstrained 

fit and the fit with the two 2E' ionization band W1's constrained to equal 

one another. Positional values, halfwidths and relative areas taken from 

the unconstrained asymmetric three band Gaussian fit are no worse than any 

of the other constrained three band fits. By adding a another asymmetric 

Gaussian band under the 2E" ionization at 9.8 eV this band will be better 

represented and perhaps the splitting between Jahn-Teller split 

ionizations may be obtained. Since the addition of a fourth Gaussian will 

affect the values found for the 2E' ionizations, it must then be determined 

if the addition of a fourth band is reasonable. 
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Table III Analytic Representations of Fe(CO)s Valence Ionizations. 

# Relative 
Assumptions paramo State Pos. Amp. Wh W1 Area R,. x./ 
501 data points 

3 band fit 

Symmetric peaks 9 2E' 8.253 497 0.216 0.216 0.117 0.032 1. 933 
Figure 5A 8.592 2573 0.654 0.654 2.076 

2En 9.842 2804 0.740 0.740 2.000 

Symmetric peaks 8 2E' 8.366 1782 0.546 0.546 l.054 0.038 2.804 
in equal amplitude 8.759 1782 0.582 0.582 l.123 
for 2E' , Figure 5B 2E" 9.841 2803 0.658 0.658 2.000 

Equal W1 for peaks 11 2E' 8.306 1948 0.515 0.383 0.966 0.026 l. 261 
in 2E' 8.670 2008 0.759 0.383 1.266 

2E" 9.821 2813 0.704 0.583 2.000 

None, Figure 6A 12 2E' 8.298 1904 0.580 0.370 l.001 0.026 1.254 
8.679 1893 0.766 0.414 l.236 

2E" 9.820 2813 0.705 0.580 2.000 

4 band fit 

None, Figure 6B 16 2E' 8.296 1893 0.514 0.368 1.000 0.023 1.033 
8.668 2051 0.742 0.401 1.403 

2E" 9.717 1732 0.465 0.542 1.044 
9.962 1708 0.650 0.480 1.155 

Ha1fwidths and 14 2E' 8.317 2032 0.892 0.391 1.464 0.025 l.172 
amplitudes are 8.668 1174 0.906 0.378 0.840 
constrained equal 2E" 9.680 1548 0.705 0.446 1.000 
for 2E" ionization 9.895 1548 0.705 0.446 1.000 
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Figure 6 Jahn-Teller splitting in the valence ionizations of Fe(CO)s. The 2En and 
zE' sets have been modeled with unconstrained asymmetric Gaussians. A) One 
asymmetric Gaussian for the zEn. B) Two unconstrained asymmetric Gaussians. 

\Jl 
\Jl 



56 

Xv2 values are used to evaluate the possible presence of a 

statistically supported second band displaced some energy from a first 

band under the ionization at 9.8 eV. A statistically better fit is found 

even with the inclusion of a fourth band as Xv2 values decrease markedly 

and the Fx test provides a statistically valid confidence in the added 

parameter. Both asymmetric Gaussians are generally in a one to one ratio 

of area, which supports the expectation of two ionization of nearly equal 

area, with a small energy separation. However, it is much more difficult 

to argue the exact magnitude of energy separation between the two 

asymmetric Gaussians at 9.8 eV in Figure 6B. The data gives very little 

information on the position of these bands unless some assumptions are 

made upon the relative amplitudes and halfwidths of these two Gaussians. 

It can already be seen that when there are no constraints, the Gaussian 

at 9.72 eV possesses a low energy halfwidth which is larger (by a small 

amount) than its high energy halfwidth (see Table III). As discussed in 

section II, halfwidths with this distribution are unreasonable and in this 

case, suggest that the halfwidth to lower ionization energy is 

compensating for area in the valley between the two ionization envelopes. 

More than likely, the position of the Gaussian at 8.67 eV is also 

compensating, because the lack of gross structure allows for some 

variation in the position and widths between these two Gaussians. 

Should constraints be placed on the halfwidths and amplitudes of 

these two Gaussians so as to better statistically evaluate the position? 

Are any positional values gathered in this way, meaningful? This depends 
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upon whether the constraints are physically meaningful and whether the 

constrained fit gives a statistically better fit with these constraints. 

If the constrained fit is characteristically worse, as in this case where 

x/ increases, then the constraints are at the least unreasonable or wrong. 

Any values obtained for the positions of these Gaussian bands when using 

these unreasonable constraints, are also equally questionable. Perhaps, 

the best course is to report the stati"stically supported existence of two 

bands displaced from each other and a range of possible and reasonable 

energy separations. Care should be taken not to stretch the information 

which can be obtained from the data over into information which is not 

obtainable from the data. 

Partially Resolved Vibrational Fine Structure 

In some cases, vibrational fine structure may be resolved from under 

a photoelectron band envelope. Identifying the position of vertical and 

adiabatic ionizations or establishing the presence of hot bands under band 

envelopes many times leads to greater insights into the molecular 

electronic structure and bonding. 63 ,64 In Figure 7, the photoelectron 

spectrum of osmocene's metal based 2A1g ionization is shown. The area due 

to overlapping ionizations flanking the 2A1g is accounted for by the tails 

of two Gaussians positioned and constrained to be off scale. The 2A1g 

ionization originates from an orbital which is considered to be nonbonding 

in character, since the ionization is sharp. Little to no equilibrium 

bond distance change in the cation are expected. In this case, a short 
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vibrational progression is expected and the vibrational fine structure is 

modelled as a series of symmetric Gaussians. 

displaced from each other by a constant 

The symmetric Gaussians are 

interval, emulating the 

vibrational spacing found between vibrational levels in the cationic well 

(see Table IV). The ionizations to individual vibrational levels can be 

considered to have symmetric halfwidths and perhaps may be better modelled 

with functions containing Lorentz contributions. However, normal 

instrumental Gaussian type broadening allows for an adequate 

representation of an individual vibrational component by a symmetric 

Gaussian. 

It is clearly seen in Figure 7A that the 2Alg is not suited to a one 

band asymmetric fit because of the structure due to a partially resolved 

vibrational progression. Raman spectroscopy on osmocene68 gives a 

symmetric metal-ring Alg stretch of 349 cm-l (0.0433 eV). Using this value 

as a first approximation of the separation between symmetric Gaussians 

under the 2Alg , a fit is obtained which possesses five vibrational bands. 

This ionization and the partially resolved vibrational progression 

was of interest in this complex, because the adiabatic and vertical 

ionization were expected to coincide. However, a contribution was found 

at 7.370 eV, which at first glance could be assigned to the adiabatic 

ionization separated one vibrational level from the vertical ionization. 

A higher temperature spectrum of the osmocene 2Alg ionization was obtained 

and the area for the ionization at 7.370 eV is found to increase relative 

to the ionization area under the band at 7.423 eV. Increases in 



Table IV Analytic Representations of Osmocene Valence Ionizations. 

State Pos. Amp. 

301 data points A13 

Asymmetric band 

Symmetric bands * 
fit of all vibrational 0 
fine structure. 
Halfwidths are 
constrained to equal 
one another. 

t Hot Band. 

1 
2 
3 

7.424 10982 0.135 

7.370 1986 0.059 
7.423 10448 0.059 
7.471 5231 0.059 
7.524 2451 0.059 
7.572 946 0.059 

Relative 
Area 

0.075 1. 000 0.065 

0.059 0.190 0.013 
0.059 1.000 
0.059 0.501 
0.059 0.235 
0.059 0.091 

25.692 

1.196 

60 
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ionization area with temperature indicate the presence of a hot band. 59 

The resolution and symmetric Gaussian fit allow for vibrational analysis 

of the cationic state and discovery and characterization of a hot band. 

Further comparisons between neutral and cationic vibrational frequencies 

and force constants may be made. The use of symmetric Gaussians are of 

great benefit for modelling this structure. 

Conclusions 

When developing analytical representations for photoelectron data, 

one should have in mind a model which adequately describes the data with 

a minimum of variables. To encourage this bias, photoelectron spectra 

should be fit with the minimal number of peaks needed to account for the 

electron area. The resulting fit may then be analyzed for its 

inconsistencies and outright unplausible characteristics. More bands and 

parameters may then be added to account for shoulders and split bands, if 

warranted. 

Bands with asymmetric halfwidths, where loll is greater than lolh are 

unreasonable. Ionizations which exhibit this characteristic should be 

examined more carefully and the following questions asked. 1) Is there 

more than one ionization under this band? 2) Is there an overlapping 

ionization which would account for this behavior? 3) Is there enough data 

to describe the halfwidths of an individual ionization within a series of 

ionizations and should such bands have their ha1fwidths constrained to 
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another similar ionization band halfwidth, which is better described by 

the data? 

If it is required that the halfwidths be constrained, it is more 

reasonable to constrain a series of similar ionization W1 to one another. 

Similarly, a series of similar Wh halfwidths should be constrained equal 

to one another. This allows for the overall asymmetry of a constrained 

series of halfwidths to be evaluated. The W1 of one band should not be 

constrained to Wh of another band, since there is no theoretical 

relationship between the two. 

In some cases, a single ionization will possess additional structure 

along the ionization envelope. This may be due to vibrational fine 

structure. Fitting an ionization of this type would be better modeled as 

a series of symmetric Gaussians. All the halfwidths should be constrained 

to one another, with one free to vary. When modelling a vibrational 

progression, the separation between symmetric Gaussians is expected to be 

constant and of the same general magnitude of the vibrational frequency 

of interest in the neutral complex. A great deal of useful information 

can be utilized in describing the state and structure of the cationic 

complex, when vibrational fine structure can be resolved and characterized 

under an ionization band. 

There is a danger in placing too much physical significance in any 

one parameter value that is strongly correlated to the values of other 

parameters, such as a series of asymmetric Gaussians with halfwidths 

constrained to one another. In some cases, numerous Gaussian bands fit 
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to represent an ionization envelope, at best, represent only the area 

under the envelope and not the number, halfwidths, position or even 

individual peak area of individual Gaussian components. One should never 

fit a number of bands under an envelope based solely on a theoretical 

calculation that suggests how many ionizations there should be. The 

number of bands should be dictated by the data and statistics of noise and 

certainty. 



64 

CHAPTER 4. 

MEASURES OF ELECTRON DISTRIBUTION AND BONDING IN OSMOCENE 

Introduction 

The discovery of metallocenes and the understanding of their 

structure and bonding has been a major feature of the progress of modern 

organometallic chemistry. The electronic structure, bonding, physical 

properties and reaction chemistry of ferrocene have been extensively 

studied, and theoretical investigations continue to refine the bonding 

model of this fundamentally important system. By comparison, the studies 

of the heavier metal analogs, such as ruthenocene and osmocene, have been 

much more limited. 

No calculations for ruthenocene or osmocene have been reported to 

date. These heavier metal systems offer an opportunity to study the 

features of the '1s-cyclopentadienyl-to-metal interactions as a perturbation 

of the standard ferrocene system. The He(I) photoelectron spectra of 

derivatives of osmocene have been reported earlier, 70,71 but the spectrum 

of osmocene itself has not been previously obtained. Here the high 

resolution He(I) and He(II) photoelectron study of osmocene is reported. 

It is found that the osmocene ionizations are spread over a wider range 

than the ferrocene ionizations. Ionizations of third row metal complexes 

have been demonstrated to possess more narrow and better resolved 

ionization bands, than their first row counterparts. 72,73 This provides for 
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detailed vibrational and spin-orbit analysis and also allows for more 

detailed evaluation of the bonding interactions in metallocenes than is 

possible from the study of other similar complexes. 

Comparisons between He(I) and He(II) ionization cross-sectional areas 

support the assignment of metal and ligand based ionizations while 

comparisons between metal and ligand ionization areas suggests a 

correlation between ionization area and the extent of atomic interaction 

found in certain ionizations. The exploitation of observed spin-orbit 

coupling in ionization containing significant amounts of metal character, 

also gives a good estimation of the amount of metal and ligand character 

involved in the bonding orbitals of osmocene. 

General Photoelectron Features 

The full valence He(I) and He(II) photoelectron spectra of osmocene 

are shown in Figure 8. The adiabatic and vertical ionization energies 

and relative areas of each ionization band are given in Table V. There 

are four separate regions of photoelectron ionizations. One is a broad 

region of overlapping ionizations from 12 to 15 eV which contains all the 

C-H and C-C 0 ionizations and the ring 1r alg and a2g ionizations. No 

attempt has been made to locate the ring 1r alg and a2g ionizations from the 

forest of C-C and C-H 0 ionizations. 
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Ionization Energy (eV) 
16 14 12 10 8 6 

He I 

He II 

Figure 8 He(l) and He(ll) photoelectron spectra of osmocene, CP20s. The 
sharp ionization found at 14.38 eV in the He(ll) spectrum is due to the 
ionization of the He by the He(ll)~ source line. 



Table V Band Ionization Energies and Relative Area. t 

States Adiabatic 
(± 0.003) 

Vertical 
(± 0.003) 

Relative Area 
He(I) He(II) 

Osmocene 

Metal 

Ring e1g 

2E2 (5/2) 

2A1 (1/2) 

2E2 (3/2) 

2E1 (1/2) 

Ferrocene * 

Metal 

6.986 

7.423 

7.651 

8.628 

10.017 

10.218 

8.751 

7.149 1.53 

7.423 1.00 

7.809 1. 37 

8.628 2.80 

10.017 
2.48 

10.218 

6.891 3.88 

7.251 1.00 

8.751 9.75 

See experimental section for discussion of uncertainties. 
Hot band occurs at 7.370 eV. 

• Data taken from G. P. Darsey, Ph.D. Dissertation (1988). 

1.54 

1.00 

1. 34 

1.40 

1.66 

3.04 

1.00 

4.24 

67 
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Ionizations located in the region from 8 to 11 eV involve 

combinations with the el" orbitals of each cyc1opentadieny1 ring. It has 

been observed74-77 that ionizations which contain a greater amount of metal 

character generally increases in intensity relative to ionizations with 

carbon character, when He(II) excitation is used in place of He(I) 

excitation. The ligand ionizations from 8 to 11 eV decrease in relative 

ionization cross-sectional area as compared to the three metal ionizations 

located in the region of 7 to 8 eV. The He(II) spectrum also clearly 

shows the relative increase in the band intensity of the ring ~ ionization 

located at 10.0 eV with respect to the ring ~ ionization found at 8.6 eV. 

This increase in relative intensity illustrates the greater metal 
/ 

involvement to be found in the ligand ionization band located at 10.0 

eV.71,78 The resulting 1.4 eV separation between the cyc1opentadieny1 ~ 

ionizations also indicates a substantial interaction of osmium Sd metal 

levels with the cyc1opentadieny1 ~ ionization at 10.0 eV. Because of the 

mixing indicated by these experimental observations, this is referred to 

as the metal-ligand ~ ionization. 

The distinct profile of the ligand ~ ionization located at 8.6 eV 

suggests the presence of extensive vibrational progressions under this 

ionization band. This is expected for a primarily cyc1opentadieny1 ligand 

based orbital combination. The ligand-metal ~ profile located at 10.0 eV, 

at first glance, suggests an even better resolved and more extensive 

vibrational progression than its ligand based counterpart. However, 

interaction of the heavy metal osmium Sd levels with the cyc1opentadieny1 
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~ ionization requires an accounting of spin-orbit coupling within this e 

set. A spin-orbit splitting of 0.101 eV is ascertained for the ligand

metal ~ level and superimposed upon this splitting is the same extensive 

vibrational progression found in the primarily ligand based ~ ionization. 

The ionizations, as mentioned above, located between 7 and 8 eV 

correlate to the metal valence d levels, consistent with the increased 

relative intensity in He(I)/He(II) comparison of these ionizations. It 

can be seen that there are three separate ionization bands, attributable 

to the dB osmium center. The metal e set is split by spin-orbit coupling 

of the third row transition metal. 70,71 The flanking ionizations are of 

similar appearance and are assigned to the spin-orbit split E states. The 

sharp center ionization is due to the metal A state. The previously 

assigned metal region70 labels the spin-orbit split pair as the 2E2 (s/2) 

state, at lowest ionization energy, and the 2E2 (3/2) state, 0.66 eV to 

higher ionization energy (as measured from the vertical ionizations). The 

flanking ionizations exhibit the beginnings of resolved vibrational fine 

structure along the ionization envelopes, as seen in the close-up spectrum 

of the metal region (Figure 9). The center sharp ionization has a less 

extensive vibrational progression than that observed in the spin-orbit 

spli t ionizations. The sharpness and lack of extensive vibrational 

structure would indicate the nonbonding character of this ionization while 

the spin-orbit split pair is apparently involve with bonding in the 

complex. 
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Ionization Energy (eV) 
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70 

A 

B 

c 

D 

Figure 9 He(l) photoelectron spectra of a) metal region from 6.5 to 8.5 
eV. b) 2E2 (3/2) state. c) 2A1g state. d) 2E2 (5/2) state. 
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Symmetry Designations 

Before discussing the information from the ionizations in more 

detail, it is necessary to review the structures and symmetry designations 

for the orbital interactions and electronic states of meta110cenes. The 

first room temperature crystal structure of ferrocene determined the 

cyc10pentadieny1 rings to be oriented in a staggered configuration 

resulting in a point group designation of D5d.79-81 Later structures of 

ferrocene confirmed that the room temperature structures were disordered 

and determined that the equilibrium conformation of the cyc10pentadieny1 

rings were ec1ipsed. 82-87 This changes the symmetry designation of the 

molecule to D5h . Crystal structures of ruthenocene86 and osmocene89 .90 both 

determined the rings in an eclipsed orientation which also results in a 

D5h point group designation for each of these molecules. 

The barrier to rotation for ferrocene was determined to be about 

3.8±1.3 kJ/mol, about one-third that found for ethane. 91 The barriers to 

rotation, while not found for ruthenocene and osmocene, has been 

calcu1ational1y estimated for ruthenocene to be only 1.88 kJ/mo1 greater 

than that found for ferrocene. 92 Using Boltzmann's distribution to predict 

the distribution between conformers, it is found that the higher energy 

conformer is only populated to 13% at 60°C, if the estimated barrier for 

ruthenocene is used. The barrier for osmocene is probably greater. We 

find no evidence for two different conformers in the photoelectron 

spectrum (vide infra). 
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In deciding upon either set of DSd or DSh irreducible representations, 

it is noted that they may be correlated and interchanged with ease. We 

have chosen to use the DSd point group representations because much of the 

literature employs this point group with reference to DSd ferrocene and 

because the gerade and ungerade notation of the DSd point group allows for 

a rapid grasp of symmetry matching with metal orbitals that is not as 

accessible with the prime and double prime notation of the DSh point group. 

As spin-orbit coupling effects are discussed, the double group notation 

for Ds will be used. 93 The notation of the point groups converge when 

spin-orbit effects are taken into consideration, as double group Ds is a 

subset of both DSd and DSh point groups. 

Calculational Background 

Numerous reports on theoretical calculations of the electronic 

structure of ferrocene have appeared. S2 ,94-102 Part of the reason for the 

abundance of calculations on ferrocene, in addition to the point that 

ferrocene is considered a fundamental complex in organometallic chemistry, 

is the difficulty various calculational methods have had in predicting 

many of the experimental observables. Initially, Koopmans' theorem type 

calculations failed to predict the order of the valence ionizations in 

ferrocene because the calculations neglected the large relaxation energy 

effects found in iron. 94 In some cases the metal levels were even 

calculated to be more stable than the ring 11" levels .101 These calculations 

also predicted the metal a1g to be the least stable occupied metal orbital 
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with the metal e2s being slightly more stable due to its proposed 

interaction with the empty cyc1opentadieny1 e2s set. 52 ,94 The photoelectron 

spectrum for ferrocene, however, indicated ionization from the 2E2S state 

before ionization from the 2A1S state, counter to calculated predictions. 

As relaxation effects were taken into account better results were obtained 

but even sb initio calculations have failed to predict metal-ring bond 

distances to better than ~O.2S A longer than the experimental distance. 95
-

97 It was found that extensive configuration interaction calculations had 

to be performed to acquire a metal-ring bond distance accurate to within 

~O.l A. 98,99 It was also noted that these calculational methods treated 

ferrocene as a very ionic species,99 even though ferrocene is considered 

the most covalent of all the first row meta11ocenes. 91 Configuration 

interaction calculations were then needed to better represent the more 

covalent (de1oca1ized) wavefunction of the metal. 

With regard to the heavy metal analogues of ferrocene, Koopmans' 

theorem may have more success, since the relaxation effects are less for 

the heavier metals. 94,103,104 The increased diffuseness of 4d or Sd atomic 

orbital for Ru or Os versus Fe, may encourage a greater reflection in the 

covalent character in the calculations of these heavier metal complexes. 

However, heavy metal calculations require added relativistic 

considerations, adding to the difficulty in attempting these types of 

calculational problems. 
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Spin-Orbit Coupling 

The spin-orbit coupling constant for neutral atomic osmium was not 

accurately known at the time the photoelectron spectrum of an osmium 

metallocene was first reported. The probable range of spin-orbit coupling 

values was 0.33-0.43 eV, based on extrapolated values given by Griffith. 93 

While the atomic spectral lines of osmium have been known for many years, 

the evaluation of an intrinsic spin-orbit coupling value has been hampered 

by the extensive mixing between atomic states of osmium. Wyart105 reports 

an experimental spin-orbit coupling constant of 0.378 ± 0.004 eV for 

neutral atomic osmium (Sd6 6s2). A more complete listing of other neutral 

and ionic spin-orbit coupling values for most of the atoms may be found 

published by Lefebvre -Brion and Field .106 

The splitting of the 2E2g set is 2r. 93,107 The spin-orbit coupling 

parameter, r, is experimentally determined to be 0.330 ± 0.003 eV for the 

2E2g ionizations based upon the vertical ionization values in the spectrum 

of osmocene. This value is found to be 87 ± 3% of the neutral atomic 

spin-orbit coupling constant. Using a zero differential overlap (2DD) 

approximation, 

where rM(5d) is the atomic spin-orbit coupling constant for the metal atom 

and rC(2p) is the atomic spin-orbit coupling constant for carbon (basically 

zero), the percent metal atomic character for the 2E2g molecular states is 

then likewise estimated to be 87% metal in character. Conversely, the 2E2g 
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molecular states are found to be 13% ligand ~ in character. This estimate 

of metal character is probably a lower bound because the spin-orbit 

coupling of osmium in a positive oxidation state is expected to be greater 

than the neutral atom. 

Figure 10 shows the correlation of the experimental ionization 

energies with the energies projected for states without spin-orbit 

interaction and without metal-ligand overlap interactions. The observed 

ionization energies are in the third column of the diagram. The 2A1g 

ionization is not shifted by spin-orbit interaction with the other valence 

levels and is basically non-bonding with the cyclopentadienyl rings (vide 

infra). Therefore the ionization energy of atomic osmium 5d states in the 

molecule (column one) is drawn parallel to the 2A1g ionization energy. The 

cyclopentadienyl ring e1u , elg ionization energy in column four is set 

equivalent to the 2E1 (elu ) ionization energy of the molecule, because this 

state is not the correct symmetry to interact with the osmium 5d orbitals. 

The e1g symmetry combination of the ring orbitals is the correct symmetry 

to interact with the metal d orbitals and the stabilization relative to 

the e 1u is shown in column 2. The elg combination is further split by 

spin-orbit effects from mixing with the third row metal to produce the 

2E1 (3/2) and 2E1 (1/2) molecular ion states (column three). The ionization 

energies of the spin-orbit split metal 2E2g states in column three (2E2 (5/2) 

and 2E2 (3/2» are extrapolated back to their average value in column two in 

order to represent the energy before spin-orbit interaction. 
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The average value for the 2E2S ionization energy is 7.479 eV, which 

is about 0.05 eV greater than the ionization energy of the metal 2Als . 

Using Koopmans' theorem and simple symmetry interactions to predict the 

ground state ordering of the these molecular orbitals gives an ionization 

order of a1s before e2S with neglect of spin-orbit sp1itting. 52,94,100 This 

is because the metal dz2 has a symmetry allowed interaction with the filled 

als (7f) orbital of the rings, and the metal e2s (d,.2_y2, cl,.y) has a symmetry 

allowed interaction with the empty e2S(7f) orbitals of the rings. This 

ordering is reflected by the photoelectron spectrum of osmocene but is 

counter to that found in the photoelectron spectrum of ferrocene. The 

photoelectron spectrum for ferrocene shows ionization from the 2E2S state 

before ionization from the 2AlS state. This ionization order has been a 

source of controversy, because extensive ab initio Hartree-Fock-Roothaan 

calcu1ations52 ,94 also determine the metal a1s to be less stable than the 

metal e2s' in agreement with qualitative considerations. However, use of 

Koopmans' theorem to predict the order of the valence ionizations in 

ferrocene fails because of large electron relaxation energy effects found 

in iron. 94 The reversal of metal-based ionization ordering in the 

photoelectron spectrum of osmocene as compared to ferrocene partly follows 

from the smaller electron relaxation effects found in the third row 

meta1s103 ,l08 and perhaps also highlights the greater covalent bonding 

capabilities of osmium versus iron. 

In general, the ionizations in the metal region are stabilized in 

osmocene compared to ferrocene. The 2AlS ionization has been stabilized 



78 

0.18 eV to higher ionization energy while the zEzg ionizations are 

stabilized 0.59 eV upon change of osmium for iron. This general 

stabilization is counter to the usual thought that third row metals are 

easier to oxidize than first row metals. Part of this overall greater 

shift in the zEZg may be a consequence of the differences in covalent 

bonding character as exhibited by osmocene. The differences in magnitude 

between the shifts in the ZA1g and zEzg (where the zEzg ionization energy of 

osmocene is taken as the average of the spin-orbit split pair) would 

indicate that either the metal zEzg changes molecular character to a 

greater extent than the zA1g ionization with change in metal or the 

relaxation energy for the zA1g is different from that found for the zEzg • 

Generally, the ionization bands of more pure metal character shifts to a 

greater extent with a change of third row metal for first row metal. 

However, in this case, the zEzg which contains a greater mix of ligand 

character shifts to a greater extent. 

Vibrational Fine Structure 

Metal 2E2g The vibrational structure found on each of the metal ZEZ(3/Z) and 

ZEZ(5/Z) bands (the spin-orbit split components of the metal zEzg ) is 

illustrated in Figure 9 and tabulated in Table VI. Close-ups of the 

ZEZ(3/Z) and zEz(s/z) were fit with symmetric Gaussians by a non-linear 

regression routine to determine the vibrational spacing under each 

ionization envelope. For the ZEZ(5/Z)' a vibrational progression of 

0.0412(1) eV (332 ±1 cm-1 ) is observed. This is a decrease in frequency 



Table VI Vibrational Spacings of Metal 2E2 (5/2)' 2A1 (1/2) and 2E2 (3/2)' 

Harmonic I.E. (eV) l::. (eV) I.E. (eV) l::. (eV) I.E. (eV) l::. (eV) 

o 

1 

2 

3 

4 

5 

6 

7 

8 

9 

average 
stand. dev. 

6.9859 

7.0255 

7.0669 

7.1083 

7.1494 

7.1906 

7.2316 

7.2718 

7.3102* 

7.3458* 

0.0396 t 

0.0414 

0.0414 

0.0411 

0.0412 

0.0410 

0.0402 t 

0.0384 t 

0.0356 t 

0.0412 
0.0001 

7.4233 

7.4710 

7.5236 

7.5719* 

0.0477 

0.0526 

0.0483 

0.0495 
0.0022 

7.6514* 

7.6988 

7.7449 

7.7877 

7.8306 

7.8733 

7.9158 

7.9586 

8.0009 

8.0430* 

0.0474 t 

0.0461 t 

0.0428 

0.0429 

0.0427 

0.0425 

0.0428 

0.0423 

0.0421 t 

0.0427 
0.0001 

79 

* Uncertainty in peak position due to the constraint of vibrational band 
position and/or half width or overlap with an adjacent ionization band. 

Data is outside 3a limit. 

Hot band occurs at 7.370 eV. 
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of 17 cm- l from the neutral osmocene ring metal stretch (A18 , 349 ±l cm- l ). 

The 2E2 (3/2) ionization displays a vibrational progression with spacing of 

0.0427(1) eV (344 ±l cm- l ). This is a decrease in frequency of only 

5 cm- l . 

The differences between the frequencies observed in the spin-orbit 

split 2E2 (5/2) and 2E2 (3/2) states of the cation illustrates the physical 

consequence of configuration interaction. In this case, the spin-orbit 

coupling contribution is greater than the ligand field splitting 

contribution to the energy. It follows that J is the best quantum number 

for this system and that mixing of states will occur for similar J's. For 

the 2E2 (S/2) state, there are no other states with J-5/2 that are similar 

in energy. However the 2E2 (3/2) state, where J-3/2, has reasonably close 

access to both the filled ring levels eE2 (3/2» and empty virtual levels 

(ring 2E2 (3/2) and metal p 2El(3/2 ) orbitals) .109 Consequently, the radial 

wavefunctions are intrinsically different because each state may indulge 

in differing amounts of configuration interaction mixing. Differences in 

the radial parts of the wavefunction then leads to changes in the overlap 

and bonding of the metal with the ligand, reSUlting in different bond 

frequencies found for each spin-orbit split states. This will also 

influences the ionization cross-sections, 110,111 where the relative areas 

of the 2E2 (SI2) and 2E2 (3/2) states are found to exceed a I: 1 ratio. The non

statistical distributions of area in the spin-orbit split states has been 

observed for the atomic photoelectron spectra of the noble gases (Ar, Kr, 

Xe)110,112 and the noble metals (Zn, Cd, Hg) .111 The differences in 

...... _ ... _._---
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ionization cross section between spin-orbit split states has been 

explained as a consequence of the differences in energy and differences 

in radial function distribution between the states, which results in 

preferential ionization of the more loosely bound l+~ spin-orbit state 

relative to the more closely bound ..e-~ state .110,111 As may be seen in the 

case of osmocene, the 2E2 (s/2) state possess a slightly larger cross section 

and a greater decrease in vibrational frequency than the 2E2 (3/2) state, 

supporting a more diffuse radial distribution for the 2E2 (s/2) state. 

Further analysis of these vibrational progressions yields both force 

constant and bond distance changes between the metal and ring for the 

osmocenium cation. Assuming the harmonic oscillator approximation and 

normal mode vibrational analysis for a linear three mass model, 113,114 the 

force constant, ken-cp, is approximated by from the following equations: 

kes-cp + kIf (211"CV4)2 Mcp (2) 

kes-cp - kIf (211"CV 11)2 (Mcp'Mos/(Mos + 2Mcp» (3) 

where kIf is a second order interaction force constant for the Cp-Os-Cp 

vibrations, v4 is the frequency of the symmetric (A1g ) stretch, vll is the 

frequency of the asymmetric (A2u ) stretch, Mcp is the mass of the 

cyc1opentadieny1 ring and Mos is the mass of osmium. From the 

photoelectron spectrum, only the frequency of the symmetric stretch, v 4 • 

is observed from the vibrational fine structure. The symmetric stretch 

dominates the progression due to the "selection rules" for PES .115,116 The 

infrared117 ,118 and Raman119 spectra obtained for the neutral complex have 

shown that the asymmetric and symmetric stretches are nearly identical 
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Table VII Force Constants and Changes in Metal-Cyclopentadienyl Bond 
Lengths. 

2A1 (1/2) 

2E2 (3/2) 

332 (1) 

399 (18) 

344 (1) 

Raman/IR t 349 (1) 

t reference 52. 

"11 (cm-1
) k (mdyne/A) k" (mdyne/A) 

350 (1) 

3.37 (1) 

4.9 (4) 

3.62 (1) 

3.74 (1) 

0.861 (1) 

1.2 (1) 

0.924 (1) 

0.943 (1) 

0.12 (1) 

0.12 (1) 
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(see Table VII). If the same is true for the cation (that V4 - V 11 ) , then 

the osmium-cyclopentadienyl force constants can be determined. The force 

constants found for the neutral osmocene and from the various vibrational 

progressions are shown in Table VII. 

The change in cyclopentadienyl ring centroid to metal distance is 

calculated by the following equation: 

V - 1/2 kos-cp S 2 (4) 

where S is the radial displacement of the cyclopentadienyl ring from the 

osmium equilibrium distance and V is the potential energy (difference in 

energy of the adiabatic to vertical ionization). For the 2E2 (5/2) 

vibrational progression with the adiabatic ionization selected at 6.986(2) 

eV and the vertical ionization occurring at 7.149(2) eV (the fourth 

harmonic), a 0.12 A lengthening of the Cp-M distance is calculated for the 

2E2 (5/2) cation state. For the 2E2 (3/2) state, the adiabatic ionization was 

selected at 7.652(2) eV and the vertical ionization was found to be half 

way between the third and fourth harmonic, at 7.809(2) eV. These values 

also result in a 0.12 A lengthening of the Cp-M distance for the 2E2 (5/2) 

state of the cationic complex. 

To support the predicted 0.12 A increase in metal-ring distance, 

structural data for osmocene, osmocenium, ferrocene and ferrocenium were 

reviewed. The difference between a cationic metal-cyclopentadieny1 bond 

length and the neutral metal-ring bond length (as measured from the ring 

centroid) was found to increase only 0.06 (3) A for osmocene89 and its 

cation. 120 Because of the difficulty in isolating the one electron 
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oxidation product of osmocene, 120,121-123 a dimeric complex possessing a Os

Os metal single bond12o is isolated as the one electron oxidation product 

of osmocene. Together with poorly resolved crystal structures, the 

determination of the metal-ring bond distance changes with the loss of an 

electron results in a statistically insignificant change in bond distance, 

as determined by X-ray crystallography. 

The bond distance changes between ferrocene84 and the ferrocenium 

cation124 indicate a statistically significant 0.044(6) A increase in ring

iron bond length. However, metal-ring distance changes found between 

decamethy10smocene125 and its cation71 suggest an statistically 

insignificant metal-ring distance decrease of 0.11(5) A. Other than for 

the ferrocene pair, X-ray crystallography does not advance a statistically 

valid conclusion upon the magnitude and direction of any osmocene or 

osmocene derivative metal-ring bond distance change with the loss of an 

electron, as compared to the vibrational analysis of the photoelectron 

data. 

Metal 2A1 Ionization As noted before, the metal 2A1 ionization band does 

not possess as extensive a vibrational progression as the metal 2E2g set. 

This implies that an ionization from the 2A1 does not result in as much, 

if any, bond distance change, since very few vibrational quanta have been 

accessed. The ionization envelope of the metal 2A1 has been fit with a 

leading ionization at 7.370(2) eV, about one neutral symmetric metal-ring 

vibrational separation to lower ionization energy from the most intense 
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vibrational band. This leading ionization could have two possible 

origins. The first plausibility is that this band is the adiabatic 

ionization. This implies some separation in energy between the adiabatic 

and the vertical ionizations and would suggests a change in metal-ring 

bond distance. This possibility does not seem likely because the relative 

intensity of this leading component is not consistent with the intensity 

pattern of a vibrational progression. 

The second possibility is that the leading ionization arises from the 

first excited vibrational level of the neutral complex, otherwise known 

as a hot band. The statistical percentage of molecules in the excited 

vibrational state of the neutral molecule is determined for different 

temperatures by Boltzmann's distribution, 

th - e-M./kT 

N 
(5) 

where ~E is 0.0433(2) eV, the first vibrational energy of the neutral 

complex's metal-ring stretch, k is Boltzmann's constant and T is the 

temperature of the gas phase experiment (328 K, 363 K and 373 K). The 

relative area between the leading ionization and the most intense 

ionization at the different temperatures is given in Table VII. The 

leading ionization shows a dependence upon temperature such that its area 

increases relative to the most intense peak with increasing temperature. 

The relative areas are in excellent agreement with the predictions from 

Boltzmann's distribution. Therefore, we believe that the onset ionization 

of the 2Al band is a hot band and furthermore that the adiabatic and 

vertical ionizations both occur at the most intense vibrational band. 
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Table VIII Change in Hot Band Relative Area t with Change in Temperature. 

Experimental 
Temperature °C 

55 

90 

100 

Hot Band 
7.370(3) eV 

0.19 

0.25 

0.26 

Vertical I.P. 
7.423(3) eV 

1.00 

1.00 

1.00 

Boltzmann's 
Distribution 

0.216 

0.251 

0.260 

t See experimental section for discussion of uncertainties. 
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The frequency of the cationic metal-ring symmetric stretch and force 

constants may be evaluated from the last four vibrational bands to higher 

ionization energy. The metal-ring vibrational frequency in this state of 

the cation is found to be O.0495(22)eV (399±18 cm-1) , a frequency just 

outside the 317 limit of being greater than the neutral metal-ring 

symmetric stretch (349±1 cm-1). A larger vibrational frequency suggests 

a stronger force constant as compared to the neutral complex and that upon 

ionization to the 2A1 cationic state, the complex has not lost much 

covalent character but has in fact gained in ionic contributions to the 

bond strength. 

Ligand e 1u Ionization The ionizations beginning at 8.5 eV are associated 

with the e 1u combination of the cyc1opentadieny1 e1" (71') orbitals. This 

orbital combination, by symmetry, may only interact with the higher energy 

metal 6px and 6py orbitals and so is expected to be predominantly ligand 

based. Observing the general structure of the band indicates the 

activation of several vibrational progressions upon ionization. The 

close-up of this ligand based ionization is given in Figure 11. The 

spacings indicated by the bar scale in Figure 11 are the neutral 

vibrational spacings as obtained from Raman spectroscopy for osmocene.119 

The ionization envelope can be fit with the fewest Gaussian bands only if 

these Gaussians are asymmetric, suggesting further vibrational 

progressions located under the asymmetric Gaussian fits. Observed in the 

initial ionization, at 8.63 eV, is a shoulder at higher ionization energy 
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Figure 11 He(I) close up of the ligand elu ionization. The bar scale at 
the top of the spectrum represents the possible symmetric AlB vibrations 
which are partially resolved. 
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with a separation from the main ionization of 0.043 eV, indicative of the 

beginning of the ring metal symmetric v4 (AlB) stretch seen earlier in the 

metal region. Further, the large broad shoulder located to even higher 

ionization energy may be fit with symmetric Gaussians located a minimum 

of 0.090 eV to a maximum of 0.140 eV from the leading sharp ionization. 

This suggests the presence of one or both vibrational modes with 

frequencies on the order of 0.1 eV. The ring breathing vibrational mode, 

v3 (AlB) with a 0.136 eV separation and the ring out of plane C-H 

vibrational mode v2 (AlB) with a 0.103 eV separation may account for the 

ionization area between the intense leading ionization and the final band 

maximum at 9.011(2) eV. However, there is not enough resolution in this 

area to clearly determine the spacing of the two vibrational modes, though 

we find no reason for the vibrational progressions not to be present under 

this ligand ionization. 

Finally, there is a last intense feature at 9.011(2) eV, with a 

separation of 0.381 eV (3076 cm- l ) , indicative of the activation of the 

symmetric C-H ring stretch vl (AlB) found at 3110 cm-1 in the Raman spectrum 

of neutral osmocene.119 Other workers have explained the unique profile 

of the metallocene ligand based e 1u band as due to Jahn-Teller splitting 

in the e set. 71 I do not believe this is the case. Jahn-Teller splitting 

of an e set should result in two bands of nearly equal area as the 

localized symmetry about the cyclopentadienyl rings is broken. It is 

clearly observed in Figure 11 that the two band maxima at 8.5 and 9.0 eV 

do not possess the same ionization area. Further, if J ahn-Teller 
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splitting is at work under this ionization band, then we would expect the 

same magnitude of splitting in the other ligand e set (elS)' 

Ligand-Metal e~ Ionization In contrast to the cyclopentadienyl elu ' the 

els ionization, beginning at 10.0 eV. is of the correct symmetry to 

interact with the metal d orbitals (see Figure 12). The large 

stabilization of the els from the elu is the first indication of metal 

involvement with the els ' The second indication of greater metal 

involvement with the ring els is found in the He(ll) spectra of osmocene, 

shown in Figure 8. As pointed out before in the results section, 

ionizations which contain a greater amount of metal character increase in 

intensity relative to ionizations which do not contain metal character. 

The He(ll) spectrum clearly shows the relative increase in e1s ionization 

band intensity relative to the elu band. 

Less resolved ligand vibrational structure within the els envelope is 

also expected as a consequence of greater metal involvement (Figure 10). 

However, leading the ionization are two very sharp features. With the 

greatly suspected involvement of the third row metal and these indications 

of greater covalent interaction with the 1f ligand orbitals, these two 

sharp ionizations are ascribed to spin-orbit splitting of this e set. 

The splitting observed between the first two sharp ionizations in the 

e1s is 0.101(3) eV. An estimation of the extent of metal involvement may 

be determined from the spin-orbit splitting observed within the els band. 

By knowing the atomic spin-orbit constant, which is 0.378(4) eV,105 the 
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Figure 12 He(I) close up of the ligand elg ionization. The each bar scale 
at the top of the spectrum represents the possible symmetric Alg vibrations 
which are spin-orbit split by 1.01 eV and are partially resolved. 
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percent metal character is estimated to be 27%, using the ZDO 

approximation (equation 1). 

Because of spin-orbit splitting, there exists two ionization band 

profiles, displaced by 0.101 eV and overlapping each other. Therefore any 

vibrational fine structure separated on the order of 0.1 eV (namely v2' 

(0.103 eV), and v3' (0.136 eV) will be further obscured by the spin-orbit 

coupling and difficult to resolve. However, there is an indication of the 

presence of one or both of these vibrational bands. The third broadened 

feature, at 10.218 eV, is separated the correct distance from the first 

and second sharp ionization features, indicative of the presence of either 

or both the v2 or v3 vibrational overtones. The last ionization of 

sufficient amplitude, is separated from the first and second sharp 

ionizations by 0.373 eV, establishing the presence of the C-H symmetric 

ring stretch, found with a 0.386 eV (3110 cm-1 ) separation in the Raman. 

The metal-ligand stretch may also be present, however there is not enough 

resolution on the leading ionization to establish the presence of v4 with 

an expected difference in band ionization energy on the order of 0.04 eV. 

Invoking Jahn-Teller splitting for the ligand-metal elg band with the 

same magnitude of separation as suggested for the ligand elu ionization in 

the previous section, the broad band maximum at 10.4 eV and the leading 

sharp ionization at 10.02 eV would be caused by Jahn-Teller splitting. 

If the e set is split by Jahn-Teller effects then the spin-orbit coupling 

can not give rise to the two sharp peaks in the leading edge of the 

ionization. The inclusion of both spin-orbit splitting and Jahn-Teller 
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splitting for one e set requires the existence of four degenerate orbitals 

under the metal-ligand ring ionization. Clearly this may not occur and 

therefore the distinctive profile of the ligand elu can only be due to 

activation of symmetric ring vibrations and the profile of the 1igand

metal elg is due to a vibrationa11y activated progression superimposed upon 

a spin-orbit split ionization. 

Relative Ionization Areas of Ferrocene and Osmocene 

One other benefit to examining osmocene with its well separated 

ionization bands is the opportunity to examine the relative changes in 

ionization band area with changes in metal and changes in orbital 

character. Table IX compares the predicted ratio of relative area from 

theoretical calculations of atomic ionization cross sections126 with the 

observed ratio of different bands in the photoelectron spectra. 

The cross-sectional area ratio between the pure metal based osmium 

orbital (2Alg) and the more pure carbon based ligand orbital (elu ) indicates 

that the atomic cross-sectional area of osmium Sd metal electrons is 

approximately 0.7 that of the atomic predominantly 2p carbon electrons. 

Under He(I) ionization source energy, this same ratio taken from the 

theoretically calculated cross-section of osmium Sd electrons versus the 

carbon 2p predicts a ratio of 4.49 to 1. The theoretically calculated 

cross-sections tend to do an adequate job of predicting the cross-sections 

between iron and carbon, as seen in Table IX, but does a poor job between 

osmium and carbon and again fails to predict a good ratio between osmium 
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Table IX Relative Cross-Sectional Areas. 

Measured Relative Areas t 
Calc. 

.9.1g "'£'2g- .9.1g+e2g -.1!lg_ g2g .9.1g+e2g M(nd) 
elu elu elu elu+elg elu+elg elu+elg C(2p) 

He(I) 0.41 0.80 0.67 0.79 
Ferrocene He(II) 0.94 1.43 1.27 4.67 

He(I)/He(II) 0.44 0.56 0.53 0.17 

He(I) 0.71 1.04 0.93 0.76 1.10 0.98 4.49 
Osmocene He(II) 1.43 2.06 1. 85 1. 31 1.90 1. 70 9.26 

He(I)/He(II) 0.49 0.50 0.50 0.58 0.58 0.58 0.49 

He(I) 1. 85 1. 38 1.46 5.58 
Osmocene t 

He(II) 1. 39 1. 33 1. 34 1. 98 
Ferrocene 

He(I)/He(II) 1.33 1.04 1.09 2.86 

t Relative areas for indicated states from Table V, normalized to the 
number of electrons. 

t Ratio of osmocene to ferrocene metal-based ionizations normalized to 
ring-based ionizations. 

- ------- --- - ----------------------------------------



95 

and iron. This may suggest that the calculated cross-sections of osmium 

are poor while the cross-sections for iron and carbon are reasonable. 

However poorly the calculated cross-sectional ratios predict changes 

between atom types, they do an adequate job of predicting trends between 

He(I) and He(II) ionization sources. 

Cross sectional areas taken from experimental He(I)/He(II) spectra 

may be used to estimate the atomic character127 ,126 under an ionization 

band. The Gelius model127 assumes that the intensity of a molecular 

orbital is proportional to the sum of the atomic cross section of its 

components weighted by their molecular orbital mixing coefficients. This 

model is used with respect ionization area to predict the percent carbon 

character, X, in the ligand-metal e18 orbital according to the following 

equation, 

(6) 

where A is the area of the ligand e 18 or e1u ionization weighted per 

electron and RCa18/o1u) is the measured relative area, found in Table IX. 

Using this method, the e18 is found to possess 61% carbon character based 

upon the He(I) spectrum and 57% carbon character based upon the He(II) 

spectrum. This compares to the 73% carbon character estimated from the 

analysis of the spin-orbit coupling found in the ligand-metal e18 orbital. 

This same method when used to predict the carbon character to be 

found in the metal 2E2C3 /2) or 2E2C5/2)' fails badly. Here we take the metal 

2A1Cl/2) ionizational area to be completely metal in character and the elu 

to be completely ligand in character. If the 2E2 states are a mix of 
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ligand and metal character then their ionization area should range between 

the ionization area of the pure metal 2Al and the normalized ionization 

area of the pure ligand elu' This is not found to be the case. 

Several other workers129-131 have noted other effects which determine 

the overall changes in cross sections with changes in ionization source 

energy. Shape resonances, resonance effects129.131 and cross sectional 

dependence on the chemical and physical state of the heavy metal130 may all 

influence this cross sectional area. However, one added factor may 

influence the discrepancy between the absolute ionization area to be found 

under the "pure metal" 2A1 (1/2) and the "ligand mixed metal" 2E2 states, 

namely the differences between the extensive vibrational activation to be 

found in the 2E2 states as compared to the 2Al metal state. The transition 

moment for ionizations from the metal E states may be enhanced as compared 

to the metal A state, because of the access to extensive vibrational 

levels of the Estates. 

Conclusions 

The greater prominence of bonding or covalent character of osmocene 

as compared to ferrocene is illustrated by the large shift of the e1g from 

the predominantly ligand e1u and confirmed by the increased ionization 

area found in the He(II) spectrum under this band as apposed to the 

predominantly ligand e 1u band. A further estimate of 27% to 43% metal 

character in the elg ionizations is found from evaluation of the spin-orbit 

splitting constant and relative band intensities, respectively. From the 
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observed band shapes, ionizations are found with pronounced vibrational 

progression under each of the ligand and metal bands. The metal 2E2 (3{2) 

and 2E2 (s{2) ionizations both exhibit the bonding character associated with 

a long vibrational progressions and exhibit a weakening and lengthening 

of the metal-ring bond, due to a decrease from the neutral metal-ring 

vibrational frequency upon ionization. The spin-orbit coupling constant 

also gives an indication of the 87% metal character and conversely the 13% 

ligand character to be found from these ionization profiles. The ordering 

of the metal 2E2 and 2Al states also suggests greater covalent character. 

By contrast, the metal 2Al exhibits little bonding character with its short 

vibrational progression and increased metal-ring stretching frequency, 

which if anything, suggests an increase in bonding due to charge effects 

upon loss of an electron. 

------- ~-~~~-~~~---



CHAPTER 5. 

ELECTRONIC STRUCTURE OF NITROSYL AND CARBONYL 

SUPPORTED METAL-METAL BONDS 

Introduction 
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In the past decade, metal-metal bridged dimers of the type [CpM(~

XO)]2 (where Cp is either qS-CsHs or qS-CS(CH 3 )s, M-Co, Rh, Fe, Ru and X-C 

or N) have been studied extensively by calculations and photoelectron 

spectroscopy. 132-134.136-136 These dimers, which contain two d6 metal centers, 

bridged by either a carbonyl of nitrosyl and possessing a formal metal

metal double bond (see Figure 13), offer a unique opportunity to study and 

understand supported metal-metal interactions. The differing effects of 

bridging nitrosyl and bridging carbonyl coordination on the formally 

metal-metal double bonded interactions are investigated. Certain 

conclusions on the metal-metal intrinsic bond strength, the effects of 

cyclopentadienyl coordination on the metal-metal interactions and the 

necessity of bridging ligand stabilizations are drawn. A detailed 

investigation of the electronic structure and bonding in these 

representative complexes is addressed. 

Information on the electronic structure of this system, is obtained 

with He(I)/He(II) comparisons, which are utilized to identify molecular 

ligand characteristics in the photoelectron ionizations. Further infor

mation on the bonding characteristics are explored, by perturbing the ~ 

donating ability of ~he cyclopentadienyl ligand and changing the metal 
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Figure 13 Master Coordinate system for the planar D2h [CpM(p-XO) h dimers. 
The local coordinate system about each metal is choosen so that the z axis 
of each metal to be directed toward the other, as shown. 
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and bridging ligands. The photoelectron spectra of these complexes are 

presented here and a discussion on the assignment of the spectra is 

obtained by comparisons between an experimental series of related 

complexes. 

Much of the earlier literature speculated133 ,134 upon the assignment 

of the ionization of these complexes because of a lack of comparative type 

studies between complexes. By substituting pentamethylcyc1opentadieny1 

for cyclopentadieny1, the increased electron donation from ~ systems of 

the cyclopentadienyl system is used to identify metal-ring interactions. 11 

By substituting carbonyl for nitrosyl and Co for Fe, a net proton from 

ligand to metal is shifted between [Cp·Fe(~-NO)12 and [Cp·Co(~-CO)12 and 

the ionization energy shifts (or lack of shifts) are used to identify 

metal to bridging ligand interactions. 135 These perturbations and 

comparisons between similar complexes help shed understanding upon these 

complex and multi-electron systems. Other photoelectron spectra were 

previously obtained of [Cp·M(~-CO)h (M-Co, Rh)134 and [CpFe(~-NO)h.133 

However, assignments of the spectra are questionable due to a heavy 

reliance on calculational predictions and a lack of experimental 

resolution. 133 

Molecular and Electronic Structure 

Ca1culations136-136 and photoelectron spectra133 ,134 of a few of these 

cyclopentadienyl metal-metal nitrosyl or carbonyl bridged systems have 

been reported previously. In this section, the general molecular 
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interactions between the metal and cyc1opentadieny1 ring, the two metals 

and the metals and bridging ligands will be outlined. The labeling scheme 

chosen to more easily distinguish between ten possible metal orbital 

combinations of the local D2h symmetry (Ag , B1g , B2g , B3g , Au, B1u , B2u and 

B3u ) • The notation which uses G, 71' and 0, refers to the symmetry 

interaction between metals, while the superscripted a or s refers to 

symmetry mirror plane between the two metals. Superscripted a refers to 

an ~nti-symmetric combination of atomic metal d orbitals, while 

superscripted s refers to a §Y1llIlletric combination of atomic metal d 

orbitals. An anti-symmetric combination between metals does not 

necessarily indicate an antibonding combination between the metals and the 

bridging ligands. Normally, anti-symmetric combinations between metals 

are stabilized by a bonding combination with the bridging ligands. The 

subscripted ~ or II indicates whether the metal-metal orbital interaction 

is oriented within the plane of the metals and bridging ligands, II, or 

whether the metal-metal orbital interactions are oriented perpendicularly 

with respect to the metal, bridging ligand plane, ~. 

In general, calculations on these dB metal dimers suggest an initial 

t 2g and eg arrangement of metal orbitals. The eg set of orbitals are the 

metal orbitals situated for direct meta1-cyc1opentadieny1 bonding (see 

Figure 14A). These are namely the rlxz and dyz atomic orbitals of each 

metal, which will interact to form bonding and antibonding 71' combinations 

between the metal pairs (see Figure 14B). The t 2g set is composed of the 
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d,.2_y2 and d,.y (6 interactions between metals) and the dz2 (0 interactions 

between metals). 

The six possible metal-metal t2G type combinations are of the a and 

6, bonding and antibonding symmetry. The four possible metal-metal e g type 

interactions are of higher energy and are ~ bonding and antibonding metal

metal symmetry (see Figure l4B). If the bridging ligands are allowed to 

interact with the metal-metal dimer, four of the metal-metal molecular 

interactions (two of ~ type symmetry and two of 6 type symmetry) are 

stabilized through backbonding into the 71"* orbital of the bridging ligand. 

Of these four (see Figure l4C), the 71" type bonding combinations are 

involved in a direct fashion with the filled cyclopentadienyl 71" system 

through the metal; a destabilizing effect. A destabilization of 1.2 eV 

in the metal level due to filled-filled interaction with the 

cyclopentadienyl ring was found for the monomer Cp*CO(CO)2.139 Therefore, 

the ordering of the four metal-metal bridging ligand supported orbitals 

is relatively clear. The most stable combinations are of 6 symmetry. The 

71" symmetry combinations of the metal, while stabilized by 71"* backbonding 

into either nitrosyl or carbonyl, are destabilized by filled-filled 

interactions with the cyclopentadienyl ligand. 

Of the remaining six metal-metal combinations to be discussed, the 

more stable "pure" metal-metal interactions are the remaining four metal

metal a and 6 interactions, which tend to be relatively unaffected by the 

bridging ligands. Of these four "pure" metal-metal interactions, only the 

6\ antibonding orbital combination is of the incorrect symmetry to 
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interac t in any way with the bridging ligands. The other three "pure" 

metal-metal combinations may interact, by symmetry, with either the empty 

bridging ligand ~* orbital (aft metal-metal combination) or the bridging 

ligands I a donor orbitals (as and 011
// metal-metal combinations). 

The remaining two empty orbitals are of ~ symmetry, unaffected by the 

bridging ligands' ~* backbonding capabilities and are mainly required to 

accept electron density from the ~ donating cyclopentadienyl rings and the 

~s" is also setup to accept electron density from the bridging ligands' 

donor a orbitals. Therefore, the ten metal-metal combinations may be 

divided into four differing subsets. One set containing two "eg " meta1-

metal interactions, stabilized by the bridging ligand and destabilized by 

interaction with the cyclopentadienyl rings, the second set containing two 

"t2g " type metal-metal interactions stabilized by the bridging ligand's '/r" 

backbonding interactions, the third set containing four "pure" a and S 

"t2g " type metal-metal interactions, and a fourth set containing the two 

empty metal-metal eg type interactions. 

The total ordering of the entire set of eight filled metal-metal 

interactions are indeterminate at this point and depends upon the electron 

withdrawing power of the bridging ligands, the electron donating ability 

of the cyclopentadienyl ~ system, the electron donating ability of the 

bridging ligand sigma interaction and the strength of interactions between 

metal orbitals. 
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Previous Calculations 

Ab initio (CI) and Fenske-Hall calculations have been performed on 

[CpFe(Il- NO ) h 133 ,136,136 and [CpCo(WCO) h. 134 ,136,137 Table X summarizes the 

calculational results from several groups and illustrates the variety of 

differing solutions available. Figure 15 illustrates the relative 

spacings between the eight metal levels for each calculation. The closer 

energy spacings of [CpFe(Il-NO)]2 as compared to [CpCo(Il-CO)]2 reflects the 

calculated energy range for each complex. Most calculational methods 

predict that the predominantly metal 0 combination to be the most stable 

(for the cobalt complex), the other seven metal-metal combinations shift 

relative positions depending upon the calculational method used. Note 

that the molecular orbital order of the Fenske-Hall calculations performed 

by Schugart and Fenske do not have the same order found in the Fenske-Hall 

calculations performed for this work. Slight differences in geometries 

or basis functions can result in different molecular orbital order, 

emphasizing the sensitivity of this molecular system to slight changes. 

Assignments of photoelectron spectra based solely on calculational results 

are, therefore, greatly suspect. 

The percent character and energies of our Fenske-Hall calculations are 

reported in Table XI for use in comparison with other published 

calculations. The notation for the two different ~* nitrosyl or carbonyl 

orbitals (~II and ~.!) and the two different filled Cp e' orbitals (e' II and 

e'.!) refer to the orbital combinations which are oriented parallel <II) or 

perpendicular <~) with the plane of the M-X2-M ring. 
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Table X Relative Molecular Orbital Ordering from Results of Previously 
Published Calculations. 

Fenske-Hallll 

B2u '/1"8 .L 

B2g '/1"1111 

Ag oS11 

B3u 0" 

Au 011 .L 

B3u 0"11 

B3g 08.L 

Ag 0
8 

Fenske-HallB 

Ag oSn 

B2g '/I"lIn 

Au 01l.L 

[CpCo(~-CO) h 

Fenske-Hallb Ab initioc 

B2u '/I"S .L B2g '/1"1111 

B2g '/I"lIn Au 011 .L 

B3u 0"11 Ag 08
n 

Ag 08
n B3g OS .L 

Au 011 .L B2u '/I"S .L 

B3g OS.L B3u oB11 

B3u OB B3u OB 

Ag OS Ag OS 

[CpFe(~-NO) h 

Fenske-Hal1b Ab initiod 

B2u '/I"s.L B2u '/I"s.L 

B3u oBn Ag oSn 

Ag o"n B3g oS.L 

Bg Au 011 .L 

Au 011 .L B3u 011 

Bg B2g '/I"lIn 

Ag OS B3u 08n 

B3u 0" As 0
8 

Exp.e 

B2g '/1""11 

B3u 011 

Ag oS11 

B2u '/I"S.L 

Au 011 .L 

B3u olin! 

B3g Os/ 

Ag 0
8 

EXp.B 

B3u OB 

B2g '/I"BII 

Ag 08
n 

Au 011 .L 

B3g OS / 

B2u '/I"s.L 

B3u o"n! 

As 0
8 

II Local D2h symmetry for this work, coordinate system as seen in 
Figure 13. b Reference 136. C Reference 137. d Reference 133. e) The 
experimental assignments for the cobalt complex are taken from the 
spectrum of [Cp·Co(CO) h. ! The order of Bu oB11 and Bs OB.L may be 
reversed. 
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Table XI Percent Atomic Character of [CpCo(J.'-CO) h and [CpFe(J.'-NO) h. 

M.O.s dz2 <ix2_y2 ~ <ixz dyz 4s 4p NO NO NO Cp Cp Energy .. .. ,.. II ,.. .L 1p e'li e ' (eV) .L 

[CpFe(J.'-NO) b Fe-Fe distance 2.336 X 

Bau 0 8 48 35 10 - 5 10.74 
Ag 615

11 
24 60 9 2 11.02 

B2g ,..° 11 14 - 6 74 6 11.39 
Au 68 97 - 11.48 .L 

B2u ,..15 
.L 22 17 45 16 11.50 

Bag 6s 65 - 32 12.25 .L 

Ag as 66 28 12.38 
Bau 6"11 4 32 61 2 12.42 
Blu Cp ,.. 12 - 9 75 14.64 
Blg " 23 6 68 14.92 
B2u " 31 2 59 15.03 
B2g " 23 - 5 67 15.05 

M.O.s dz2 ~2_y2 ~ ~z dyz 4s 4p CO CO CO Cp Cp Energy .. .. 
1p e'll e ' (eV) ,.. II ,.. .L .L 

[Cp*Co(J.'-CO) h Co-Co distance 2.338 X 

B2u ,..8 
.L 33 4 19 44 9.65 

B2g ,..11
11 

25 - 7 40 27 9.81 
Ag 68

11 
9 68 10 - 8 11.45 

Bau all 65 16 10 - 9 11.51 
Au 6 8 98 - 12.44 .L 

B3u 
6

11

" 

2 63 32 12.78 
B3g 61S 83 - 16 12.80 .L 

Ag a lS 81 13 13.19 
Blu Cp ,.. 4 4 10 80 13.37 
Blg " 36 60 14.64 
B2g " 36 3 58 14.60 
B2u " 43 2 48 15.05 
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Ab initio calculations tend to stabilize the ~* backbonding 

interactions of the ~-CO bridging ligands to a greater extent than Fenske

Hall calculations. Fenske-Hall calculations between Fe(NO) and Co(CO) 

suggest that the ~* stabilization effects of nitrosyl are greater than 

carbony1. 136 Trends between sb initio calculations are even more 

inconsistent. There seems to be little correlation between the two sb 

ini tio calculations. By examining only the B2g ~1I11 and B2u 11"8 J.' it is found 

that the anti-symmetric combination is stabilized preferentially over the 

symmetric combination for [CpFe(p-NO)]2' while the opposite is found for 

[CpCo(~-CO) h. The calculations do not tell us to what extent does the 71"* 

backbonding capabilities of the bridging ligands stabilize their 

corresponding molecular orbital combinations. 

It is accepted that the nitrosyl will be a better 71"* electron 

acceptor as compared to carbony1. 136 It is also accepted that cobalt metal 

electrons are more stable than iron.132.135.136 Further, it is also well 

known that methyl substitution of the cyc10pentadieny1 ligands 

destabilizes molecular orbitals with correspondingly large 

cyc10pentadieny1 orbital contributions. 11 By using this information, 

insight into the assignment of these photoelectron spectra is obtained. 

Photoelectron Spectral Results 

The photoelectron spectra are represented with analytical band shapes 

in order to obtain well-defined values for positions and band areas, for 

use in comparisons between spectra. Special care has been required in 
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obtaining these band representations because the large number of valence 

ionizations often result in considerable overlap of bands. The 

photoelectron data for [CpFe(Jl-NO) 12 and [Cp*Fe(Jl-NO) lz also show the 

occurrence of nitrosyl vibrational fine structure. This vibrational 

structure can be clearly seen in the fourth sharp ionization at 7.42 eV 

in [CpFe(Jl-NO)]2 in Figure 16. There is a small ionization separated to 

0.20 eV to higher binding energy from the intense ionization at 7.42 eV. 

The separation is of the correct energy for a nitrosyl stretch and 

completely consistent with the known photoelectron behavior of other 

ni trosy1 or carbony1139 ,140 containing complexes which possess this type of 

vibrational fine structure. This ionization will be shown to be 

completely metal in character, with the least possibility of ligand 

contribution. If the presence of the first vibrational mode of the 

nitrosyl symmetric stretch is found for this ionization, then it can be 

postulated that all the other ionizations also posses this Jl-NO 

vibrational fine structure. The relative intensity and relative energy 

separation from the parent ionization is held to be the same for other 

ionizations, as clearly found for the intense ionization at 7.43 eV. The 

same relative intensity and relative energy separation is then used as a 

model of the Jl-NO vibrational fine structure in the other unresolved 

ionizations. 

The photoelectron spectrum can now be modeled accurately without 

compromise between the peak position and the accounting of area between 

bands. An example of the [CpFe(Jl-NO)]2 spectrum fit with the nitrosyl 
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Figure 17 Comparisons between photoelectron spectra A) fit with nitrosyl 
vibrational fine structure. B) without fine structure (not fit). C) fit 
without fine structure. 
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vibrational fine structure included to account for all the ionization 

area, is compared to the ,spectrum fit without this added factor. Shown 

in Figure l7A is a model of the ionization profiles found in the 

photoelectron spectrum of [CpFe(~-NO) h, where the first vibrational 

excited state of nitrosyl is included in the model of each ionization 

band. The separation between the parent ionization and vibrational 

excited state is fixed, as is the relative intensity between the parent 

peak and vibrational state. The analytical model of a single ionization 

as defined by the band at 7.42 eV, is expressed in the following equation: 

-(X-P/Wi)2 -(X-P-O.202/Wi)2 
Y-Ae + (O.26)'Ae (1) 

(see chapter 3 for more details on fitting Gaussian bands). Note that 

this does not add additional parameters to the fit but merely alters the 

model band shape, by using the peak at 7.42 eV as our model. (See chapter 

3 for more information on photoelectron band shape.) If the vibrationally 

excited state is not included, a profile which is represented by the sum 

of the individual Gaussians (Figure l7B) is found. This sum fails badly 

between ionization peaks, where there is not sufficient peak area to 

represent the data between peaks. If these Gaussians are allowed to move, 

it is found (Figure l7C) that certain Gaussians shift into the valleys to 

account for that area, while the others increase in intensity and 

halfwidth to account for the area of the shifting Gaussians. 
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General Photoelectron Features. In this section, the general 

photoelectron features of [CpM(~-XO)]2 complexes will be presented. The 

vertical ionization energies and relative areas of these complexes are 

reported in Table XII. Each spectral ionization profile is discussed 

beginning at low ionization energy and working up to the higher energy 

ionizations. A total of eight metal ionizations should be present in each 

spectrum and four cyclopentadienyl ionizations separated to higher energy. 

All of these Figures contain the eight Gaussian peaks, to illustrate the 

band position and band area information found from evaluation of the 

various photoelectron spectra. 

The labeling of the photoelectron bands in the Figures and Tables 

reflect the predominant character of the ionization as either Cp 

(cyclopentadienyl) or M (metal). The bands labeled Mt flag those 

ionizations which are found to contain metal and bridging ligand 71"* 

backbonding character, while the label Mt flags those ionizations with 

metal, bridging ligand 71"* backbonding and cyclopentadienyl ligand 

character. 

The He(I) and He(II) photoelectron spectra of [CpFe(~-NO)]2 are shown 

in Figure 18. The leading ionization is observed at 6.92 eV and separated 

0.22 eV from the next ionizations. The second band profile at 7.2 eV can 

not be adequately fit with a single asymmetric Gaussian and the profile 

is well accounted for by two ionization bands. As further support of the 

presence of two bands, the band profile changes when comparing [CpFe(~

NO)]2 He(I) and He(II) data, indicative of a He(I)/He(II) cross-section 

change between the two ionizations under the one profile. 
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Table XII Vertical Ionization Energies (±0.02 eV), and He(I) and He(ll) 
Relative Areas. 

[Cp*Co(CO) 1z [Cp*Fe(NO) 1z [CpFe(NO) 1z [CpRu(NO) 1z 

I.E. 6.22 Htl 6.19 Hl 6.92 Hl 7.12 Htl 
HeI 1.62 1.20 1.21 2.17 
Hell 1.25 1.03 1.65 

I.E. 6.61 Hl 6.38 Htl 7.14 Htl 7.25 Hl 
HeI 1.13 1.19 1.45 2.03 
Hell 0.82 1.00 1. 93 

I.E. 6.79 Hz 6.49 Hz 7.24 Hz 7.58 Hz 
HeI 1.11 0.97 1.10 1. 98 
Hell 0.97 1.11 1.65 

I.E. 6.92 Htz 6.77 H3 7.42 H3 7.78 H3 
HeI 1.33 1. 91 1.90 2.06 
Hell 1. 74 1. 70 1.86 

I.E. 7.04 H3 7.04 Htz 7.80 Htl 7.86 Htz 
HeI 1.03 1.44 1.02 1.87 
Hell 0.99 0.80 1. 51 

I.E. 7.33 Mtl 7.12 Htl 7.88 Htz 8.42 Htl 
HeI 2.11/2 or 1.16 1.33 3.82/2 or 
Hell Mtz 0.91 0.66 3.48/2 Htz 

I.E. 7.33 Ntl 7.23 Htz 7.95 Htz 8.42 Htl 
HeI 2.11/2 or 0.82 0.97 3.82/2 or 
Hell Htz 0.79 0.95 3.48/2 Htz 

I.E. 7.51 H4 7.40 H4 8.13 H4 9.19 Hl 
HeI 1.0 1.0 1.0 1.0 
Hell 1.0 1.0 1.0 

I.E. 8.28 Cp 8.37 Cp 9.60 Cp 9.64 CPl 
HeI 18 13 4.55 
HeII 12 4 2.21 

I.E. 10.20 Cpz 
HeI 3.94 
HeII 2.10 



10 

He I 

Cp 

He D 

Ionization Energy (eV) 

9 8 7 

Mt 
M 1 

2 

\ " . , \ 
" \ 1 I' 

, "\ ~ \ I { \ I 
\11/\ I '/ 
(I ~ \ I I\' \ ,( 
1/ I \ \ /" \ 

/,11 I \ '. \/ ./) .,' \ 

I \ tit" / I 
I I /1\' 

1 \, )\ \ (, \I 
, ~ ,'1\ \ \ / ,\, \ '\ \ 
, ,/1 \ \1 I, I 

./ .' .'~ I \ '-)1 ./.' l '. \ 

Figure 18 He(l) and He(l!) photoelectron spectra of [CpFe(p-NO)]2. 

116 



117 

The distinct sharp ionization at 7.42 eV possesses a set of very 

narrow half~widths. Note that for a single sharp ionization of primarily 

metal character, this ionization is as narrow as 0.10 eV. This single 

ionization is expected to be antibonding because of the narrowness of the 

ionization. This ionization is also primarily metal, as the He(I)/He(II) 

relative area increases relative to the ionization profile at 7.8 eV. 

The ionization envelope starting at 7.8 eV obviously contains 

overlapping ionizations. The intense ionization at 7.88 eV in the He(I) 

spectrum substantially decreases in the He(II) spectrum, indicative of 

ligand contribution to this leading ionization. Also, the presence of 

other ionizations is needed to account for the area under the profile. 

The shoulder at highest ionization energy (8.13 eV) does not vary 

significantly with changes in ionization source energy, suggesting an 

ionization of predominantly metal character. This entire profile should 

account for a total of four overlapping ionization bands. 

The ionization at 8.5 eV is due to decomposition impurity and is 

present in the background before and after sublimation of the compound. 

The ionization band at 9.6 eV accounts for the four characteristic 

cyclopentadienyl ionizations. This band profile decreases substantially 

when viewed with He(II) ionization source energy, which indicates 

predominantly cyclopentadienyl ligand character. This ionization is also 

very broad, which indicates some separation between cyclopentadienyl 

ionizations. 
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The general photoelectron features of [Cp*Fe(~-NO)]2 (see Figure 19) 

are the same as those for [CpFe(~-NO)]2' The major difference is a shift 

of all ionizations to lower ionization energy due to the presence of the 

electron donating pentamethylcyclopentadienyl rings. Some ionizations 

have shifted to a greater extent than others and those ionizations with 

the greater cyclopentadienyl character are expected to shift to a greater 

degree. Examination of this effect and its usefulness in assigning these 

spectra will be discussed in greater detail later. 

The overall spectrum of [Cp*Co(~-CO)]2' (see Figure 20), is not very 

similar in appearance to the ionization profile of [Cp*Fe(~-NO)]2' The 

spectrum of [Cp*Co(~-CO)]2 shows an ionization at 6.22 eV leading the rest 

of the metal ionizations and has a profile typical in shape to that of a 

single ionization. The second ionization at 6.61 eV is the first of four 

overlapping ionizations found in the region from 6.61 to 7.04 eV. The 

ionizations found under the band at 7.33 eVare in a rough 2:1 ratio of 

area to the single ionization at 7.5 eV. The ionization found at 8.25 eV 

is due to the four cyclopentadienyl ionizations, at a similar energy to 

those found in [Cp*Fe(wNO) h. He(II) ionization data as published by 

Green and others134 indicates that the leading ionization at 6.22 eV 

decreases in relative ionization area, indicating a percentage of ligand 

character in this ionization. 

The He(I)/He(II) photoelectron spectra of [CpRu(~-NO)]2' the second 

row counterpart to [CpF'e(~-NO) h, are given in Figure 21. The leading 

intense ionization is nearly double the intensity of the ionization 



9 

HeI 

He D 

Ionization Energy (eV) 

Cp 

8 7 

1 

'\ I \ 
I 

/\ I \ I 
I \ "''\ 

I ',1\ \1 
I I, ( 
, 1, \)' 

I , I 
, ,\1,\ \" 

" ",' , \ .. 

/\ /\ 
, "./ I 
I \' {/\ \ 

1 "( \ I 
, 1\ " \ \, " ,')' '\ ,,\ 

" ,,~,.' '\, \ 

1\ 

I \ 
I 

1\ I 

\ ' \ 

1 \/\' 
I 1 , 

V 1\ 1\ 
I I 

,'\ I ,\ \ 
.. ' " -,', \ 

119 
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appearing as a shoulder at 7.58 eV. This suggests the presence of two 

narrow ionizations under the leading ionization profile. The He (II) 

spectrum confirms that the ionizations at 7.12 eV and 7.25 eV are 

predominantly metal in character, but with the leading ionization at 7.12 

eV decreasing in relative intensity as compared to the ionization at 7.25 

eV. The sharp metal ionizations at 7.80 eV and 8.42 eV are generally 

double the area and amplitude of the single ionization appearing as a 

shoulder at 7.58 eV. Both these intense ionizations will accommodate two 

ionizations, giving a total of seven ionizations between the energies of 

7.10 eV and 8.50 eV. The eighth metal ionization is found at 9.20 eV. 

This broad ionization increases its relative intensity upon comparison 

between He(I) and He(II) data. 

The broad ionizations at 9.6 and 10.2 eV significantly decrease in 

relative ionization intensity between He(I) and He(II) spectra, indicating 

ligand character. Further, the ionization at 9.6 eV corresponds with the 

ionization energy found for the cyclopentadienyl ring ionizations of 

[CpFe(J.'-NO) lz. Since the second row ruthenium metal forms stronger 

interactions with its corresponding cyclopentadienyl rings as compared to 

the first row iron,141.139 the ionizations at 10.2 eV, separated 0.6 eV to 

higher binding energy from the cyclopentadienyl ionizations at 9.6 eV, are 

also cyclopentadienyl ionizations, stabilized by interaction with metal 

ruthenium. This metal-ring interaction is only hinted at in the broadness 

of the cyclopentadienyl ionization regions of [Cp*Co(J.'-CO) lz, [Cp*Fe(J.'

NO»)2 and [CpFe(J.'-NO) )2' 
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Assignment of Photoelectron Spectra. All this generalized information 

gleaned from the He(I)/He(II) comparisons, shifts between Co(CO) and 

Fe(NO) complexes, shifts between Cp and Cp·, and between Fe and Ru metals 

is evaluated to determine the assignment of the photoelectron spectra of 

these compounds. By using the understood trends associated with the 

chemical changes in these complexes in accordance with photoelectron 

shifts and changes between these isoelectronic spectra, the eight metal 

ionizations may be confidently assigned to the spectra without invoking 

calculations as the requisite basis of assignment. Listed below is a set 

of understood chemical trends applied to photoelectron spectroscopy: 

1. Pentamethylcyclopentadienyl (Cp*) ionizations are shifted zl.2 eV to 

lower ionization energy from cyclopentadienyl (Cp) ionizations. 11 

2. Mixed Cp*-Metal ionizations Rre shifted zO.S eV to lower ionization 

energy from Cp-Metal ionizations. 139 

3. "Pure" Metal ionizations are shifted zO.65-0.75 eV to lower 

ionization energy, when Cp· is substituted for Cp.139 

4. He(I) "pure" ligand area decreases markedly, when viewed under 

He(II) ionization source energy.142 

5. Mixed ligand-metal ionizations will decrease proportionally in 

ionization area relative to more "pure" metal ionizations and 

increase proportionally in ionization area relative to more "pure" 

ligand ionizations. 143 
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6. When comparing "pure" metal ionizations of CpCr(CO)2(NO) to 

CpMn(CO)2' the manganese metal ionizations are ~O.3 eV more stable 

than the chromium metal ionizations. 135 Between iron and cobalt, the 

same ~0.3 eV stabilization is expected. 

7. When comparing metal-bridging ligand ionizations of cobalt-carbonyl 

to iron-nitrosyl, the cobalt-carbonyl and iron-nitrosyl ionizations 

are of similar energy or slightly destabi1ized. 135 

8. When comparing iron to ruthenium, all second row metal ionizations 

are stabilized with respect to the first row ionizations. 139 

9. First row metal-bridging ligand ionizations are of similar energy 

to second row metal-bridging ligand ionization energies. 

10. A sharp band profile with resolvable vibrational fine structure 

suggest antibonding molecular orbital character. 

All measurements of relative area and relative shifts in ionization 

energy and hence evaluated energy shifts and relative areas are subject 

to accuracy of the fitted spectra. On their own merits, small relative 

changes in the band area or ionization shifts will not result in the 

absolute proof of a band assignment, but a collection of supporting small 

changes will lead to meaningful band assignments. 

Evaluation of reasonable peak positions and areas for all four 

complexes ([Cp"'Co(JJ-CO) h, [Cp"'Fe(JJ-NO) h, [CpFe(JJ-NO) hand [CpRu(JJ-NO) h) 

and for the eight expected ionizations in each metal region are found in 

Table XII. Shifts between these ionizations are found in Table XIII. 
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Table XIII Shifts in Photoelectron Ionization Bands between Complexes. 

[Cp*Co(p-CO)]z [Cp*Fe(p-NO)]Z [CpFe(p-NO)]z [CpRu(p-NO)]z 

Label Shift Shift Shift 
(±0.04 eV) (±0.04 eV) (±0.04 eV) 

Ml Bau oa -0.42 -0.73 -0.32 

Mz As S"" -0.23 -0.75 -0.34 

Ma Au Sa 
.L -0.27 -0.65 -0.36 

M4 As as -0.11 -0.73 -1. 05 

Mil B2s lI'a" +0.16 -0.76 +0.01 

Miz B2u 1I'1I.L +0.12 -0.84 +0.01 

Mtl Bau Sa" -0.21 -0.68 -0.62 

Mtz Bag SII 
.L -0.10 -0.72 -0.48 

Cp +0.09 -1. 23 -0.04B 

B The shift in cyc1opentadieny1 ionizations between [CpFe(p-NO)]2 and 
[CpRu(p-NO)]z is derived from the cyc1opentadieny1 ionization at lowest 
ionization energy in [CpRu(p-NO)]z. 
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Beginning with trends numbered 1 through 5 with respect to compounds 

[Cp*Fe(~-NO»)2 and [CpFe(~-NO»)2' it is expected that two ionizations in 

the metal region of each spectrum will decrease in He(I)/He(II) ionization 

area because of contributions of cyclopentadienyl character to the metal 

ionizations (trend 5); namely the ".8
11

, Mtl and ".\, Mt2 orbitals. These 

same two ionizations shift 0.76 eV and 0.84 eV, in band position, 

respectively, between the spectra of [Cp*Fe(~-NO) h and [CpFe(~-NO) h, 

(trend 2). All the other metal based ionizations shift an average of only 

0.71 eV, (trend 3). These two ionizations, Mtl and Mt2 for [Cp*Fe(~-NO»)2 

and [CpFe(~-NO) h, are proposed to be the B2g ".8
11 

and B2u ",s.L ionizations. 

All other metal ionizations correspond directly between [Cp*Fe(~-NO»)2 and 

[CpFe(~-NO»)2 (see Figure 22). 

Next, [CpRu(~-NO»)2 is compared to [CpFe(~-NO»)2. Again the 

He(I)/He(II) comparisons of [CpRu(~-NO) 12 spectra suggests that ionizations 

Mtl and Mt2 decrease in ionization area, (trend 5). As further evidence, 

the shifts in ionization energy between [CpFe(~-NO»)2's Mtl and [CpRu(~

NO»)2'S Mtl destabilizes 0.01 eV and between [CpFe(~-NO»)2 and [CpRu(~

NO»)2' the Mt2 ionization destabilizes 0.01 eV in energy (trend 9). 

Bands Mtl and Mt2 in [CpRu(~-NO»)2 are assigned to the metal". "eg " 

interactions, namely the B2g ".8
11 

and B2u ".G.L. Whether the B2u is more stable 

than the B2g is not determinable by the experimental data available so far. 

However, many calculations predict the B2g ".8
11 

to be less stable than the 

B2u ".8.L. Since both combinations suffer to an equal degree from the filled 

cyclopentadienyl ring orbital donations into the filled metal". orbitals 
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and assuming the overlap of the bridging ligand orbitals with the metal 

orbitals is comparable between B2u and B2g combinations, then the only 

difference between the B2u and B2g combinations is the antibonding metal

metal destabilization of the B2g versus the metal-metal bonding 

stabilization of the B2u combination. 

All other metal ionizations of [CpRu(/J-NO) h are stabilized with 

respect to [CpFe(/J-NO) h an average of 0.53 eV. The greatest stabilization 

is found between [CpFe(/J-NO)]2 and [CpRu(/J-NO)]2 for peak M4 (1.05 eV). 

Because the ruthenium metal-metal bonding interactions should be 

progressively more important than first row iron metal-metal interactions, 

M4 is proposed to be the metal-metal Ag 0
8 interaction. 

He(I)/He(II) comparisons also identify the cyclopentadienyl 

ionization unquestionably in [CpRu(/J-NO)]2' The ionizations at 9.6 eV 

and 10.2 eV decrease markedly between the He(I) and He(II) spectra, (trend 

4). Also note that the second row metal ruthenium-cyc1opentadienyl 

interactions are more important139 as the cyc10pentadienyl ionizations are 

split. The cyc1opentadieny1-meta1 interactions are found at 10.2 eV, 

while the more "pure" cyc1opentadieny1 ionizations are found at 9.6 eV. 

This is reflected by a relative increase in He(II) ionization area in the 

ionizations at 10.2 eV as compared to the more "pure" cyc10pentadienyl 

ionizations at 9.6 eV. The cyc1opentadieny1 ionizations for the iron 

complex are also found at 9.6 eV, indicative of minimal first row 

cyclopentadieny1-metal interaction and of a nearly "pure" cyc10pentadienyl 

ionization potential. 
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Of the other five metal-metal interactions which have yet to be 

identified, two of these metal-metal interactions are allowed by symmetry 

to strongly interact with the bridging ligands; namely Bau oa" and Bag OS J. 

(see Figure 14C). These two are proposed to be more stable than the 

corresponding B2g ",a" and B2u ?r 8
J. nitrosyl backbonding interactions, since 

the Bau oa" and Bag 08 
J. are derived from the initially more stable metal 

"t2g " set. The B2g ",all and B2u ",8 J. are derived from the less stable metal 

"eg" set, which is destabilized by interaction with the filled 

cyc1opentadieny1 ring orbitals. Therefore, ionizations Mt 1 and Mt 2 of the 

[CpRu(~-NO)]2 spectrum are proposed to be the two accidentally degenerate 

Bau oll"and Bag o~ orbitals, sandwiched in energy between the most stable 

Ag as metal-metal ionization and the lowest lying metal-metal '" symmetry 

ionization. 

Of the remaining three unassigned "pure" metal-metal interactions, 

the ionization band Ma of [CpFe(~-NO)]2 and [Cp·Fe(~-NO)]2' clearly has a 

very sharp band profile and is expected to be antibonding in character. 

Figure 16 illustrates the vibrational progressions observed for [CpFe(~

NO) 12 under the leading ionization at 6.92 eV and this sharp fourth 

ionization, at 7.42 eV. Because of the observed closely-spaced 

vibrational fine structure under both of these ionizations, this lends 

support to the theory that both these ionizations are antibonding between 

metals. The very sharp and intense ionization at 7.42 eV, Ma, is assigned 

to the Au 01lJ. molecular combinations. The Au 0\ is the only molecular 

orbital of Au symmetry available to the meal ionizations and is suggested 
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by calculations to be =100% metal ~ antibonding in character. with no 

possible stabilization factors due to the backbonding ligands or 

destabilizations interactions with the filled cyclopentadienyl orbitals. 

Similarly the leading ionization of [CpFe(~-NO)12' M1 • is also predicted 

to by antibonding between metals. The only other molecular orbital of 

antibonding character remaining is the B3u a G 

The last unassigned molecular orbital is the Ag 61S
" combination. 

This combination is assigned to the last remaining unassigned metal type 

ionization. in [CpFe(wNO)lz and 7.24 eV. M2. From all of the above 

information the assignment of energy spectrum will follow and is 

illustrated in Figure 22. as an experimental correlation energy diagram. 

The assignment of the photoelectron spectrum of [Cp*Co(~-CO) lz is 

given by applying a predicted =0.3 eV stabilization on all the metal "t2g" 

ionizations of [Cp*Fe(~-NO) lz. (trend 6). The metal 11" "eg" ionizations are 

then found to be destabilized an average 0.14 eV. The metal "t2g" 

ionizations were found to be stabilized an average of 0.24 eV over all the 

remaining six metal levels. If the four more "pure" metal "t2g " ionization 

shifts (namely the B3u a G
• Ag 6811' Au 6G

J. nad Ag alS) are evaluated between 

iron and cobalt. an average 0.27 eV shift is observed. The B3u 6811 and B3g 

68
J. (metal combinations uninvolved with the cyclopentadienyl but involved 

with the backbonding bridging ligands) are stabilized only an average 0.16 

eV. These shifts between Fe(NO) and Co(CO) ionizations support the 

general assignment of "pure" metal ionizations. metal mixed bridging 
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ligand ionizations and cyc10pentadieny1-bridging ligand ionizations, that 

have been developed so far. 

Observations of Vibrational Fine Structure. 

A close-up of the low energy ionization region was collected for 

several of these complexes and vibrational fine structure was observed for 

[CpFe(~-NO)]2 and [Cp*Co(~-CO)]2. In Figure 23, the leading ionization of 

[Cp*Co(~-CO) 12, (Mil; at 6.22 eV) is observed to possess an ionization 

separated 0.216(2) eV to higher ionization energy or l742±16 cm- l , a 

carbonyl vibrational stretching frequency. For [Cp*Co(~-CO)]2' a single 

IR band at 1752 cm- l is reported. 144 

If these complexes possess rigorous C2h symmetry, then this point 

group requires an inversion center and therefore, the IR frequency 

observed for the carbonyl stretch would be for the asymmetric combination, 

the Au. However, it is unlikely that the molecule holds rigorous C2h 

symmetry, it may equally well hold C2v symmetry (the C2V point group does 

not require and inversion center). As the rigorous symmetry is dependent 

upon the orientation of the cyclopentadienyl rings to one another,136 the 

inversion center is not required for the molecule. Thus, the presence of 

the carbonyl symmetric stretch may be found in the infrared spectrum. To 

date, no Raman spectrum has been reported for either [Cp*Co(~-CO)]2 or 

[CpFe(~-NO)]2' which could confirm the symmetric carbonyl (or nitrosyl) 

stretch. 
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The photoelectron spectrum will generally give only the symmetric 

stretch frequency, because transitions which require a substantial change 

in bond distances are preferentially observed. 145 ,146 The observation of 

the carbonyl stretching frequency in this leading ionization of the 

photoelectron spectrum, supports the contention that the leading 

ionization in [Cp·Co(~-CO)12 is of carbonyl backbonding character, which 

is also supported by He(I)/He(II) comparisons previously published. 134 

The vibrational progressions observed for [CpFe(~-NO)12 can be seen 

in Figure 16. These frequencies are reported in Table XIV with the 

vibrational frequencies found by IR for the neutral and anionic 

complexes. 147-149 Here the observed vibrational fine structure is more 

pronounced. Two separate progressions are clearly seen in the ionization 

at 7.4 eV. A large separation, labeled 11 (NO) , with a frequency of 

0.202(2) eV or 1632±16 cm-1 and a smaller progression separated 0.0516(5) 

eV (4l6±4 cm-1 ) in energy. This same lI(NO) stretch is proposed to be 

present for the other three ionizations to lower binding energy. The 

presence of the nitrosyl stretch is required for a reasonable fit of this 

spectrum (see Figure 17 for an example of data fit without the inclusion 

of nitrosyl stretch in the other ionizations). 

The ionization at lowest ionization energy (6.92 eV) also shows a 

vibrational progression with a 0.0533 eV energy separation or a 430 cm- 1 

frequency. These smaller frequencies are from the metal-metal symmetric 

stretch or the dimetallocyclobutadiene symmetric ring breathing mode. 

Because these small progressions of vibrational fine structure can be 



Table XIV Vibrational Frequencies of Various Dimers. 

[Cp*Co(J.'-CO) h 

[CpFe(J.'-NO) h 

[Cp*Fe(J.'-NO) h 

v(XO) cm-1 

Molecular Charge 
-1 0 +1 

1719(1) 1752(1) 1740(16) 

v(M-X2 -M) cm-1 

Ionization Band 
Au 6ft~ B3u oft 

1395(1) 1510(1) 1632(16) 416(4) 

1355(1) 1472(1) 

430(4) 

134 
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resolved, and ionization profiles must be correspondingly narrow, it is 

proposed that these two ionizations are of net antibonding character 

between the metals. They have been assigned in the previous section to 

reflect this observation. The leading ionization at 6.92 eV is assigned 

to the B3U uo. orbital. This orbital is proposed (via Fenske-Hall 

calculations) to have some nitrosyl ~* backbonding character that 

stabilizes the interaction. Ionization of an electron from this orbital 

should result in a net decrease in antibonding interaction between the 

metals. However, there is also a net decrease in the stabilizing 

influence from the possible bridging ligand ~* backbonding interactions. 

If the metal-metal versus metal-bridging ligand interactions are rated in 

importance, the metal-bridging ligand stabilization should be more 

important than the metal-metal antibonding interaction, especially for the 

first row metals, which have poor metal-metal interactions. Therefore. 

upon ionization of an electron from this orbital, a bonding interaction 

between the metal and the nitrosyl is being perturbed. This results in 

a relatively broad overall ionization profile. A net increase in metal

nitrosyl and metal-metal distances upon ionization, as indicated by a 

separation in energy between the vertical and adiabatic ionizations, is 

predicted. 

Conversely, the ionization at 7.42 eV is much sharper and intense in 

appearance. This ionization is also assigned to an antibonding metal

metal combination, the Au 6~. However, this antibonding combination is 

of the incorrect symmetry to interact with any of the ligands and is 
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predicted to be purely metal-metal antibonding in character (via Fenske

Hall calculations). Ionizations from this orbital, will result in a net 

half bond increase in metal-metal bond order. If the first row metal-

metal interactions are considered unimportant, then the ionization should 

possess a short vibrational progression with an adiabatic and vertical 

ionization occurring at the same energy. This would indicate very little 

metal-metal bond distance change, upon ionization. The ionizations to 

lower ionization energy of the most intense ionization at 7.42 eVare then 

proposed to be hot bands. Boltzmann's distribution is used to predict the 

ratio of ionization intensity to be found one and two vibrational units 

to lower binding energy. Table XV shows the predicted ratio to 

experimentally determined ionization area ratio. The leading bands may 

still be either the cations's ground state vibrational fine structure and 

suggest a metal-metal bond length change, or they may be hot bands and no 

appreciable metal-metal bond distance change is found. The photoelectron 

spectrum of this ionization must be taken at higher temperatures, if these 

leading bands are to be confirmed as hot bands. 

Metal-Metal and Metal-Bridging Ligand Orbital Trends. 

The trends between these different types of metal a, ~ and 6 orbital 

contributions are discussed in this section. Figure 22 shows the relative 

trends of experimental ionizations between complexes. By examining these 

orbital trends, some, general conclusion of energy separations between a 

and a* and ~ and ~* orbital combinations. 
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Table XV Boltzmann Distribution Comparison. 

t.E (eV)t Calculated Experimental 

0.0516 21% 19% 

0.1032 4% 5% 

Energy separation between the vertical ionization at 7.42 eV and the 
bands to lower ionization energy. 
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One of the first questions posed for these types of species, which 

formally possess metal-metal bonds, is: where are the metal-metal bonds. 

For these types of complexes the metal orbitals are filled in order; 

0 2041£20*41£*20 *2 or 0 2041£20*40 *21£*2. From the metals' point of view, a net zero 

metal interaction is found. However, two 1£ bonding interactions are 

formed through the bridging ligands' 1f* backbonding orbitals. Further, 

the sigma interactions between the bonding lone pairs of the bridging 

ligand into the empty metal acceptor levels accounts for two more bonding 

orbitals in the sigma framework. The bonding in the M-X2-M ring starts to 

look more like a dimetallocyclobutadiene moiety. Where the double bonds 

are not located directly between the two metals, but go through the 

bridging ligand system and hence the 1f orbitals are delocalized around the 

ring, above and below the plane of the ring as in cyclobutadiene and in 

the plane of the ring (unlike cyclobutadiene). These dimetallo

cyclobutadiene 1£ orbitals are the glue which holds these complexes 

together and stabilizes the filled-filled interactions between the metals 

and cyclopentadienyl ligands. 

Assuming little to no bridging ligand backbonding for the B3u 0 8 and 

no bridging ligand sigma donation into the Ag os, the energy separations 

between Ag OS and B3u 0° range from 1.94 eV, when the metal is ruthenium, 

to 1.21 eV when the metal is iron, to 0.90 eV when the metal is cobalt. 

This trend follows the expected periodic trends where it is expected that 

the second row metal-metal ruthenium interactions are greater than the 



139 

first row metal-metal interactions, which are greater than the cobalt, in 

a formally +1 oxidation state. 

The metal-metal 0-0* energy separations follow the periodic trends 

and yet the metal-metal ~-~* energy separations between complexes remains 

relatively constant (0.71 ± 0.03 eV). The ~-~* interactions can be 

thought of as a compromise between bridging ligand ~* backbonding 

stabilizations and metal-metal bonding/antibonding capabilities. If the 

"pure" metal-metal energy separations between ~-~* pair and 0-0* pair 

metal interactions are the same (or some constant less for the ~ 

separations), the nitrosyl backbonding capabilities stabilize the 

ruthenium complex a maximum of 1.2 eV and stabilizes the iron complexes 

an average of 0.51 eV. The cobalt complex is only stabilized a maximum 

of 0.2 eV by backbonding with the bridging carbonyls. This result 

supports the theory that the nitrosyl ligand is a more efficient 

backbonding ligand. 

5 and 5* interactions tend to be indeterminable since half of these 

5 type interactions are involved with the bridging ligand backbonding and 

bridging ligand sigma donations, while their counterparts are not. How 

much stabilization is found in a 5 orbital combination is due to the 

amount of bonding between metals, the destabilization of ligand sigma 

donation or ~ backbonding stabilization. 



CHAPTER 6. 

ELECTRONIC STRUCTURE EFFECTS OF METHYLENE SUBSTITUTION 

IN CYCLOPENTADIENYL IRON DICARBONYL DIMER. 

Introduction 
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The effects of substituting a methylene for a carbonyl in the 

[CpFe(CO)2]2 complex is used to evaluate and assign photoelectron 

ionizations of [CpFe(CO)2]2 and [CpFe(CO)]2-~CO-~CH2' which have otherwise 

only been interpreted by calculational methods. 159,150-152 The 11' backbonding 

options of the iron dimer becomes more limited with the methylene ligand 

in place of a carbonyl. This procedure gives an experimental verification 

of the order of certain symmetric and asymmetric molecular orbitals. 

The [CpFe(CO}z]z complex is fundamental to organometallic chemistry153-

157 and has been the subject of much attention over the years. Speculation 

on the bonding between metal and bridging ligands and the presence or 

absence of a direct metal-metal bond has been addressed by 

ca1cu1ations158 ,160 and electron density maps .162 It has been generally 

concluded that net bonding interactions within the M-X2-M ring support a 

de1oca1ized picture of 11' backbonding through the bridging ligands .158,160,162 

The presence of a metal-metal a bond is thought to have minimal 

contributions to the total bonding scheme of the dimer but remains the 

only direct metal-metal interaction within the complex. 

The remaining six other metal-ligand interactions are found to 

contribute to the stabilization of the metal-metal interaction. The 

------ ---~---
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bridging ligand contributions, which were discussed in detail in the 

previous chapter on [CpM(XO) h type complexes and the terminal ligand 

contributions to metal-metal stability are expanded upon in this chapter. 

Some attention to the metal's preference for terminal carbonyl backbonding 

as compared to bridging carbonyl backbonding is addressed. 

Comparisons between bridging methylene and bridging carbonyl 

complexes focuses upon the limited number of metal-methylene bonding 

combinations as compared to the number of metal-carbonyl backbonding 

options. The carbonyl possess a set of degenerate ~* orbitals, while 

methylene has only one ~ accepting orbital. The usefulness of this 

substitution in assigning the photoelectron spectra is explored. 

Substitutions of pentamethylcyclopentadienyl (Cp*) for cyclopentadienyl 

(Cp) and He(I)/He(II) comparisons, also allows for insight into the 

assignment of these spectra. 

A comparison of ~ backbonding abilities between carbonyl and 

methylene is explored and the resulting changes in electron charge on and 

about the methylene and dimetallacyclobutyl ring are commented upon. 

Molecular Orbital Structure 

The methylene moiety is an extremely good 11" electron acceptor .159,160 

From Fenske-Hall calculations between [CpFe(CO)212 and [CpFe(CO)12-~CO

~CH2,160 the occupation of the empty methylene p orbital is predicted to 

significantly stabilize the metal-metal orbital combination of the 

appropriate symmetry. A single bridging carbonyl molecular ~* backbonding 
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orbital will also stabilize this same metal-metal orbital combination but 

not to the same degree as the methylene. In this section, the possible 

molecular orbital combinations of the bridging and terminal carbonyl with 

the metal dimers will be discussed. The electronic changes which are 

induced in the [CpFe(CO)zlz complex with the substitution of methylene for 

bridging carbonyl are also investigated. 

In Figure 24, an approximate molecular orbital diagram is shown 

outlining the interactions of the terminal carbonyls with the metal dimer 

(column 0) and the interactions of the bridging carbonyls with the metal 

dimer (column B), in the CZv cis- [CpFe(CO)zlz metal dimer .161 The 

cyclopentadienyl ring interactions have been omitted for clarity. Their 

loss is found to have little effect on the molecular orbital ordering 

except for the predominantly metal-metal G interaction, which is found to 

have some involvement with the filled cyclopentadieny1 ring e' set. If 

the relative orbital placement of the metal-metal G is ignored for the 

time being, the other six metal based, carbonyl stabilized orbitals may 

be discussed and their relative ordering evaluated. 

A 11" bonding and a 6 bonding combination (6" and 11"") is directly 

involved with the terminal carbonyl ligand a donations (the S8
11

) and the 

other is directly involved with the bridging ligands G donations (the 11"5
11
), 

These two metal-metal combinations must remain unoccupied because of their 

sigma interaction with the terminal and bridging ligands. 

The notation used in this chapter refers to the plane formed by the 

metals and bridging ligands. The superscripted· a or s denotes the 
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llsymmetric or symmetric combinations formed between metals, while the 

subscripted ~ or II, denotes the perpendicular or parallel oriented metal 

d orbitals, with respect to the four membered M-X2 -M plane. 

The two prominent types of interactions between metals and carbony1s 

are the metal-metal a, ~ and 0 bonding and antibonding metal interactions 

and the ~* backbonding stabilization derived from the carbony1s. As seen 

in Figure 24 column D, the terminal carbony1s stabilize four different 

metal-metal combinations. All of these are either ~ or 0 type 

interactions between metals and all are perpendicularly oriented metal d 

orbital interactions. In other words, a node in the molecular orbital is 

found in the plane of the M-X2 -M ring and the lobes of the metal d orbitals 

are perpendicularly oriented from the dimeta11ocyc1obuty1 ring plane. 

The bridging carbony1s also interact with four metal-metal orbital 

combinations (Figure 24, column B). Of the four interactions, two are 

oriented within the plane of the metals and bridging carbony1s (in a 

parallel fashion, subscripted 1/). These same two orbital combinations are 

of asymmetric symmetry between the metals. The substitution of a bridging 

methylene for a carbonyl will further affect these two parallel and 

asymmetric orbital combinations, (the ~"II and S",,). The other two metal

metal, bridging carbonyl orbitals are oriented in a perpendicular fashion 

and are of the correct symmetry for stabilization from the terminal 

carbonyl ~* orbitals. The o"~ and ~"~ orbitals are symmetric combinations 

between metal d orbitals and possess both terminal and bridging carbonyl 

backbonding stabilization. These two orbital combinations are the most 
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stable of the predominantly metal combinations and the 1f\ interaction 

should be more stable than the 6B~ combination (see Figure 24, column B). 

These mf.ltal-metal carbonyl supported orbital interactions account and 

define six of the seven possible filled metal orbitals. The seventh 

molecular orbital is the most stable of the remaining "pure" metal-metal 

interactions, the 0 bond. The relative position of the metal-metal 0 with 

respect to the six other carbonyl supported metal-metal interactions is 

dependent upon the basis set used for the iron metal center, which 

determines the relative strength of metal-metal interactions versus metal-

carbonyl interactions. It is found here that the iron metal-metal 

interaction for an iron-iron distance of 2.531 A results in substantial 

splitting between 0, ~ and 6 levels (Figure 24, column A or E). Changes 

in the coordinates of the carbonyl about the metal also effect the 

relative position of the metal-metal 0 bond as does the presence of the 

cyclopentadienyl rings. The metal-metal 0 bond's relative position seems 

indeterminable. In general the calculation suggests that the bonding 

metal-metal interactions (1fB, 6° and 0
6

) form the most stable set, the 6 

asymmetric interactions the next most stable set and the ~ asymmetric 

interactions the least stable set. It should be further noted that there 

are only three symmetric combinations between the metals, while there are 

four asymmetric combinations. All of these molecular combinations involve 

delocalization of electron density out onto the carbonyls with the 

exception of the metal-metal 0 bond and the sigma bond is destabilized by 

filled-filled interactions with all the other ligands. This further 
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weakens any direct metal-metal interaction. Therefore, the de10ca1ized 

picture of these supported metal-metal interactions is maintained. 162 ,160 

As cyc10pentadieny1 rings are included in the calculation, the 

molecular orbitals 1I'1l.L and 11'11" are substantially effected by the 

interaction with the filled ring e' set of cyclopentadieny1. These two 

combinations are the two least stable molecular orbitals of [CpFe(CO)2]2' 

Comparisons between the photoelectron ionizations of [Cp"'Fe(CO)2Jz and 

[CpFe(CO)2]2 will indicate a greater shift to lower ionization energy for 

both these molecular orbitals but especially for the 1I'
8

.L' 

As a bridging methylene is substituted for a bridging carbonyl, the 

11'8" and 5811 are the two orbital combinations substantially effected. The 

other five orbital combinations retain their relative ordering but the 

11'8" and 5"" are considerably stabilized by interaction with the methylene's 

empty p orbital. With two carbony1s in the bridging positions, the two 

orbitals can be simply thought of as either a 511 and 11'11 combination or, 

equivalently, as a linear combination of the 511 and 11'11. The linear 

combinations of 5" and 11'8 results in a molecular orbital picture with the 

one set of metal orbitals directed towards one carbonyl and the other 

linear combination of metal orbitals directed towards the other carbonyl. 

When two carbony1s are bridging, there is no benefit to forming these 

linear combinations of molecular orbitals and so both the 11'''" and 58" 

molecular orbital set or the 11'''" + 5"" and 11'''" - 5"" molecular orbital set 

are equivalent. 
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However, should one of these carbony1s be exchanged for methylene, 

the application of a linear combination of molecular orbitals becomes more 

preferred, as one combination forms a maximum interaction with the more 

stable electron accepting methylene p orbital and the other combination 

forms its most stable interaction with the remaining carbonyl (see 

Figure 25). The more stable of this pair is the combination containing 

the methylene p orbital. However, both molecular parallel combinations 

are generally stabilized with respect to the other five metal-metal 

orbital interactions (see Figure 26). 

One further change in orbital interaction between bridging methylene 

and bridging carbonyl is found between the sigma donation of the methylene 

and carbonyl. The methylene sigma is predicted to be the better sigma 

donor. 160 The methylene sigma orbital should be located just to higher 

ionization energy with respect to the cyc1opentadieny1 ionizations. This 

is found to be true, where the methylene sigma is found to be a broad and 

bonding ionization located 0:<1-2 eV to higher binding energy from the 

cyc1opentadieny1 ionizations in the photoelectron spectra of bridging 

methylene complexes. 159,163 

Photoelectron Information 

In Figure 27 and Table XVI, the photoelectron spectra of [CpFe(CO)212 

and [CpFe(CO)12-pCO-pCH2 are presented. An obvious difference between the 

two spectra is the leading ionization at 6.95 eV in [CpFe(CO)2]2. This 

ionization is missing, while a new ionization has appeared at 8.61 eV in 
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Table XVI Vertical Ionization Energies (±0.03 eV), and He(I) and He(II) 
Relative Areas. 

He(I) 
He(II) 

[Cp*Fe(CO) h
JlCO-JlCH2 

11''' .L 

IP (eV) 

6.35 
1.19 
1.11 

He(I) 11'''11 
He(II) 

6.64 
1.55 
1.47 

He(I) 
He(II) 

Ru, 6.89-7.08 
3.00 
3.00 

11'''11 
He(I) 

7.70 
1.09 
1.11 He(II) 

He(I) 
He(II) 

He(I) 
He(II) 

He(I) 
He(II) 

Cp* 

Boo 

(7.96)t 

8.34 
8.79 
5.82 

10.05 
4.38t 
4.44· 

[Cp*Fe(COhh 

IP (eV) 

6.30 
1.08 
1.13 

6.58 
0.83 
0.86 

Ru, 7.03-7.42 
4.00 
4.00 

Cp* 

(8.00)t 

8.53 
8.12 
5.30 

IP (eV) 

6.95 
0.97 
0.99 

7.31 
1.24 
1.48 

Ru, 7.71-8.10 
4.00 
4.00 

Cp 

8.64 
0.49 
0.91 

9.62 
5.13 
3.76 

[CpFe(CO) h
JlCO-JlCH2 

IP (eV) 

Ru, 7.17-7.62 
5.00 
5.00 

Cp 

Boo 

8.34 
0.71 
0.65 

8.61 
0.72 
0.64 

9.46 
4.87 
4.06 

10.56 
0.99 
0.71 

t The position of these ionizations are found by applying the shifts found 
between related ionizations in [CpFe(CO)2h and [CpFe(CO) h-JlCO-JlCH2 to the 
[Cp*Fe(CO)2J 2 and [Cp*Fe(CO)J 2-JlCO-JlCH2 complexes. The band area for these 
proposed ionizations is associated with the Cp* ionization area. 

The He(I)/He(II) relative areas are too large for this ionization 
because of the background in this photoelectron spectrum. 
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the spectrum of [CpFe(CO) lz-J.lCO-J.lCHz . Otherwise, the cyclopentadienyl 

ionizations and metal region have remained basically unchanged. The only 

other new ionization band in [CpFe(CO)lz-J.lCO-J.lCHz is the characteristic 

methylene sigma ionization, located at 10.56 eV. This very broad band is 

present in all the bridging methylene complexes159 ,163 immediately to higher 

binding energy with respect to the cyclopentadienyl ionizations. 

The substitution of methylene for carbonyl also results in a general 

destabilization in energy of all the other metal and cyclopentadienyl 

ionizations. The metal bands tend to be destabilized ~0.4 eV, while the 

cyclopentadienyl ionizations are destabilized ~O. 2 eV. This suggests that 

the loss of one bridging carbonyl's two electron stabilizing, backbonding 

orbitals is not totally compensated by the presence of a better 11" 

accepting methylene, which possesses only one 11" electron accepting 

orbital. There may be as much as 0.4 eV worth of electron charge placed 

back onto the metals and the remaining carbonyl, with the loss of the 

other bridging carbonyl's 11"* electron accepting orbitals. 

The leading ionization at 6.30 eV in [Cp*Fe(CO)zlz disappears in 

[Cp*Fe(CO) lz-J.lCO-J.lCHz (see Figure 28) and as observed before. an ionization 

appears from under the low ionization energy side of the 

pentamethylcyclopentadienyl ionizations. The sigma donating methylene 

orbital adjacent to the cyclopentadienyl ionizations to higher binding 

energy is also, obviously present. 

One other ionization present and observed in the spectrum of 

[Cp*Fe(CO)zlz, which is not clearly resolved in [CpFe(CO)zlz (see 
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Figure 29), is the ionization labeled ~n~ in the [Cp*Fe(CO)212 spectrum. 

This ionization is predicted to possess a substantial contribution of 

cyclopentadienyl orbital character, because this ionization is shifted out 

from underneath the broad metal range of ionizations in [CpFe(CO)2]2 to 

clearly become the second leading ionization in [Cp*Fe(CO)212' With the 

exchange of pentalJlethylcyclopentadienyl for cyclopentadienyl, this 

ionization will remain as the first ionization in [Cp*Fe(CO)12-~CO-~CH2' 

This ionization is assigned to the ~n~ orbital, because this metal orbital 

combination is predicted by calculations to possess the most substantial 

cyclopentadienyl character, without any bridging ligand contribution.· 

The only other obvious metal ionization not yet discussed is the 

ionization at 8.64 eV in [CpFe(CO)212' This ionization is the most stable 

of the predominantly metal ionizations and is relatively unaffected by 

substitution of a methylene for a carbonyl and by substitution of a 

pentamethylcyclopentadienyl ring for a cyclopentadienyl ring. Because of 

this behavior and from calculational predictions, this most stable of 

characteristically metal ionizations is assigned to be ~D~ ionization. 

He(I) and He(II) relative areas are presented in Table XVI along with 

the vertical ionization energies of the various complexes. The He(II) 

photoelectron spectra are not shown, since the spectra do not add any 

substantial insight to the assignment of the spectra. In general, the 

He(II) comparisons show the relative decrease in cyclopentadienyl 

ionization area relative to the iron metal region. In Table XVI, the 

He(I) and He(II) relative band area is tabulated. Normally one well 
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Figure 28 Photoelectron spectra of A) [Cp*Fe(CO)2J2 and B) [Cp*Fe(CO)J 2-
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separated ionization is chosen as the single ionization standard. When 

band area comparisons are made between different spectra, the band chosen 

as the standard should be the same ionization band chosen for the other 

related photoelectron spectra. For this set of complexes, there is not 

one ionization consistently and clearly found in each spectrum. 

Therefore, the overlapping metal ionizations of R.n is chosen as the 

He(I)/He(II) standard area. If the correct number of ionization bands for 

the R.n area is chosen, then the resolved single metal ionization areas 

should approach 1. 

Summary of the Photoelectron Data 

By using the information derived from the examination of each pair 

of separate photoelectron spectra, an ionization correlation diagram may 

be presented (see Figure 30). It is known that each of these complexes 

will possess seven metal ionizations and 4 cyc1opentadieny1 ionizations. 

These ionizations are mapped from one complex to the next by applying the 

general shifts observed between ionizations. Once the shifts between 

similar type ionizations (see Table XVII) are consistent and the predicted 

stabi1izations and destabilizations with substitution of methylene for 

carbonyl and pentamethy1cyc1opentadieny1 for cyc10pentadienyl are 

evaluated, then the location of other ionizations may be proposed. 

It is observed that with the substitution of methylene for carbonyl 

in [CpFe(CO)2]2 versus [CpFe(CO)]2-~CO-~CH2' the predominantly metal 

ionizations shift ~0.4 eV. This same general destabilization should be 
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Table XVII Shifts in Ionization Energy (±O.04 eV) between Complexes. 

[Cp*Fe(CO) h
IJCO-IJCH2 

I 
I 

Label Shift 

11""11 -0.34 

71"" 
J. +0.23 

R,., 
Back edge +0.34 

11"8 
J. 

Cp +0.21 

Bu 

II 

(eV) 

[CpFe(CO)::12 [CpFe(CO) h- [Cp*Fe(CO) h-

I 
II 

IJCO -IJCH2 IJCO -IJCH2 
'-----,r----,I L-I ---r---JI 

I I 
Shift (eV) Shift (eV) Shift (eV) 

+0.65 

+0.73 (-0.14)t (-0.82)t 

+0.68 -0.54 -0.54 

-0.30 -0.64 

+1.09 -0.16 -1.12 

-0.51 

The shifts for 1I"
a

J. between [CpFe(CO)212 and [CpFe(CO)12-IJCO-IJCH2• and 
between [CpFe(CO)2h and [Cp*Fe(CO) h-IJCO-IJCH2 are found by taking the 
difference between IP's of 1I""J. and the leading edge of R,., for [CpFe(CO)12-
IJCO -IJCH2 . 

The dash found in a column indicates that the ionization was not 
located in the photoelectron spectrum and the position of the ionization 
is only speculative. 
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found for the most stable metal ionization, ~S~, in [CpFe(CO)2]2' Between 

the two ionizations at ~8.5 eV in [CpFe(CO)]2-~CO-~CH2' the lower binding 

energy ionization at 8.34 eV is determined to be the ~B~ ionization. It 

is shifted 0.30 eV from the [CpFe(CO)2h, ~s~ ionization, and is a 

predominantly metal ionization. Therefore, the other ionization at 8.61 

eV, in [CpFe(CO) h-~CO-JLCH2' is the 6811 ionization. 

Between the ionizations of [Cp*Fe(CO)2]2 and [Cp*Fe(CO)]2-~CO-~CH2' a 

destabilization of ~O. 3 eV is found for the block of metal based 

ionizations. This same shift is applied to the second lowest ionization, 

~8~, in [Cp*Fe(CO)2]2 and it is found to aline with the leading ionization 

in [Cp*Fe(CO) h-~CO-~CH2' This same ~"~ ionization is then predicted to be 

the HOMO for both [Cp·Fe(CO)]2-~CO-~CH2 and [CpFe(CO)]2-~CO-~CH2' but is 

only clearly resolved in the spectrum of [Cp*Fe(CO)]2-~CO-~CH2' If this 

same destabilization is applied to the leading ionizations of [CpFe(CO)2]2 

and [Cp*Fe(CO)2]2' there are no ionizations in [CpFe(CO) h-~CO-~CH2 and 

[Cp*Fe(CO)]2-~CO-~CH2' respectively, which are located to low enough 

binding energy. Therefore, the leading ionizations of [CpFe(CO)2]2 and 

[Cp*Fe(COhh, namely the ~811' must be involved with the parallel oriented 

molecular orbital backbonding into the bridging carbony1s and are 

stabilized when methylene is substituted for bridging carbonyl. 

Figure 30 illustrates this stabilization between the carbonyl 

complex, [Cp*Fe(CO)2h and the bridging methylene complex, [Cp*Fe(CO) h

~CO-~CH2' A stabilization of 0.34 eV is found between the ~"II ionizations, 

as the leading ionization of [Cp*Fe(CO)2]2 is stabilized and is located as 
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the second lowest ionization in [Cp*Fe(CO) h-JlCO-JlCH2. If the same 

stabilization is applied to the 11""11 ionization of [CpFe(COhh, then the 11'"" 

ionization of [CpFe(CO)12-JlCO-JlCH2 should be located within the block of 

metal ionizations. Note that the area of overlapping metal ionizations 

now accounts for 5 metal bands. 

The 6811 in [CpFe(CO)h-JlCO-JlCH2 is observed at 8.61 eV. This 

ionization was not directly observed in the [CpFe(CO)212 spectrum and is 

proposed to be the other molecular orbital ionization stabilized by 

parallel interaction with the bridging ligand. The 6811 ionization in 

[CpFe(CO)212 would, therefore, be located towards the bottom of the metal 

ionization block in [CpFe (CO) 21 2. The same general stabilization shift for 

6B II should occur between [Cp"Fe(CO)2h and [Cp*Fe(CO) h-JlCO-JlCH2. By 

extrapolating the shifts observed between the related 11"8 11 ionizations, the 

6811 ionization of [Cp*Fe(CO) h-JlCO-JlCH2 should occur between the 

pentamethy1cyc1opentadieny1 ionizations and the most stable metal 

ionization, the 11'8~. 

The shoulder observed just to lower binding energy of the 

pentamethy1cyc1opentadieny1 ionizations is then the result of both the 6B
" 

and the 1I"B~ ionizations in the photoelectron spectrum. The 1rs~ ionization 

should be slightly less stable than the 6B II ionization and resolved in the 

photoelectron spectrum to be the ionization band to low ionization energy 

of the pentamethy1cyc1opentadieny1 ionizations. The 6"11 ionization is 

unresolved and hidden between the pentamethy1cyc1opentadienyl ionizations 

and the 1I"B~ ionization. 
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Since a shift of 0.30 eV is observed between the ~s~ of [CpFe(CO)212 

and the ~"~ of [CpFe(CO)12-~CO-~CH2' the same general shift may be applied 

between ~"~ of [Cp*Fe(CO)12-~CO-~CH2' where it is predicted to be on the 

leading edge of the pentamethy1cyc1opentadieny1 ionization in 

[Cp*Fe(CO)212 and obscured in the photoelectron spectrum by the 

pentamethy1cyc1opentadieny1 ionizations. The predicted location of both 

the 1\'\ ln [Cp*Fe(CO)2h and the 1\'''11 in [Cp*Fe(CO) h-~CO-~CH2 are indicated 

by a dashed molecular orbital level in Figure 30 and enclosed in 

parentheses in Table XVI. 

The assignment of the 11'''11 as the HOMO in [CpFe(COhh and [Cp*Fe(CO)2h 

can now be used to uniquely assign the ionization order of the bridging 

ligand 11' backbonding combinations in complexes of the type [CpM(~-XO)12' 

All these complexes possess the same dimeta1locyclobutyl structural core 

and therefore, the same molecular orbital combination of bridging 11' ligand 

and metal based ionizations. In the previous chapter, the ionization 

order between the B2g lI'''dyz and B2u 1I'Brlxz was assigned based upon 

calculational predictions. With the determination of the correct order 

based on experimental ionizations for [CpFe(CO)212 and [Cp*Fe(CO)212 

complexes, it is found that the B2g 1\'Bdyz (11'''11) ionization is less stable 

than the B2u 1I'''rlxz (1I'B~) ionization, for the [CpM(~-XO)12 complexes. 

Conclusions 

It is found, upon substitution of a methylene for a carbonyl, that 

the 11'''11 orbital combination is stabilized some 0.34 eV. This 1\'''" 
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ionization in the bridging methylene complexes may be thought of as a 

primarily metal-metal carbonyl supported orbital with the substitution of 

a methylene for a bridging carbonyl. Conversely, the 08
" orbital 

combination is thought to be primarily of methylene carbon p character 

with substitution of a methylene for a carbonyl. Since the 08
" is greatly 

stabilized with the substitution of a methylene, an oxidation of an 

electron from each metal center can be thought to have occurred. This 

follows from the He(I)/He(II) area comparisons, where there is a slight 

decrease in 08
" area, for [CpFe(CO) lz-J.lCO-J.lCH2. Al1 the other metal and 

cyclopentadienyl ionizations are also destabilized anywhere from 0.2 eV 

to 0.5 eV, which suggests that the metal-carbon dimeta1locyclobuty1 ring 

is supporting the excess electron density acquired with the loss of the 

extra carbonyl backbonding ~* orbital. It is true that the one methylene 

~ orbital is a much better ~ electron accepting orbital than a single 

carbonyl ~* backbonding orbital. 160 However, the methylene's single ~ 

acceptor is not quite as good as the added effects of two carbonyl ~* 

backbonding orbitals. Located back onto the two metal centers and the 

bridging ligands is the excess electron density, previously absorbed by 

the carbonyl's extra ~* backbonding orbital. This excess electron density 

can have an added effect on the reaction chemistry of these type 

complexes. 160 

The assignment of the two leading ionizations in [CpFe(CO)2lz has lead 

to some conclusions on the backbonding capabilities of the bridging versus 

terminal carbonyls. It is found that the ~B" is the leading (least stable) 

~-------------------- -----------
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molecular combination and involves only the bridging carbonyl. The ~B~, 

which involves only terminal carbony1s, is found to be slightly more 

stable than the ~BII. The Fenske-Hall calculations predicted a greater 

stabilization found for the bridging carbony1s versus the terminal 

carbony1s, opposi te to the experimental evidence. The experimental 

evidence suggests that terminal carbony1s possess better overlap and 

therefore, a greater backbonding capability than bridging carbony1s. 

Further, the assignment of the ~BII as being the least stable molecular 

orbital combination for [CpFe(CO)212 and the ~e~ being the most stable of 

metal combinations, leads to the support of the same general order between 

the less stable parallel oriented B28 ~Bdyz versus the more stable, 

perpendicularly oriented B2u 1I"8~Z bridging ligand supported orbital 

combination for [CpM(p-XO)12 type complexes. 

Because the intrinsic molecular characteristics of [CpFe(CO)212 are 

more clearly defined, the limited assignment of the photoelectron spectrum 

has been found to support the ca1cu1ationa11y predicted 

bonding/antibonding order. The asymmetric metal-metal 11" combinations are 

assigned to the leading ionizations (least stable molecular orbitals). 

The symmetric metal-metal 0 are towards the middle of the metal ionization 

range and the symmetric metal-metal bonding combinations are found toward 

higher ionization energy (most stable molecular orbitals). The location 

of the metal-metal (I bond can not be determined from this set of 

overlapping metal ionizations. However, the predominant bonding 

interactions between metals supports a de1oca1ized picture of electron 

density about the metals and bridging ligands. 
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CHAPTER 7. 

BRIDGING METHYLENE SUPPORTED METAL-METAL INTERACTIONS 

Introduction 

The reaction chemistry and structural characterization of compounds 

of the type [CpM(XO)12-~CH2' (where M is Fe, Co, Ru and Rh, and X is either 

N for M- Fe or Rh, or C for M-Co or Rh) have been intensively 

investigated. Much of the interest in these compounds derives from their 

possible relationships to organometallic species involved in processes 

such as methylene transfer, Fischer-Tropsch reactions and olefin 

metathesis. 164-167 

The photoelectron spectra of a few other bridging methylene complexes have 

been obtained previously. [CpMn(CO)212-~CH2 was studied in great 

detail. 159 ,168 The reaction chemistry of the bridging methylene complex, 

[CpFe(CO)12-~CO-~CH2 and the related [CpFe(CO)12-~(CO)2 complex has also 

received a great deal of attention in the literature .169-171 All of these 
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complexes possess a formal metal-metal single bond. Questions about the 

effective bonding capabilities of this metal-metal u interaction has been 

debated for several years .172,173 It has been concluded that the bonding 

interactions between the metals is substantially involved through the ~* 

backbonding capabilities of the bridging ligand. 

Here, the metal-metal and metal-ligand interactions of the [CpM(XO) lz

pCHz complexes are examined by photoelectron spectroscopy. Tllese results 

lead to some useful insights into the bonding of small coordinating 

ligands such as carbonyl, nitrosyl and methylene. Comparisons between 

these and other related complexes increases the understanding of carbonyl, 

nitrosyl and methylene interactions and their ability to accept ~ electron 

density and donate sigma electrons. The preferences of terminal versus 

bridging coordination of the carbonyl and nitrosyl ligands is also 

explored. 

The photoelectron spectra of these dB metal dimer complexes 

consistently show three ionizations separated to low ionization energy. 

These three ionizations are assigned to an antibonding and bonding pair 

of "pure" metal-metal interactions directed toward the vacant metal-metal 

coordination site and the direct u metal-metal interaction. Because of 

the availability of easily accessible metal-metal bonding and antibonding 

levels, some of the reaction chemistry of these type of complexes can be 

better understood. 
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Description of Molecular Orbital Interactions 

A description of the metal-metal and metal-ligand interactions are 

reviewed in this section. For the case example of [CpFe(NO)]2-~CH2' the 

molecule is found to possess terminal nitrosy1s and a bridging 

methylene .174 The structure is nearly identical to the structure of 

[CpFe(CO) h-~CO-~CH2 (discussed in previous chapter) but without the 

bridging carbonyl. The molecular metal-ligand interactions of the 

[CpFe(CO)]2-~CO-~CH2 are then very similar to those found for [CpFe(NO)]2-

~CH2 system. Some differences derive from the number of metal electrons 

available (d7 for [CpFe(CO)]2-~CO-~CH2 and dB for [CpFe(NO)]2-~CH2) and the 

loss of the carbonyl bridging unit, and the stronger ~ accepting ability 

of the nitrosyls. 

The molecular interactions of [CpFe(NO)]2-~CH2 are shown in Figure 31 

and may be used as a model for the other dB, terminal nitrosyl or carbonyl 

bridging methylene complexes (Co, Rh and Ru metal complexes). Figure 31, 

column A shows the metal-metal (7, 

.interactions of the Fe2+2 fragment. 

~ and 0 bonding and antibonding 

As the terminal nitrosyls are added 

(in a cis fashion), four of the metal-metal interactions are stabilized 

by terminal nitrosyl ~* backbonding combinations. These are namely of ~ 

and 0, bonding and antibonding metal-metal symmetry and oriented in a 

perpendicular fashion to the metal-bridging methylene-metal plane. These 

are the same four molecular interactions discussed in great detail for the 

[Fe(CO)2]2+ fragment in the previous chapter. Ionizations of this type 

will be generally referred to as M~-XO, where XO is either nitrosyl (NO) 
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or carbonyl (CO). 

The [Fe (NO) 12+ fragment is calculated and shown oriented in a cis 

fashion. It is expected and shown with calculations that none of these 

nitrosyl stabilized interactions will be grossly effected by a change from 

a cis orientation to a trans orientation. While all crystal structures 

of these type complexes have been found to be trans, 175-179 the cis 

orientation is used here to better illustrate the terminal nitrosyl n* 

backbonding interactions. These type complexes are known to undergo cis

trans isomerization at elevated temperatures (~55 oC).175 

As a single bridging unit is added, a tilt of the metal-metal orbital 

interactions occurs. In the previous chapter, the two synunetrical1y 

oriented bridging carbonyls left a mirror plane along the metal-metal axis 

and between the bridging carbony1s. As one carbonyl was substituted with 

a methylene, a resultant linear combination between nand 0 oriented 

metal-metal interactions was arranged to maximize a favorable combination 

between each of the now dissimilar bridging ligands. If only one bridging 

ligand is included, the metal-metal molecular orbitals are tilted to 

maximize overlap with the bridging ligand. Linear combinations of nand 

o oriented metal-metal interactions are used to make these tilted 

orbitals. The direct u metal-metal interaction is left unaffected by the 

tilting of the other nand 0 metal orbitals (see Figure 31, column D) and 

remains oriented along the metal-metal axis. 

The tilt of metal orbitals towards the methylene also results in the 

corresponding tilt of metal orbitals towards the empty coordination site, 

----- ------------------
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opposite the bridging methylene. Because these complexes all possess dB 

metal centers, the bonding and antibonding combinations of the tilted 

metal combinations are occupied. These two metal-metal combinations are 

the least stable of all the occupied metal-metal interactions (see 

Figure 31, column C and D). These metal-metal interactions are directed 

off the metal-metal axis and are unsupported by any other metal-ligand 

interactions. The antibonding bent or 'banana-bond' will be refer to as 

b*, while the bonding 'banana-bond' will be referred to as b, throughout 

the rest of the chapter. These derive mainly from the ,..8" and "'''". 

The remaining direct metal-metal bonding combination is the metal

metal sigma bond. The metal-metal 0 is predicted to be more stable than 

the bonding 'banana-bond', since the metal-metal 0 is a direct bonding 

interaction between the two metals. The bonding 'banana-bond' overlap is 

less than the metal-metal o. The bonding and antibonding metal-metal 

'banana-bonds', the metal-metal 0 and the tilted metal-metal bridging 

methylene ,.. interaction make up the four in plane metal-metal orbital 

interactions. These interactions are illustrated in Figure 31. 

The tilting of ,.. and 6 metal-metal interactions results in a likewise 

tilt of the perpendicularly oriented iron-nitrosyl orbital interactions, 

as these molecular orbitals consist of ,.. and 6 interactions between 

metals. The tilt of these metal-nitrosyl or metal-carbonyl interactions 

will be discussed later in this chapter. 

The four perpendicularly oriented nitrosyl-metal orbital 

combinations, along with the· four in plane metal-metal combinations 
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account for the eight filled metal orbital interactions for the dimer. 

As cyc1opentadieny1 rings are included, certain metal orbital combinations 

are destabilized by filled-filled interactions with the cyc1opentadieny1 

e' sets. The destabilizing influence of the cyc1opentadieny1 rings is 

most prominent in the metal-metal 0 bond, which calculations predict as 

the third highest occupied molecular orbital. Other destabilizing effects 

are due to the nitrosyl's sigma (filled-filled) interaction with .sail 

orbital. 

After all of the eight metal-metal interactions are accounted for, 

the same general overall metal stabilization trend is found as was 

observed for the [CpFe(CO) h-J.'CO-J.'CH2 complex. The four molecular orbitals 

stabilized by the terminal ligands and the one metal-metal bridging 

methylene ~ orbital are the most stable combinations. The remaining three 

'pure' metal-metal orbitals, b*, band 0 remain the highest (HOMO), second 

highest (SHOMO) and third highest (THOMO) occupied molecular orbital, 

respectively. 

Photoelectron Spectra of [CpFe(NO)]2-CH2 

In Figure 32 and Table XVIII, the photoelectron spectrum of 

[CpFe(NO) h-J.'CH2 and the ionization energy values are presented. The 

photoelectron spectrum clearly shows three separate ionizations at low 

ionization energy. The first two have a sharp profile, indicative of non

bonding or antibonding character. The third band is relatively broad in 

shape and suggests some bonding character. These three ionizations are 
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well separated to low ionization energy away from the next set of 

overlapping ionizations found between 7.93 and 8.57 eV. 

The He(I)/He(II) comparisons between the leading three ionizations 

and the block of overlapping ionizations suggest that all of these 

ionizations are metal based. The cyclopentadienyl ionizations found 

between 9.12 and 9.80 eV decrease in relative area as compared to the 

ionizations to lower ionization energy. 

The block of overlapping ionizations at ~8.2 eV, should contain the 

remaining five metal based terminal nitrosyl and bridging methylene 11" 

stabilized ionizations. As discussed in the previous chapter, these 

interactions are found in this region. The metal-methylene 11" interaction 

should be found between the cyclopentadienyl ionizations and the metal

nitrosyl ionizations. This was found to be the case for [CpFe(CO)J 2-pCO

pCH2· 

The cyclopentadienyl ionizations found at ~9. 4 eV are similar to 

those found in [CpFe(NO) 12, [CpFe(CO)2h and [CpFe(CO) h-pCO-J1CH2. The 

expected four cyclopentadienyl ionizations are not excessively split by 

interaction with a first row metal. 

The last prominent ionization for [CpFe(NO)J 2-pCH2 is a very broad 

ionization found at 10.54 eV. This has been assigned previously as the 

methylene three center two electron sigma bonding interaction. 159 All the 

photoelectron spectra of bridging methylene complexes possess this easily 

recognizable ionization just to higher ionization energy from the 

cyclopentadienyl ionizations. 
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Table XVIII Ionization Energies, Ha1fwidth (± 0.03 eV) and Relative 
He(I)/He(II) Areas for the [CpM(XO)12-CH2 Complexes. 

b* 
He(I) 
He(II) 

b 
He(I) 
He(II) 

u 
He(I) 
He(II) 

M1-XO 
He(I) 
He(II) 

MJ.-XO 
He(I) 
He(II) 

M1-XO 
He(I) 
He(II) 

MJ.-XO 
He(I) 
He (II) 

CH2 1\" 

He(I) 
He(II) 

CPl 
CP2 
He(I) 
He(II) 

[CpRu(NO) 12-
J.lCH2 

IP Wb WI 

6.940.26 0.24 
1.0 
1.0 

7.260.30 0.22 
0.95 
0.95 

7.72 0.45 0.45 
0.99 
1.41 

8.06 
0.69 
0.67 

8.41 
0.68 
0.60 

8.63 
0.96 
1.11 

8.87 
0.98 
1.01 

9.12 
9.84 
4.88 
3.91 

CH2 0 11.32 
He(I) 1.66 
He(II) 0.95 

[CpFe(NO) 12-
J.lCH2 

IP Wb WI 

[CpCo(CO) 12-
J.lCH2 

IP Wb WI 

6.57 0.24 0.18 6.910.21 0.21 
1.0 1.0 
1.0 1.0 

6.82 0.23 0.14 7.12 0.21 0.21 
0.97 0.97 
0.91 0.98 

7.28 0.34 0.45 7.38 0.33 0.34 
1.02 1.20 
1.42 1.20 

7.92 
1. 39 
1. 25 

8.10 
1.41 
1.26 

8.29 
1. 34 
1.17 

8.51 
1.01 
0.95 

8.72 
0.54 
0.64 

9.15 
9.44 
5.95 
4.05 

10.55 
2.08 
1. 90 

7.69 
1. 94 
1.62 

8.00 
1. 58 
1.35 

8.30 
1.30 
0.79 

8.56 
1.14 
0.87 

9.20 
9.60 
8.75 
3.78 

10.64 
3.77 
1.40 

[CpRb(CO) 12-
J.lCH2 

IP Wb WI 

7.13 0.31 0.24 
1.27 
0.73 

7.51 0.38 0.29 
1. 38 
0.91 

8.06 0.26 0.26 
1.13 
1.03 

8.29 
1.06 
0.95 

8.49 
0.82 
0.76 

8.77 
0.73 
0.69 

8.96 
0.82 
0.75 

9.23 
0.46 
0.28 

9.17 
9.90 
4.00 
4.00 

11.36 
0.66 
0.68 
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This entire distribution of [CpFe(NO) h-J.'CHz ionizations is well 

represented by the calculations. The assignment is also well supported 

by comparisons with the previously discussed [CpFe(NO)]z and [CpFe(CO)]z

J.'CO-J.'CHz complexes. 

Comparisons between [CpFe(NO) h, [CpFe(COhh, [CpFe(CO) h-J.'CO-J.'CHz and 

[CpFe(NO)]2-J.'CH2· 

The comparison of photoelectron ionizations between the previously 

discussed iron complexes is illustrated in Figure 33. Because of geometry 

changes between [CpFe(NO)]z and [CpFe(CO)z]z, certain metal-metal 

interactions do not directly correlate between the two spectra. For 

example, the [CpFe(NO) h complex possesses two unoccupied metal-metal 

levels, the ".1\ and ",slI' while for the [CpFe(CO)zh complex three unoccupied 

levels exist, the 0''', 011
11 and ".11

11
, The ".8

11 
combination is the only orbital 

consistently unoccupied between these two complexes. The 0''' orbital of 

[CpFe(NO)]2 becomes unoccupied as the iron is oxidized to the formally +1 

state, d7 in [CpFe(CO)2]2' Finally, the unoccupied ".,,~ in [CpFe(NO)]z is 

occupied in [CpFe(CO)zlz while the 5"11 is unoccupied in [CpFe(CO)zlz and 

occupied in [CpFe(NO)]z' 

The ionization shifts between [CpFe(CO)z]z and [CpFe(CO)]z-J.'CO-J.'CHz 

have been discussed in the previous chapter and the ionization shifts 

between [CpFe(CO)]z-J.'CO--J.'CHz and [CpFe(NO)]z-J.'CHz will be compared here. 

Ionizations which will be discussed are the metal-metal 0' interaction, 

the iron-bridging ligand combinations and the iron-terminal ligand 
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combinations. 

In Figure 33, the metal-metal u interaction is mapped from complex 

to complex (the dashed line). In the case of [CpFe(CO)2]2 and [CpFe(CO)]2-

~CO-~CH2' the u interaction is obscured by other overlapping ionizations 

and therefore, its exact position is unknown. However, the metal-metal 

u bond is predicted by calculations to be destabilized as the 

cyclopentadienyl groups move off the iron-iron axis, between [CpFe(NO)]2 

and [CpFe(CO)2h. The metal-metal u interaction is predicted to more 

strongly interact in a filled-filled fashion with the cyclopentadienyl 

rings, destabilizing the metal-metal u interaction. 

Between [CpFe(CO)2]2 and [CpFe(CO)]2-~CO-~CH2' with the substitution 

of methylene for carbonyl, the metal type ionizations are all destabilized 

some ~O.4 eV. This is expected, since the better donating methylene sigma 

orbital is positioned to directly interact with the filled metal-metal u 

interaction and destabilizes it. This would again allow for a tentative 

placement of the [CpFe(CO) h-~CO-~CH2 metal-metal u interaction towards the 

middle of the [CpFe(CO)]2-~CO-~CH2 overlapping metal ionization block and 

positioned at about the same energy as the [CpFe(NO)]2-~CH2 metal-metal a 

interaction. If the metal-metal sigma interaction of [CpFe(CO)12-~CO-~CH2 

is about at the same energy as the [CpFe(NO) h-~CH2 metal-metal a 

interaction, then the loss of the destabilizing sigma interaction of the 

bridging carbonyl, (directed towards the metal-metal a) can be predicted 

to be countered by the substitution of a better pair of sigma donating 

nitrosyls for the carbonyl pair (the terminal ligand's sigma bond is 
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directed towards the "donut" of the dzz orbital on each metal). In general 

the metal-metal G is destabilized by the off axis filled-filled 

interactions with the cyc1opentadieny1 rings and is further destabilized 

by the filled-filled interactions with the sigma donating electrons of the 

ancillary ligands. The most stable metal-metal G interaction is found for 

[CpFe(NO) h, where the more important cyc1opentadieny1 filled-filled 

destabilizing interactions are minimized and there are no terminal ligand 

sigma interactions. 

The bridging ligand-metal interactions between iron complexes are 

illustrated by the single lines between related ionizations (except for 

the cyc1opentadieny1 ionizations). Between [CpFe(NO)]z and [CpFe(CO)z]z, 

the cyc1opentadieny1 groups move off the metal-metal axis and relieve the 

metal-metal ~ interactions of the cyc10pentadieny1 groups' destabilizing 

influence. However, it is found that between [CpFe(NO)]z and [CpFe(CO)z]z 

the ,..8" ionization is destabilized as a bridging nitrosyl is substituted 

for a bridging carbonyl. This supports the contention that carbonyl is 

not as good a ~* backbonding ligand as nitrosyl. As methylene is 

substituted for one of the bridging carbony1s, the in plane ~8", which 

interacts with the remaining carbonyl ~* backbonding combination, is 

stabilized because of the even better 11" electron accepting methylene 

group. Finally, as the one remaining bridging carbonyl is lost and the 

metal-metal antibonding combination (b*) is directed toward the now empty 

coordination site in [CpFe(NO)]z-~CHz' this orbital combination is 

substantially destabilized by the loss of carbonyl 11"* backbonding. With 
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this last correlation a minimally estimated 0.6 eV stabilization occurs 

with coordination of a bridging carbonyl. This implies that coordination 

of a nitrosyl gives greater than 0.6 eV stabilization. 

The oB II , which is the other in plane bridging ligand-metal interaction 

(which will interact with the bridging methylene 11' orbital), behaves 

sl.milarly to the 11'1111 bridging ligand interaction. The oBIl is destabilized 

by substituting the better backbonding nitrosy1s for carbonyls. The oB11 

is substantially stabilized by the bridging methylene. However, when the 

remaining bridging carbonyl is lost, the oBIl ionization is not greatly 

effected, since the oB11 is predominantly of bridging methylene character. 

The 11'1111 is the ionization which is strongly effected by loss of the 

bridging carbonyl. 

The ionization which can involve both bridging and terminal ligand 

backbonding capabilities is the lI'D~ combination. For [CpFe(NO)]2 with no 

terminal ligands, the addition of terminal carbonyls in [CpFe(CO)2]2 and 

the shift of cyclopentadienyl groups off the metal-metal axis, stabilizes 

this ionization. 

ionization is destabilized due to the loss of one bridging carbonyl, for 

which the bridging methylene will not compensate. 

perpendicularly oriented backbonding interaction 

One carbonyl 

is lost with 

11'*, 

the 

substitution of a methylene for a carbonyl and a proposed added charge 

density is placed back onto the M-X2-M ring. As the last bridging carbonyl 

is removed and the terminal carbony1s are substituted for terminal 

nitrosy1s, between [CpFe(CO)]2-~CO-~CH2 and [CpFe(NO)]2-~CH2' it is 

----------------------
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expected that the ionization will be stabilized by the substitution of 

terminal nitrosyls but destabilized by the loss of the remaining bridging 

carbonyl. Therefore, the ionization should have little net movement. 

The cyclopentadienyl ionizations tend to stay constant. The only 

shift occurs with methylene substitution and results in a ",,0.2 eV 

destabilization, due to the presence of proposed added charge density back 

onto the M-X2-M ring. The methylene sigma ionizations also remain 

constant. 

Comparisons between Isoelectronic [CpM(XO)J 2 -pCH2 Complexes 

The He(l) and He(ll) photoelectron spectra of [CpRu(NO)]2-pCH2 are 

shown in Figure 34. This spectrum correlates well with the spectrum of 

[CpFe(NO) ]z-pCH2. All of the second row metal ionizations have been 

stabilized as compared to the first row metal ionizations of [CpFe(NO)]2-

pCH2. Relaxation effects becomes less important for second row 

metals .180,181 The metal-metal interactions for a second row metal are also 

expected to be more important than those for first row metals, as second 

row metal d orbitals are more diffuse and have greater crustal field 

splittings. Therefore, it is expected that the splitting between metal

metal bonding and antibonding combinations will increase. These greater 

metal-metal interactions can be seen by comparing the ionizations of 

[CpFe(NO)]2-pCH2 and [CpRu(NO)]2-pCH2 (in Figure 38) and in Table XIX. The 

metal-terminal nitrosyl interactions have been stabilized, and they have 

been spread over a greater ionization energy region. One ionization at 
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8.06 eV in [CpRu(NO)J2-~CH2 has been separated to lower ionization energy 

and is proposed to be the predominantly anti!Jonding '11"\ -NO metal-metal 

combination, somewhat stabilized by the terminal nitrosy1s. The more 

bonding metal-metal, nitrosyl stabilized interactions are found to higher 

ionization energy. 

Further, the cyc1opentadieny1-meta1 interactions have become more 

important as the cyc1opentadieny1 ionizations have become split (see the 

chapter on osmocene and the effects of a heavy metal on cyc1opentadieny1 

ionizations). The methylene sigma has also been stabilized 0.78 eV upon 

interaction with a heavier metal. 

The same types of trends can be seen between the first row metal 

[CpCo(CO) h-~CH2 complex and the second row metal [CpRh(CO) h-~CH2 complex. 

The He(I) and He(II) photoelectron spectra of each complex is found 

in Figure 35 and Figure 36, respectively. From cobalt to rhodium, the 

'banana-bond', b, and metal-metal a have stabilized more than the 

antibonding b*. The direct metal-metal a bond is stabilized to a greater 

degree than the bent bonding metal-metal combination, b. Also note that 

for each spectrum, ionizations band b* possess a relatively sharp band 

profile, indicative of what can be considered non-bonding character. The 

splitting between band b* is not great, which also suggest minimal 

bonding/antibonding interaction between these levels. In fact, this 

interaction can be better described as a lone pair-lone pair interaction 

between the metals. 
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Table XIX Ionization Energy Shifts between Bridging Methylene Complexes. 

[CpRu(NO) h- [CpFe(NO) h- [CpCo(CO) h- [CpRh(CO) h- [CpRu(NO) h-
I-'CH2 I-'CH2 I-'CH2 I-'CH2 I-'CH2 

I II II II I 
I I I I 

Label Shift (eV) Shift (eV) Shift (eV) Shift (eV) 

b" -0.37 +0.34 +0.22 -0.19 

b -0.44 +0.30 +0.39 -0.25 

(J -0.44 +0.10 +0.68 -0.34 

MJ.-XO -0.14 -0.23 +0.60 -0.23 
(low ionization energy edge) 

MJ.-XO -0.36 -0.21 +0.66 -0.09 
(high ionization energy edge) 

CH2 11' -0.16 +0.67 

CPl +0.03 +0.05 -0.03 -0.05 

CP2 -0.40 +0.16 +0.30 -0.06 

CH2 (J -0.77 +0.09 +0.72 -0.04 

-------- -----------
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Again, the metal-carbonyl ionizations are generally stabilized from 

cobalt to rhodium (see Figure 38). The ionizations tend to become 

separate as the antibonding and bonding interactions become more 

important. The cyclopentadienyl ionizations are also split in the rhodium 

case, indicating greater metal-cyclopentadienyl interactions. The 

methylene sigma is stabilized 0.72 eV between cobalt and rhodium. 

If the ionizations between [CpFe(NO)12-~CH2 and [CpCo(CO)12-~CH2 are 

now compared, it is found that the "pure" metal ionizations, namely the 

b*, b and metal-metal u bonds are stabilized ~O.3 eV from iron to cobalt. 

The average ionization energies of the (Fe-NO) and (Co-CO) metal and 

ligand interactions tend to remain basically unchanged. 162 Within the 

same energy range, the distribution of the four M,1 -XO ionizations has 

changed. The same type of behavior is even more prominent between the 

ionizations of [CpRu(NO)12-~CH2 and [CpRh(CO)12-~CH2' 

In the photoelectron spectrum of [CpRh(CO)12-~CH2' the M,1-CO 

ionizations range from 8.3 to 8.96 eV and the spectrum shows a gap between 

the more metal-metal antibonding pair and the more metal-metal bonding 

pair. Because the two M,1 -XO antibonding combinations are collected 

together at nearly the same energy in the rhodium case, the mixing between 

metal-metal ~ and 6 contributions should approach equal contributions from 

each. In other words, the tilt in the perpendicularly oriented metal 

orbitals should approach a 45° tilt (with respect to the metal-metal 

axis). This would allow for equal contributions from both 6 and ~ type 

metal-metal interactions and hence, the two tilted components of the 

.--~- ~----- --------------------
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antibonding pair will be degenerate in energy. In the rhodium case, both 

antibonding components (6~ft/~~ft) are located at ~8.3 eV, while both bonding 

components (6//~/) are located closely together at ~8. 8 eV. The best 

ionization energy values for the antibonding and bonding M~ -CO pairs 

suggest a splitting of 0.20 eV between each component of the bonding pair 

and antibonding pair. This suggests that the tilt of these orbitals is 

beginning to approach 45° with respect to the metal-metal axis. 

In the case of [CpRu(NO) h-JjCHz , one M~ -NO ionization is separated 

~0.35 eV to lower ionization energy from the leading edge of the rest of 

the M~-NO ionizations. This suggests that the tilt of the orbitals has 

retained more of its ~ and 6 type character between metals and a 

corresponding 6-6* versus ~-~* type splitting. 

The degree of tilt or the degree of 6 and ~ character mixing is 

determined by the degree of orbital tilt necessary for the metal orbitals 

to have the best overlap with the methylene' s ~ and a orbitals. The 

perpendicularly oriented, stabilized metal orbitals are a set of 

interactions which are orthogonal to the metal orbitals directed towards 

the methylene ~ and a orbitals. Therefore, the tilt of the M~-XO orbitals 

is solely dependent on the direction (or tilt) of the metal bonding 

interactions with the methylene. For the rhodium atom, the d orbitals are 

contracted as compared to the ruthenium atom. Therefore, the metal 

orbitals which interact with the bridging methylene are required to be 

directed towards the methylene orbitals as much as possible for the best 

overlap. This results in the orbitals lying closer along the 45° mark 



189 

with respect to the metal-metal axis. (The metal-metal methylene sigma 

interaction is located below the 45° line, while the metal-metal methylene 

~ interaction is directed above the 45° line, see Figure 37.) The more 

diffuse ruthenium atom d orbitals may tilt less for the same amount of 

methylene a and ~ stabilization and overlap. This would allow for more 

retention of separate metal to metal 0 and ~ character. 

The Photoelectron Spectrum of [CpRh(CO)]z-pCO 

A few short comments on the assignment of the photoelectron spectrum 

of [CpRh(CO) h-pCO should be made. The photoelectron spectrum was reported 

in 1982 by Granozzi and others. 163 The spectrum was assigned by using a 

CNDO calculational method. At this time, the HOMO of the photoelectron 

spectrum was tentatively assigned to the in plane, metal-metal bridging 

carbonyl ~* backbonding combination. However, two sharp ionizations 

observed to low binding energy (7.02 eV and 7.56 eV) can be directly 

correlated to the first two ionizations in [CpRh(CO)]z-pCHz , the 

antibonding 'banana-bond', b* and the bonding 'banana-bond', b. 

In Figure 38, the shifts between [CpRh(CO)]z-pCHz and [CpRh(CO)]z-pCO 

are plotted. Even though, the photoelectron spectrum of [CpRh(CO)]z-pCO 

was not fit, the spectrum shows three distinct and sharp ionization bands 

to low ionization energy, leading the rest of the metal based ionizations 

and cyclopentadienyl ionizations. The authors report that the He(II) 

photoelectron spectrum of [CpRh(CO) h-pCO strongly supports the assignment 

of metal based ionizations in the region of 7.0 eV to 9.2 eV and the 
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cyc1opentadieny1 ionizations in the region of 9.6 eV to 10.2 eV. (The 

He(II) photoelectron spectrum is not published, only reported.) 

There is cause to believe that the cyc1opentadieny1 ionizations begin 

at :::::9.2 eV and not 9.6 eV, as reported. All other cyc10pentadieny1 

ionizations of [CpM(XO)]2-~CH2 type complexes begin at 9.2 eV (see 

Figure 38). Further, it should be noted that the He(II) photoelectron 

spectrum of [CpRb(CO) h-~CH2 shows a slight decrease in metal based 

ionizations as compared to the cyc10pentadieny1 carbon based ionizations. 

This behavior has been seen before in heavy metal complexes. 184-186 Any 

assignment based solely upon He(I)/He(II) comparisons for this rhodium 

complex is suspect. 

If better photoelectron data of [CpRb(CO) h-~CO were obtained, perhaps 

more information on the methylene ~ and bridging carbonyl ~* backbonding 

characteristics may be obtained. In the meantime, the best correlation 

of published ionizations with those evaluated for [CpRb(CO) h-~CH2 are 

plotted in Figure 38. 

Implications for Reaction Chemistry 

Several groups have examined different facets of [CpM(XO) h-~CH2 

reaction chemistry. The chemistry of the cobalt and rhodium carbony1s has 

received the greatest amount of attention, although some work has been 

done on [CpFe(NO)]2-~-CH2.187 Casey and Roddick reacted the iron-nitrosyl 

complex with a hydride abstracting reagent to produce a methylidyne 

complex. They were interested in producing chemistry similar to that 
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found for [CpFe(CO) h-IlCO-IlCHz and found ·that the iron nitrosyl complex did 

not undergo the same type chemistry. 

The methy1idyne complex [CpFe(CO)]z-IlCO-IlCH+ forms stable 1:1 adducts 

with nuc1eophi1es,188 while the nitrosyl methy1idyne complex decomposes to 

give [CpFe(NO) lz. Casey and Roddick also reported that the nitrosyl 

me thy1 idyne complex possessed bridging nitrosyls (characterized by 

infrared spectroscopy), unlike the [CpFe(CO) h-IlCO-IlCH+ complex which 

retains its overall geometry. Two important observations can be made for 

the [CpFe(NO)]z-IlCHz complex in reference to its reactivity as compared to 

other carbonyl complexes. First, the [CpFe(NO) lz-IlCHz complex has a 

relatively stable alternative to any unfavorable chemistry by way of 

decomposition to the [CpFe(NO)]z complex. A similar alternative is not 

available for the [CpFe(CO)]z-IlCO-IlCHz' Second, unlike the [CpCo(CO)]z

IlCHz complex which has been proposed to undergo cleavage of the metal

metal interactions and lose carbonyl, the loss of nitrosyl is not expected 

to occur readily. 

On the other hand, the cobalt carbonyl complex has been shown to 

undergo a variety of interesting transformations and autocatalytic 

reactions. 175.189 [CpCo(CO)lz-pCHz reacts readily with Hz to give CH4 , 

ethylene to give propene and treatment with strong acid to give a dimethyl 

complex, [CpCo(CH3) (IlCO) h.190.191 Reversible electrochemical oxidation and 

reduction of the cobalt and rhodium bridging methylene complexes gave 

radical cations stable enough to be characterized by vo1tammetric methods 

and in some cases ESR and IR spectroscopy.19Z The M-C-M triangle is 
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apparently unstable <",,1 sec. to <0.01 sec.) and fractures to give 

mononuclear complexes. 

The proposed reaction mechanisms for the cobalt complex requires the 

transfer of CO and the formation of a cobalt monomer .175.169.190 The 

formation of mononuclear cobalt species has been supported by the 

observation of exchange reactions which require the dissociation of the 

metal-metal interactions .175.189 However. reaction rate studies have found 

that the rate is strongly inhibited by ligands such as CO and C2F4 . No 

detectable reversibly formed alkene complexes were found. 

However. the photoelectron spectrum indicates a low lying lone pair -

lone pair bonding/antibonding interaction immediately available for 

oxidative addition with a ~ accepting complex such as CO or C2F4 . While 

reversibly formed alkene complexes are not observed. it has bee proposed 

that the only way such inhibition can operate is if the inhibitor 

scavenges a reaction component in the autocatalytic process. Coordination 

through interaction with these low lying lone pair bonding/antibonding 

interactions may be one of the first steps toward metal-metal bond 

cleavage and further reactions of the monomers. The presence of strong 

~ electron acceptors may hinder the reaction progress because of their 

less facile comp1exations to reaction species. However. further 

mechanistic studies are needed if the complicated reaction scheme of these 

type complexes are to be fully understood. 
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IRIDIUM-IRIDIUM INTERACTIONS 

Introduction 
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Pyrazo1y1 bridged iridium dimers have shown potential in 

hydrogenation catalysis, photochemistry, and redox chemistry. 193-196 The 

reactivity of these metal dimer systems has been related to the geometry 

maintained by the dB metal center, as shown in Figure 39. The local 

geometry at each iridium center is the familiar dB square planar 

arrangement with cis carbony1s, and the two square planes of the iridium 

centers are held together via the pyrazo1y1 bridges. This arrangement 

allows for the formation of a six membered Ir-(N-N)2-Ir ring in the boat 

conformation with the metals at the bow and the stern positions. As the 

pyrazo1y1 bridges draw the metals together, the interaction between the 

filled metal dz2 levels of the dB configurations increases. It has been 

suggested that appropriately small metal-metal distances can lead to 

appreciable destabilization of the antibonding combination of the fi11ed

filled interaction and promote reactions of the complex .193,194 [Ir(Jl- 3,5-

Me2-PZ) (CO)212 (where 3,5-Me2-pz - 3,5-dimethy1pyrazo1y1) has shown 

catalytic activity in hydrogenation reactions. It possesses a shorter 

metal-metal distance (3.245 A) than the related compounds [Ir(Jl-3-Me

pz)(CO)212 (where 3-Me-pz - 3-methy1-pyrazo1y1) and [Ir(Jl-pz)(CO)2J2 
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Basic geometry of the iridium dimer complexes and the 
system for calculations and discussion of the electronic 
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(3.502 A) (where pz - pyrazo1y1), which do not exhibit catalytic 

activity. 193 

Photoelectron spectroscopy can provide a direct experimental measure 

of the electronic interactions in these metal-metal complexes .187,186 The 

technique has often been used to study through-space lone pair (fi11ed

filled) interactions such as those that occur in nitrogen, oxygen, or 

sulfur containing molecules .199,200 The photoelectron spectra presented in 

this paper show the magnitude of the through-space filled-filled 

interaction between the metal centers. It is found that this interaction 

is significant in providing a low energy, metal-localized ionization that 

is separated from the other ionizations of the complex. However, the 

trends in oxidation and reaction behavior with methyl substitution are 

found to be more dependent on inductive electronic effects than on changes 

in the filled-filled interaction and geometry of the complex. 

Electronic Structure Description 

With the metals located in a square planar environment and the 

coordinate system shown in Figure 39, the dxy orbital of each iridium 

center accepts ligand a electron donation from the two cis coordinated 

carbonyls and the two sigma donating nitrogens of the pyrazoly1s. The 

other predominantly metal d orbitals are fully occupied for these dB 

metals, and the general order of these levels is the usual square planar 

pattern, with adjustment as shown below for the actual geometry and 

ligands of this complex. The rlx2-y2 orbital has some additional 
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stabilization compared to the usual ligand field diagram because of ~ 

dxy 

backbonding to each of the cis carbony1s. Because of the manner in which 

the pyrazo1y1 ligands bridge the two metal centers, the square planes of 

each of the iridiums are tied together and the atomic dz2 orbital of each 

metal is partially oriented towards the other. Increasing metal-metal 

interaction of the dz2 orbitals along this axis produces greater 

destabilization due to filled-filled repulsion. 

To help illustrate the electronic effects of methyl substitution on 

the pyrazo1y1s, photoelectron spectra of 1H-pyrazo1e and 1H-3,S-

dimethy1pyrazo1e are compared in Figure 40. The ionizations of 1H-

pyrazo1e have been assigned previously. 201 A correlation diagram that uses 

the experimentally measured ionizations is shown in Figure 41. The outer 

valence ~ ionizations of a cyc1opentadieny1 ligand202 are included to 

clarify the origin of the pyrazo1e ~ orbitals and the effects of 

methylation on the pyrazo1e ~ ionizations. The el" set of cyc10pentadienyl 

orbitals correlates with the 2a" and 3a". (Cs symmetry) orbitals of the 1H-

pyrazole. Each of these filled ring ~ orbitals possesses a single node 

perpendicular to the ring. The node in the pyrazo1e 3a" molecular orbital 



Ionization Energy (eV) 
12 11 10 9 8 

A 

2a" 3a" 

B 

2a" 3a" 

Figure 40 Photoelectron spectra (He(I) source) from 7.S to 12 eV of A) 1H-3,S
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Table XX Pyrazo1e Ionization Energies and Shifts with Methylation. 

1H-pyrazo1e 1H-3,5-dimethy1pyrazo1e 

Peaks I.E. (eV) ±0.03 I.E. (eV) ±0.03 Shift (eV) 

3a" 9.38 8.75 0.63 

2a" 10.01 9.26 0.75 

Nitrogen 10.78 10.23 0.55 
lone pair 



200 

lies close along the 3 and 5 carbons, allowing for little 1f overlap 

interaction with substituents on carbons 3 and 5. However, the node found 

in the 2a" molecular orbital bisects the nitrogen-nitrogen bond and the 

carbon in the 4 position, and allows for greater atomic p1f orbital 

contribution from carbons 3 and 5. Upon methylation of the lH-pyrazole 

in the 3 and 5 positions, all the ionizations shift to lower ionization 

energy. Table XX gives the ionization energies and the shifts from IH

pyrazole to lH-3,5-dimethylpyrazole. The 2a" ionization shifts to a 

slightly greater extent than the 3a", since the filled-filled interaction 

of the methyl e with the pyrazole 1f system is a greater effect for the 2a" 

than for the 3a". 202 It follows that the coordination of the methylated 

pyrazolyl ligand will further destabilize the metals to which it is bound 

either through increased direct a donation from the less stable nitrogen 

lone pairs or through metal interaction with the 1f system of the pyrazolyl 

ligand. 

Calculational Background 

Calculations on these iridium dimers yield three general classes of 

molecular orbitals. The highest occupied MO (HOMO) and the second highest 

occupied MO (SHOMO) are predominantly metal dz2 (71-79%), with some metal 

6s (16-19%) character. These form the antibonding a* (HOMO) and bonding 

a (SHOMO) combinations of the metal atomic dz2 orbitals. The next six 

orbitals originate from the two metal "t2g " sets. The calculated 

characters and energies of these orbitals are summarized in Table XXI, 

---------.. --~--.------------~ 



Table XXI Predominant t Percent Orbital Character in [Ir(p-pz)(CO)212' 

M.O.s dz2 dxy ~2_y2 ~z dyz 6s 6p pz It pz It pz 
2a" 3a" 1p 

CO 
* 11" 

[Ir(p-pz)(CO)2]2 Ir-Ir distance 3.51 I 

13 b1 0'* 79 
16 a1 0' 78 
14 a2 "t2g " -

15 a1 42 
11 b2 
12 b1 22 
14 a1 20 
11 b1 39 
13 a2 pz 11" -

10 b2 
13 a1 9 
10 b1 11 
9 b2 pz lp - 4 
9 b 1 
12 a1 

12 a2 

18 -
19 -

77-
18 -

78 - 7 
40 - 15 
56 -
34 - 5 

7 
6 91 

3 
4 76 

19 -
20 -
15 -
16 -

2 

8 10 
15 16 

82 

70 

54 
56 
53 
44 

10 
17 
15 
18 

CO 
50' 

Energy 
(eV) 

9.36 
9.67 
10.63 
10.65 
10.91 
10.93 
11.09 
11.30 
13.32 
13.72 
13.92 
14.35 

14 16.71 
11 17.29 
17 17.50 
23 17.72 

201 

t Any contributions from the other carbonyl and pyrazo1y1 framework 
M.O.s have not been included and can account for as much as ~20% of the 
total orbital character, eecia11y for the pyrazo1y1 M.O.s. 
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Table XXII Predominant f Percent Orbital Character in [Ir(~-pz)(CO)2l2' 

M.O.s dz2 ~ <ix2_y2 <ixz dyz 6s 6p pz Of pz Of pz CO CO Energy .,. 
2a" 3a" 1p ". 5u (eV) 

[Ir(l'-pz) (CO)Zh Ir-Ir distance 3.25 J.. 

13 b1 u* 73 16 - 4 9.10 
16 a1 u 71 4 18 - 10.22 
15 a1 "t2g " 2 43 12 - 19 16 10.71 
14 a2 77 - 8 12 10.92 
12 b1 39 17 - 24 14 11.09 
11 b2 80 - 5 12 11.18 
11 b1 17 55 - 16 11.35 
14 a1 3 11 65 - 12 11.49 
13 a2 pz ". - 7 82 13.17 
10 b2 4 93 13.57 
13 a1 14 2 65 13.94 
10 b1 16 2 70 14.37 
9 b2 pz Ip - 4 20 - 53 13 16.95 
9 b1 2 19 - 56 12 17.09 
12 a1 15 - 55 14 17.46 
12 a2 16 - 46 21 17.70 

t Any contributions from the other carbonyl and pyrazo1y1 framework 
M.O.s have not been included and can account for as much as ",,20% of the 
total orbital character, eecia11y for the pyrazo1y1 M.O.s. 
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Table XXIII Predominant t Percent Orbital Character in [Ir(I-'-3,5-
Me2Pz) (CO)2h· 

M.O.s dz2 dxy <lx2_y2 <lxz dyz 6s 6p pz ff pz " pz CO CO Energy 
* 2a" 3a" 1p 7f 50' (eV) 

[Ir(p-3,5-Hezpz)(CO)z]z Ir-Ir distance 3.25 I 

16 b10'* 74 16 - 4 8.91 
19 a10' 72 3 18 - 10.07 
18 a1 "t2g" 2 44 11 - 20 16 10.60 
15 b1 41 8 32 13 10.72 
17 a2 78 - 6 12 10.80 
14 b2 76 - 10 12 10.96 
14 b1 10 63 - 14 11.20 
17 a1 3 11 65 - 13 11.35 
13 b2 pz 7f - 8 87 12.89 
16 a2 6 79 13.03 
16 a1 13 2 64 13.75 
13 b1 21 3 62 13.88 
12 b2 pz lp - 5 17 - 51 10 16.52 
12 b1 3 17 - 53 9 17.66 
15 a1 14 - 57 11 17.07 
15 a2 15 - 48 17 17.34 

t Any contributions from the other carbonyl and pyrazo1y1 framework 
M.O.s have not been included and can account for as much as ~20% of the 
total orbital character, eecia11y for the pyrazo1y1 M.O.s. 

.-------- -----------------------
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Table XXII and Table XXIII. These nt2g " orbitals are primarily metal in 

character, but may contain anywhere from 5 to 32 percent pyrazolyl 11" 

character and 10 to 18 percent carbonyl 71" character. The remaining 

valence orbitals are the pyrazolyl 71" orbitals and the pyrazolyl nitrogen 

lone pairs, respectively. 

Methylation of the pyrazolyl ligands causes an appreciable change in 

the geometry of the complex, in addition to the anticipated change in 

electron distribution. A significant feature of the change in geometry 

is that the metal-metal distance decreases from 3.51 to 3.25 A with 3,5 

methylation of the pyrazolyl, and the reduced angle between the iridium 

square planes produces greater overlap between the dz2 orbitals. In order 

to help separate the electronic and geometric effects, calculations for 

the complex without methyl groups in the 3,5 positions were also carried 

out using the geometry of the methylated complex. These overall results 

are illustrated in Figure 42. The calculations predict that the splitting 

between the antibonding a* and bonding a combinations is sensitive to this 

geometry change. The calculated splitting at the long distance 

(pyrazolyl) is about 0.3 eV compared to the splitting at the shorter 

distance (3,5-pyrazolyl) of about 1.1 eV. This increased splitting of the 

a* and a combinations with shorter metal-metal distance results in a net 

destabilization of the antibonding a* orbital of about 0.3 eV. There is 

also a slight increase in pyrazolyl 71" character in the metal orbitals (16% 

maximum at long metal-metal distances to 24% maximum at short metal-metal 

distance and without methyl substitution). Each of these points are 

-----------------
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significant for understanding the valence ionizations. 

When methyl groups are placed on the 3,5 positions of the bridging 

pyrazolyls, the calculations show an average destabilization of 0.4 eV of 

all the pyrazolyl molecular orbitals (see Table XXIII) and an increased 

negative charge on the pyrazolyl nitrogens. The pyrazolyl, in turn, 

contributes greater 11" character in the metal "t2g " set (16% maximum 

pyrazolyl 11" character at long metal-metal distances to 32% maximum 

pyrazolyl 11" character at short metal-metal distances). These metal "t2g " 

orbitals are calculated to shift nearly as much (0.3 eV) as the ligand 

based orbitals with methylation. The splitting predicted between the a* 

and u orbitals upon decrease in metal-metal distance is not affected by 

the change in electron distribution with methyl group substitution. 

However, the a* and u orbital energies are both destabilized (0.19 and 

0.15 eV, respectively). 

Although the calculations yield some valuable insights into the 

trends in electronic interactions in these systems, and provide the 

groundwork for understanding the experimental information that follows, 

the absolute values that are calculated for energies and shifts should 

not be considered definitive without further information. Uncertainties 

are inherent in any calculational approach and heavy atoms such as iridium 

are difficult for current theoretical methods. The splitting between the 

metal-metal a and u* orbitals is calculated to be fairly small for [Ir(~

pz) (CO)Zlz and sensitive to the precise geometry. Calculations using 

iridium atomic basis functions with oxidation states from 0 to +2 and 
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using the range of known geometries give sp1ittings from 0.24 to 1.42 eV. 

Relativistic effects are likely to be equally significant. It is clear 

that experimental information relating to these interactions is essential 

for understanding the behavior of these complexes. 

Results of Photoelectron Spectroscopy 

Assignments Photoelectron spectroscopy experimentally measures the gas 

phase ionization energies, and therefore gives a quantitative measure of 

the trends in energy splitting with geometry change and shift with 

pyrazolyl methylation. The spectra of [Ir(~-pz) (CO)2h, [Ir(~-3-Me

pz)(CO)2h, and [Ir(~-3,5-Me2-pz)(CO)2h from 7 to 12 eV are shown in 

Figure 43. The valence ionization features from 7 to 12 eV are very 

similar for each complex. The assignments of the valence ionizations 

below 12 eV binding energy are given in Table XXV. These assignments are 

based on correlations with the ionizations of free pyrazo1e203 and other 

dB square planar complexes. 204-206 The general ordering of the ionizations 

is the same as calculated by the Fenske-Hall method. The ionizations 

above 9 eV binding energy are predominantly ligand-based. Bands C and D 

derive from pyrazo1y1 nitrogen lone pairs (bonding and antibonding 

combinations), and bands A and B correlate with pyrazo1y1 ~ orbitals. The 

broad band M corresponds primarily to the metal electrons of "t2g " 

parentage from the square planar metal centers. Ionization band I 

represents the electrons derived from the predominantly metal dz2 orbitals 

and completes the dB configuration of the metals. 
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Figure 43 Photoelectron spectra (He(I) source) from 7 to 12 eV of A) 
[Ir(~-3,5-dimethy1pyrazolyl)(CO)2J2' B) [Ir(~-3-methylpyrazolyl)(CO)212 
and C) [Ir(~-pyrazo1y1)(CO)2J2. 
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The analysis of the lowest ionization energy band (band I) is 

particularly crucial to the interpretation of the behavior of these 

complexes. Close-up examinations of the leading ionizations are shown in 

Figure 44. The two highest occupied orbitals are expected to be the u and 

u* combinations of the two iridium dz2 orbitals. It is important to 

determine if the broad leading ionization band contains both the u and u* 

ionizations, indicating that the interaction between the dz2 orbitals on 

each iridium is of little consequence to the electronic structure, or if 

the leading ionization is a single ionization event attributable to the 

u* only, indicating that the u ionization is in the metal "t2g " region M 

and is split well away from the u*. 

An indication of the number of ionizations in band I for each complex 

is provided by the area of the leading ionization band relative to the 

metal "t2g n ionizations (band M) and the ligand-based ionizations (bands 

A through D). First, the relative area of the leading peak compared to 

two peaks (C and D) at higher ionization energy remains constant through 

the series of iridium compounds (the average area of band I relative to 

band D is 1.04±0.06 and band I relative to band C is 0.84±0.04). This 

consistency in relative peak area indicates that the number of ionizations 

under the leading band is the same throughout the series. Second, the 

relative peak areas listed in Table XXIV show that the area ratio of band 

M to band I varies from a low of 6.3:1 for the pyrazolyl complex to a high 

of 8.3:1 for the 3,5-dimethylpyrazo1yl complex. This is in good agreement 

with the approximate 7:1 ratio expected if band I represents just the u* 
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Table XXIV Relative Peak Areas Normalized to Relative Numbers of 
Electrons. t 

Metal 
I M 

[Ir(~-pz)(CO)212 
re1 area 1.0 6.4 

of e - t 2.3 14.5 no. 

[Ir(~-3-Me-pz)(CO)212 
re1 area 1.0 7.0 

of e - t 2.3 15.0 no. 

[Ir(~-3,5-Me2-pz)(CO)212 
re1 area 1.0 8.1 

of e - t 1.9 15.7 no. 

Metal 

Osmocene * 
re1 area 1.0 

of e - 6 no. 

pz 11' 

A B 

1.2 2.4 
8 

1.3 2.3 
8 

1.9 2.3 
8 

Cp 11' 

1.355 
8 

Nitrogen 
C D 

0.8 1.1 

0.8 1.0 

0.9 1.0 

t The best fit of asymmetric Gaussian peaks were used to account for the 
area under each band. Overlap of the metal band M with the pyrazo1yl 11' 

ionization contributes to an uncertainty of 15-20% in the estimation of 
the relative number of electrons under each band. 

Relative to 8 ligand based 11' electrons. 

* Reference 208. 



Table XXV Vertical Ionization Energies. 

I 
Mt 
A 
B 
C 
D 

[Ir(~-pz)(CO)212 
I.E. (eV) ±0.03 

7.99 
8.54 - 9.25 

9.63 
10.05 
10.61 
11.06 

[Ir(~-3-Me-pz)(CO)212 
I.E. (eV) ±0.03 

7.68 
8.31 - 8.93 

9.46 
9.83 

10.41 
10.86 

t Range of the ionization envelope. 

211 

[Ir(~-3,5-Me2-pz)(CO)212 
I.E. (eV) ±0.03 

7.49 
8.09 - 8.65 

9.25 
9.69 

10.22 
10.69 

-------- ------------------
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Figure 44 Close-up photoelectron spectra in the range of 7 to 8.5 eV of 
A) [Ir(~-3.5-dimethylpyrazolyl)(CO)2]2' B) [Ir(~-3-methylpyrazolyl)(CO)212 
and C) [Ir(~-pyrazolyl)(CO)2]2' 
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ionization, and is more than a factor of two away from the 3: 1 ratio 

expected if both the u and u* ionizations were contained in band I. 

Assignments based only on relative cross sections of metal 

ionizations should never be considered definitive. The conclusion that 

the initial ionization represents the u* ionization alone is strengthened 

by other measurements and theoretical calculations of the relative cross 

sections of the metal-based ionizations and ligand-based ionizations. The 

photoelectron spectrum of osmocene provides a good standard for 

experimentally comparing the ionization cross sections of a third row 

metal with those of a five membered organic ring ~ system. The ionization 

assignments for osmocene207 and the number of electrons represented by each 

ionization in the region of 6-12 eV are very clear. The vibrational fine 

structure and spin-orbit splitting observed for the ionization bands of 

osmocene provide experimental measures of the relative ligand and metal 

characters of the ionizations. 20B The large separation of the ionization 

bands allows for an accurate determination of the relative band area for 

the ring ~ ionizations relative to the third row metal ionizations. For 

comparison of the osmocene cross sections to the iridium complex 

ionizations, theoretical calculations indicate that the absolute cross 

sections of the neighboring third row metals osmium and iridium differ by 

5_10%.209 Similar small differences will arise from comparison of 

primarily ligand ~ ionizations of cyclopentadienyl with the ~ ionizations 

of pyrazolyl, and the different de localizations in the osmocene and 

iridium complexes. Thus, the confidence limits in this cross section 
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correlation are more than adequate for determining whether one or two 

ionization states contribute to the ini tial ionization band of these 

iridium dimers. 

The relative areas for the ring ligand ~ and metal ionizations of 

the osmocene and iridium complexes are shown in Table XXIV. The ratio of 

the cyclopentadienyl ~ ionization area (representing 8 ring ~ electrons) 

to the total metal band area (which represents 6 metal electrons) in 

osmocene is compared with the combined pyrazolyl ring ~ area (again 

representing 8 ring ~ electrons) and the iridium based ionizations in 

bands I and M. These relative areas are used to determine the number of 

electrons in the metal based ionizations that are reported in Table XXIV. 

It is found that the leading ionization represents two electrons 

corresponding to the 0* ionization only. There is suffi~ient area under 

band M to account for the 0 ionization as well as the "t2s" ionizations. 

The band shape of the leading ionization of [Ir(p-pz)(CO)2J2 is also 

very significant. It is very broad and is observed to have a pronounced 

asymmetric band shape that does not clearly reveal separate ionization 

features. The total bandwidth actually narrows slightly with methylation, 

which is counter to what one would expect if both the 0 and 0* were under 

this envelope and the metal-metal interaction increases with methylation 

as calculated. The fit of a single asymmetric Gaussian profile to the 

leading band of [Ir(p-pz)(CO)2J 2 shows most clearly that the low binding 

energy halfwidth of the band is greater than the high binding energy 

halfwidth (see Table XXVI). This skew of an ionization to low binding 

---------------- -- -----------
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Table XXVI Half Widths of the Leading Ionization Bands (eV). 

Compound Wh t W1 t Total Width 

[Ir(/J-pz) (CO)2h 0.44 0.61 0.52 

[Ir(/J-3-Me-pz)(CO)2]2 0.58 0.50 0.54 

[lr(/J-3.5-Me2-pz)(CO)2]2 0.52 0.46 0.49 

t See experimental section in text for definition of symbols. 
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energy is quite rare. For ionizations that occur from a bonding or 

nonbonding orbital to a single ion state, the halfwidth for the lower 

ionization energy side of the band is always observed to be less than the 

halfwidth for the high ionization energy side of the band. 210 This is 

because the slope of the positive ion potential well allows ionization to 

more vibrational quanta above the vertical ionization than below the 

vertical ionization (see Figure 45). An exception can occur when an 

ionization from an antibonding orbital causes a decrease in equilibrium 

bond distance in the positive ion. In this case, the slope and 

dissociation limit on this side of the potential well of the positive ion 

limit the number of vibrational quanta accessible above the vertical 

ionization, allowing the possibility of more ionizations to vibrational 

quanta below the vertical ionization than above. Thus the anomalous shape 

of the band in this complex indicates that this ionization is from the 

antibonding metal-metal 0* orbital and that upon ionization the 

equilibrium bond distance of the positive ion has decreased. This is 

consistent with a net zero bond order between the metals in the neutral 

molecule and a net 1/2 bond order between the metals in the ground state 

of the positive ion, with significant interaction between the metals. 

Shifts with Pyrazolyl Methylation The pronounced shifts of the bands to 

lower ionization energy upon methylation of the pyrazolyl ligand are 

summarized in Table XXVII. The shifts are primarily due to the 

destabilization of the pyrazolyl ~ and nitrogen lone pair donor orbitals 

upon addition of methyl groups to the pyrazolyl, and the additional 
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Figure 45 Representative ionization band shapes. A) ionization from a bonding 
orbital, B) ionization from an antibonding orbital. 
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Table XXVII Shifts in Ionization with Methyl Substitution of the 
Pyrazo1y1s from I.E.'s of [Ir(~-pz)(CO)2]2' 

Peaks 

I 
Mt 
A 
B 
C 
D 

Total Shift ±0.04 eV 

0.31 
0.23 
0.17 
0.22 
0.20 
0.20 

Total Shift ±0.04 eV 

0.50 
0.45 
0.38 
0.32 
0.38 
0.37 

t Shifts in energy of band M are measured from the low ionization energy 
leading edge. 
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donation of electron density from these orbitals to the iridium atoms of 

the molecule. The shifts with pyrazolyl methylation are additive within 

the uncertainty of the data. That is, the shift for pyrazolyl methyl 

groups in the 3 and 5 positions is approximately twice the shift for a 

methyl group in the 3 position. Interestingly, the band that shifts to 

the greatest extent with methylation is not ligand-based but is instead 

the leading ionization, band I. The metal "t2g" envelope has the next 

most predominant shift and the pyrazole ~ and pyrazole nitrogen lone pairs 

tend to shift the least. 

The major portion of the shift to lower ionization energy exhibited 

by the leading band is due to the inductive effect of the methyl

substitued pyrazolyl on the metal. However, the inductive shift of the 

leading ionization band will not be more than the shift of the pyrazolyl 

~ and lone pair ionizations with methylation. The additional shift of 

the leading ionization band is likely due to an increased splitting 

between the Ir2 0 and 0* orbitals with the decrease in metal-metal distance 

found for the methylated complex. This produces addi tional 

destabilization of 0* and a lower binding energy ionization. 

Shifting in the metal "t2g" ionizations follows from the interaction 

of these levels with the filled ~ system of the pyrazolyls. Calculations 

predict a substantial (6% - 32%) percent of pyrazolyl ~ interaction with 

the metal "t2g" orbitals, which facilitates the delocalization of methyl 

group electron density to the metal centers. The extent of this mixing 

increases with methylation. As implied by the decrease in the range of 

-- - ----- ------------------ -----------
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ionization energies in the metal region M (see Table XXV), a few of the 

metal ionizations have been shifted more than other metal ionizations. 

The range decreases from 0.71 to 0.62 eV upon addition of one methyl group 

to each pyrazolyl and from 0.62 eV to 0.56 eV with the addition of the 

last methyl group set, for a total narrowing of the metal It2g" band region 

of 0.15 eV. As reflected by the shift diagram of pyrazole ~ orbitals, 

metal orbitals with greater pyrazolyl ~ (2a") orbital character should 

shift to a greater extent. The large metal band shifts emphasize the fact 

that the metals are significantly influenced by the substitution of methyl 

groups on the pyrazolyls. 

Fenske-Hall calculations predict that a decrease in the metal-metal 

distance will increase the splitting between the a and a* molecular 

orbitals by 0.8 eV or more. The calculated increase in splitting betwep-n 

the a and 0* is not observed directly in the photoelectron spectra of this 

series of iridium dimers, since the a ionization is buried under the "t2g" 

ionization band. However, if we expect the shift due only to methyl 

substitution on the leading ionization to be generally the same as the 

shift found for the metal It2g" region, then the added shift found in the 

leading ionization is due to the increased splitting expected between the 

a and a* ionizations upon decrease in metal-metal distance. This 

increased shift due to metal-metal interaction is estimated to be a 

minimum of 0.05 eV. Thus the major portion of the ~0.5 eV shift to lower 

energy of the leading ionization band is due to inductive effects of 

methyl substitution on the pyrazolyl ligands. The Fenske-Hall 

- --.- ----------
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calculations apparently overestimate the destabilization due to the 

decrease in Ir-Ir distance (O.8eV) and underestimate the destabilization 

due to the inductive effects of the methyl group substitution (O.2eV). 

Shifting of the 0* ionization caused by the decrease in metal-metal 

distance appears to be a secondary contribution. 

Conclusions on the Reactivity Trends and Ionization Energies 

Table XXVIII lists six representative iridium dimer complexes that 

exhibit a variety of metal-metal distances and reactivity. Some of these 

complexes have been known to undergo oxidative addition, while others are 

inert. It was surmised that the shorter metal-metal distances generally 

lead to higher reac ti vi ty . 194 However, the compound with the shortes t 

metal-metal distance, [Ir(~-3,5-(CF3)2-pz)(COD)12' was found to be inert. 

It was proposed that the lack of reactivity found for [Ir(~-3,5-(CF3)2-

pz) (COD) 12 was due to steric blockage of reactive sites on the metals by 

the trifluoromethylated pyrazolyl groups, and that otherwise the short 

metal-metal distance would encourage reactivity .. However, [Ir(~-3,5-Me2-

pz)(COD)12 is at least as sterically hindered and this complex reacts to 

form oxidative addition products. This observation leads us to believe 

that electronic interactions are of primary importance in determining the 

Ir2 chemistry. 

The photoelectron spectroscopy results show that the frontier metal 

orbitals are extremely sensitive to substitution on the pyrazolyls. While 

steric considerations must be taken into account, the electronic influence 



222 

Table XXVIII Metal-Metal Distances and Chemistry for some Related Ir 
Dimers. 

Compound 

[Ir(~-3.5-Me2-pz)(COD)12 

[Ir(~-pz) (COD) 12 

[Ir(~-3.5-Me2-pz)(CO)212 

[Ir(~-3-Me-pz)(CO)212 

[Ir(~-pz)(CO)212 

[Ir(~-3.5-(CF3)2-pz)(COD)12 

M-M dist. A Reactions 

Oxidative addition 

3.216 Oxidative addition 

3.245 Hydrogenation catalyst 

No catalytic activity 

3.502 No catalytic activity 

3.073 Inert 

-----.---.----~-----------------------
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of substitution of the pyrazo1y1 groups strongly affects the frontier 

orbital controlled reaction chemistry of these iridium dimers. The 

ability of methyl substitution of the pyrazo1y1s to reduce the ionization 

energies allows for easier oxidation and greater reactivity with the 

destabilized HOMO. The replacement of the carbony1s by cyc100ctadieny1s 

will also facilitate the oxidative addition chemistry because of the loss 

of ~ electron withdrawing ability of the ligands. The strong electron 

withdrawing power of the tri-f1uoromethy1 group211,212 in [Ir(J.I-3, 5- (CF3 )2-

pz)(COD)]2 has the opposite effect, stabilizing the HOMO (0*) and making 

oxidation and related reactions more difficult. 
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CHAPTER 9. 

SUMMARY AND FUTURE DIRECTIONS 

This dissertation has encompassed a wide range of studies, covering 

both fundamental topics of photoelectron band shape analysis and the 

evaluation of the electronic structure of a range of supported metal-metal 

dimers. A basic understanding of the bonding interactions which stabilize 

these metal-metal supported complexes has been expanded throughout this 

work. The electronic structure of complexes of iron, ruthenium, osmium, 

cobalt, rhodium and iridium metals have been examined. Bridging ligands 

such as carbonyl, nitrosyl, methylene and pyrazolyl were found to lend 

considerable support to the metal dimer systems. They profoundly affect 

the electronic structure and bonding in these metal-metal systems through 

changes in 11" electron accepting ability and changes in geometry. The 

relative strengths of different bridging ligand interactions have been 

explored and their value as necessary supports for these systems has been 

emphasized. 

Fundamentals of Band Shape Analysis 

The complexes analyzed in this work produced some of the most 

complicated multi-electron spectra that have been fully assigned and 

interpreted to date. Extensive vibrational fine structure and the lack 

of geometric symmetry has complicated these spectra. Because of the 

overlapping ionizations a rigorous modelling of photoelectron band 
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structure was necessary to define and describe the spectra. However, once 

the model is determined, the opportunity is realized for greater insight 

into the electronic structure of these complexes. 

The well-defined model of band shape also gives information about the 

single ionization event. Both geometry changes and bonding or antibonding 

character may be evaluated from the band shape. Data of this type gives 

important information for the further interpretation of molecular 

interactions. 

Osmocene The complex osmocene was thoroughly investigated using the 

fundamental models developed in this work. The metal-ligand covalent 

bonding in osmocene was evaluated and bond distance changes with 

ionization were obtained. The metal-ligand interactions were found to be 

substantial for the heavy metal counterpart of ferrocene. The emergence 

of a clear picture of metal-ligand interactions is the foundation for 

further investigations of cyc1opentadieny1-metal interactions, vibrational 

fine structure and the effects of heavy metal interactions with 

coordinating ligands. 

supported Metal-Metal Interactions 

[Ir(pyrazolyl)(CO)zJz The coordinating ligands have important and subtle 

electronic effects on the metal-metal interactions. The reactivity of the 

[Ir(pyrazo1y1)(CO)2J2 complex and related methylated pyrazoly1 complexes 

were correlated to the electronic affects of methyl substitution of the 

---------.--.----~. ------------
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pyrazolyl bridging ligands. The d8 iridium metal centers possess no formal 

metal-metal bond but the highest lying occupied orbital is antibonding in 

character between the two metal centers. This level becomes more 

destabilized and reactive as methyl groups are substituted off the 

bridging pyrazolyl ligands. The change in reactivity of the methylated 

complex was directly correlated to the destabilization of the highest 

occupied orbital and could not be totally explained by metal-metal 

distance changes between complexes. Methyl group substitution of the 

bridging pyrazolyl and the ensuing inductive effects on the metal-metal 

interaction is a good example of the possibilities of tuning the 

reactivity of these complexes through the bridging ligands. 

[CpM(XO) h, [CpM(XOhh, [CpM(XO) h-I'CO-I'CHz and [CpM(XO) h-I'CHz 

A series of good ~ accepting bridging ligand stabilized metal-metal 

dimers were studied. The relative strengths of the three good ~ electron 

accepting ligands were evaluated. Carbonyl was found to possess the 

weakest ~* backbonding interaction of the three bridging ligands studied 

(carbonyl, nitrosyl and methylene). Nitrosyl possesses a stronger 

backhonding ability than carbonyl but methylene is found to be the 

strongest ~ electron accepting ligand. The strong ~ accepting ability of 

methylene allows complexes containing methylene to be thought of as having 

undergone an oxidation of two electrons and the methylene as having been 

reduced to a -2 anion. It was further observed that carbonyl or nitrosyl 

ligands would prefer a geometry where these ligands are terminally 
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oriented. However, the dimer's stability between the metal pair is found 

through backbonding interactions of the metals with the bridging ligands. 

Since all the metal centers possess 7 or 8 electrons, metal-metal 

antibonding levels are occupied. The availability of good 1f electron 

accepting ligands allows for the preferential stabilization of these 

occupied metal-to-metal antibonding levels. It can be generally concluded 

that the metal-ligand 1f backbonding interactions will be maximized for the 

overall stability of the dimer complex. The remaining metal-metal bonding 

combinations tend to be of overall bonding symmetry but in actual strength 

may be considered as only weakly bonding. 

The complexes of the type [CpM(XO)]2-~CH2' where XO is either carbonyl 

or nitrosyl terminally coordinated to the metal, have an antibonding and 

bonding pair of electrons established as the highest and second highest 

occupied molecular orbitals. This bonding/antibonding pair are bent out 

toward the empty coordination site and ready for donation into any small 

molecule able to accept either 1f or u type donation from the metal dimer 

complex. Information of this type lends itself as a starting point for 

newly suggested reaction mechanisms involving these type complexes. 

The reaction chemistry of this series of complexes has been examined 

for many years, 153-157,175,176,179,189,190 and the electronic structure of these 

type complexes has been misunderstood and muddled in the literature,136-

138,158,160 With a solid understanding of the basic electronic structure, a 

common starting point is obtained for understanding the reactions 



228 

chemistry of these complexes. Known reactions can be better understood 

and new reaction possibilities predicted. 

Synthetic chemists17S ,lB9,190 have given a great deal of attention to 

the cobalt and rhodium carbonyl systems. These systems have yielded a 

wide range of interesting chemical reactions. Several reasons for 

reactivity of the carbonyl systems can be explained by the electronic 

structure. It has been noted that the difference in energy stabilization 

between terminal and bridging oriented ~ accepting ligands is small and 

favors the terminal arrangement, if possible. The metal-metal 

interactions in themselves are found to be very weak. Most of the 

stability in the metal dimer systems is found in the backbonding 

interactions through the bri.dging ligands. Rearrangement between terminal 

and bridging coordination should be facile. This observation is supported 

by other chemical investigations by Herrmann,176,179 where the increasing 

organic bulk off the bridging methylene determines whether the nitrosyl 

or carbonyl ligands remain terminal or bridge the metal centers. With the 

easy rearrangement of coordinating ligands and the weak metal-to-metal 

interactions, these dimers may easily dissociate in solution. If further 

ligand dissociation is required in a reaction process, carbonyl would be 

the preferred ligand of choice, as nitrosyl is not as good a leaving 

group. 

---------------------
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Nucleophilic or e1ectrophi1ic reactivity of these complexes could be 

better understood if the charge distribution about the metal centers and 

the bridging ligands were investigated. A complete gas phase x-ray 

photoelectron study of these complexes would be of interest. Some 

ultraviolet photoelectron evidence suggests that the M-X2-M ring is more 

negatively charged if methylene is one of the ring members. XPS could be 

used to probe the charge distribution in these complexes. 

Further photoelectron studies of similar type complexes such as 

[Cp*Co]2-~CO-~NO and [Cp*Co(NO)]2 will give an even more complete 

electronic structure picture of these systems. As the cobalt changes from 

two dB (two bridging carbonyls) to a dB and d9 center (one bridging 

carbonyl and one bridging nitrosyl) to two d9 centers (two bridging 

nitrosy1s), the complex is forced to fill previously unoccupied levels. 

This level would correspond to the lowest unoccupied level of the dB 

complexes. With information on the unoccupied level for the dB 

[Cp*Co(CO) h complex and the energy separations, a more detailed 

understanding of the electronic structure of the highest occupied levels 

would be obtained. 

The ground state electronic structure of the bridging ligand 

complexes described in this work has set the foundation for the 

understanding of the bonding interactions which contribute to the 

stability of these complexes. The electronic structure as defined by 

photoelectron spectroscopy also suggests possible reactive metal-metal and 

metal-ligand interactions which are vulnerable to chemical attack. 
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Further information on the unoccupied levels and reaction kinetics as well 

as continuing determination of thermodynamic data and reaction chemistry 

pathways are necessary if the reactivity of these molecular systems are 

to be further understood and reaction pathways designed. 
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APPENDIX A: 

FUNDAMENTAL PRINCIPLES IN PHOTOELECTRON SPECTROSCOPY: 

THERMODYNAMIC RELATIONSHIPS 

Introduction 

Knowledge of individual thermodynamic bond energies of molecules and 

fragments is essential for understanding and systematizing the chemistry 

of molecular systems. Because of the lack of systematic thermodynamic 

information over a wide range of molecular complexes, especially 

organometallic complexes, 213 it is desirable to develop a method of 

estimating bond dissociation energies. At the most basic level, the 

ionization energy is a well defined thermodynamic quantity that can be 

precisely measured. Often times the photoelectron ionization potential 

of an electron in a molecule is loosely related to the strength of the 

bond from which it was ionized. The fundamental question has been whether 

photoelectron spectroscopy can be related directly to bond energies of 

molecules and whether it can be correlated to trends in bond strengths 

between related complexes. The purpose of this appendix is to illustrate 

empirical correlations that we have collected between ionization energies 

and bond energies. 

bonding models. 

The correlations are discussed in terms of simple 
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Covalent Bonds and Ionization Energies 

H2 : The first step toward investigating the relationships between the 

bond dissociation energy of a molecule and the molecular ionization energy 

from photoelectron spectroscopy is to examine the simplest molecular case, 

the hydrogen molecule. The hydrogen molecule ionization process,214 with 

its one ionization band at 15.95 eV (vertical ionization), is illustrated 

in Figure 46 by the experimental potential curves of the molecule and its 

cation. 215 

Ionization of the hydrogen molecule takes place to form the 2~g + 

cationic molecular state. Along the potential curve for neutral hydrogen, 

the hydrogen molecule dissociates into two hydrogen atoms. Similarly, the 

ionized hydrogen molecule dissociates into one hydrogen atom and a proton. 

The energy separation of these two dissociation limits is the ionization 

energy of a hydrogen atom. The depth of each well is the dissociation 

energy, 0, of each state. 

These energies may be related simply by the following exact 

equations: 

(1) 

Collecting the ionization energies on one side and the dissociation 

energies on the other side gives: 

IP(H2,2~/) - IP(H,2So) - 0(H2) - 0(H2+,2~/) (2) 

where IP(H2,2~g+) refers to the ionization potential of the H2 molecule's 

sigma bond which forms the 2~/ state. 0(H2 +, 2~/) is the bond dissociation 

energy of the H2+ molecular cation, IP(H,2So) is the ionization potential 

of atomic hydrogen and 0(H2) is the dissociation of molecular hydrogen. 

-------------
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Figure 46 Molecular hydrogen bond dissociation and ionization diagram. 
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Equation 2 states that the difference between the ionization potential of 

the H2 molecule and the ionization potential of the dissociated hydrogen 

atom216 is the bond energy lost in bonding upon ionization. This 

relationship is extensively used by Herzberg216 to determine the bond 

dissociation energies of molecular cationic species. 

In many cases there is no independent information that gives the bond 

energy in the neutral molecule or in the positive ion state. In these 

cases an additional relationship must be introduced to obtain the bond 

energies from the ionization energies. A simple first approximation is 

that the ionization of an electron destroys half the covalent bond. 217 The 

assumption is at the heart of the Huckel MO method.' Using this 

assumption: 

D(H2) '" 2' [D(H/, 2~/) 1 

IP(H2, 2~/) - IP(H,2So) _ D(H2) - D(H2+, 2~/) 

'" D(H2) - ~D(H2) 

'" ~ D(H2 ) 

(3) 

(4) 

Estimating D(H2) from the vertical ionization potential of H2 and the 

atomic ionization potential of H, one obtains a bond dissociation energy 

of 4.70 eV versus the known Do of 4.478 eV. 21B The vertical IP is chosen 

because this is the point at which one assumes half the covalent bond 

energy is lost with ionization. As can be seen, this assumption is 

correct within about 5% in the case of H2. 

Theoretical models represent the bond in the hydrogen molecule in 

terms of a 94% contribution of a covalent term and a 6% contribution of 
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ionic terms. 219 We further suggest that upon ionization all of the 

contributions to the bond energy from the ionic term is lost along with 

half the covalent character. Equation 2 can be rewritten as follows: 

IP(H2,2~/) - IP(H,2So) - D(H2) - D(H/,2~g+) 

D(H2) - k*D(H2) 

(5) 

where k is the ratio of D(H2+, 2~/) to D(H2). If the bond energy is 

decomposed into covalent energy (DcoValent) and ionic energy (Dionic) 

portions, then: 

~covalent---
Dcovalent :.. Dionic 

(6) 

Should k equal 0.5 then ionization occurs from a totally covalent bond and 

If k < 0.5 then ionization occurs from a 

partially covalent bond with some ionic portion and if k-O the bond is 

taken to be completely ionic in character. Using an estimated 6% ionic 

character for H2 molecule, k is then found to be 0.47 and the estimated 

bond dissociation energy is 4.43 eV versus the experimentally determined 

4.478 eV. This is within 1% of the correct value. Thus these very simple 

models and concepts of bonding lead to a close agreement with the 

experimentally determined bond energy in the case of H2. 

Halogens: The halogens represent a somewhat more complicated series of 

diatomic molecules because of the greater number of valence electrons and 

the presence of 0 and ~ symmetry interactions. The ionization energies 

- ----------
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of the molecular states and dissociated atomic states need to be examined 

in greater detail. The low energy photoelectron spectra of the 

halogens,220-225 X2 (X- F, Cl, Br, I), exhibit three different ionization 

events from different states of the positive molecular ion. The first and 

second lowest ionizations, the ITs and ITu respectively, correspond to the 

antibonding and bonding ~ combinations on the halogens. The ionization 

at highest ionization energy is assigned to the sigma bond, 2:s (see 

Table XXIX). 

Using the C12 molecule as an example, the bond dissociation of the C12 

molecule results in two neutral Cl atoms in the ground state. In 

dissociating a Cl/ molecule, attention should be focused on where the hole 

has appeared in C12+. There are two choices. The electron could have come 

from one of the ~ combinations. If so, one would expect no direct affect 

upon the Cl-Cl sigma bond. By using the first ionization potential of 

C12, corresponding to the 2ITs3/2' the bond dissociation energy of Cl/ is 

reported by Herzberg21B to be 3.95 eV as compared with the neutral Clz bond 

dissociation energy of only 2.48 eV. The bond's energy has increased by 

1.47 eV upon removal of an electron from the ionization of an antibonding 

~ orbital to form the zITS3/2 state. Note in Figure 47 that the molecular 

~ bonding and antibonding states cancel each other with respect to the 

atomic 3P2 state. In other words, the ~ bonding combination is stabilized 

the same amount as the ~ antibonding combination is destabilized with 

respect to the atom's 3PZ state. The average energy of the molecular ITu 

.. _------- ... __ .... _ ... _----------
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Table XXIX Experimental and Calculated Bond Dissociation Energies for 
Homonuc1ear Diatomics (in eV). 

.I2o~ ~+ 
8-

2n Atomic! D(cII1c). ~ 

H2 4.478(1) 15.95(2) 2S 13.60 4.70(3) 6 

F2 1. 602 (1) 20.8 f 15.83(3)b 3P2 17.425 
15.87(3) 1D 20.01 
18.98(3) 1S 22.99 
19.02(3) 

C12 2.479(1) 16.08(2)b 11.59(2)b 3P2 12.969 3.36(3) 36 
11.67(2) 1D 14.42 
14.42(2) 1S 16.42 
14.50(2) 

Br2 1. 971(1) 14.60(2)C 10.56(2)C 3P2 11.815 2.61(3) 32 
10.91(2) 1D 13.314 
13.08(2) 1S 15.26 
13.34(2) 

I2 1. 542 (1) 12.95(2)d 9.36(2)d 3p 10.450 1. 58(3) 4 1 2 
9.98(2) D 12.15 
11.03(2) 1S 14.50 
11. 82(2) 

The photoelectron spectrum of F2 does not show the u ionization, 
although it is known to be slightly greater that 20 eV. This value is 
the predicted ionization potential found by using the known dissociation 
energy. 

II Experimentally determined bond dissociations are found in reference 218 

b Photoelectron ionizations are found in reference 220. 

C Photoelectron ionizations are found in reference 222. 

d Photoelectron ionizations are found in references 222 and 225. 

e Reference 216. 

._-_.-_.-._.--------------
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and ITg states are within 0.1 eV of the respective atomic 3P2 states in all 

cases. 

Should the electron originate from the sigma bond then the final 

state of the dissociated Cl+ atomic cation should reflect the absence of 

an electron in atomic Cl, which can be thought of as the single unpaired 

electron. The atomic cation state which best reflects this loss of the 

one unpaired atomic halogen electron is the 1D2 state, which best 

corresponds to a valence level filling of 2s22p4 atomic levels with the 

electrons paired. Using the ionization values for the 2}:;/ molecular state 

and the final state 1D2 for Cl+, a bond dissociation energy for C12+ is 

found to be 0.8 eV. There is a loss of 1.68 eV bond energy upon removal 

of this electron. 

This case illustrates that the nature of the molecular ionization 

and the final state of the dissociated cation must be understood for 

quantitative applications of these principles. In Table XXIX, the bond 

dissociation energies for a number of homonuclear diatomic molecules are 

calculated using equation 4 and compared to the dissociation energies 

found by other means. By assuming the destruction of half a totally 

covalent bond upon ionization of the bonding electron, a "ball park" value 

for bond dissociation energies of Clz and Brz are found, but are too high 

by some =35%. The dissociation energy determined from ionization energies 

decreases from C12 to Br2 to 12. This is in agreement with the trend in 

experimentally measured bond dissociation energies. If ionic character 

for each of these diatomics is invoked (as was discussed in the section 

-~----~-~------------
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on H2) and we assume the total loss of an ionic stabilization upon removal 

of the bonding electron, then the D(calc) is adjusted downward. 

For I2 and H2 this treatment gives excellent agreement to the 

experimental measured bond dissociation energies and suggests that the 

bonding is primarily covalent in character. With dissociation values ",35% 

too large, C12 and Br2 is estimated to derive a good portion of their 

molecular stability from ionic contributions. Estimates of ionic 

character could be obtained from ab initio configuration interaction 

calculations without prior knowledge of the neutral dissociation energy 

of the molecule to give a better estimate of bond dissociation energy. 

The values for C12 and Br2 also may be too large because of the neglect of 

valence s electrons. As shown later in the case of N2, the valence s 

electrons can be very important. 

Halogen Acids: In the previous discussions, attention was given to 

homonuclear diatomic molecules. Obviously, the bond between two different 

atoms can no longer be viewed as a purely covalent association. Since the 

bond is formed between two differing atoms, one atom will inevitably 

possess a greater electronegativity. The molecular orbital picture of the 

bond is now better viewed as some contribution of covalent bond energy and 

a remainder of ionic bond energy. Theory predicts that the atom with the 

greater electronegativity will monopolize the electron pair distribution 

between the two atoms to a proportionally greater amount. As the 
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difference in e1ectronegativity increases, the more the bond is considered 

ionic in character. 

An example is the case of the halogen acids. 223,226,227 Consider the 

correlation of HF,228 HC1,229 HBr and HI, bond dissociation energies with 

ionization energies. Again caution must be used in understanding the 

nature of the bond and the dissociated states for heteronuc1ear pairs. 

Note that a choice of dissociative limits may be made for [HC1]+, where 

the dissociative limit may be either H+ and atomic C1 or C1+ and atomic 

hydrogen. Further, C1+ possesses several possible atomic states. 216 

The lowest possible energy for dissociative state of [HCI]+ is that 

of 3p of CI + and atomic H. However, this set of dissociation limits 

correl~tes best with the removal of a lone pair electron on the C1 atom 

in molecular HCI. This is also the lowest IP of HCI. As seen in 

Figure 48, the final dissociation states for [HCI]+ which correlates with 

the u bond require either H+ and ground state 2p CI or atomic hydrogen and 

10 CI+. 

The bond energy for HCI may be estimated by the energy stabilization 

for the u bonded hydrogen atom and for the u bonded CI atom. This is 

calculated by the following equation: 

O(c"lc) - [IP(HC1+,2~) - IP(CI+,10)] + [IP(HCI+,2l::+) - IP(H+,2S)] (7) 

where the energy stabilization between the C1+, 10 state is summed with 

the stabilization between the H+, 2S state and molecular HCI+, 2~ state. 

Table XXX lists the calculated dissociation energies for the halogen acids 

and two interhalogens, (ICI and IBr). In all cases the calculated 

- ---------------
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dissociation energies are within 10% of literature values of dissociation 

energies. 218 This is in excellent agreement to experimental values. 

Further, the trend from greatest bond strength to weakest bond strength 

is followed by the calculated bond dissociation energies. This suggests 

that for predominantly covalent types of interactions, the molecular bond 

energy may be reasonably estimated. 

Some attempt has been made to correct the calculated dissociation 

energies of all the diatomic studies so far, for ionic contribution by 

using the ionization potentials found from lone pair ionizations. As can 

be seen in Figure 48 for Cl, Br, and I, the destabilization between atomic 

3p states and molecular 2n states is minimal, where these electro

negativities are close to the electronegativity of hydrogen. This 

suggests that these bonds are predominantly covalent in character. For 

HF the differences between electronegativities is quite large and is 

reflected by the destabilization of the molecular 2n state with respect to 

the fluoride atomic 3p state. Estimating the ionic contribution by finding 

the destabilization or stabilization energy of the molecular ~ ionizations 

in relationship to the atomic 3p and correcting (in variety of different 

ways), has improved calculated values for the diatomic halides but 

worsened results for the halogen acids and interhalogens. Other attempts 

for correcting for ionic contribution (i.e. weighted averaging of lD and 

is states) have had the same type of effect, improving the halogens and 

deteriorated the halogen acids values. 
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Table XXX Experimental and Calculated Dissociation Energies for the 
Halogen Acids and Interhalogens (in eV). 

12ol!!lU! 2;E + 
-8-

2rr Atomicb Atomicb DIede) • .Lm 

HF 5.869 20.00tc 16.05(3)C H 2S 13.6 F 3p 17.446 (6.39) 9 
1D 20.01 
1S 22.99 

HCl 4.433 16.28d 12.75(3)d H 2S 13.6 C1 3p 13 .012 4.50 3 
12.85(3) 1D 14.42 

1S 16.42 

HBr 3.894 15.60° 11.71(3)° H 2S 13.6 Br 3p 11.998 4.29 10 
12.03(3) 1D 13.314 

1S 15.26 

HI 3.054 14.25c 10.38(3)C H 2S 13.6 I 3p 10.83 2.75 10 
11.05(3) 1D 12.15 

1S 14.50 

IC1 2.153 14.26£ 10.10(3)£ I 3p 10.83 C1 3p 13.012 1. 95 9 
10.68(3) 1D 12.15 1D 14.42 
12.88(3) 1S 14.50 1S 16.42 

IBr 1.817 13.70! 9.85(3)! I 3p 10.83 Br 3p 11.998 1.94 7 
10.42(3) 1D 12.15 1D 13.314 
11. 99(3) 1S 14.50 1S 15.26 
12.38(3) 

t Because the photoelectron bands are very broad, the values is uncertain . 

• Dca1c - [2·IP(HX,2;E/) - IP(X,lD) - IP(H,oS)] 

a Reference 218. 

b Reference 216. 

c Reference 226. 

d Reference 229. 

° Reference 227. 

! Reference 220. 



245 

Multiple Bonds, N2 : The examination of multiple bonded diatomics 

illustrates some additional features of the relationships between 

ionization energies and bond energies. For one, it is possible to 

separate the 0 and H bonding components from the total bond. Table XXXI 

list the atomic216 and molecular states230.231 upon ionization for N2. 

The first step toward calculating bond energies is identifying which 

atomic states correlate with the dissociation products for ionization of 

a specific molecular state. The molecular orbital view of N2 consists of 

two degenerate ~ levels and a sigma level. The sigma bond is a sum of the 

109, lou and 20g molecular valence levels (see Figure 49). The final 

atomic nitrogen state which correlates for the removal of a ~u orbital 

electron is the atomic nitrogen with an electron filling of 2s22p2. All 

the atomic states which correspond to a 2s22p2 electron filling are 

statistically averaged to give a value of 15.46 eV, which is taken as the 

ionization potential of an atomic nitrogen 2p electron. 232 The atomic 

nitrogen 2s electron energy was evaluated in a similar manner. The atomic 

states which correlate to a 2s12p3 valence filling are statistically 

averaged to give a value of 27.84 eV. 233 The 0 contribution to the total 

bond is then given be the equation below: 

D(o) "" 2·[IP(N2•2!:/) - IP(N,2s12p3)1 + 2·(IP(N2,2~+) - IP(N,2s12p3)] 

+ 2· [IP(N2,2!:g+) - IP(N,2s22p2)] (8) 

where D(o) is the sum of the stabilizing energy attributed to the Og 

interactions and the destabilizing energy attributed to the 0u molecular 

level. Note that ionization from each a bond results in the loss of "half 

.-.---~---------------
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Table XXXI Experimental and Calculated Bond Dissociation Energies for N2 . 

120illPl 

9.759 

Molecular 

2Zg 15.57(3) 

2n,. 16.98(3) 

2z.. 18.75(3) 

2Zg 39. (1) f 

2p 

2s 

Atomic' DCcnlc) 

15.46 (1) 2ug 

27.84(1) l1ru 

10. (1) 

0.22(3) 

3.04(3) 

luu -18.18(3) 

lUg 22. (1) 

The photoelectron ionization of the 2Zg is found in reference 231. 

See section on N2 for discussion. 

--- ._._-_.---------------



247 

N N2 N 

2p 21; 2p 
9 --~ - ~ --2n 
u -20 21; 
u 

eV 

25 25 - -
30 

40 

Figure 49 Molecular orbital diagram of N2 . 



248 

the bond", which then requires the factors of two in the above equ~tion. 

To determine the ~ contribution, the stabilization energy between atomic 

cation W 2s22p2 state and molecular 21Iu state is found. Since this 

represents a fourth of the entire two ~ bonding contributions, the 

following equation gives D(~): 

2'D(~) - 4'[lP(N,3po) - lP(N2,21Iu)] (9) 

and 

D(tota1) - 2'D(~) + D(u) (10) 

The calculated bond dissociation energy for N2 of 10 eV is very close 

to the experimentally determined value of 9.759 eV. Further, the sigma 

contribution to the overall bond strength is predicted to be 4 ±1 eV and 

is greater than the predicted single ~ contribution of 3.04 ±0.03 eV as 

theory would predict. The uncertainty in the bond energy correlation is 

almost entirely in the large uncertainty in the lP of the most stable 2~g+ 

ionization. This ionization is just observed with He(ll) source energy 

and is reported at 39 eV. 231 Better photoelectron data of this low lying 

state is needed if a more precise calculated dissociation energy is to be 

found. 

However, this method indicates that it is now possible to estimate 

separate bond energies for the ~ and u contributions to a multiple bond. 

Other thermochemical methods of measuring bond energies have been unable 

to supply this information because these methods affect the entire bond 

and not the individual bond types. 

-------- ----~-~-
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Salts: The bonding stabilization of salts is attributed to an ionic 

contribution and as such does not give a net stabilization to both atoms 

but stabilizes one atom at the expense of the other. Because of the net 

stabilization and destabilization of one atom versus the other, the 

molecular ~ ionization energy averages nearly between the atomic metal and 

atomic halogen, as shown in Figure 50. The average suggests a net zO 

stabilization for the molecule. It should be noted that ionization to 

'the salts 2~ state results in a dissociative molecular state. 234 

Ionization to the 2n state is considered to be bound. Some care must be 

taken to assure that the process is not dissociative, for systems of this 

type are ill-defined for the evaluation of a "true" bond dissociation 

energy. 

Other workers235 have estimated the bond energies of salts by taking 

the difference between the first ionization potential, (the 2n, 

corresponding to a halide lone pair) and the atomic metal ionization 

potential. They realized that most all of the bond is destroyed upon 

removal of an electron and leaves only a small stabilization due to the 

polarizability of the halide. This stabilization, (increasing from F to 

I) is assumed to be close to zero. In other words, with the removal of 

a ~ electron from a salt, the bond dissociation energy of the molecular 

cation, O+(MX), is nearly zero. These bond dissociation energies235 are in 

excellent agreement to the values reported by Herzberg. 21B 

-----------------"'-------~-~~------
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Figure 50 Experimental molecular diagram of a salt. 
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General Relationships between Ionization Energies and Dissociation 

Energies 

A general relationship which includes each diatomic discussed so far 

would be useful. The band energies in covalent complexes are estimated 

as twice the stabilization between molecular and atomic states. The bond 

energies in ionic complexes are estimated by the stabilization between 

the molecular state and the metal atomic state. 

The nature of a bond between these two extremes is related to the 

difference in e1ectronegativity of the atoms. Using the difference in 

electronegativities, as a single equation may be written which relates the 

ionization energies to the bond energies. If atom "M" is designated as 

the less electronegative atom and atom "X" is designated as the more 

electronegative atom, the M-X bond energy is given by: 

D(MX) - [IP(MX,~) - IP(M)] + [IP(MX,m - IP(X)]' [1 - (LlX/LlXionic)] (11) 

where the dissociation energy, D(MX) , is the sum of the "M" atomic 

stabilization and the "X" atomic stabilization, weighted by a measure of 

the bonds covalent character (see Table XXXII). Here we define the "M" 

atom as being the atom with the lowest e1ectronegativity or equally well, 

the lowest atomic ionization potential (for the atomic state which 

correlates to the bond of interest). The "X" atom is the atom with the 

larger electronegativity or the larger atomic ionization potential, for 

the atomic level involved with the bond of interest. The weighting factor 

of [l-LlX/LlXionic] is an estimate of the bond's covalent character. The 

difference in electronegativity, t.X, is divided by a constant, t.Xionic' 

------------------- -----------
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Table XXXII Measured and Calculated Bond Dissociation Energies (in eV) 
for a Series of Diatomics. 

MX !lo-WEl Q(eale)! IP [2~8 +] IP(M) IP(X) X(M) X(X) % err 

H2 4.480 4.5 15.95 13.60 13.60 2.20 2.20 

C12 2.479 3.1 16.10 14.46 14.46 3.16 3.16 65 

Br2 1.970 2.5 14.62 13.31 13.31 2.96 2.96 52 

12 1.542 1.5 12.93 12.15 12.15 2.66 2.66 5 

IC1 2.153 2.0 14.29 12.15 14.46 2.66 3.16 14 

IBr 1.817 1.9 13.70 12.15 13.31 2.66 2.96 4 

HF 5.856 5.8 19.50 13.60 20.01 2.20 3.98 9 

HC1 4.433 4.2 16.61 13.60 14.46 2.20 3.16 22 

HBr 3.755 3.6 15.60 13.31 13.60 2.20 2.96 20 

IH 3.054 2.6 14.25 12.15 13.60 2.20 2.66 49 

NaC1" 4.230 4.2 9.80 5.14 14.46 0.93 3.16 3 

NaBr" 3.740 3.7 9.45 5.14 13.31 0.93 2.96 9 

NaI" 3.000 3.2 9.21 5.14 12.15 0.93 2.66 25 

KI" 3.310 3.5 8.66 4.34 12.15 0.82 2.66 17 

RbI" 3.370 3.4 8.48 4.18 12.15 0.82 2.66 5 

t Equation 11 was used to calculate Deale (±0.1 eV). All these values were 
shifted a constant -0.22 eV. This constant was found by evaluating Deale 
for the H2 molecule and adjusting the calculated value to correspond to 
the experimentally measured D(H2) value. 

" The ionization energies for the salts are found in reference 235. 
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which is defined as the largest or most ionic ~X possible for any two 

atoms in the periodic table. For this case, ~Xionic was chosen to equal 

2.70. This value was optimized to give the best correlation between 

calculated and known dissociation energies. 

The ratio of ~')( to ~')(ionic will equal one if the diatomic is completely 

ionic and the weighting factor will be zero (no covalent character). If 

the difference in e1ectronegativity is zero, the weighting factor is one. 

The molecular dissociation energy then reduces to: 

D(MX) - 2[IP(MX,~) - IP(M)] (12) 

The e1ectronegativities used in Table XXXII are Pauling's 

e1ectronegativities. 219 

As can be seen in Figure 51, this one general equation has given 

reasonable values for a wide range of diatomics. 

Polyatomic Molecules: 

As an initial example of the application of these relationships to 

po1yatomic molecules, I will consider the bond energies in alkyl si1anes. 

Thermodynamic properties of silanes have been of interest since 1953236 ,237 

and because of the increased interest in silicon products, the chemical 

and physical properties of a1ky1si1anes are of greater importance. 

However, previous classical thermodynamic measurements by different 

research groups237,238 have yielded a variety of values for various 

silicon/carbon bond dissociation energies. The difficulty in obtaining 

thermodynamic data for a1ky1si1anes and organosi1icon compounds in general 
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have been addressed by many workers. 239-241 Determination of the C-Si bond 

strength has been attempted for several alkylsilanes as has the 

establishment of the relative bond strengths as correlated to the alkyl 

group bulk.236 There is still some doubt as to the absolute values, but 

the trend has generally been a decrease in bond strength with increasing 

alkyl bulk (with the possible exception of methylsilane). Using the 

photoelectron spectra of a few alkylsilanes, trends in C-Si bond strength 

are investigated in this section. 

Table XXXIII gives the photoelectron ionization energies for methyl, 

ethyl, isopropyl and tertbutyl silane. The photoelectron energy of the 

alky1242-244 and sily1245,246 radicals has been obtained previously. The 

photoelectron spectrum of methylsilane was previously obtained247 ,248 and 

the Si-C ionization is reported in Table XXXIII. The photoelectron 

spectra of ethyl and t-butyl silane were obtained here for this study. 

The Si-C ionization potential for i-propylsilane was estimated from the 

appearance potentia1238 data (see Table XXXIII for details). The 

dissociation energy was calculated using equation 11 but instead of using 

a difference in atomic electronegativity, the difference between the 

radical fragment's ionization potentials was used. The l1Xionic was 

arbitrarily chosen so that the range of calculated bond dissociation 

energies would fall at about 3.0 eV. 

Some values of note are the ionization potential of the radical 

fragments. For methylsilane, the IP of the methyl radical versus the IP 

of silyl radical are 9.84 eV versus 8.14 eV, respectively. The silyl 
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Table XXXIII Calculated Dissociation Energies for a Series of Alkyl 
Silanes. 

IP(R-s1H31 D b -(cIl1c)- lli!U:. IP(H~ ill:. 

Methyl 11.61 2.8 9.84 8.14 l. 70 

Ethyl 10.85 3.1 8.39 8.14 0.25 

i-Propyl 10.45' 3.0 7.36 8.14 0.78 

t-Butyl 10.01 2.8 6.70 8.14 l.44 

This value is found by correcting the reported appearance potentia1238 

by +0.6 eV. This value was determined by taking the average of the 
differences between the reported appearance potential and the measured 
photoelectron ionization energies of ethyl and t-butyl silane. 

a Reference 246. 

b DCca1c) found by using equation 11. 

c Reference 242. 
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radical ionizes at lower energy than the methyl radical. This is not true 

for all the other alkylsilanes, here the alkyl radicals will ionize at 

energies lower than the silyl radical. Further, the difference in 

ionization energy between radical fragments increases from ethylsilane to 

t-butylsilane. This is the first indication of the progressively greater 

ionic character of the Si-C bond as the organic bulk in the methylene 

fragment increases. 

As can be seen in Table XXXIII, a measure of the change in bond 

character is the in radical ionization potential. In the case of ethyl, 

i-propyl and t-butyl silane, this difference is increasing with organic 

bulk. This may indicate that the C-Si bond ionization represents an 

increasingly more localized Si-C bond with increasing organic bulk. Since 

the energy of silyl radical cation is closer in energy to the ethyl 

radical cation and mixing of orbitals increases between levels of similar 

energy, then the ethylsilane bond can be considered more covalent and 

delocalized. The t-butylsilane bond can be considered more ionic and 

localized. The increasing ionic character in the t-butylsilane Si-C bond 

suggests that the shift in photoelectron ionization energy may indicate 

more of a changing charge effect than an overall bond energy change. 

Something of the bond character of these complexes are now better 

understood. The change in bond character between the more covalent ethyl 

silane and the ionic character of the methyl, i-propyl and t-butyl silanes 

may further our understanding of changing reactivity, even if the 

intrinsic bond strength is very similar for these four compounds. 
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Mn(CO)s- Organomet&llics 

An example of relationships between ionization energies and bond 

energies is illustrated with the Mn-H and Mn-CH3 bond energies in Mn(CO)sH 

and Mn(CO)sCH3. These bond energies have been reported to be 2.2 eV and 

1.6 eV respectively on the basis of microca1orimetric measurements. 249 The 

adiabatic ionization energies associated with the Mn-H and Mn-CH3 bonds of 

these complexes are approximately 10.0 eV250 and 9.3 eV251 respectively. 

The relative stabilities of the bonds and the ionizations are in the same 

order, with a difference of 0.6 eV from calorimetry and 0.7 eV from the 

ionizations. 

An estimate of the ionization energy of the Mn(CO)s' fragment reported 

from other calorimetric data is 8.1 eV, 249 and a mass spectrometry 

appearance potential measurement indicates a value of 8.4 eV.2S2 Thes~ 

values are greater than the initial ionization energy of Mn2(CO)lO (~8.05 

eV vertical2so and 7.7 eV adiabatic249). It is reasonable to expect that 

the first ionization energy of Mn2(CO)lO is stabilized with respect to the 

Mn(CO)s' fragment ionization energy, which is not found with this data. 

The strengths and limitations of various methods for determining 

individual thermodynamic bond energies have been discussed elsewhere. 253,254 

The interpretation of calorimetric data is subject to large uncertainties 

in many cases because of the small differences in large numbers and 

additional assumptions that may be necessary to relate the data to 

individual bond energies. Mass spectrometric determinations of bond 
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energies are also subject to errors of measurement and interpretation. 254b 

The appearance potential of Mn2(CO)lO+ has been reported to be 8.42 eV,255 

and it is also seen from photoelectron spectroscopy that this value 

corresponds to the second ion state rather than the first ion state with 

a vertical IP of 8.05 eV.249 This 0.3 eV error is also contained in the 

9.3 eV value reported for the appearance potential of the Mn(CO)5+ ion from 

Mn2(CO)lO.252 Using the corrected appearance potential of 9.0 eV and the 

homolytic bond dissociation energy of Mn2(CO)lO to 2 Mn(CO)5' (1.7 ±0.4 eV 

256) yields a value of 7.3 eV for the ionization energy of the Mn(CO) 5' 

fragment, which is now less than the first IP of Mn2(CO)lO' 

By applying the reported bond dissociation energies for Mn(CO)5H and 

Mn(CO)5CH3 and the adiabatic ionization energies associated with the Mn-H 

and Mn-CH3 bonds to equation 5 and reformatting for this case: 

IP([M]-L) -IP([M]) - (l-k)'D([M]-L) (13) 

an estimate of the Mn(CO)5' fragment's ionization energy is found. 

Lowercase k is as difined in equation 6. The estimated first ionization 

energy of the Mn(CO)5' fragment on this basis is 7.4 eV from the Mn(CO)5H 

data and 7.3 eV from the Mn(CO)5CH3 data. 

If the difference between equation 18 for Mn(CO)5H and for Mn(CO)5CH3 

is taken, the following equation results: 

t.IP([M]-L) - (l-K)·t.D([M]-L) (14) 

Note that this is true only if the k for each system is assumed to be 

equal. The value of K obtained from equation 19 in the analysis of the 

Mn-H and Mn-CH3 bonds is near zero, and is actually slightly negative. 
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and indicates a substantial weakening of the bonds in the positive ions. 

The general trend of weaker bonds with increasing oxidation state is a 

characteristic feature of organometallic chemistry. Beauchamp257 finds 

that metal-hydrogen bonds are substantially weaker in higher oxidation 

states of the same metal, and reports a value of 1.0 eV for the 

dissociation of a hydrogen atom from the Mn(CO)5+ ion, in comparison to 

the 2.2 eV value for dissociation from the neutral molecule. The value 

of K is consistent with this interpretation. 

Finally, an estimate of the Mn-Mn bond strength can be made using the 

estimated ionization energy of the (CO)5Mn' fragment (7.3 eV). Taking the 

difference between the fragment's ionization potential and the molecular 

Mn2(COho metal-metal ionization and using equation 4, a Mn-Mn bond 

dissociation energy of 1.5 eV is found, which is in agreement with the 

experimental value of 1.7 ±0.4 eV.256 

Conclusions 

It has been shown that bond dissociation energies are closely related 

to photoelectron ionization energies. There are several advantages and 

disadvantages to using ionization energies for evaluating bond 

dissociation energies. Among the disadvantages are: (1) If photoelectron 

ionization information is the only information available, the ionization 

energies of radical species are necessary to obtain bond dissociation 

energies. It is often difficult to obtain photoelectron information on 

radical species. However, between complexes with similar fragment 

--------- ---------------------
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radicals, bond strength trends between these complexes may be evaluated 

without the radical ionization energies. (2) Spectroscopic methods are 

inherently precise in determining bond dissociation energies. However, 

uncertainty in determination of the ionization energies leads directly to 

uncertainty in the determination of the bond energies. An uncertainty of 

a few tenths of an eV in an ionization energy leads to an uncertainty of 

several kca1/mo1e in the bond energy. The uncertainties of this technique 

are comparable to those of other techniques. (3) The ionizations must be 

assigned correctly. For po1yatomic molecules, ionizations often 

correspond to de10calized states that do not correlate to a single 

localized bond. (4) Key ionizations may be difficult to observe. Among 

the advantages are: (1) If other thermodynamic information such as 

appearance potentials, electron affinities and calorimetric data is 

available, then the bond dissociation energies may be determined directly. 

(2) The ionization information can be used to check the consistency and 

validity of results from other methods. (3) The ionization information 

is unique in being able to separate different symmetry and orbital 

contributions to the total bond. (4) The technique applies to gas phase 

molecules without complications from solvents and other side effects or 

chemical precesses. (5) The technique provides additional information on 

the nature of the bond (ionic, covalent, etc.) and the factors that 

contribute to the strength of the bond. 
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APPENDIX B: FENSKE-HALL CALCULATIONAL PARAMETERS 

The following pages enumerate the coordinates, directional pointers 

and basis functions used in the various Fenske-Hall calculations performed 

for this work. 
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0.0000 -2.8'49 

0.0000 -l.HU 

-1. aoe 0.0000 -1.11949 

0.0000 

0.0000 

1.4400 

1. '200 

0.0000 -1.4400 

0.0000 -l.'lOO 

1.lUI 0.'550 

1.0". 0.'550 

1.ll14 -0.1'00 

1. "51 -1.1810 

;a.OS4) -0.)600 

o 0000 

0.0000 

0.0000 

0.0000 

1. 5734 

O. '25' 

0,0111 , 

o. "" 
1.9117 

1..251 1.1400 1.1021 

).4"1 1.1400 -0.1021 

).'150 -O.70~O -0.174' 

l."SI -1.)128 0.'''' 

1.4555 -0.1050 1.7Hl 

-2. a.. -0. "50 

-).0"1 -0. '550 

-l.1174 D.HOD 

-l."SI 1.111)0 

-l.0541 o.uoo 

1.5714 

O. '25' 

0.0116 

o. "" 
1.9177 

-1..151 -1.UOO J.lon 
-l.''') -1."00 -0.1028 

-).')60 0.7050 -0.17.' 

-2."51 2.2821 0."" 

-I.H55 0.1050 2.7702 

D"SIS ORBITALS 
ATOM rUNCTION JHDEl COErrJCtEHT 

rE 

c 

o 

IS 

2S 

2' 

lS 

" 
lD 

os 

4. 

IS 

2S 

2. 

10 

11 

IS 11 

25 Il 

2. 14 

IS 15 

1.00000000 

-.)U'OOOI 
1.0655000) 

1.00000000 

0.14550000 
-."150001 
1.0'''0001 

- .)2010001 
1.0n""5 

0.5504"91 
O. '25'"'' 

-.046'0000 
0.160S0000 
-.4176',,, 
1.0"'0004 

0.07500000 
-.169"'" 1. 0)2 5000) 

1.00000000 

-.lU9II00I 
1.02610004 

O.IOIUOO) 
~'047'" 

1.00000000 

- .l41 Jl 000 
1.02917004 

0.741'000) 
0.))5411'" 

1.00000000 
1. AlIS POINTS TOWARD 

0.0000 

o 0000 

0.0000 

0.0000 

0.0000 

0.0000 

POSITION 1 

POSITION ) 

POSITION 1 

POSITION S 

0.0000 

POSITION '7 

0.0000 

POSITION , 

POSITION 

POSITION 1 

POSITION 

POSITION 1 

pOStTION 

POSITION 11 

POSITION 12 

POSITION 1 J 

POSITION 14 

POSITION IS 

POSITION 2 

POSITION 1 

POSITION 1 

POSITION 

'OSITION 

POSITION 11 

POSITION 12 

POSITION U 

POSITION 14 

POSITION 15 

0.0000 

0.0000 

0,0000 

0.0000 ) 

EIPONENT 

25.11"" 

)5.11"" 
'.750000 

10.'00000 

l5.37"" 
'.750000 
4.410000 

10. '00000 
4.170000 

5.)50000 
l.OOOOOO 

25. )7"" 
'.750000 
4.410000 
l.OOOOOO 

10. '00000 
4.170000 
1. '00000 

5.590000 

5.5'0000 
1. 610000 

1. 255720 
2.7H250 

1.555000 

7.555000 
l.150000 

1.'5)120 
).'11270 

1.200000 

265 
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266 
BASIS ORBITALS 

ATOM roNCTJON INDtl COErrICIENT EXPONtNT N 
cis- [Fe(COhh +2 C2v 

rt 
IS 

1.00000000 )5. )7"" 
lS 

Fe- (COh-Fe ring is planar. -.35"0001 )5. )7"" 
1.0655000) '.750000 

)p 

1.00000000 10.'00000 
)S 

Fe - Fe - COterm 90· 0.14550000 )5. )7"" 
- ... 750001 '.750000 
1.0"'0001 4. "0000 

)p 

- .nol 0001 10. '00000 
1.04"'''5 4.170000 

)D 

0.550H'te 5.350000 0.'15"", 2.000000 
4S 

-.041'0000 lS.l7"" 
0.1'050000 '.7500(,0 
-.417",,, •.• 80000 
1.0"'0004 2.000000 

4' 
0.07500000 10.'00000 -.l6,a"" ,. .170000 
1. OH5000) 1. '00000 

C 
IS 

1.00000000 5.590000 
lS 10 

- .""eool 5.5'0000 
1.02UOO04 1.610000 

lP 11 
o.eoueOO) I.lS5720 
0.16047'" l.726250 

0 
IS 12 

1.00000000 7.555000 
lS I) 

-.24))1000 7.555000 
1. Ol91 1004 2.250000 

lP 14 
0.7419000) 1.l5)7l0 
O. )354'''' 1.611210 

POSITJO!'l lLEHf:NT COOItDHIAT£S ~ "XI S POI NTS TOWARD 

rt .2655 o 0000 0.0000 0.0000 0.0000 0.0000 

f[ -1.2655 0.0000 0.0000 0.0000 0.0000 0.0000 

1. 2'07 0.0000 -l,'}U' POSITION 

0 1.2'01 0.0000 -2.1'" POSITION 

C -1,1101 0.0000 -1.7u, POSITIOt<. 

0 -l.UOII 0.0000 -1.8, ... POSITION 

C O. DODO 1.4400 0.0000 0.0000 0,0000 0.0000 I 
0 0.0000 2.'200 0.0000 POSITION 

C 0.0000 -1.4400 0.0000 0.0000 0.0000 0.0000 I 
10 0 0.0000 -2.'200 0.0000 POSITrON , 

-----------~ ~----------



CZv 

ring is planar. 

Fe-Fe-COterm 90° 

pas I TlON [L[."'![~T 

10 

11 

12 

11 

" 
1 S 

l' 

11 

" 
19 

20 

11 

22 

21 

l4 

25 

26 

21 

H 

H 

10 

II 

H 

H 

C 

o 

C 

o 

c 

o 

c 

c 

c 

c 

c 

COORlJlNATtS 

1.15550.00000.0000 

-1.1655. 0.0000. 0.0000 

1.2107 • 

I.HOI 

-1.2807 

-1.19011 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

2.294' 

J,O'U 

1.131. 

1 . .,51 

2.0542 

1. '15) 

1. ,U1 

l.'160 

1. "511 

1.' 555 

-l.H" 

-).0," 
-). ))74 

-1.6'5' 

-2.0542 

-1. ,lSl 

-J.un 
-1.tUO 

-1.1'51 

-1.4555 

0.0000 

0.0000 

0,0000 

0.0000 

1. sno 
.2.112) 

2.1121 

-1.4240 

-1.6060 

O .• 550 

0 9550 

-0, HOD 

-1.18l0 

-0.)600 

1 .1400 

1 .8400 

-0.700;,0 

-2.28211 

-0.7050 

-O,9S50 

-0. ,,)50 

0.)600 

1.11110 

O. )600 

-1.11400 

-1.1400 

0.7050 

:I .1111 

0.7050 

-1.7449 

-1.11949 

-1.7441' 

-2 1194 • 

0.0000 

0.9110 

-0 9110 

0.0000 

0.0000 

1. 5114 

O.'l'it 

0.0816 

0."" 
1."11 

2.1021 

-0.10l! 

-0. 77 .. 9 

O. "" 

2.7742 

1.5114 

O. -US. 

0.01116 

O. tt" 

1. tl17 

2.1011 

-a.loa 
-O.71n 

O. ,tt, 
2.7742 

.roM 
rt 

0 

BASIS OJUIlTALS 
rCNCTION INDEX COErrlCIENT 

Is 

2s 

2p 

JS 

1P 

lD 

4S 

'P 

Is 

25 

2P 

IS 

lS 

2P 

IS 

1.00000000 

-. ,"9aOOI 
1. 0,550002 

1.00000000 

0.14550000 
.... 4.750001 
1.0,UOGOl 

.... )1010001 
1. 049"" 5 

0.550499911 
O. 'l5"", 

-.041'0000 
0.16050000 
.... 41719'" 
1. 0'''0004 

O.07S00000 
.... 1" .. '" 
1.01150001 

1.00000000 
10 

.... 119t11001 
1.01610004 

11 
0.'01(100) 
0.)6047", 

12 
1.00000000 

Il 
-.14)1l000 
1.01917004 

" O.74UOOO) 
0.))5411'" 

15 
1.00000000 

t "liS POINTS TOW"RD 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 • 

0.0000 • 

POSITION 1 
POSITIOH 1 

POSITION 

POSITION 

0.0000 

POSITION' • 
POSITION • 

O. (1000 

POSITION 10 

POSITION 1 

POSITIOti 1 

POSITION 1 

POSITION 1 

POSITION 1 

POSITION 12 

POSITION II 

POSITION " 
POSITION 15 

POSITION " 
POSITION 2 

POSITION 2 

POSITION 

POSITION 2 

POSITION 

POSITION II 

POSITION II 

POSITION 14 

POStTIOH 15 

POSITJOtI H 

0.0000 

0.0000 

0.0000 ) 

0.0000 , 

267 
EXPONENT H 

25. )7,,,, 
25.37"" 
'.750000 

10. '00000 

25.l"." 
'.750000 
4.480000 

10.liOOOOO 
4.170000 

5.150000 
2.000000 

15.)7"" 
'.7S0000 
4.480COO 
2.000000 

10.600000 
4.170000 
1. '00000 

5.5'0000 

5.5'0000 
1.610000 

1.255720 
2.726250 

7.555000 

7.555000 
2.250000 

1.651720 
J.681270 

1.200000 



268 
DAIU Onl7ALS 

A"," rUHCTJON INDtl COErnCIEN'I' EXPON[NT N 

cis- ([CpFe(CO) h-pCO-pCH2 }+2 C2v 
r. 

IS 
1. 00000000 H.l7"" 

IS 
-.11790001 15.l7"" 

Fe-C2 -Fe ring is planar. 1.06550001 '.750000 

" 1.00000000 10. '00000 
)S 

Fe - Fe - COterm 90 0 
0.14550000 H.l7"" 
-.41750001 '.750000 
1.0,,,0001 '.410000 

). 
-. )1010001 10.'00000 
1.0.,n,,5 4.170000 

)D 
0.550H'" 5. )50000 
0.6159"" l.OOODOO .. 
-.OU90000 15.)"'" 
0.1'050000 '.750000 
-.417"'" ".4110000 
1.0",0004 1.000000 

4' 
0.07500000 10. 'OODOO 

-.l"."" 4.170000 
1.0ll5DDDJ 1.600000 

C 
IS 

1. 00000000 S.5,0000 
IS 10 

- .lln.ool 5.590000 
1. Ol61 0004 1.'10000 

" 11 
a.IOIUCa) I.H5120 
0.l604"" 1.7!l150 

0 
IS 11 

1.00000000 7.555000 
IS II 

-.14ll1000 7.555000 
1. 0191 1004 l.250000 

l' 14 
0.'419000) 1.65)720 
O. ))5"'" 1.Ulll70 

15 15 
1.00000000 1.lOOOOO 

POSITION tL[HENT COORDINAT[S Z AlIS POINTS TONARD 

FE I.H55 O. OODO 0.0000 0.0000 o:booo 0.0000 

r. -I.H55 0.0000 0.0000 0.0000 O. DODO 0.0000 

C 1.).07 O. DODO -1.7ut POSITION I 

0 1.2,o11 O. 0000 -l.I'" POSITION I 

e -1.2107 O. ODOO -1.744' P05JTI01" 

0 -1.ltOI 0.0000 -l.S'U POSITION 

e 0,0000 1. SllO 0.0000 0.0000 0.0000 0.0000 ) 

0.0000 1.lIl1 0.U10 POSJTION 

0.0000 1.1111 -0.9110 POSITION , 
10 e 0.0000 -1.411"0 0,0000 0.0000 0.0000 0.0000 ) 

11 0 0.0000 -1.,0'0 0.0000 POSJTION 10 



269 
DUIS OIDITALS 

ATOH rUNCTION INDEX COErrlCIENT EI'OHENT N 

+2 FE 
cis- [Fe(CO)zlz C2v 

1$ 
1.00000000 n.ll"" 

15 
- .1InOOOI H.ll"" 

Fe-C2 -Fe ring is planar. 1.0&550001 '.750000 
1P 

1.00000000 10.'00000 
)S 

Fe - Fe - COterm 100 0 
0.14550000 n.ll"" -.41750001 '.750000 
1.0",0001 •• 410000 

IP 
-. HOIOOOI 10. '00000 
1.0.,,,"5 •• 170000 

ID 
0.550"'" 5.150000 
0.'159"" 1.000000 .. 
-.on,oooo 15.17"" 
0.1'050000 '.750000 
- .U7"", 4.410000 
1. 0",000. 1.000000 

tP 
0.07500000 10.'00000 
-.1""'" •. 170000 
1.0))50001 1. '00000 

C 
IS 

1.00000000 5.5'0000 
2S 10 

-. n",ool 5.5'0000 
1.02'10004 1. '10000 

2P 11 
0.1016800] 1.155720 
D.l'De"" 2.72'250 

0 
IS 12 

1.00000000 7.555000 
2S 1) 

-.24])1000 7.555000 
1.02917004 2.250000 

lP J4 
0.7U'0001 1.651710 
O.I)5t"" ).611270 

POSITION ELEMENT COORDINATES Z AXIS POINTS TONARD 

rE 1.HS5 0.0000 O. DaDo 0.0000 0.0000 0.0000 

FE -1.1655 0.0000 0.0000 0.0000 0,0000 0.0000 

1.5114 0.0000 -1.7US POSITION 

0 1.7,)4 0.0000 -2.1510 POSITION 

C -1. Silt 0.0000 -1.7115 POSITION 

0 -1.7Ut G. 0000 -1. 1510 POSITION 

C 0.0000 1. 4400 0.0000 0.0000 0.0000 0.0000 I 

0 0.0000 2.'200 O.ODOO POSITION 

C 0.0000 -1.UOO 0.0000 0.0000 O. DODO 0.0000 I 

10 0 O. DODO -1. '100 0.0000 POSITION 



'~SIS OUITALS 
270 

~1'OH I1JNCTJON IHDU COErFICIENT EXPONENT N 

[Fe (CO) h+2 rE' 
1$ 

1. 00000000 l5.17"" 
lS 

-. unOOOI 25.37"" 
carbonyls are bridging. 1.0USOOOl 9.750000 

1. 
1.00000000 10.,00000 

IS 
0.14550000 lS.31"', 
-.41150001 '.7S0000 
1.0U90001 ..... 10000 

I. 
- .)l010001 10.600000 
1.0U9UH ".170000 

ID 
0.5504UH 5. HOOOO 
0.'2599'" 1.000000 

4S 
-.0""0000 25. )7'", 
O. U050000 '.750000 -.UH"" of .... 0000 
1.06"0004 2.000000 

4. 
0.07500000 10.600000 

-.1""'" 4.170000 
1. 03l5000) 1.6DOOOO 

C 
IS 

1.00000000 5. s,oooo 
lS 10 

- .11"1001 5.590000 
1.0161000" 1.'10000 

l. 11 
0.101"00) 1 .l55720 
0.l'047", 2.716)50 

0 
IS 12 

l.OOOOOOOJ 7.555000 
lS 1) 

- .HIllOOO 7.555000 
1.02917004 2.250000 

1. 14 
0.7419000) .&S)7l0 
0.1)54.,,, 6111270 

POSITiON ELtKI:NT COOIIDJNATtS l. AlIS POI NTS TOWARD 

FE 1. 26 ~~ 0.0000 0.0000 I 0.0000 0.0000 0.0000 I 

FE -1.26~~ 0.0000 0.0000 0.0000 0.0000 0.0000 

c 0.000(\ 1.4400 0.0000 0.0000 0.0000 0.0000 

0 0.0000 2.6100 0.0000 I POSITION I 

C 0.0000 -1 .4400 0.0000 0.0000 0.0000 0.0000 I 

0 0.0000 -l . '200 0.0000 POSITION 

------_._-----------



271 
cis- [Fe (CO) h+z CZv ."SIS OJtDITAI.! 

~roH FUNCTION IHDl!1 COErrlCltNT EXPONENT N 
FE 

carbonyls are terminal. 
15 

1.00000000 25. )B'" 
H 

-.167'0001 25. )7"" 
1.0'550002 '.750000 

Fe - Fe - COterm 100 0 2P 
1.00000DOO 10.'00000 

)S 
0.14550000 3S.)7"" 
-.48750001 '.750000 
1.099'0001 4.4110000 

lP 
-. )101 0001 10.'00000 
1. on""5 4.170000 

)0 . , 
0.550"". 5.350000 
0.115"'" 1.000000 

os 
-.OU90000 l5.)7"" 
0.1 '050000 9.150000 
- .4176"" "." BOOOO I.on,oooo 2.000000 

OP 
0.07500000 10.'00000 -.1'9119", 0.110000 
l.OllSOOO) 1. '00000 

C 
15 

1.00000000 S. S90000 
25 10 

-. H998001 5. s.oooo 
1. 0161 0004 1. 51 0000 

2P 11 
0.1016800) 1.255120 
0,1'04'''' 2.1H250 

0 
IS II 

1.00000000 7.555000 
2S 1) 

-. ;UlllOOO ".555000 
1.0)'17004 2.250000 

2P 14 
0.741 '000) 1. '5)120 
0.)]S41"" 3.'81210 

"OSITION ELEHENT COORDIHATr:!. Z. IUJS POI NTS TOMARU 

rt l.n!l~ 0.0000 o 0000 0.0000 o. 0000 0.0000 

rt -1. H55 o Door o 0000 I 0.0000 0.0000 0.0000 

C 1.S!lH 0.0000 -l.lle~ POSITION 

0 1."14 0.0000 -2. 8510 POSITION ) 

C -1. 5114 0.0000 -\ .HIS I POSITION 

0 -1. 7'14 0.0000 -1.IS10 POSITION 

~--~--'-- -----------



Fe-C2 -Fe ring is planar. 

Fe - Fe - COterm 100 0 

POSITION CLEMENT 

10 

FE 

FE 

C 

o 

C 

o 

C 

11 0 

COOJtDIN".,.r:S 

1.:USS O. DODO 

-1. ~6S5 0.0000 

1. 51l' 0.0000 

1.1U' G.DOOO 

-1. 51H 0.0000 

-1. 'tH 0.0000 

0.0000 1.5320 

0.0000 ~. 112) 

0.0000 ~.llB 

O. DODO -l.'HO 

O. '000 -~.'O'O 

ATOM 
r. 

C 

0 

0,0000 

O.ODOO 

-1.7115 

-~.'SIO 

-1.7185 I 

-2.8510 

0.0000 

0.'110 

-0 tllO 

0.0000 

0.0000 

BUll O •• lTAU 
rUWCTION IKDU COErrJCIEIIT EZPOIIEHT 

15 

lS 

~. 

)S 

J' 

)0 .. 
,. 

IS 

~S 

2' 

15 

lS 

~. 

15 

1.00000000 

-.J67,OOOl 
1. "55000~ 

1.00000000 

0.14550000 
-.41150001 
1.0tt'OOOl 

-.l~010001 
1.0.,""5 

0.550"'" 
O. U5'"'' 

-.OH'oOOO 
O. U050000 
-.41161'" 
1.061'000. 

0.01500000 
-.lU"'" 1.0)35000) 

1.00000000 
10 

- .~HtlOOl 
1. OUI000, 

11 
0.1016100) 
0.31047'" 

12 
1.00000000 

1) 

-.)"]31000 
1.0~n700' 

14 
O.74ltOOO) 
0.l1541'" 

15 
1.00000000 

~5.17"" 

H.37"" 
'.750000 

10. '00000 

H.)H'" 
'.750000 
" ... 10000 

10. '00000 
, .170000 

5. )50000 
~. 000000 

15 .37"" 
'.750000 
4.410000 
l.DOOOOO 

10.'00000 
... 170000 
1. '00000 

5.5'0000 

5.5'0000 
1.610000 

1.HS7~0 
~. 7HHO 

7.555000 

7.555000 
l.l50000 

1.'5l720 
),'11270 

1.lOOOOO 

r. AilS POI NTS TOWARD 

0.0000 0.0000 

0.0000 0.0000 

POSITION 

POSITION 

POSITION 

POSITION 

0.0000 Q.DOOO 

POSITION 

POSITIOH 

0.0000 0.0000 

POSITION 10 

0,0000 

0.0000 

0.0000 , 

0.0000 , 

272 
JI 



POSITrON I:LtHENT 

n 
n 

l.H55 

-1.~'55 

COORDINATES 

0.0000 

0.0000 

0.0000 

0.0000 

ATOM 
rE 

DA,SIS O •• ITAL. 
FUNCTION JNDEI conFICIENT 

IS 
1. 00000000 

lS 
-.unoool 
1.0n5000~ 

~P 
1. 00000000 

lS 
0.14550000 
-.41750001 
1.0"'0001 

)P 
-. nOloool 
1.041",,5 

)0 
0.55049'" 
O. '15'"'' 

4S 
-.045'0000 
0.15050000 
-.41'''"" 
1.0"'0004 

4P 
0.07500000 
-.~"It'" 1.0)15000) 

r. AXIS POI NTS TOWARD 

0.0000 0.0000 0.0000 

0.0000 0.0000 0,0000 

273 
ElPOHENT " 

)5.)7"" 
)5.""" t.7S0000 

10.'00000 

Z5. )7"" 
'.750000 
..... 10000 

10.'00000 
4.170000 

5.)50000 
2.000000 

Z5.17"" 
'.750000 
4.410000 
~. 000000 

10. '00000 
4.170000 
1. '00000 

, 



trans-[CpFe(NO)]2-~CH2 

POSITION tLtHtHT 

FE 

FE 

C 

D 

H 

o 

H 

o 

10 C 

II C 

I) 

1] C 

1. c 
15 D .. 
17 

Ie 

If 

20 C 

21 C 

n C 

)) C 

U C 

1.lUO 

-1.lI40 

0.0000 

0.0000 

0.0000 

1. 5)00 

1.7970 

-1. 5100 

-1.7970 

1. '0,0 

).'7,0 

).)7)0 

2.55)0 

1.5160 

0.'lt5 

3. tI" 
•• 1414 

3.775) 

0.7157 

-1.'0'0 

-).67'0 

-I. )710 

-).5520 

-1.5160 

ATOM 

C2 
r. 

C 

H 

0 

COORDINATES 

0.0000 0.0000 

0.0000 0.0000 

0.0000 1. .,50 

-0.'526 1.0450 

0.'526 1.0450 

1. 6040 -0.0170 

1.'''.0 -0.1050 

-1.'0.0 -0.0)70 

-).7440 -0,10S0 

-3.08)0 -0.0)80 

-1.4..,0 D. &lS0 

.. 0. '040 -0. lUO I 

-0.72)0 -I .5)50 

-1.'110 -1.)420 

-),8110 0.410) 

-1. 5,H 1. "07 

O. 0411 "0.1441 

-0.1915 -2.na 

-1. '019 "l.Otll 

1. OSlO -0.0110 

1. • .,0 a.usa 
O. '040 -0. lUO I 

0.72)0 -1.5)60 

1.'110 -1.)430 

274 
.ASJ' OIDITAU 

rDNCTIOH INDEI COJ:rnCIENT CXPOtlEH1' N 

IS 
1. 00000000 )5.]7"" 

)S 
-.lInOOOI 35.]7"" 
1.OIHOOO) t.750000 

)P 
1. 00000000 10.100000 

)S 
0.14550000 )5.]7"" 
-.41750001 t. HOOOO 
1. 0"'0001 4."10000 

)P 
-. )301 0001 10.'00000 
1. 0.,,,,,5 •. 170000 

)0 
0.550.",. 5.350000 
O. 'H"'" 1.000000 

4S 
- .041'0000 )5. )7"" 
O. U050000 ,. HOOOO 
-.n7"'" of .480000 
1.019'000. 3.000000 

4P 
0.07500000 10.600000 
- .31""" •. 170000 
1. 01HOOOI 1. '00000 

IS 
1.00000000 5.5'ODOO 

)S 10 
- .n"8001 5.5'0000 
1. 0161 0004 1. 610000 

2" 11 
0.'016800) I.H5720 
0.31047'" 3.726250 

IS II 
1.00000000 l.l00000 

IS 1) 
1.00000000 '.570000 

2S 1C 
-.))"19" '.570000 
1.0)7619" 1. 'HOOD 

2P 15 
0.7IH5'" 1.505850 
O,lll111001 l.267410 

IS U 
1.00000000 7.555000 

)S 17 
-.14))1000 7.555000 
1.DH17004 1.150000 

2P II 
0.741'0003 1. '5)7)0 
0,))54.,,, ).181270 

Z AIlS POINTS TOWARD 

0.0000 D.DOOD -1.4950 

0.0000 0.0000 -1.4950 

0.0000 O. 0000 0.0000 I 

POSITION 

POSITION ) 

P05ITIO,.. 

POSITION , 
POSITION 2 

POSITION • 
POSITION 1 

POSITIOH 

POSITION 

POSITJOH 1 

POSITIO". 

POSITION 10 

POSITION 11 

POSITION Il 

POSITION 1) 

POSITION 14 

POSITION 

POSITION 2 

posITION ) 

POSITION 

POSITION 
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H -o.un ).1110 0.410) pOSlTIOH )0 

H -).n" 1. 5J35 1. "o7 'OSITION )1 

)7 • .... 14'" -0.OU7 -O.UH POSITION H 

H -1.775) 0.1915 -1.47)D POSITION H 

H r -0.7U7 1. to)9 -1.0tU POSITION H 



POS I T I OS ELEHtNT 

FE 

FE 

C 

" o 

" 
o 

10 C 

11 C 

12 C 

II C 

14 

n 

u 

17 

11 

19 

20 C 

21 C 

2> C 

21 C 

,. C 

1.1140 

-1.1140 

0, DODD 

0.0000 

0,0000 

I.UOO 

1."70 

-1.5100 

-1. "70 

1.'0'0 

l.' 190 

).2710 

2.5520 

1.5nO 

0.'Jl5 

1."" 

4.IU' 

2.7H) 

0.7157 

-1.&0'0 

-1.17'0 

-).1710 

-1.1510 

-1.5nO 

COOftDINAT[S 

0.0000 0.0000 

0.0000 0.0000 

0.0000 1.4'50 

-0.,5H 1.0450 

O.,sH 2.0'SO 

1. 50' 0 -0.0)70 

2.14'0 -O.IOSO 

1.&040 -0.0)70 

1.7"0 -0.10\0 

-l.DI)O -0.0)110 

"'1.4490 O. 'ISO 

-0. ,04 a -o.lI'o 
-0.72)0 -I.IUO 

-I.UIO -1. H2O 

-l.I110 O.UOl 

-1. 5tH 1. "o7 
0.OU7 -0.1441 

-0. IUS -2.4721 

-1. ,Olt ~1.0t12 

-2.01)0 -0. DUO 

"1.41'0 0.U50 

-0.'040 -O.lUO 

-0. HID -1.5)00 

-I .UIO -1.lIlO 

aUJ I OalJ TALS 
A1<lH rt1NCTION INDtJ COErrICIENT 

rE 

C 

" 

o 

,. 
lS 

I. 

ID 

os 

c. 

IS 

ls 

1. 

IS 

IS 

2S 

1. 

IS 

2S 

1. 

1.00000000 

-.unoool 
I.OU50001 

1.00000000 

0.U550000 
- .41750001 
1. 0'''0001 

-. nOI 0001 
1.0.,,,"1 

0.550"'" 
0.U5"'" 

- ,04"0000 
0.11050000 
-.417",,, 
1.0"'0004 

0.07500000 
-.lUU,,, 
1. 0135000) 

1.00000000 
10 

- .1HtlOOI 
1.0l110004 

11 
O.IOIUOOI 
O,l'D419" 

11 
1.00000000 

1) 

1.00000000 
14 

- .llnn" 
1.037'1'" 

IS 
O. '11551" 
O.lIllIOOI 

16 
1.00000000 

17 
-.l43ll000 
1. 01917004 

11 
0.741'0001 
O.llS • .,,, 

Z. AXI S POINTS TOWARD 

0.0000 0.0000 -}.4,50 

0.0000 0.0000 -1 .• '50 

0.0000 0.0000 0.0000 

POSITION 

POSITION 

POSITION I 

POSITION • 
POSITION 1 

POSITION 

POSITION 

POSITION I 

POSITION 

POSITION 

POSITION 

POSITION 10 

POSITION 11 

POSITION 11 

POSITION II 

POSITION 14 

POSITION 2 

POSITION 

POSITION 

POSITIOH 1 

POSITION 

276 
EIPON~NT " 

15.17"" 

15.17"" 
'.7\0000 

10.'00000 

15.17"" 
'.750000 
4.4110000 

10.'00000 
4.170000 

5. JlOOoo 
1.000000 

15.17"" 
'.750000 
4.4110000 
l.OOOOOO 

10.600000 
4.170000 
1. '00000 

5.5'0000 

5. stoooo 
1.'10000 

1.251720 
1.716250 

l.l00000 

'.570000 

'.570000 
1.'25000 

1.SOSIl~O 
3.267410 

7.555000 

7.555000 
l.2501)00 

J •• 5)720 
). '11270 
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H -0."15 -J.I)10 0.410) POSlTIOtf JO 

H • -1.'11' -1. 5'15 1. "o1 POSITION n 
17 -4.1434 0.0411 -0.1441 POSITION )l 

1I -J.1153 -0.1915 -l.4H8 POSITION II 

1I -0.1151 -1. ,on -l.O91l POSITION 14 
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auu ""aluu 

fUNCTION INDCI c:ourlCICII7 EIPOH.tHT II 

15 
1.00000000 25.)7"" 

lS 
-.117,0001 25.17'''' 
1. 0655000) '.750000 

). 
1.00000000 10.'00000 

15 
0.14550000 25.119'" 
- .41750001 '.750000 
1. 0'''0001 .... 0000 

lP 
-.13010001 10.'00000 
1.0.,,,,,5 4.170000 

lD 
0.550."ta 5.150000 
0.,25"", ) .000000 

4S 
- .0.UOOOO 15.J7"" 
0.1'D50000 '.750000 
-.417"'" .... 0000 
I.OU,OOO. 1.000000 •• 0.07500000 10. '00000 -.)"8"" '.170000 
1. 01250001 1.'00000 

C 
15 

1. 00000000 5.5'0000 
lS 10 

-.11"8001 5.5'0000 
1.0)61000' I.UOOOO 

lP 11 
0.'0168001 1.l55720 
0.1'0."" l.7l1HO 

IS II 
1. 00000000 1.100000 

N 
IS II 

1. OOOODOOO '.570000 
lS l' 

-.lH7)t" '.570000 
1.0lHlt" 1.'25000 

l' IS 
0.78155'" 1. 505150 
O.HIliOOI 3."7410 

o 
Is 16 

1.00000000 7.555000 
lS 17 

-.)43ll000 7.555000 
1.0291 7004 2.250000 

lP 11 
0.741 '000) 1. '5)'120 
0.135"'" 3.681210 

POSITION ELDCEHT COORDINATES 1 AIIS POINTS TOWAIW 

r. 1.U'O a.oooo 0.0000 I 0.0000 D.OOOO -I . 4'~0 

FE ·1.2"0 a.OOOo 0.0000 O. 0000 0.0000 -I .'5>0 

C 0.0000 0.0000 1 .• '50 0.0000 0.0000 a 0000 

a. DODO -O.9SH 2.0450 POSITION 

0.0000 0.'5H ).OHO POSITION 

N 1.5)00 1. 'D. 0 -0.0)70 POSITION 

0 1.1970 ).7UO -0. 1050 POSITION 

N -1. ')00 1. '0.0 -0 0370 POSITION 

0 -1.1970 ).7440 -D. 1050 POSITION 



cis- [Fe (NO) h+2 

POSITION [LEMENT COORDINATES 

Fe 1. ~140 0.0000 0.0000 

r< -I.lIl40 0.0000 0.0000 

1. 5300 1. ,o40 -0.0)70 

0 1.7070 :2. '1440 -0.1050 

-1.5300 1. '040 -0.0)70 

0 -1."70 1.7440 -O.lO~O 

a.ull OIBITAU 
ATOM rvNC"lON INOCI COlrrlClbT IIPONENT 

FE 

N 

o 

I 

IS 

H 

3P 

)5 

)P 

3D 

•• 

4P 

IS 

3S 

2P 

IS 

H 

2P 

1. 00000000 15.)7 .... 

-.31790001 15.)7 .... 
1.onSOOOl t.750000 

1.00000000 10. ,00000 

0.14550000 15.)7 .... 
- .41750001 '.750000 
1.0'''0001 ,. . • '0000 

- .H01000l 10.'00000 
1.0 ...... 5 4.170000 

O.5SD4"U 5.)50000 
O.US ..... 2.000000 

-.0."0000 15.)7"" 
O. U050000 '.750000 
- .U7"'" ".480000 
1.0"'0004 2.000000 

0.07500000 10.'00000 
-.lU'"'' 4.170000 
1.0315000) 1.600000 

1.00000000 '.570000 
10 

-.3)67),,, '.570000 
1.01Hlt .. 1.'15000 

11 
0.71355 .. ' 1.505'50 
O. a)BOOI ).317410 

13 
1.00000000 7.555000 

I) 
-.143)1000 '1.555000 
1. 0301700' 2.250000 

14 
O.HItOOO) 1. '5)720 
0.13541'" 3.'"270 

I AXt5 POINTS TONARD 

0.0000 0.0000 -1 .• '50 

o 0000 0.0000 -1.4'50 

POSITION 

POSITION 

POSITION 

POSITION 

279 
N 
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DUll OUITALS 

ATO!"! FUNCTION IHOtl COEFrICIENT EIPONENT N 

[Ir(pz) (CO)2h C2v 
I" 

IS 
1.00000000 49.2739'0 

2S 

Ir-Ir distance 3.65 A 
-.942SI)00 41.2729'0 
I.]H21]00 ".n5"0 

2P 
1.00000000 H.n",o 

lS 
.45026200 41 .272"0 

- • .,S77100 H .1]5990 
1.20]60700 18.157000 

]P 
-.5440]500 ]5.51"'0 
l.ll"O'OO 11.417000 

]0 
1.00000000 10.0)'000 

os 
-.240]0900 41 .272990 I 

•• ,,201100 14.115990 2 
-.ISIJl200 11.157000 1 
1.2326"00 10.47,o00 4 

4P 
.2"79900 )S.nU90 

-.70617100 11.417000 
1.17170500 10.19]000 

40 
-.4UltaoO lO.Ol'ooo 
1.01342200 ,. '.1000 

4F 10 
1.00000000 '.1))000 

5S II 
.0'0]2400 49 .272"0 

- .IIUlIOO 34.1]5990 
.34)1111000 111.157000 

-.59195600 10 .• 7,o00 
I.IIlSl500 5.3)0000 

5P II 
-.OU61l00 )5.676"0 

.2)501900 111.487000 
-.46)011200 lO.UJODO 
1. 075044 00 4.117000 

50 II 
.1004)800 20.029000 

- .299 70500 ','4)000 
.']1]"00 4.771000 
.54502000 2.4111000 

os 14 
-.OIlPIOO .,,272"0 

.0)158::100 )4.')5.90 
-.05029100 18.157000 

.08922400 10.41'000 
- .le057400 5. ))0000 
1. 011014 00 2.000000 

6P 15 
.01701700 ]5.57"'0 2 

-.046)7)00 11.417000 1 
.0,,254)00 10.1')000 4 

- .21427000 •. 117000 5 
1.0lHtlOO ....!. .. 000000 , 

IS 16 
1.00000000 6.510000 

25 17 
-. ))'74000 6.510000 
1.02164000 1.925000 

2P II 
.7D2HOOO 1.5058S0 
.ltI)21000 1.267410 

C 
IS It 

1.00000000 5.5'0000 
2S 20 

~ .119'8000 5. !.,oooo 
I,OHI0000 I. '10000 

2P 21 
.101 "000 1.1~5720 
.1.048000 1 72'250 

IS II 
1. 00000000 1.100000 

0 
IS 21 

1 .00000000 7.555000 
25 24 

.. 14)11000 7.555000 
1.02917000 2.1500~0 

2P 15 
.141'0000 1. '5)710 
,))HtOOO 1.UD70 

COOIOJN"T[S Z All S POINTS TOWARD 

110 (-l.llll. • DODO, .OUOO, . DODO, .0000, l.27") 

lI" I. 1211, • DODD, .00001 . DODD, .0000 • 2.J7", 

IN ( - .1100. 1. 4U4, -.nH) POSITION 

4N ."00. 1. •• U, -. 91H) POSlTJON 

5C (-1.0"', J.5)10.-I.51U) POSJTJON 

'c .0000. l.2ltl.-2.0HI) .0000, .0000. .00001 

7c 1. at", l.5]10,-1.5U51 POSJTJON 
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•• . DODO, •. 0701,-1.5 •• 2) pOSITION 

n (-'.Oltl, '.1711.-1. 7ln, POSITION 5 

IOU ( 2.0l91 , 2.771',-1.7127) POSITIOH 

lle (-2 1170.-1.2"0, .1120, POSITION 

120 (-) .47lt,-l.llSO, 1.)220, POSITION II 

lle 2. 1)70.-1."'0, .1120, POSITION 

140 3.47",-2.llS0, l.H20, POSITION I) 

BN -.'100,-1..'44. -.Us., POSITION I 

UN ."00.-1 .• '4 •. -.US4, POSITION 

17e (-1.0"7,-,. S)lO,-I. SUS, POSITION IS 

lie .0000,-).23", -2. OHa, . DODO, .0000, .0000) 

lie 1.0"7,-'. S)lO,-1. SI6S, poSITION U 

208 .0000.-4.0102,-2.5 •• 2, POSITION 11 

liB (-'.OHI,-2.17I1,-I.71l7, POSITION 17 

220 ( 2. OlU ,-2.1719 ,-I. 7ll7) POSITION II 

He (-2.1)70, 1.1"0, .1120, POSITION 

140 (-3.4739, 2.11S0, I. H2O, poSITION H 

He ).Ino. 1.2"0. .8120, POSITION 2 

Ho ),47lt. 2.llS0, 1. )220, POSITION lS 
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BASIS ORBtTALS 

ATOH FUNCTION INDEI COErJ'ICID'I' EIPONElIT N ,. 
[Ir(pz) (CO)2h C2v 

IS 
1.00000000 U.212"0 

2S 
- ... 251J00 U .272"0 

A 
1. ]7UllOO U.1J5"0 

Ir-Ir distance 3.25 2P 
1. 00000000 H.67",0 

lS 
.<6026200 U .272990 

- .IH77100 34.135"0 
1.20160700 11.157000 

lP 
-.5"03500 H .• 7U90 
I.UI .. 09ao 11.417000 

10 
1.00000000 20.029000 

.00000000 .OOOODO 
os 

-.2410)Q'00 .. t .27)"0 
.4"l0800 )4.1)59'0 

-.15111200 11.157000 
1.2126J900 10.419000 

4P 
.2"7"00 35.676'90 

-.70'27200 11.4B7000 
1.17176500 10. "1000 

40 
-.UUUOO 20.029000 
1.01U2200 ','410DO 

H 10 
1.00000000 '.11)000 

55 11 
.0.0)2400 .'.)72990 

- .11118)1100 34.835990 
.l4l!1aooo 18.157000 

-.591195600 10.47'000 
1.11151500 5.330000 

SP 12 
-.086,)200 35. ,76,'0 2 

.)3508900 18.487000 1 
-.41)011200 10."1000 4 
1.015044 00 4.117000 5 

SO 1l 
.1000100 lO.Ol9000 

-.2"70500 '.'''JODO 
· 1)1).)00 ".1780DO 
· 54502000 2.411000 

os 14 
-. al11710D .. , .27)"0 

.02158200 34.8)5,'0 
-.050291 00 18.157000 

.01922400 10.419000 
- .11057400 5.330000 
1.0110~400 2.000000 

'P 15 
.0170]700 )5.,76,90 

-.04637)00 11.48'/000 
.09254)00 10. Itl000 

-.l)4l7000 •. 117000 
1. 021.,100 l.OOOOOO 

N 
15 16 

1.00000000 6.570000 
25 11 

-.l16'4000 '.5070000 
1.02764000 l.t:l5000 

'P 18 
.7I:1HOOO 1.505850 
.11)1l000 ).:1'7410 

c 
IS It 

1.00000000 S.5tOODO 

" 20 
-. nnlooo ~ 590000 
1.02610000 1.610000 

>r " .10161000 1.:1550710 
.1'048000 1.716250 

IS " 1.00000000 1.200000 
0 

IS 2) 
.00000000 7.55S000 

H H 
- .20))1000 7.555000 
1 ,0:1917000 l.l50000 

2P 25 
741toOOO I. '5)110 

· J)S4tOOO ).'111'/0 

CooROINATES t AU S POINTS TOIIMW 

II. (-1.6250. .0000, ,0000' .0000, .0000, 1.17211 

21. 1.'250, , DODO, . DODO' . 0000 . DODO, l.J71I) 

)H ( -.'100. 1. ..... -1.11171 (-1.6>50. 0000, .0000, 

4. ."00. 1." ... -1.11171 1, 'lSD, .0000, .0000, 

Sc (-1.0917. ~.410S.-I."721 f>OSlTION 1 

'c . 0000. l.Il76. -~. "'21 .0000. .0000. .0000 ) 

7c ( 1. 0917, 1 .• 705.-1.1171, POSITION 
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IB .0000, ).'O",-~.9141' POSITION 

9" (-2.0)91 , 2.U91,-2.0541, POSITION 

lOB ( l.Onl, 2. "", -2. OS47) POSITION 

lie (-2 ,CU),-l.UtO. ."23, (-1.IHO, .0000, .0000, 

120 (-2. "",-2.1150, I.UH, POSITION 11 

Ile 2."')),-1.""0. .ttll, ( I.IHO, 00000, 00000) 

140 2 Ut?,-2.IBO, 1.615', POSITION lJ 

1 S!i -. noD, -I. 4644, -1.11171 (-1. 6250, .0000, . DODO' 

US .6800, -I. HH ,-1.1117, 1. 'lSD, .0000, .0000, 

17e (-1.0tl7,-2 470S,-I.U72) POSITION n 

lac . DODO, -l.U71 ,-2. Utl, .0000, .0000, .0000' 

I.e ( 1. OU1, -2. 4705,-1.1172) POSITION 16 

20u .0000,-). '064 ,-2.9141, POSITION 11 

210 (-2. O)U. -2. "". -2. 05.7, POSITION 17 

220 ( 2.0)91,-2.1"7,-2.0547, POSITION It 

23e (-1.4Ul, 1.1"0, ."23, (-1.1250, .0000, .0000, 

240 (-2."" , 2.1150, 1. 615', POSITION 1) 

25e 2 .• ')), 1. 19'0. . "2), 1.1250, ,DODO, .0000) 

HO ( 2.t.". 2.1no, 1. 61 5', POSITION 25 
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."SIS OlalTALS 

ATOM FUNCTION INCEX coerFlCIENT E'IPON[NT " 1M 
[Ir(Me2-pz)(CO)2J 2 C2v IS 

1.00000000 .'.172"0 
~s 

-.94258)00 ".212990 

Ir-Ir distance 3.25 A 1. )7411)00 H.U5HO 
2. 

1.00000000 )S."tj"O 
)S 

.• '02'200 "9.27)"0 
- .1!I'~77eoo H.8B990 
1.20)60700 10 .157000 

). 
-.5440)500 15.676990 
1.1)840'00 11.417000 

)0 
1.00000000 20.0HOOO 

.00000000 .000000 
4S 

- .)40)0900 n.271HO 
.49620800 H .IHUO 

-.158)1200 ID .157000 
1.21H1900 10 .• 7,o00 

4. 
.2697"o0 15.'7"'0 

-.70627200 1D.4I7000 
1.17176500 10.1t)000 

40 
-.416e'fI\lO la.onODO 
1.08342200 9,14)000 

4r 10 
"1.00000000 '.1))000 

5s II 
,09012400 .,.272"0 I 

- .18883800 )4.8359'0 ~ 
.1421111000 18.157000 ) 

-.5'895600 10." 79 000 4 
1.I1)51S00 5o. ])0000 5 

S. 12 
-.08661100 )5.'7"'0 

.2)508900 18."17000 
-.46)08200 10.19)000 
1.07504400 4.117000 

50 Il 
.100,010D 20,02'000 ) 

- . .2"70500 9.641000 4 
.'Hlt)OO 4.171000 5 
.54502000 2.418000 

is l' 
-.0Ill7100 ., .272"0 

.02158200 J4.1)5,90 
-.05029100 10 .157000 

.08922400 10.419000 
- .11057400 S.lJOOOO 
1.01101'00 2.000000 

.~ IS 
.0170)700 15.6769'0 

-.04611JoO 111.487000 
.0'254300 10.19JOOO 

-.2)421000 • 1117000 
1.0234'100 2.000000 

IS 16 
1.00000000 ,. S70000 

2s 17 
- .2Jfi74000 6. ')10000 
1.02164000 1.925000 

2' II 
.18256000 1.5005850 
28)11000 ).261410 

C 
IS It 

1.00000000 S.590000 
2S ~O 

- .12998000 s.s.oooo 
•. OH1C/ooO 1.610000 

2. 21 
.10168000 1.255120 
. )604 BODO 2 7H;2~O 

IS 22 
1.00000000 .100000 

0 
IS 21 

1.00000000 1. S5~00O 
2S 14 

.141l)00O 7. S~5000 
1 0291 1000 , l SOOOO 

2P 25 
.74190000 I. 05)720 
. llse,ooo 1. 611270 

COOkDHIATr:S Z AI t S POINTS TOWARD 

11M 1-1.0250. .0000, .0000) .0000, .0000, 1.l728) 

~IR 1. '250. .0000, . DODO' .0000, .0000, I. )721) 

)N -."00. 1.4644.-1.111', POSITION 

•• .• ,00. 1 ...... -1.1117) POSITION 

sc 1-1.0917. ~.470S.-I."72) POSITION 

'c .0000. ).127'.-~.)1t2) .0000. .0000. .0000, 

7c I. 0917. ~."05.-1."72) POSITJON 



285 .. .0000 • 1.'OU,-l.tlUI P0511'10N 

'e (-2.~'68, l,I128,-l.1411) POSITION 

IOU (-1.1055, 1.~~61.-1.)71)) POSITION 

IIU C -2. 8eO], 1.)lSO.-1.'l87) POSITION 

12. (-l.ISSe , 1.77".-2.10H) POSITION 

lIe 2.5668. 1.0120.-2.1487) POSITION 

1411 1.10~~ • 1.H6I.-1.17l1) POSITION II 

I ~U 2. "0). 1.n~0.-1. 'l87 ) POSITION I) 

16" 1.'~~0. 1.77' •• -1 .10H) POSITION Il 

17e (-2.4')),-1.2"0, · "l3) POSITION 

leO (-2."",-l.1150, .UH) POSITION 17 

1ge 2.46)),-1."'0, .992)) POSITION 

100 1.U".-1.1I~0. I. U ~6) POSITION 19 

liN -. noo. -I. 46".-1.1187) POSITION 

nN .'800.-1.46" .-1.1187) POSITION 

lIe (-1.09111,-2.4105,-1.1872 ) POSITION 1I 

l4e .0000,-3 In6.-1.)191) . 0000, .0000 • .0000 ) 

25e .0987,-2.4705.-} · as?), POSITION 11 

26n . DODO, -). '064 ,-2. '841, POSITION l4 

17e 1- 2 ~"8.-1.Bl20.-1. 1487 ) POSITION II 

leD C-l lOB. -1. ~~61. -1.1711) POSITION 21 

lOU C-l .880),-2.)250.-2 · .n7) POSITION 17 

lOB C-2.6S~0.-1. nU,-2 .3035) POS]TI0N 21 

lie 2.5668,-2 Bl28. -2. 1487) POSITION l~ 

llD 1.10~~.-1. S~61. -I · )71l) POSITION 1I 
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