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ABSTRACT 
 

The research outlined in this dissertation focuses on understanding the role of 

metal-sulfur interactions as applied to bioinorganic and organometallic systems.  This 

metal-sulfur interaction is analyzed using both gas-phase photoelectron spectroscopy 

(PES) and density functional theory (DFT).  Gas-phase photoelectron spectroscopy is the 

most direct probe of electronic structure and is used in these studies to probe the 

molecular orbital energy levels of these model compounds, giving rise to an 

understanding of the metal and sulfur orbital interactions and characters (i.e. is an orbital 

primarily metal or sulfur based).  Using density functional theory, orbital energies, 

overlap, and characters can be calculated and complement the PES experiments allowing 

for a detailed understanding of the electronic structure.  

The first part of my dissertation explains the design and implementation of a dual 

source gas-phase ultraviolet/X-ray photoelectron spectrometer (UPS/XPS).  This gas-

phase UPS/XPS can be used to quantify the bonding/antibonding character of frontier 

molecular orbitals, with specific applications to metal-sulfur interactions, allowing for a 

thorough analysis of the metal-sulfur interaction. 

The second part of the dissertation explores using model complexes, of the type 

Cp2V(dithiolate) (where Cp is cyclopentadienyl and dithiolate is 1,2-ethenedithiolate or 

1,2-benzenedithiolate), along with PES and DFT calculations to investigate the role of the 

pyranopterindithiolate cofactor and the d1 electron configuration in modulating the redox 
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potential and electron transfer in the active sites of molybdenum enzymes.  This study 

shows that the d1 electronic configuration offers a low energy electron transfer pathway 

for the reoxidation of the active site molybdenum center.   

The third part of the dissertation explores the use of model compounds that 

specifically focus on iron-thiolate interactions in biological systems, and the effect of 

electronic energy matching and sterics on the oxidation potential of this interaction.  This 

study has shown that the metal-sulfur interaction is sensitive to the orientation of the 

thiolate ligand, and that during oxidation an “electronic-buffering effect” makes 

assigning a formal oxidation state to the metal center almost meaningless.  All of these 

studies illustrate how the thiolate ligand can modulate the electron density and oxidation 

potential of the metal-sulfur interaction and the implication of this interaction to 

biological electron transfer. 
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CHAPTER 1 

INTRODUCTION 

 

Metal-sulfur interactions are found throughout chemical systems from 

coordination polymers1,2 to biological electron transfer centers3-7 to chiral-at-metal 

catalysts.8-14  Understanding how the metal-sulfur interaction is perturbed by electronic 

and conformational changes of the sulfur-containing ligand is important for gaining 

insight into the composition of the frontier molecular orbitals which affect 

reduction/oxidation potentials, reactivity, and bond making/breaking.    

 The primary focus of this research is to gain an understanding of the electronic 

and geometric perturbations to metal-sulfur orbital interactions by investigative electronic 

structure methods, such as gas-phase photoelectron spectroscopy (PES) and density 

functional theory (DFT).  The body of this work focuses specifically on metal-sulfur 

interactions in organometallic chiral-at-metal catalysts and in bioinorganic model 

complexes.  The combined use of PES and DFT methods allows for a full electronic 

structure interpretation of the metal-sulfur interaction and its implication on electron 

transfer. 
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Gas-phase X-ray Photoelectron Spectroscopy 

 Gas-phase PES is the most direct probe of electronic structure. The use of gas-

phase PES gives molecular orbital information in an environment void of intermolecular 

interactions.15-17  PES is based on the photoelectric effect first reported in 1887 when 

Hertz showed that ultraviolet light changes the voltage at which certain metal electrodes 

spark.  Later, in 1905, Einstein described the photoelectric effect,18 for which  

photoelectron spectroscopy utilizes the following relationship,  

hν = IE+KEe

where hν is the energy of the incident photon, IE is the ionization energy of the electron 

from a molecular orbital and KEe is the kinetic energy of the photoelectron.  Rearranging 

this relationship allows one to determine the ionization energy of the electrons in a 

specific molecular orbital and, as a result, the molecular orbital energies.  The 

wavefunction of the ejected electron “carries” with it a description of the energy, 

symmetry, and character of the molecular orbital from which it originates.19   Thus, using 

variable photon PES a cross-sectional analysis of the atomic orbitals that comprise a 

molecular orbital allows for a description of the atomic character to be determined (e.g. is 

a molecular orbital primarily metal or ligand in character).17  

Ultraviolet photoelectron spectroscopy (UPS) uses an ultraviolet photon source to 

ionize electrons from the valence molecular orbitals in a molecule.  This is in contrast to 

X-ray photoelectron spectroscopy (XPS) which uses X-rays to remove atomic core 

electrons from a molecule.  These core electrons are localized on an atom in the molecule 
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and core ionizations are influenced by charge effects and reorganization energies (both 

electronic and geometric).  Valence ionizations are influenced by these same effects plus 

orbital overlap.  A direct comparison of XPS and UPS ionization data by the core-valence 

ionization correlation allows for separation of bonding and overlap induced valence 

ionization shifts from Coulombic and relaxation effects.20  Using the ionization data from 

the UPS and XPS experiments the bonding or antibonding character can be quantified for 

specific frontier molecular orbitals.20  Quantification of the frontier molecular orbital 

bonding/antibonding character gives insight into the chemical and physical properties of 

a molecule or compound.  This was the main driving force behind the design and 

construction of a gas-phase XPS for our laboratory. 

Chapter 3 discusses the design, calibration, and implementation of a dual photon 

source gas-phase UPS/XPS to allow for the determination of bonding/antibonding 

character in valence molecular orbitals.  The design of the instrument is almost identical 

to a previous instrument in our laboratory,21,22 but incorporates a few new design 

components such as a high flux, temperature-stable X-ray source and improved sample 

introduction.  Calibration of the UPS/XPS to the ionization energies of well-known 

samples, such as gases and small molecules,23 has shown that the UPS portion of the 

instrument is comparable to the existing gas-phase UPS instrument in our laboratory, and 

that the XPS is operational and shows energy linearity over greater than 400 eV.  Thus 

far, the instrument has been used to collect spectra for a variety of small organic and 

organometallic complexes such as 1,2-benzenedithiol, Cp2V(1,2-benzenedithiolate), and 
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Cp2MH2 (M is Mo and W).  The spectra of these samples were collected over a large 

range of temperatures (from room temperature for 1,2-benzenedithiol to 220°C for 

Cp2V(1,2-benzenedithiolate), which was not possible with the previous gas-phase XPS 

instrument.  These molecules also represent benchmark compounds for the quantification 

of the bonding or antibonding character in model compounds pertinent to mononuclear 

molybdenum-containing enzymes as discussed in Chapter 4.  

 

Metal-sulfur Interactions 

Metal-sulfur interactions are found throughout chemistry,3-5 including surface 

interfaces,24,25 conductive polymers,26,27 organometallic catalysts,8,10-14,28,29 and enzyme 

electron transfer sites.6,7,30,31  These last two topics are covered in the second part of this 

dissertation, where small organometallic compounds are used to explore the electronic 

and geometric effects on the metal-sulfur interaction and the implications to substrate 

turnover and electron transfer. 

Metal-sulfur interactions in biology and organometallic catalysts include metal-

sulfido, -thiolate, -thioether, and -dithiolene interactions.7,10-12,14,31-33  The research 

described within this dissertation specifically focuses on metal-dithiolene interactions as 

applied to molybdenum-containing enzymes (molybdoenzymes), and metal-thiolate 

interactions as applied to iron-sulfur-containing enzymes and electron transfer pathways, 

as well as chiral-at-metal catalysts. 
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Mononuclear Molybdoenzymes.  Molybdenum-containing enzymes 

(molybdoenzymes) are important in the global carbon, nitrogen, and sulfur cycles.34,35   

Mononuclear molybdoenzymes contain a distorted square-pyramidal active site metal 

center with coordination not limited to cysteinyl thiolate, an axial oxo, an equatorial 

oxo/hydrido/aqua or sulfido, or pyranopterindithiolene.34  Figure 1.1 shows the three 

general classes of mononuclear molybdoenzymes, where examples of these metal-ligand 

interactions are depicted.  The pyranopterindithiolene cofactor shown in Figure 1.1 is 

unique to mononuclear molybdo- and tungstenoenzymes.  It has been proposed that the 

pyranopterindithiolene cofactor acts as an electron transfer conduit and/or modulates the 

metal center reduction/oxidation potential during substrate turnover.34  These 

mononuclear molybdoenzymes cycle through the Mo(IV), Mo(V), and Mo(VI) oxidation 

states, corresponding to the d2, d1, and d0 metal electron configurations during substrate 

turnover.34,35  The enzyme sulfite oxidase (Figure 1.1) is of specific interest to our group, 

but information gained about the metal-ligand interactions in sulfite oxidase can be 

extrapolated to other mononuclear molybdoenzymes.  Sulfite oxidase catalyzes the 
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Figure 1.1.  Three classes of mononuclear molybdenum-containing enzymes. 
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 final step of sulfur metabolism through oxygen atom transfer from the metal center to 

sulfite producing sulfate, which is then excreted from the body.  Oxidation of sulfite to 

the more benign sulfate, is important as sulfite is toxic to living organisms and has been 

linked to numerous neurodegenerative diseases.34,35  Since mononuclear 

molybdoenzymes are present in all living organisms,35 an understanding of the active site 

electronic structure gives insight into the substrate catalysis of these enzymes.     

The metal-cysteinyl thiolate interaction in mononuclear molybdoenzymes has 

previously been studied by Kirk et al.36 and the orientation of the cysteinyl thiolate has 

been shown to affect the dπ-pπ orbital overlap and influence the reduction/oxidation 

(redox) potential of the metal center.  Previous investigations in our laboratory35,37-40 have 

explored the role of the pyranopterindithiolene cofactor in active site model compounds, 

with specific application to sulfite oxidase. These investigations have shown that the 

dithiolene ligand can modulate the electron density at the metal center (electronic-

buffering effect)38,39,41,42 and that the dithiolene ligand undergoes a conformational 

change43 upon oxidation of the metal center from the d2 to d0 metal electron 

configurations, which effectively stabilizes the metal center.39,42  We have also explored 

the role of the C=C double bond of dithiolenes in coupling the sulfur p-orbitals.41  

Coupling of the sulfur p-orbitals with the ene-group leads to energy matching of the 

symmetric sulfur p-orbital combination (Sπ
+) with the metal-in-plane orbital (Mip). 

Chapter 4 investigates the role of the d1 metal electron configuration during re-

oxidation of the metal center from the d2 to d0 electron configurations.  This investigation 
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uses PES and DFT calculations of d1 electron configuration minimum molecular model 

compounds to isolate the metal-dithiolene interaction and its role in regenerating the 

active site resting state. 

 

Metal-thiolate Interactions.  As mentioned above, this portion of the dissertation 

investigates electronic and geometric effects to the metal-thiolate interactions as applied 

to chiral-at-metal catalysts and biological electron transfer (Figures 1.2 and 1.3).  

Specifically, two types of isoelectronic compounds are investigated, 

CpRe(NO)(PR’3)(SMe) and CpFe(CO)2SR (where Cp is cylcopentadienyl, PR’3 is either 

triphenylphosphine or tri-isopropylphosphine, and SR is an alkylthiolate). 

In both types of compounds a d6 metal fragment, [CpM(L)(L’)]+, bonds with a thiolate 

fragment, RS–, in a dπ-pπ filled-filled interaction resulting in the highest occupied 

molecular orbital (HOMO) being the M-S dπ-pπ* interaction.  This interaction localizes 

most of the electron density on the sulfur atom, which results in an electronic-buffering 

effect of the HOMO.32,44  The molecular orbital energy perturbations of CpFe(CO)2SR 

(where R is a para-substituted phenylthiolate) as a function of the Cpcentroid-Fe-S-R 

dihedral angle have been previously described by Ashby et al. (Figure 1.2).32  Therein it 

was shown that the aryl thiolate adopts a dihedral angle of 180° to maximize the dπ-pπ 

overlap between the metal and thiolate fragments.  In Chapter 5, CpFe(CO)2SR (where R 

is methyl or tert-butyl) is investigated to understand the electronic energy dependence of 

the HOMO ionization energy and overall molecular energy with respect to the metal- 
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Figure 1.2.  (A) Coordination geometry of CpFe(CO)2SR. (B) Newman-
type projection showing the Cpcentroid-Fe-S-R dihedral angle (the metal 
is represented as the grey sphere). (C) The [FeFe]- and iron-sulfur 
cluster-free hydrogenase active sites exhibit iron-thiolate and iron-
carbonyl interactions similar to CpFe(CO)2SR.  
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Figure 1.3.  (A) Rhenium chiral-at-metal catalyst coordination sphere. (B) 
Grey triangles represent ligand sterics around the metal center resulting in a 
preferred thiolate orientation.  
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thiolate dihedral angle.  The results of these analyses are used as a foundation upon which 

to understand the electronic structure of CpRe(NO)(PR’3)SMe chiral-at-metal catalysts. 

The CpRe(NO)(PR’3)SMe compounds have been shown by Schenk et al. to be 

efficient chiral-at-metal catalysts for performing stereochemical transformations of sulfur 

containing substrates.10-13, 33  The stereochemistry imparted to the metal-ligated substrate 

is due to the overall geometric, electronic, and steric stereochemistry of the metal 

containing fragment, [CpRe(NO)(PR3)]+, as shown in Figure 1.3.  The geometric 

coordination of the ligands imparts geometric stereochemistry to the product (e.g. R 

versus S).  The electronic stereochemistry comes from the different donor and acceptor 

abilities of each ligand coordinated to the metal center.  The steric bulk of each ligand 

contributes to the orientation of the incoming thiolate, which directs nucleophilic attack 

of the substrate.  Thus, this stereochemical trifecta allows for tuning of the reactivity and 

product stereochemistry of these chiral-at-metal catalysts. 

In Chapter 6 the CpFe(CO)2R series of compounds are investigated as minimum 

molecular models of the iron-thiolate interaction in biological electron transfer pathways 

and enzyme active sites.  Many iron-containing enzymes utilize iron-cysteinyl thiolate 

ligation to tether the metal active site to the protein backbone.  This iron-thiolate 

interaction has also been shown in some iron-, molybdenum-, and copper-containing 

enzymes to modulate the electron density and redox potential at the metal center during 

electron transfer and/or substrate turnover.6,7,36  As mentioned above, investigation of the 

filled-filled dπ-pπ interaction can be accomplished using the simple minimum molecular 
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model compounds, CpFe(CO)2SR.  The compound coordination sphere allows for 

separation of the HOMO ionization in PES from lower lying ionizations, which permits 

for a thorough analysis of the electronic structure of the HOMO ionization when coupled 

with DFT calculations.  This well separated HOMO ionization also permits small 

electronic and geometric perturbations to be resolved as the alkane thiolate chain length 

and branching are increased.  Investigation of the perturbations of the HOMO ionization 

by PES and DFT offers insight into how the iron-thiolate interaction may modulate the 

redox potential of the active site metal center. 
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CHAPTER 2 

EXPERIMENTAL 

 

This chapter describes the general experimental procedures for sample 

preparation, data collection, data reduction, and computational methodology.  The first 

part of this chapter describes general synthetic conditions and procedures used in these 

studies.  The second part of the chapter describes different physical methods used to 

analyze synthesized compounds, along with their data reduction.  Table 2.1 lists all the 

experimental conditions of compounds analyzed by gas-phase photoelectron 

spectroscopy.  The final portion of this chapter describes the computational methodology 

employed.  Specific experimental conditions appropriate to each chapter are described 

within that chapter’s experimental section. 

 

Preparation and Characterization of Materials 

All molecules in these studies were either purchased from chemical vendors or 

synthesized in-house, with the exception of the CpRe(NO)(PR3)SMe class of compounds 

which were originally received from the Schenk group (see Kristie Winfield, M.S. thesis, 

University of Arizona, 1997).  Table 2.1 summarizes the compounds studied within this 

dissertation, their starting materials for synthesis, synthetic references, and sources (if not 

synthesized in-house).  All syntheses are reported in detail in their relevant chapters.  All 

solvents used were either purchased as anhydrous (DriSolv) or dispensed using an 
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MBraun Solvent Purification System (SPS) which consists of a drying column (alumina) 

and an oxygen removal column (Cu).  Solvents were further degassed using three freeze-

pump-thaw cycles.   

Infrared spectroscopy (IR), ultraviolet-visible and near-infrared (UV-vis/near-IR) 

spectroscopy, mass spectrometry (MS), X-ray crystallography, electron paramagnetic 

resonance (EPR), and/or photoelectron spectroscopy (PES) were used to characterize and 

study all synthesized complexes.  IR spectra were collected as Nujol (paraffin oil) mulls 

between NaCl salt plates using a Nicolet Avatar ESP 360 FT-IR scanning the 4000-400 

cm-1 energy region.  UV-Vis and near-IR absorption spectra were collected as 

dichloromethane solutions on a modified Cary 14 spectrophotometer with OLIS interface 

in the 280-1280 nm region.  Mass spectra were collected by Dr. Arpad Somogyi using 

direction ionization on a JEOL HX110 mass spectrometer. X-ray crystallographic studies 

were performed by Dr. Alice Dawson using a Bruker SMART 1000 CCD detector X-ray 

diffractometer and determined by the Molecular Structure Laboratory in the Department 

of Chemistry.  EPR spectra were collected by Dr. Andrei Astashkin at X-band at 77 K on 

a Bruker 300E spectrometer in the Electron Paramagnetic Resonance Facility at The 

University of Arizona.  All PES spectra were collected in the Center for Gas-phase 

Electron Spectroscopy using instruments and experimental conditions described in 

further detail below.   
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Gas-phase Photoelectron Spectroscopy 

Data Collection.  Photoelectron spectra were recorded using an in-house 

instrument built around a 36 cm hemispherical analyzer (McPherson) and custom 

designed sample introduction.  The detection and control electronics are interfaced to a 

National Instruments PCIe-6259 multi-function data acquisition card and custom 

software. In UPS mode, the excitation source is a quartz capillary discharge lamp with 

the ability to produce Ne I (16.85 eV), He I (21.21 eV), or He II (40.8 eV) photons 

depending on operating conditions.  In XPS mode, the x-rays are generated using a Specs 

XR-50 x-ray gun that is equipped with Mg (1253.6 eV) or Al (1486.6 eV) anodes.  In 

UPS mode, the ionization energy scale was calibrated using the 2E1/2 ionization of methyl 

iodide (9.538 eV), with the argon 2P3/2 ionization (15.759 eV) used as an internal energy 

scale lock during data collection.  During data collection the instrument resolution, 

measured using the full-width-at-half-maximum of the argon 2P3/2 ionization, was 0.020-

0.040 eV.  All data are intensity corrected with an experimentally determined instrument 

analyzer sensitivity function that assumes a linear dependence of analyzer transmission 

(intensity) to the kinetic energy of the electrons within the energy range of these 

experiments.  In all PES figures, the vertical length of each data mark represents the 

experimental variance of that point 

 All samples (Table 2.2) sublimed cleanly with no detectable evidence of 

decomposition products in the gas phase (unless otherwise described in Table 2.2 or their 

respective chapters, e.g. Cp2VCl2).   Table 2.2 does not consider samples used to calibrate 
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the UPS/XPS discussed in Chapter 3.  Sublimation temperatures (in °C, at 10-4 torr) are 

monitored using a "K" type thermocouple passed through a vacuum feedthrough and 

attached directly to the ionization cell. 

 Solid samples in this work were sublimed at temperatures below 220ºC using an 

aluminum sample cell that was designed in house.45  Prior to data collection the sample 

cell was disassembled, sonicated with 2-propanol to remove the graphite (DAG 154, 

Acheson™) coating and any residual sample from previous use.  The sample cell parts 

were then wiped clean using KimWipes™ and cotton swabs, recoated with up to three 

coats of DAG™, and reassembled after drying.  The cell was then loaded into the 

instrument sample chamber and baked to 220ºC to remove any trace amounts of 

compounds (previous sample that may remain or glycols from the DAG™ coating), 

water, and 2-propanol.  After the cell had cooled to room temperature, air sensitive 

samples were loaded into the sample cell inside a glove box, and transferred to the 

instrument using double-layered Ziplock© bags.  Air stable compounds were loaded into 

the sample cell on the benchtop. 

All liquid samples were loaded into a Young’s Tube™ using a pipet in the fume 

hood.  The Young’s tube™ was then attached to the instrument using ¼” stainless steel 

Swagelok® connections via a needle valve and a ring of Apezion Q® sandwiched between 

the Swagelok® nut and the Teflon™ ferrule.  The flow rate could then be maintained to 

keep the sample pressure at 5 X 10–5 torr.  



 
 
 

37

Data Reduction.  Photoelectron spectra were analyzed using the program WinFp 

v20.0 written by Drs. Dennis L. Lichtenberger and Nadine Gruhn.  All of the spectra 

were corrected for the presence of ionizations from other lines.  These corrections are 

necessary because the discharge sources are not completely monochromatic.15   The He I 

spectra were corrected for the He Iβ line (1.8666 eV higher in energy, and 3% the 

intensity of the He Iα line), the He II spectra were corrected for the He IIβ line (7.5578 

eV higher in energy, and 12% the intensity of the He IIα line), and the Ne I spectra were 

corrected for spin-orbit splitting of the Ne I line, which produces a line 0.1773 eV lower 

in energy and 15% the intensity of the main Ne I line. 

In the figures of the PES spectra, the vertical length of each data mark represents 

the experimental variance of that point.46  The valence ionization bands are represented 

analytically with the best fit of asymmetric Gaussian peaks.  The bands are defined with 

the position, amplitude, half-width for the high binding energy side of the peak, and the 

half-width for the low binding energy side of the peak.  The peak positions and half-

widths are reproducible to about ± 0.02 eV (≈3σ level).  Since the different compounds 

studied differ only in the length and sterics of the alkyl substituent, the He I spectrum of 

each compound was fit with a number of Gaussians based on the features of the band 

profile and the number of peaks necessary for a statistically good fit.  Confidence limits 

for the relative integrated peak areas are about 5%, with the primary source of uncertainty 

being the determination of the baseline, which is caused by electron scattering and taken 

to be linear over the small energy range of these spectra.  The total area under a series of 
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overlapping peaks is known with the same confidence, but the individual peak areas are 

more uncertain.  The fitting procedures used are described in more detail elsewhere.47  

 

Computational Methodology 

All computations were carried out using the Amsterdam Density Functional 

theory package (ADF2006.01, using default parameters except for the options given in 

parentheses) to study the electronic structures of the complexes.  Futher computational 

details, including specific keywords and limits used, are covered in each chapter in detail. 

ΔSCF calculations of the ionized states were performed on the optimized geometry of the 

neutral molecule, with one electron removed from the relevant orbital.  Since the neutral 

molecules are closed-shell (e.g. all electrons paired), only doublet states were calculated.  

The ΔSCF estimate of the ionization energy is the difference between the calculated total 

energy of the ionized state and that of the neutral ground state molecule.  A linear 

correction was applied for comparison of the calculated and the observed energies, i.e. 

the calculated ΔSCF energy estimates of the ionization energies were shifted by the 

difference between the observed and the calculated first ionization energy. Orbital plots 

were created using the visualization program MOLEKEL48  with a surface cutoff value of 

0.05. 
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Table 2.1 Summary of Compounds. 

Compound Starting Material Ref. Source 

Cp2Ti(S2C3H6) Cp2TiCl2 41 Dr. J. Jon A. Cooney 

Cp2V(S2C6H4) Cp2VCl2 42 Dr. J. Jon A. Cooney 

Cp2VCl2   Aldrich 

Cp2V(S2C3H6)a Cp2VCl2  Dr. J. Jon A. Cooney 

Cp2VCl   Aldrich 

Cp2V(S2C2H2) Cp2VCl2  Dr. J. Jon A. Cooney 

CpFe(CO)2SEt CpFe(CO)2I 124 This work 

CpFe(CO)2SnPr CpFe(CO)2I  This work 

CpFe(CO)2SiPr CpFe(CO)2I  This work 

CpFe(CO)2SnBu CpFe(CO)2I  This work 

CpFe(CO)2StBu CpFe(CO)2I  This work 

CpFe(CO)2SnHexyl CpFe(CO)2I  This work 

Ethanethiol   Aldrich 

1-propanethiol   Aldrich 

2-propanethiol   Aldrich 

2-methyl-2-propanethiol   Alfa Products 

1-octanethiol   Aldrich 
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Compound Starting Material Ref. Source 

Thiophenol   Aldrich 

p-chloro-benzenethiol   Aldrich 

p-methoxy-benzenethiol   Aldrich 

p-nitro-benzenethiol   Aldrich 

Cp2MoH2 Cp2MoCl2  This work 

CpRe(NO)(PiPr3)SMe Kristie Winfield, M.S. Thesis, University of Arizona, 
1997 

CpRe(NO)(PPh3)SMe Kristie Winfield, M.S. Thesis, University of Arizona, 
1997 

a: Molecule was determined to be [CpV(S2C3H6)]2 by X-ray crystallography after 
PES data collection. 
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Table 2.2.  Photoelectron spectroscopy data collection summary. 
Sample Tsub 

(ºC) 
Photon 
Sourcea

File nameb Energy Range 
(eV) 

Cellc Date Collected Notebookd page 
number 

Cp2Ti(S2C3H6) 130-180 He I MAC05.f* 15.5-5.5 Al 02.23.04 3-4 
  He II MAC05.x* 20.0-5.5    
   MAC05.y* 9.0-6.4    
Cp2V(S2C6H4) 170-175 He I MAC06.f* 15.5-5.5 Al 06.08.04 4-5 
   MAC06.a* 8.65-5.7    
 170-200 He II MAC06.x* 20.0-5.5  06.09.04 5-6 
   MAC06.y* 8.7-5.7    
Cp2VCl2 160-190 He I MAC07.f* 15.7-5.6 Al 06.29.04 7-8 
   MAC07.a* 11.7-6.0    
 170-187 He I MAC08.f* 15.7-5.6 quartz 07.13.04 9-10 
   MAC08.a* 11.7-6.0    
 155-176 He I MAC11.f* 15.7-5.6 quartz 08.09.04† 15-20 
   MAC11.a* 11.7-6.0    
Cp2V(S2C3H6)e 173-215 He I MAC09.f* 15.5-5.4 Al 07.14.04 11-13 
   MAC09.a* 9.7-5.4    
  He II MAC09.x* 20.0-5.5    
   MAC09.y* 9.7-5.4    
Cp2VCl 81-127 He I MAC10.f* 15.7-5.5 Al 07.27.04 13-14 
   MAC10.a* 11.7-5.8    
Cp2V(S2C2H2) 114-150 He I MAC12.k* 15.7-5.5 Al 08.19.04 21-22 
   MAC12.f* 15.7-5.5    
   MAC12.a* 8.7-5.7    
 114-155 He I MAC13.f* 15.7-5.5 Al 10.13.04 23-25 
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Sample Tsub 

(ºC) 
Photon 
Sourcea

File nameb Energy Range 
(eV) 

Cellc Date Collected Notebookd page 
no. 

Cp2V(S2C2H2) cont’d fast T  MAC13.a* 8.7-5.7    
 ramping  MAC13.x* 20.0-5.5    
   MAC13.y* 8.7-5.7    
 114-150 He I MAC13.f* 15.7-5.5 Al 10.27.04 25-27 
   MAC13.a* 8.7-5.7    
   MAC13.x* 20.0-5.5    
   MAC13.y* 8.7-5.7    
 116-213 He I MAC14.a* 8.7-5.7 Al 11.15.04† 28-33 
CpFe(CO)2SEt 0-32 He I MAC15* 15.5-5.5 Al 7.17.05 38 
 15-28 He I MAC16.f* 15.5-5.5 Al 02.13.06† 47-49 
   MAC16.a* 9.7-6.5    
CpFe(CO)2SnPr 15-44 He I MAC17.f* 15.5-5.5 Al 07.26.05 43-44 
   MAC17.a* 9.7-6.5    
 15-25 He I MAC17.f* 15.5-5.5 Al 02.20.06† 50-51 
   MAC17.a* 9.7-6.5    
CpFe(CO)2SiPr 15-25 He I MAC18.f* 15.5-5.5 Al 02.23.06 52-53 
   MAC18.a* 9.7-6.5    
CpFe(CO)2SnBu 24-38 He I MAC31.f* 15.5-5.5 Al 12.24.07 68 
   MAC31.a* 9.7-6.5    
CpFe(CO)2StBu 0-32 He I MAC15f* 15.5-5.5 Al 07.12.05 34-36 
   MAC15.a* 11.0-6.5    
 9-38 He I MAC15.f* 15.5-5.5 Al 07.16.05† 37 
   MAC15.a* 11.0-6.5    
CpFe(CO)2SnHexyl 33-50 He I MAC32.f* 15.5-5.5 Al 12.28.07 69 
   MAC32.a* 9.7-6.5    
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Sample Tsub 

(ºC) 
Photon 
Sourcea

File nameb Energy Range 
(eV) 

Cellc Date Collected Notebookd page 
no. 

Ethanethiol RT He I MAC21.f* 15.5-5.5 YT 03.04.06 57 
   MAC21.a* 10.5-8.5    
1-propanethiol RT He I MAC22.f* 15.5-5.5 YT 03.11.06 59 
   MAC22.a* 9.7-8.9    
2-propanethiol RT He I MAC23.f* 15.5-5.5 YT 03.11.06 58 
   MAC23.a* 9.7-8.9    
2-methyl-2-propanethiol RT He I MAC24.f* 15.5-5.5 YT 03.11.06 60 
   MAC24.a* 9.8-8.7    
1-octanethiol RT He I MAC19.f* 15.5-5.5 YT 02.26.06 54 
   MAC19.a* 9.9-8.0    
Thiophenol RT He I MAC25.f* 15.5-5.5 YT 03.23.06 63 
   MAC25.a* 11.0-8.0    
p-chloro-benzenethiol RT He I MAC33.f* 15.5-5.5 Al 01.25.08 71 
   MAC33.a* 11.0-7.0    
p-methoxy-benzenethiol RT He I MAC27.f* 15.5-5.5 YT 03.23.06 65 
   MAC27.a* 10.5-7.0    
p-nitro-benzenethiol RT He I MAC26.f* 15.5-5.5 YT 04.10.06 66 
   MAC26.a* 11.8-8.7    
a: He I: 21.21 eV; He II: 40.8 eV; b: f*: He I full; a*: He I close-up; x*: He II full; y*: He II close-up; k*: “crap” region, c: Al: 
Aluminum cell; quartz: quartz crucible inside Al cell; YT: Young’s Tube™,  d: PES Notebook 1, e: Structure was later 
determined by X-ray crystallography to be [CpV(S2C3H6]2, †: Data used for publications (when multiple sets available). 
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CHAPTER 3 

GAS-PHASE ULTRAVIOLET/X-RAY PHOTOELECTRON 
SPECTROMETER: DESIGN, CALIBRATION, AND 

IMPLEMENTATION 
 

Introduction 

 Gas-phase photoelectron spectroscopy (PES) is the most direct probe of the 

energy and character of inner-sphere (core) and outer-sphere (valence) electrons in a 

molecule.49,50 Building on the photoelectric effect discovered by Hertz and explained by 

Einstein,18 it was determined by conservation of energy that the resultant kinetic energy 

of a photoelectron should be equal to the difference of the ionizing source energy and the 

electron binding energy.  Koopmans’ theorem51 relates the ionization energy of an 

electron equal to the negative of the energy of the molecular orbital from which the 

electron resides, where IE is the ionization energy and –εB is the electron binding energy 

of an electron in a molecular orbital: 

IE = -εB

Correlating the resultant kinetic energy of the photoelectron with the molecular orbital 

energy (electron binding energy), photoelectron spectroscopy can elucidate both the 

energy and character of molecular orbitals.  These insights into the electronic structure of 

molecular orbitals allows for an increased understanding to the reactivity and physical 

properties of molecular species.   
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 The energy of the ionizing photon source allows for specific electron binding 

energies (valence or core) to be analyzed and also gives insight into the atomic orbital 

composition of the molecular orbital.  Since molecular orbitals are composed of atomic 

orbital interactions, the individual atomic orbital cross-sections and populations will 

directly contribute to the overall cross-section of the molecular orbital.  Thus, the total 

photoionization cross-section of a molecular orbital is comprised of partial atomic orbital 

photoionization cross-sections.52  A cross-section of an orbital can be thought of as the 

probability that two particles (the photon and the molecular orbital) will interact, 

removing an electron from a molecular orbital during the photoionization event.   

To study valence molecular orbitals we employ the following types of ultraviolet 

radiation: Ne I (16.8 eV), He I (21.21 eV) and He II (40.81 eV).  These ultraviolet (UV) 

sources are noble gas discharge lamps that can be kept at a steady operating pressure over 

extended periods (>20 hours).  In ultraviolet photoelectron spectroscopy (UPS), we can 

vary the photon source energy and learn about the molecular orbital composition.  For 

example, ionizations from main-group elements (p block) typically have a cross-sectional 

probability increase with lower energy photons (Ne source), but decrease at higher 

photon energies (He II), whereas, for transition metals the converse is true.53  Thus, in the 

valence spectra of compounds the relative atomic orbital contributions from the different 

atoms can be determined for the molecular orbitals.  In UPS, the ionizations from a 

molecular orbital are influenced by charge effects (atomic charges and relaxation 
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energies), chemical bonding (orbital overlap), and geometric and electronic 

reorganization. 

Molecular core ionizations can be probed using an X-ray photon source (X-ray 

photoelectron spectroscopy or XPS), typically Mg Kα (1253.6 eV) or Al Kα (1486.6 eV).  

These core ionizations give information strictly on charge effects and reorganization, 

because the core molecular orbitals are not involved in chemical bonding.  At these 

higher photon energies the cross-sectional change (from Mg Kα to Al Kα) is typically 

indistinguishable compared to the UPS experiment.  Using both of these techniques 

together we can isolate the chemical bonding contributions to the valence ionizations and 

quantify the bonding or antibonding character in the valence molecular orbitals. 

 The correlation of UPS and XPS was first determined by Jolly et al.20,54,55  Since 

core ionizations are influenced by charge and reorganization effects, while valence 

ionizations are influenced by these plus orbital overlap, the bonding and antibonding 

character can be quantified for the frontier molecular orbitals.  Using experimental and 

theoretical methods, Jolly et al. determined that nonbonding valence ionizations have a 

chemical bonding shift factor of approximately 0.8 compared to core ionizations from the 

same atom.20  Ionizations from both core atomic orbitals and nonbonding molecular 

orbitals can be regarded as “localized” on an atom.  A knowledge of the core and 

nonbonding lone-pair ionization energies of an atom, along with the core ionization 

energy of the same atom in any other molecule allows one to calculate the theoretical 

“localized-orbital ionization potential” (LOIP) energy.20  The LOIP is the predicted 
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ionization energy of the lone-pair valence ionization localized on the same atom in 

another molecule.  Stabilization of the nonbonding lone-pair from the calculated LOIP is 

indicative of the amount of bonding character in the orbital (The greater the stabilization, 

the greater the bonding interaction).  Likewise, destabilization of the ionization energy 

from the LOIP indicates the amount of antibonding character in the molecular orbital.20  

For molecules that do not have a nonbonding lone-pair (e.g. C2H4 or Fe(CO)5) a “shifted” 

LOIP20  can be determined in a similar manner and the bonding or antibonding character 

of the valence ionization of interest can be determined. 

 The ability to quantify the bonding or antibonding character of a molecular orbital 

that exhibits metal-ligand interactions was the initial driving force behind building a dual 

source gas-phase UPS/XPS.  The Lichtenberger laboratory previously had gas-phase 

UPS/XPS capabilities in the 1980s, as outlined in the dissertations of Hubbard,22  

Kellog,21 Darsey,45 and Jatcko.56  Unfortunately, there were some shortcomings with this 

instrument including low experimental sensitivity, heating of the sample by the X-ray 

source, and limitations to the types of compounds that could be analyzed.  Low 

sensitivity resulted in long data acquisition times during which the analyzer work 

function was continually changing, which affected the overall ionization energies 

determined.  Poor sensitivity results in poor deconvolution of the ionization events from 

the background signal making data collection and analysis difficult, and requires that a 

number of sequential data scans be collected and averaged to determine the peak 

position(s).21  The original X-ray source was a McPherson© designed Mg Kα anode.21   
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Depending on the volatility of the sample to be analyzed, localized heating by the X-ray 

source led to decomposition of the sample during data collection and unwanted ionization 

phenomena from the decomposition products (if volatile).  Instrument sensitivity and 

localized heating by the X-ray source meant that the gas-phase XPS experiment was 

limited to thermally stable molecules that exhibited high volatility with minimal heating 

(Tsub < 125ºC).21,22,45  

 The design, calibration, and implementation of a new gas-phase UPS/XPS is 

discussed in detail in this chapter.  This includes overcoming the previous problems 

encountered by group members with the original instrument, amending data collection 

procedures to accurately determine core binding energies, and making sure that the 

instrument calibration is stable over long data collection times. 

 

Instrument Design  

Instrument Specifications.  Photoelectron spectrometers are composed of six 

basic components: sample introduction, photon source, energy analyzer, detector, 

detector and control electronics, and vacuum pumps (Figure 3.1).15,49,50  

 Although the last of these seems mundane it is essential to the operation of the 

working spectrometer as the mean free path of an electron at high pressure is very short 

before the electron is inelastically scattered by gas or the sample.  Therefore it is of the 

utmost importance that a high vacuum level (10–6 to 10–7 torr) be maintained during the 

photoelectron spectroscopic experiment. 
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The design of the dual source gas-phase UPS/XPS was built around a 36 cm 

hemispherical deflection analyzer (McPherson) identical to that used in the existing UPS 

instrument.  In the gas-phase experiment, the analyzer hemispheres (or “spheres”) are 

operated in constant retardation potential (CRP) mode, where the hemisphere deflection 

potentials are varied to coincide with the photoelectron kinetic energies.  This is in 

contrast to condensed-phase PES instrument which operates in constant analyzer energy 

(CAE) mode where the spheres are held at a constant potential and the retarding potential 

is varied, which results in a constant photoelectron pass energy (kinetic energy).   

KEPCO APH 500 high voltage power supplies are used to increase the data acquisition 

(DAQ) board load by a gain of 100 (e.g. a DAQ output of 5 V becomes 500 V) during the 

XPS experiment, whereas the load from the DAQ board is directly supplied to the 

analyzer spheres during the UPS experiment.  Electronic configurations for both UPS and 

XPS modes are accurately depicted in Glen Kellog’s dissertation (Figures 63 and 64, 

pages 213 and 214, respectively).21   The isolation amplifier depicted in the XPS mode 

schematics is needed to remove the DAQ load from ground for the experiment.  The 

analyzer sphere voltages were tested for linearity in both the UPS and XPS modes and a 

sphere ratio of 0.8 was maintained over these energy ranges.   
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Figure 3.1. Basic photoelectron spectrometer schematics. 
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           The ultraviolet photon source is based on the quartz capillary discharge lamp45,57,58  

used on the current UPS instrument, which allows for variable photon energies depending 

on the noble gas used.  The capillary discharge lamp uses a solid state Glassman© High 

Voltage Inc. series WX, high voltage power supply.  Since this is a solid state high 

voltage power supply it takes approximately 10 minutes for the electronics to warm up 

for optimal discharge.  During the He I experiment the power supply is set to negative 

polarity with an operating voltage of 1000 V and a current of 150 mA.  For the He II 

experiment the power supply polarity is reversed (positive) and the voltage and current 

are 1000-1100 V and 250 mA.  The capillary discharge lamp current is regulated by an 

electrical ballast box that was designed and constructed in-house (Figure 3.2). 

For an X-ray source, a Specs XR-50 X-ray source was purchased and equipped 

with aluminum and magnesium anodes along with tungsten filament cathodes.  The high 

voltage power supply is a Specs XRC 100 that has electrical, cooling system, and vacuum 

interlocks.  X-ray source cooling is maintained by a Specs CCX 60 cooling unit.  The 

power supply is operated at a power of 250 W (12.5 kV and 20 mA) for both anodes.  

Lower operating powers result in lower photon flux.  The tip of the X-ray source has a 

0.002 mm aluminum window to reduce Bremsstrahlung radiation that would complicate 

the XP spectrum.  In-house testing has shown that this X-ray source allows for maximal 

photon flux with minimal sample cell heating.  Photoelectron detection takes place at a 

Burle© Channeltron®, which is a photoelectron multiplier tube held at 1.5-3 kV using a 

GCA/McPherson 759 Detector Power Supply during the XPS experiment.  The detector 
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“sled” mounting has two translational feedthroughs that allow for detector movement in 

the horizontal direction toward the analyzer chamber and in the vertical direction.  This 

design using two translational manipulators is to allow for maximum movement of the 

photoelectron detector and maximum experiment sensitivity.   

Sample Introduction.  Samples can be introduced into the ionization chamber 

during the UPS or XPS experiments via three different methods.  Gaseous samples can be 

introduced using the same gas inlet and methods as calibrant noble gases.  High volatility 

liquids and solids can be stored in a Young’s tube™ and introduced into the ionization 

chamber via the calibrant gas stream via a stainless steel metering valve.  Low volatility 

solids and oils can be introduced via the aluminum sample cell.   

During the UPS experiment, the current instrument aluminum and stainless steel 

sample cells are used with the new instrument.  For the XPS experiment, a new sample 

cell was designed based on the sample chamber configuration and sublimation 

temperatures of the samples of interest.  Machining of the XPS cell was performed in the 

Department of Chemistry Machine Shop by Ed Autz and Lee Marcomber.  The Machine 

Shop has cell dimensions and specs on file.  The XPS cell (Figure 3.3) was based on the 

current UPS sample cell design and previous XPS cell designs by Dr. John L. Hubbard22  

with some modifications to accommodate the current x-ray source and instrument design.  
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Figure 3.2.  Ballast box electronics schematic. 



54 
 
 

 This XPS sample cell has a large “window” facing the X-ray source that is 

covered with 0.002 mm aluminum foil to maximize the sample pressure inside the 

ionization chamber and minimize Bremsstrahlung radiation during data collection.  

The UPS/XPS sample chamber is similar to the current UPS instrument sample 

chamber with modifications to account for the XPS experiment.  These modifications 

include two 2 ¾” mounting flanges for the X-ray source and source z-manipulator, and 

for differential pumping during the XPS experiment.  The X-ray source 2 ¾” flange has a 

larger diameter stainless steel tubing to accommodate the diameter of the X-ray source.  

The 2 ¾” flange for differential pumping is connected to a 4” turbomolecular pump 

(Pfeiffer TMU 071 P) to maintain low pressures (10–6 to 10–7 torr) during the XPS 

experiment.  To maintain similar pressures between the sample chamber and X-ray 

source the X-ray source and differential pumping are connected using a 2 ¾” tee at the 

turbomolecular pump.  This maintains similar pressures on both sides (X-ray and sample 

chamber) of the aluminum windows during sample chamber evacuation. 

 

Calibration 

Calibration was carried out after assembly of the UPS/XPS instrument, initial 

testing of the photon sources and control and detection electronics.  Details about initial 

testing can be found in the UPS/XPS (PES2/ Silver Surfer) notebooks.  The UPS was 

calibrated using inert gases, small organic and organometallic compounds to test 

instrument sensitivity and resolution.  In order for this instrument to be operational 
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sensitivity and resolution would have to be comparable to the current UPS instrument and 

all values would have to be within instrument resolution (±0.02 eV).  Data collection 

during calibration was carried out using the WinFp_20.0 program as developed by 

Dennis L. Lichtenberger and Nadine E. Gruhn (see Chapter 2).   

Troubleshooting.  Initial calibration and testing was carried out using the Ar 

2P3/2, 1/2 doublet ionizations.  Early calibration using the Ar doublet ionizations showed 

broadening of the ionizations, including both high and low kinetic energy tailing.  Upon 

moving the detector in either the vertical or horizontal directions the peaks would split 

into “parent and kid” peaks, where as one peak grew the other diminished.  These 

“parent/kid” peaks were determined to be due to two sets of electron trajectories that 

resulted in two different focal points.  Thus, moving the detector would result in greater 

collection of one focal point compared to the other.  It is assumed that a minimum of two 

trajectories were complicating the spectrum since two dominate sets of peaks were 

observed for the Ar 2P3/2, 1/2 doublet, but additional trajectories are possible.  Upon 

examining the analyzer it was noted that the fringe rods (Figure 3.4) were slightly 

warped.  In an attempt to bend a rod back to the correct shape it snapped from being 

made brittle over decades of use.  New fringe rods were constructed by the Machine Shop 

from ¼” diameter copper stock.  These new fringe rods eliminated the “kid” peaks 

resulting in a single focal point.   

It should also be noted that early Ar calibration tests were carried out using a ¼” 

stainless steel tube instead of a Cu tube as used in the current UPS instrument.  The use 
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of the stainless steel tube resulted in low sensitivity and diminished signal.  Upon 

machining of a Cu tube similar to that used with the current UPS instrument, sensitivity 

increased.  This could be due to various charging effects, but the direct cause was not 

determined. 

UPS Calibration.  Calibration of the gas-phase UPS was carried out using the 

series of molecules listed in Table 3.1.  Table 3.1 summarizes the sensitivity, resolution, 

pressure, and sublimation temperatures for UPS calibration.  The ionization energies 

agree very well with similar experimental data collected on the current UPS instrument.  

Specific features used to judge the instrument resolution were the full-width-at-half-

maximum (FWHM), spin orbit splitting, and vibrational fine structure in the first 

ionization profiles.  For all the samples these features are in agreement with data 

collected using the current UPS instrument. 

XPS Calibration.  Calibration of the gas-phase XPS portion of the instrument 

was carried out in a similar manner as the UPS portion.  In order to begin calibration of 

the XPS, an XPS sample cell introduction (also known as “pumping down”) protocol had 

to be established so as not to destroy the aluminum foil windows on the sample cell and 

X-ray source.  A detailed protocol can be found in PES2 Notebook 1 and in the standard 

operating procedures written for the instrument.  Briefly, the XPS cell pumping protocol 

calls for slow initial pumping (1/4 turn of the rough pump valve for a couple minutes, 

then it can be completely opened). After rough pumping for approximately five minutes, 

the XPS turbo pump is turned on and allowed to evacuate both the X-ray source and 
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sample chamber together (bellows valve open).  This pumping procedure maintains equal 

pressures on the sides of the aluminum foil windows. 

 Initial calibration was carried out using the in-house designed XPS sample cell 

and gold foil (courtesy of Dr. Jennie M. Morse).  It should be noted that in XPS mode, 

diminished resolution and sensitivity are expected due to the natural line widths of the X-

rays (Mg K : 0.68 eV; Al Kα α: 0.85 eV) and decrease in atomic orbital cross-sections at 

high photon energies.  To overcome the low sensitivity, an X-ray source with high photon 

flux was purchased and the sample pressure (concentration) is assumed to be an order of 

magnitude higher than the instrument pressure.  Initial calibration was carried out using 

the UPS data collection software, WinFp_20.0, in an extended He I full region window.  

This was done to test the software and confirm data collection was possible before 

modifying the software.  Data collection using WinFp_20.0 in XPS mode was carried out 

using the relationship of the outer sphere voltage (VE) to electron kinetic energy (KE) as 

shown below (k is the analyzer workfunction which was estimated to be 4). 

k
KEVE =−  

Using this equation the kinetic energy is calculated as the difference between the 

X-ray photon energy and the binding energy of interest (e.g. Mg Kα is 1254 eV and O 1s 

binding energy is 543 eV, therefore the KE of an oxygen 1s electron is 691 eV).  Since 

we estimate the analyzer workfunction to be approximately 4 the outer sphere voltage can 

be calculated, and related back to the DAQ voltage output (after correcting for the HV 

power supply gain) and the He I scale (see PES2 Notebook 1 for more details). 
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aTable 3.1.  Summary of representative gas-phase UPS calibrants and conditions.

 

Calibrant Tsub 
(ºC) 

Cellb Pressure 
(10

Sensitivity 
(cps) 

Resolution 
(meV)

Date  
c–6 torr) 

Ar RT Cu 7.5 400 30 06.23.06 

CH I RT YT (Cu) 10 1050 55 08.16.06 3

Mo(CO) RT YT -- 3000 50 12.01.06 6

CH I RT YT (Cu) 6.0 12000 29 12.12.06 3

W(CO) RT YT (Cu) -- 12000 40 12.12.06 6

Anthracene 63-80 Al -- 3000 33 12.13.06 

Anthracene 78-90 Al -- 1880 28 12.21.06 

Ferrocene 4-40 Al 15 1600 40 01.01.07 

+He RT Cu 19 5000 27 03.11.07 

W(CO) RT YT 6.6 4000 25 03.12.07 6

Anthracene 96-120 Al 4.0 2500 22 05.26.07 

MoH 53-77 Al 13 1000 25 06.09.07 Cp2 2

Cp WH 55-72 Al 19 3500 25 07.17.07 2 2

a: Selected data sets reported to show how conditions varied during constructions; 
b: YT: Young’s Tube™; Cu: copper tube; Al: aluminum cell; c: Average resolution 
during data collection. 
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Au foil was initially used for calibration since the probability of an ionization 

event is greater for condensed phase samples, therefore the Au foil should give a signal 

even if instrument sensitivity is low.  The first XPS experiments with Au foil, supported 

by DAG® coated stainless steel mesh, yielded peaks at 12.03, 14.51, and 16.6 eV using 

the extended valence energy range.  These energies correspond to electron binding 

energies of 335, 583, and 796 eV, respectively, using the relationship described above.  It 

was determined that given the error associated with the uncalibrated instrument that these 

ionizations may correspond to the C 1s, O 1s, and an unknown ionization.  Further XPS 

studies confirmed these first two ionizations as the C and O 1s ionizations arising from 

the DAG® coating and that organometallic compounds could be incorporated into the 

DAG® coating to aid in calibration (Appendix B).   

After Au foil, tests with Ar were carried out and initially a small peak, 

presumably the 2p doublet, was observed at 11.98 eV corresponding to 330 eV.  This 

corresponds to an 80 eV stabilization from literature values.23  Before further calibration, 

Ar, Xe, and Mo(CO)6 XPS data was collected to try and resolve the Ar 2p doublet, and 2s 

ionizations, and Mo 3d5/2,3/2 doublet ionizations.  Appendix B presents some of the raw 

data from these experiments.  These tests confirmed that indeed the instrument was 

working, but in order to confirm these results with the correct binding energies, the data 

collection software would have to be amended for XPS data collection to allow for 

calibration in the XPS mode. 
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WinFp_20.0 was amended and updated to WinFp_1.20.0 using the Microsoft© 

Visual Basic .Net™ suite.  Changes for XPS data collection included internal calibrant 

lock values, ionization energy and volt conversions, voltage gain, and X-ray source 

photon energies.  The ionization energy and volt conversions, and the voltage gain were 

set up as Booleans such that selecting an XPS photon source energy activated these 

commands.  Internal calibrants chosen were CO (C 1s: 297.71 eV; O 1s: 541.32 eV), Ar 

(2p3/2: 248.60 eV), N2 (1s: 409.93 eV), Xe (4d5/2: 676.44 eV), and Ne (1s: 870.31 eV).23   

The reasons for the choice of these calibrant binding energies are two-fold, first, they 

essentially cover a 100-1000 eV binding energy window, and second, this allows for the 

binding energies of interest to be calibrated to ionizations similar in energy, effectively 

reducing the standard deviation of the peak positions.  The collection delay was also 

increased from 0.1 s to 0.3 s to compensate for the initial nonlinearity as the analyzer 

high voltage power supplies reached the energy window voltage.  The time per data point 

for all gas-phase XPS data collections was typically 0.2 or 0.5 s; collection times longer 

than this typically resulted in large signal drifts. 

After programming WinFp_1_20.0, the 0-1000 eV binding energy window was 

scanned and peaks at 288, 536, 789 eV were observed.  These peaks were assumed to 

correspond to the binding energies of graphitic C 1s (284.6 eV)59 and 

poly(ethyleneglycol) O 1s (532.83 eV)59  ionizations, occuring from the DAG™ coating 

inside the sample cell.  The small deviations are expected as the instrument had yet to be 

calibrated. The peak at 789 eV remains a mystery, but its intensity is quite small and may 
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be an artifact of the experiment due to external magnetic fields (vida infra).  Ar and Xe 

were then admitted into the sample cell and peaks were observed at 248.77±0.43 eV (Ar 

2p3/2) and 676.38±0.3 eV (Xe 3d5/2) which agree well with the literature values presented 

in Table 3.2.  With operational XPS software, a series of calibrations were performed 

using the Ar 2p3/2 and Xe 4d5/2 ionizations, allowing for linearity testing across 427.8 eV.  

The ionization energies were found to be linear with the applied analyzer sphere voltage.  

Table 3.2 summarizes the samples used to calibrate the gas-phase XPS instrument after 

the initial noble gas calibrations.  These initial sensitivities and resolutions are promising 

as the instrument is further optimized.   

 

Implementation 

Table 3.2 shows the core binding energies obtained for the initial sample data 

collection.  These samples were collected to begin quantifying the bonding/antibonding 

interactions of the symmetric S 3p combination (Sπ
+) and metal-in-plane orbital (Mip) of 

metallocene dithiolates, Cp2M(dithiolate), discussed in Chapter 4.  As described 

above,the calculated LOIP for a molecule depends on having a series of reference 

molecules for the ionizations of interest.  The reference compound for the S 2p ionization 

is 1,2-benezendithiol (H2bdt), as this is the free ligand in the metallocene dithiolate 

complexes and the S 2p core binding energies will be representative of the charge density 

on sulfur.  Reference compounds for the metal center will need to have both 

cyclopentadienyl rings coordinated to the metal along with two other ligands (or a 
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bidentate ligand) to retain the coordination sphere geometry.  To examine the pseudo–σ 

metal-sulfur interaction (Figure 4.1) of the Mip and Sπ+ that results upon folding of the 

dithiolate ligand, we need ligands that remove the p-orbital interaction with the metal 

center, such as hydride (H–).  Cp2MH2 complexes exist for Mo60,61  and W,62  but are 

unknown for V and Ti.  Therefore, ligands with small p-orbital contributions can be used, 

such as the complex, Cp2V(CH3)2.63   Unfortunately, Cp2Ti(CH3)2  64  is not stable in the 

gas phase and another compound will have to be considered as a reference for the LOIP 

calculations.  Using this series of reference compounds we can compare the S 2p and 

metal 2p3/2 or 3d5/2 core binding energy shifts to the Cp2M(dithiolate) complexes.  Thus 

far, gas-phase XPS data has been collected for H2bdt, Cp2MoH2, Cp2WH2, and Cp2V(bdt) 

as shown in Appendix B.  These compounds show a large sublimation temperature range 

and also have very different core binding energies showing the efficacy of the instrument. 

 

Future Directions 

Reducing Magnetic Fields.  There are still some obstacles to overcome with the 

gas-phase XPS instrument that must be corrected to ensure the viability of future 

experiments.  These obstacles include increasing the sensitivity of the instrument and 

overcoming the problem of X-ray anode contamination.  It is assumed that adding an 

external layer of magnetic shielding (high permeability, low saturation) to the outside of 

the sample, analyzer, and detector chambers will increase instrument sensitivity.  

Currently, there is an internal low permeability/high saturation Mu metal “shoebox” that
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Table 3.2. Summary of conditions and ionizations during gas-phase XPS calibration and data collection. 

Sample Tsub (ºC) Pressure 
(10–5 torr) 

Photon 
sourcea

Ionization Literature 
Values (eV) 

Binding 
Energy (eV) 

Sensitivity 
(cps)b

Date 

Ar -- 1.5 Mg Kα 2p3/2, 1/2 248.62(1)c  248.77±0.43d 535e 04.13.07 

Xe -- 1.5 Mg Kα 3d5/2, 3/2 676.5(2)c 676.38±0.30d 535e 04.13.07 

Mo(CO)6 YTf 0.84 Mg Kα Mo 3d5/2, 3/2 234.60(4)c 234.36±0.29, 
237.58±0.14 

194 05.09.07 

H2bdt YT 0.86 Al Kα S 2p3/2, 1/2 n/ag 159.52±0.22, 
172.10±0.22 

NRh 06.21.07 

H2bdt YT 1.6 Mg Kα S 2p3/2, 1/2 n/a 169.60±0.33, 
171.13±0.33 

250 06.25.07 

Cp2V(bdt) 208-260 0.72 Mg Kα V 3p3/2, 1/2 n/a 519.25±0.10, 
526.35±0.39 

700 05.11.07 

Cp2MoH2 63-72 0.93 Mg Kα Mo 3d5/2, 3/2 n/a 234.09±0.17, 
237.06±0.33 

550 07.09-
07.13.07 

Cp2WH2 65-75 1.3 Mg Kα W 4d5/2, 3/2 n/a 249.17±0.11, 
262.12±0.85 

230 07.20.07 

: 0.68 eV; Al Ka: Mg Kα α: 0.85 eV; b: Counts per second in energy collection window; c: Average values reported by in 
reference 23 d: Values calculated from calibration data and not by peak fits.; e: Sensitivity for C 1s ionization in full 
energy window; f: YT; Young’s Tube™ and are run at room temperature (25ºC); g: Literature values are not available; 
h: Not recorded. 
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was constructed to encase the analyzer.  An external layer of magnetic shielding should 

reduce any stray magnetic fields to zero that may be deflecting electron detection.  It is 

also hoped that this additional layer of magnetic shielding will increase the sensitivity of 

ionization events of interest above the baseline of the experiment.  Currently, steps are 

being taken to determine the best type of high permeability/low saturation shielding (such 

Giron™ or Mu metal) to reduce the external magnetic fields. 

Anode Contamination.  The problem of anode contamination is much more 

difficult to overcome.  Currently, the anode operation lasts approximately 1.5 to 2 hours 

when running compounds before contamination reduces the photon flux (inert gases have 

no effect) and only background scatter is observed at the detector.  The differential 

pumping design of the sample chamber and analyzer chambers were thought to be 

sufficient to remove any sample that may lead to anode contamination.  Anode 

contamination occurs at the anode tip due to sufficiently high sample concentrations 

decomposing/depositing on the anode due to the anode and filament temperatures.  The 

previous gas-phase XPS circumvented this problem by mounting the X-ray sample cell to 

the face plate of the analyzer chamber, “directing” the flow of the ionized sample.  The 

previous instrument also had a liquid nitrogen cold finger built into the sample chamber 

to condense ionized sample.  Unfortunately, neither of these solutions can be taken to 

resolve the anode contamination of the new instrument due to the current design of the 

sample chamber. 



67 
 
 

Two of the main obstacles to mounting the sample cell to the analyzer are the 

sublimation temperatures of the compounds of interest and the sample chamber diameter.  

Since this instrument was designed with high sublimation temperature samples in mind, 

mounting of the XPS sample cell would heat the analyzer face plate in contact with the 

sample cell, melting the Viton™ o-rings.  The sample chamber diameter is smaller than 

the current UPS instrument and results in crowding of the area around the sample cell, 

where the cold finger would be located.  The cold finger should be close enough to both 

the sample cell and X-ray source to condense the sample, but this would result in 

redesigning of the sample and analyzer chambers due to crowding by the X-ray and UV 

photon source inlets. 

Several attempts have been made to circumvent anode contamination at the 

current operating pressures, such as using various differential pumping techniques with 

the sample chamber design and constructing a “collar” mounted to the sample cell to 

“direct” sample into the analyzer chamber.  Differential pumping was carried out using a 

variety of techniques, specifically closing the bellows valve connecting the X-ray source 

port to the sample chamber, and using the UV lamp differential pumping port.  Closing 

the bellows valve between the X-ray source port and the sample chamber causes the 

relative pressures between the X-ray port and the analyzer chamber to switch magnitudes.  

For example, with the bellows valve open the X-ray ion gauge (Psample or PS in the PES2 

notebooks) is always at a greater pressure than the analyzer chamber ion gauge (Panalyzer 

or PA).  Closing the bellows valve linking the X-ray source and the sample chamber 
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causes PA>PS.  This suggests that a greater amount of sample is being detected at the 

analyzer chamber ion gauge.   

Increased differential pumping was also explored using the UV source port.  The 

UV source turbomolecular pump was operated during data collection in attempts to 

decrease the sample chamber pressure and move sample away from the X-ray source.  

Initially, the differential pumping was attempted without the UV source “light pipe” for 

sample cell stabilization.  Differential pumping using this method showed no change in 

PS and only a slight change in PA of 1x10–7 torr.  Further attempts to use the UV source 

differential pumping relied on a slotted light pipe; this slotted light pipe showed no 

significant changes in PA or PS. 

The sample cell collar was constructed using 1” diameter stainless steel tubing 

and extends 1.2” toward the analyzer chamber, essentially mounting the cell to the 

analyzer.  The collar mounts to the sample cell along with the mounting plate assembly.  

Testing using Mo(CO)6 showed no significant increase in anode lifetime. 

Currently, anode contamination is circumvented by polishing the contaminated 

anode surface using Al2O3 “stubs” (Courtesy of Ken Nebesney in the LESSA facility, 

Department of Chemistry, The University of Arizona).  Polishing the anode surface 

removes the sample deposition, but also slowly removes the anode layer, deteriorating the 

anode such that anode refurbishing is needed. 

Options to circumvent anode contamination include adding another differential 

pump, a liquid nitrogen cold finger, or the use of an outer magnetic shielding layer.  The 
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first two options will require redesign of the sample chamber.  It is the author’s hope that 

addition of an external layer of magnetic shielding will decrease magnetic fields, 

reducing the amount of stray electrons.  The reduction of stray electrons, should in turn, 

allow for greater sensitivity and lower sample pressures.  Having lower sample pressures 

should extend the lifetime of the anode. 
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CHAPTER 4 
 

PHOTOELECTRON SPECTROSCOPY AND ELECTRONIC 
STRUCTURE CALCULATIONS OF d1 VANADOCENE COMPOUNDS 

WITH CHELATED DITHIOLATE LIGANDS: IMPLICATIONS FOR 
PYRANOPTERIN MO/W ENZYMES. 

 

A portion of this chapter has previously been published as: Cranswick, M. A.; Dawson, 
A.; Cooney, J. J. A.; Gruhn, N. E.; Lichtenberger, D. L.; Enemark, J. H., Inorg. Chem. 
2007, 46, 10639-10646 

 

Introduction 

The bent metallocene class of molecules (Cp2M(L)2, Cp = η5-cyclopentadienyl) 

provide access to many small molecules that contain metal-dithiolate ligation,65  and are 

therefore useful as models of the pyranopterin-dithiolate system of the mononuclear 

molybdenum-containing enzymes that catalyze a wide range of oxidation/reduction 

reactions in carbon, sulfur and nitrogen metabolism.34,66-69   This class of molecules 

allows access to d0 (M = Ti, Hf, Zr), d1 (M = V, Nb) and d2 (M = Mo, W) metal electron 

configurations, the same electron configurations as the metal center during the 

molybdoenzyme catalytic cycle. Bent metallocenes are known with a variety of different 

dithiolate ligands, many of which have been crystallographically characterized.65  A 

common structural motif of metallocene dithiolates is folding along the S•••S vector, as 

illustrated in Figure 4.1.70  Interestingly, the range of fold angles observed for 

metallocene dithiolates encompasses the range of fold angles that has also been observed 

in protein crystal structures of pyranopterin-dithiolate sites (7-30°).39,71-74  The exact role 
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of the pyranopterindithiolate coordination in the overall catalytic cycle of molybdenum 

enzymes is not yet established,75 but the unusual ability of ene-1,2-dithiolate ligands to 

stabilize metals in multiple oxidation states has long been recognized.31,76  Proposed 

functions for the pyranopterin-dithiolate ligand include acting as an electron transfer 

conduit from the metal to other prosthetic groups77 and/or acting as a modulator of the 

oxidation/ reduction potential of the metal site.38,77  Modeling of the active site of the 

mononuclear molybdenum enzymes with small molecules has revealed useful 

information about the activity of these enzymes.35 

Ene-1,2-dithiolate ligands can be described using various nomenclatures, such as 

“dithiolene” and “dithiolate”.78  The term “dithiolene” is used to describe the true 

resonance structure of the S2C2R2
2– ligand, which lies between the ene-1,2-dithiolate and 

the 1,2-dithioketone resonance structures.  In this chapter the term “dithiolate” is used to 

describe specifically the ene-1,2-dithiolate geometry, its electronic structure, and its 

interactions with transition metal orbitals .   

A general bonding description of Cp2MX2 compounds is well understood,43,79,80  

and Lauher and Hoffmann first explained the variation in fold angle for Cp2M(dithiolate) 

compounds as due to the occupancy of the metal d-orbital in the equatorial plane (or 

metal in-plane orbital, Mip) with respect to the dithiolate ligand.  This orbital is empty for 

the d0 molecules, in which the metallocycle is folded along the S•••S vector, and filled for 

the d2 molecules, in which the metallocycle is nearly planar.  The observed folding for 

the d0 systems facilitates interaction of the filled Sπ orbitals with the empty Mip orbital, as 
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shown in Figure 4.1.  In the case of Cp2Ti(bdt), which has a formally Ti(IV) d0 metal 

center, the dithiolate ligand can be thought of as a six-electron donor.  Each of the 

thiolate σ-orbitals provides two electrons, and two additional electrons come from the 

symmetric (Sπ
+) orbital.  Thus, folding the dithiolate ligand effectively stabilizes 

Cp2Ti(bdt) as an 18-electron complex.41,81  In contrast, for the d2 metal system, folding of 

the ligand would bring a filled Sπ orbital into close proximity with the filled Mip orbital; 

the observed nearly planar metallocycle minimizes the filled–filled interaction between 

the ligand and metal-based orbitals.39  Previously, we have investigated the electronic 

structures of the d0 and d2 metal centers of the metallocene dithiolates as active site 

models for molybdopterin enzymes.39,41  This study examines the d1 metal electron 

configuration that is observed for molybdopterin enzymes, and its role as an intermediate 

in facilitating electron transfer between the d0 and d2 electron configurations of the 

enzyme active site. The electronic structures of the compounds Cp2V(dithiolate) [where 

dithiolate is 1,2-ethenedithiolate (S2C2H2), 1,2-benzenedithiolate (bdt) and Cp is 

cyclopentadienyl] are examined by gas-phase photoelectron spectroscopy (PES) and 

density functional theory (DFT).  This study fills in the connection between our previous 

studies of Cp2M(dithiolate) (M= Mo, Ti) that investigated the respective electronic 

structures of d2 and d0 metal centers.  Investigation of Cp2V(dithiolate) as a model of the 

intermediate d1 electron configuration of pyranopterin Mo/W enzymes leads to a basic 

understanding of how the electronic and geometric structures of the d0, d1 and d2 electron 

configurations facilitate electron transfer to and from the enzyme active site. 
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Figure 4.1. Representations of the valence orbitals of folded versus flat dithiolates. In 
the d0 case, the metal orbital (M) is empty, and the Sπ

+ orbital can interact upon 
folding. In the d2 case the metal orbital (M) is filled, and a planar orientation 
minimizes a filled-filled interaction. The Sπ

- orbital does not have the correct 
symmetry to interact with the metal orbital (Courtesy of Reference 39) . 
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Experimental methods 

General.  Electronic absorption (dichloromethane solutions on a modified Cary 

14 with OLIS interface, 280-1280 nm) and mass spectrometry (direct ionization on a 

JEOL HX110) were used to identify the compounds.  The compound Cp2V(bdt), was 

synthesized according to published procedures28 and under anaerobic conditions using a 

glove box.  Cp2V (Strem), Cp2VCl2 (Aldrich), anhydrous THF (DriSolv) and anhydrous 

hexane (DriSolv) were used as supplied.  The EPR spectrum of Cp2V(S2C2H2) was 

obtained at X-band at 77 K on a Bruker 300E spectrometer in the Electron Paramagnetic 

Resonance Facility at The University of Arizona.  The X-ray crystallographic structure of 

Cp2V(S2C2H2) was determined by the Molecular Structure Laboratory at The University 

of Arizona.  

Synthesis of Cp2V(S2C2H2).  To a suspension of freshly prepared Na2(S2C2H2)82 

(0.068 g, 0.5 mmol) in THF (5 ml) was added a suspension of Cp2VCl2 (0.126 g, 0.5 

mmol) in THF (8 ml).  The mixture was stirred for 2 hrs and allowed to stand overnight 

at room temperature.  The red/purple mixture was then filtered, evaporated to dryness 

under vacuum and washed with hexane (3 x 4 ml) to remove a blue impurity.  The 

residue was dissolved in the minimum volume of THF (~8 cm3), layered with hexane 

(~10 ml) and allowed to stand overnight at room temperature, then refrigerated at -20 C 

for 3 days to yield dark purple block crystals suitable for crystallography.  Yield: 0.052 g, 

40%. UV/Vis/Near-IR: 10800 (ε = 400), 12900 (140) sh, 18400 (520), 21700 (310) sh, 

23700 (210), 24900 cm-1 (400 M-1 cm-1) shoulder, and very intense UV transitions 
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starting at 27500 cm-1.  EPR: g1 = 2.007, g2 = 1.995, g3 = 1.995, A1 = 55.3, A2 = 25.1, A3 

= 93.3 (10-4 cm-1).  MS calculated m/z for VS2C12H12: 270.9820 (100), obs. 270.9822 

(100); calc. 271.9850 (15.12), obs. 271.9863 (16.35); calc. 272.9789 (9.92), obs. 

272.9784 (10.64 % normalized intensity).  

X-ray Crystallographic Analysis.  Data were collected for Cp2V(S2C2H2) on a 

Bruker SMART 1000 CCD detector X-ray diffractometer. The structure was solved using 

SIR92.83   Refinements were performed using SHELXL84  and illustrations were made 

using XP.  Solution was achieved utilizing direct methods followed by Fourier synthesis.  

Hydrogen atoms were added at idealized positions, constrained to ride on the atom to 

which they are bonded and given thermal parameters equal to 1.2 Uiso of that bonded 

atom.  A parameter describing extinction was included, but it refined to zero and was 

removed prior to final refinement cycles.  The final anisotropic full-matrix least squares 

refinement based on F2 of all reflections converged (maximum shift/esd = 0.000) at R1 = 

0.0644, wR2 = 0.0986 and goodness-of-fit = 1.040. "Conventional" refinement indices 

using the 1972 reflections with F > 4 sigma(F) are R1 = 0.0389, wR2 = 0.0855.  The 

model consisted of 136 variable parameters; no restraints were used. There were no 

correlation coefficients greater than 0.50.  The highest peak on the final difference map 

was 0.495 e Å-3 located 0.82 Å from S1.  The lowest peak on the final difference map 

was -0.343 e Å-3 located 0.72 Å from C2.  Scattering factors and anomalous dispersion 

were taken from International Tables Vol. C Tables 4.2.6.8 and 6.1.1.4.  
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Photoelectron spectroscopy.  Photoelectron spectra were recorded using an 

instrument, procedures and calibration as described in Chapter 2.  Table 2.2 shows the 

sublimation temperatures for Cp2V(S2C2H2) and Cp2V(bdt).  The samples sublimed 

cleanly without evidence of decomposition.   

Computational Methods.  The Amsterdam Density Functional theory suite 

(ADF 2006.01b, using default parameters except for the options given in parentheses) 

was used to study the electronic structures of Cp2M(S2C2H2) and Cp2M(bdt), where M is 

V and Mo.85-89  The optimized geometries of Cp2V(S2C2H2), Cp2V(bdt) and Cp2Mo(bdt) 

were obtained in Cs symmetry. Cp2V(S2C2H2), Cp2V(bdt) and Cp2Mo(bdt) were 

constructed such that the Cp rings were staggered with respect to each other, as similarly 

found in the crystal structure, and such that the Cs plane was coincident with the xy-

plane.  In Cp2V(S2C2H2), Cp2V(bdt) and Cp2Mo(bdt) the Cs plane bisects the metal atom 

and all three ligands.  A generalized gradient approximation, with the correlation of 

Perdew, et al.90 and exchange correction of Handy and Cohen91 (GGA OPBE), was used 

for calculations of the optimized geometries.  The calculations employed double- or 

triple-zeta basis sets with Slater type orbitals and polarization functions for all elements 

(DZP for C, H and S and TZP for V and Mo).  Higher level basis sets did not give 

significantly different results for comparison of ionization energies.  Calculations on the 

ground-state molecules were performed in the spin-unrestricted mode since each 

molecule contains one unpaired electron.  Relativistic effects were considered for all 

atoms by using the Zero Order Regular Approximation (relativistic scalar ZORA).92,93   
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The numerical integrals in ADF were evaluated to six significant figures (integration = 

6.0) and the convergence criteria of the energy, gradients, and estimated coordinate 

uncertainty were tightened (converge E = 0.001, grad = 0.001, rad = 0.001).  The self-

consistent field (SCF) convergence limits were also tightened. (convergence 1e-6 1e-6).  

Analytical frequency calculations (AnalyticalFreq) were also carried out on the optimized 

geometry of Cp2Mo(bdt), and there were no imaginary frequencies.  ΔSCF calculations 

were performed as outlined in Chapter 2.   

Fold angle potential curves were created by utilizing the Linear Transit option in 

the Geometry block along with the Geovar keyword.  Linear Transit calculations were 

run such that the fold angle was fixed every five or ten degrees through some range (e.g. 

60º to -60º) and all geometric parameters, other than the fold angle, were allowed to fully 

optimize at each step. 

  

Results and Discussion 

Crystallography.  There is one crystallographically independent molecule in the 

structure of Cp2V(S2C2H2).  The structure (Figure 4,2, Tables 4.1 and 4.2) is similar to 

that of Cp2V(bdt), as published by Stephan.28  Two cyclopentadienyl rings and two sulfur 

atoms complete a pseudo-tetrahedral coordination sphere of vanadium.  The ene-

dithiolate chelates to the V center through the two S atoms and shows folding along the 

S•••S vector as illustrated in Figure 4.1, with a fold angle of 38.5°.  The V-C and V-S 

distances average 2.302 and 2.425 Å, respectively.  These compare with the V-C and V-S 
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Figure 4.2. ORTEP representation of Cp2V(S2C2H2) with 50% thermal 
ellipsoids. 
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Table 4.1. Comparison of unrestricted, Cs symmetry geometry 
optimized molecular structures of  Cp V(S C H ) and Cp2 2 2 2 2V(bdt) 
with crystallographic structures.a

 
Cp V(S C H )  2 2 2 2

 Calculated  Experimental 

Cp 1.401-1.424 (1.413)b 1.394-1.407 (1.399) C-C

M-Cp 2.220-2.300 (2.259) 2.282-2.338 (2.302) c

M-S 2.391 2.437, 2.412 

S-C 1.718 1.757, 1.742 

C-C 1.357 1.330 

S-M-S 82.9° 81.1° 

Cp2V(bdt)c

 Calculated Experimental 
1.322-1.422 (1.371) Cp 1.401-1.425 (1.412) C-C 1.293-1.445 (1.367) 
2.273-2.308 (2.300) M-Cp 2.242-2.298 (2.265) c 2.287-2.343 (2.310) 

2.428, 2.435 M-S 2.379  2.432, 2.427 

1.699, 1.776 S-C 1.735 1.727, 1.782 

C-Cd 1.412 1.406, 1.401 

S-M-S 81.7º 79.7º, 79.9º 

a: All distances are given in Å, b: average distance, c: 
crystallographic data taken from Stephan et al.28d: C-C distances 
are for M-S-C-C-S metallocycle. 
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Table 4.2. X-ray crystallographic parameters of 
Cp V(S C H ). 2 2 2 2

Empirical Formula C

 

 

12H12S V 2

Formula weight 271.28 
Temperature 170(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P2(1)/c 
Unit cell dimensions a =11.3051(10) Å 
 b =7.5236(7) Å 
 c =13.3767(12) Å 
 β =104.849(2)° 
Volume 1099.76(17) Å3

Z 4 
Density (calculated) 1.638 g/m3

Absorption coefficient 1.240 mm-1

Reflections utilized 12814 
Independent reflections 2675 [R(int) = 0.0497]a

Final R Indices  R1 = 0.0389, wR  = 0.0855a
2

[I>2σ(I)] 
R Indices (all data)  R1 = 0.0644, wR  = 0.0986a

2

a 2 2 2 R(int) = Σ|F -<F >| ⁄ Σ[F ], R  = Σ||F |-|Fo o o 1 o c|| ⁄ ∑|Fo|, 
wR 2

2 = {∑[w(Fo -Fc
2 2) ] ⁄ ∑[w(Fo

2 2 ½) ]} , w = 
1/[σ2 2 2 2(Fo )+(0.0466P) ] where P=(Fo +2Fc

2)/3 
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distances published for Cp2V(bdt)  (2.30 and 2.431 Å).28  The S1-V-S2 angle of 81.14 

(3)° is similar to that of 79.8° in Cp2V(bdt).28  It is interesting to note that the bond 

lengths for the analogous titanium compounds are longer for M-C(Cp) (2.387 Å for 

Cp2Ti(S2C2H2) and 2.37 Å for Cp2Ti(bdt)) whereas the M-S bond lengths and S-M-S 

angles are very similar (2.417 Å and 83.23° for Cp2Ti(S2C2H2) and 2.416 Å and 82.2° for 

Cp2Ti(bdt)).  The trend of Cl-M-Cl angles for Cp2MCl2 compounds is Ti/Zr > V/Nb > 

Mo.94,95  This trend is not echoed for Cp2M(bdt) (M= Ti, V and Mo) with the S-M-S 

angles of: 82.0, 79.8 and 82.1°, respectively.  The effect of the electron density along the 

z-axis is overpowered, presumably, by the formation of the chelate ring.  

Electron Paramagnetic Resonance.  Previous studies of Cp2VX2 (where X is a 

monoanionic ligand, such as an alkyl or halide) have utilized electron paramagnetic 

resonance (EPR) to determine the molecular orbital character of the vanadium d1 

electron.  The EPR spectrum of Cp2V(S2C2H2) (Figure 4.3) is similar to that of Cp2VCl2 

reported previously.94-97  The trend of the Cl-M-Cl angle to decrease with M, changing 

from Ti to V to Mo, and single crystal EPR studies led to the conclusion that the HOMO 

of the V and Mo compounds is primarily along an axis normal to the plane bisecting the 

Cl-M-Cl angle.  Lowering the symmetry from C2v to Cs allows this axis to be labeled z, 

and the orbital was calculated as |Ψ0> = a|dz2> + b|dx2 - y2>, where a = -0.963 and b = 

0.270 (Mulliken charges, a2:b2 = 20.5:1) for Cp2VCl2.95  This is close to the observed a = 

-0.976 and b = 0.218 (a2:b2 20.0:1) for (C5H4Me)2VCl2. These EPR parameters have been 

compared with those of Cp2VCl2, calculated as Mulliken charges.95  Using more current 
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Figure 4.3. Frozen solution EPR spectrum of Cp2V(S2C2H2). 
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methods, a similar comparison can be made between the observed EPR and orbital 

percent characters calculated by DFT.   For Cp2VCl2, the singly-occupied, spin α percent 

character is calculated to be 60.8% dz2 and 3.44% dx2 - y2 giving a ratio of 17.7:1.98  This 

is in agreement with previous experiments (see above) concluding that the singly-

occupied orbital is of primarily dz2 character. 

The higher g values and lower A(51V) values of Cp2V(S2C2H2) reflect the softer 

coordination environment and covalent nature of the dithiolate ligand compared to the 

two chloride ligands in Cp2VCl2.  Previous studies of Tp*MoOXY (where Tp* = 

hydrotris(3,5-dimethyl-1-pyrazolyl)borate; (X,Y) = Cl, or toluenedithiol (tdt)) exhibit a 

similar trend in the g and A(95,97Mo) values with change in coordination sphere.37 The 

higher g values and lower A(95,97Mo) values of Tp*MoO(tdt) compared to Tp*MoOCl2 

are attributed to a low-energy charge transfer transition in Tp*MoO(tdt) (9010 cm-1, ε = 

520) that can mix sulfur character into the ground state.37  Tp*MoOCl2 does not exhibit a 

similar charge transfer transition, but has a d → d transition as the lowest energy band.  

Comparing the electronic spectra of Cp2VCl2 and Cp2V(S2C2H2) (Figure 4.4), there is a 

low energy ligand-to-metal charge transfer transition31  for Cp2V(S2C2H2) (10800 cm-1, ε 

= 400), but Cp2VCl2 lacks a similar low-energy transition.  The difference in the low 

energy charge transfer transitions between Cp2VCl2 and Cp2V(S2C2H2) would account for 

the greater g and lower A(51V) values exhibited by Cp2V(S2C2H2) compared to 

Cp2VCl2.99, 100  



84 
 
 

 

 

Figure 4.4. UV-Vis spectra of Cp2VCl2 (blue line) and 
Cp2V(S2C2H2) (red line). 
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Photoelectron Spectroscopy.  Spectroscopic evidence supporting the Lauher and 

Hoffmann43 description of the electronic structure includes our recent PES study of the 

nearly planar metallocycle, Cp2Mo(bdt),39 and the folded metallocycle, Cp2Ti(bdt), for 

which ionizations from primarily metal based orbitals and primarily S pπ based orbitals 

can be experimentally distinguished from one another.39,41,101  The S pπ based orbitals of 

the two sulfur atoms form a symmetric and antisymmetric pair.  The symmetric (Sπ
+) 

orbital combination has the right symmetry and energy to match the Mip orbital upon 

folding of the dithiolate unit, whereas the antisymmetric sulfur (Sπ
-) orbital combination 

does not (Figure 4.1).  The substantial mixing of the out-of-plane Sπ
+ orbital and the Mip 

orbital upon folding is shown experimentally in the PE spectra of Cp2Ti(bdt) by the 

increase in intensity of the Sπ
+ ionization band relative to the Sπ

- ionization band with 

change in ionization source energy from He I to He II.  In order for this "dithiolate-

folding effect" to be present there must be effective coupling between the S pπ orbitals 

and the C pπ orbitals derived from the ene-dithiolate ligand backbone.41  Such coupling 

raises the energy of the Sπ
+ orbital above that of the Sπ

- orbital, and poises the energy of 

the Sπ
+ orbital for interaction with the metal-based in-plane orbital (Mip).  This electronic 

structure facilitates the "dithiolate-folding effect"39 as only the Sπ
+ orbital has the correct 

symmetry to overlap with the metal based in-plane orbital.  For example, we have 

previously shown that Cp2Ti(bdt) and Cp2Ti(S2C2H2), which both have an unsaturated 

carbon-carbon bond linking the two S atoms, show a dithiolate-folding effect.  However, 

if a saturated dithiolate ligand is present, such as in Cp2Ti(S2C3H6),41 the coupling 
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between the pπ orbitals on the two S atoms is greatly reduced and the ordering of the Sπ 

orbitals is reversed in comparison to the unsaturated dithiolate. 

The low energy valence regions of the gas-phase photoelectron spectra of 

Cp2V(S2C2H2) and Cp2V(bdt), collected with both He I and He II photon sources, are 

presented in Figure 4.5.  Comparison of the He I spectra with their titanocene analogs41  

in Figure 4.6 reveals a similar overall ionization profile in each case, except for the 

presence of the weak band A at low energy (6.06, and 6.17 eV for Cp2V(S2C2H2) and 

Cp2V(bdt), respectively), as expected for the additional electron in the vanadium 

complexes.   

Table 4.3 lists the changes in areas of ionization bands B and C relative to the first 

ionization band A with change in ionization source from He I to He II for Cp2V(S2C2H2) 

and Cp2V(bdt).  From previous experimental studies52,102,103 and calculations of atomic 

photoionization cross-sections,53 it is expected that ionizations from molecular orbitals 

with significant Ti 3d contributions will increase in intensity compared to ionizations of 

primarily S 3p character when data collected with a He II photon source are compared to 

data collected with a He I photon source (Table 4.3).  The changes in relative areas of the 

bands in Cp2V(S2C2H2) and Cp2V(bdt) are similar, indicating that the atomic character of 

the molecular orbitals for the two molecules is similar. Band C in the titanocene 

dithiolate spectra is assigned to a Sπ
- ionization, which does not mix significantly with the 

empty metal d acceptor orbital, and hence decreases in intensity significantly relative to 

the Sπ
+ band (band B).41  The destabilization of band B in the vanadocene dithiolate 
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Figure 4.5. Low energy valence region of the gas-phase photoelectron spectra of 
Cp2V(S2C2H2) and Cp2V(bdt) with He I and He II excitation. Band C is due to the 
Sπ

- orbital, B is the Sπ
+/V bonding orbital, and A is the singly-occupied Sπ

+/V anti-
bonding orbital. 
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Figure 4.6. The spectra of Cp2V(S2C2H2) and Cp2V(bdt) have one more 
band (band A) than their respective titanocene analogs. 
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Table 4.3.  Ionization energies, band shapes, and 
He I and He II band areas for Cp V(S

 

2 2C H2 2) and 
Cp V(bdt). 2

Cp V(S C H ) 2 2 2 2

Relative 
Areab

Band I.E.a 
(eV) 

Band 
Width 
High 
(eV) 

Band 
Width 
Low 
(eV) He I He II 

A 6.06 0.34 0.14 1 1 

B 6.67 0.43 0.43 2.46 2.69 

C 7.70 0.54 0.36 4.41 3.58 

Cp V(bdt) 2

Band I.E. 
(eV) 

Band 
Width 
High 
(eV) 

Band 
Width 
Low 
(eV) 

Relative 
Area 

He I He II 

A 6.17 0.36 0.16 1 1 

B 6.78 0.69 0.38 3.15 2.28 

C 7.17 0.34 0.14 2.65 1.20 

a: Vertical ionization energy, b: Areas are 
relative to Band A. 
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spectra compared to the related ionization in the titanocene spectra can be attributed to 

the interaction of the additional vanadium d1 electron with the Sπ
+ orbital, which 

decreases the fold angle and lowers the bonding interaction of S π
+ with Mip.  Band C in 

the spectra of Cp2V(S2C2H2) and Cp2V(bdt) decreases in intensity relative to both the 

first and second bands, and can therefore also be assigned to Sπ
- (Table 4.3).  Band C 

shows little change in ionization potential between the vanadocene and titanocene 

dithiolate spectra consistent with its non-bonding interaction with Mip.  Band A increases 

slightly with respect to band B in Cp2V(bdt) and decreases slightly in Cp2V(S2C2H2), 

indicating mixing of metal and sulfur character and making absolute assignment difficult 

at this point.  Comparison with the titanium analogs indicates that bands A and B both 

have mixed vanadium and Sπ
+ character. 

Computations.  DFT calculations provide additional insight into the metal-ligand 

interactions for Cp2V(S2C2H2) and Cp2V(bdt) indicating that upon dithiolate folding the 

mixing of metal d and sulfur pπ orbitals can be favored by their energy and symmetry 

match.  The calculated molecular structures of Cp2V(S2C2H2) and Cp2V(bdt) in general 

agree with the reported structures determined from X-ray crystallography (Table 

4.1).28,104    The Cp rings were staggered with respect to each other in the initial input 

guess geometries similar to the crystal structure of the ene-dithiolate complex and as 

determined to be a true minimum from the frequency analysis of the related Mo 

molecule.  Rotation of the two Cp ligand rings has been shown to be a low energy 

process105 and therefore additional Cp orientations were not explored.  The calculated 
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fold angles for the coordinated dithiolates are smaller than those determined 

crystallographically.  For Cp2V(S2C2H2) the calculated angle is 29.9° and the 

experimental angle is 38.5°, and for Cp2V(bdt) the calculated angle is 36.6° and the 

experimental angle is 41.0 and 40.1°.28  Solid state effects likely contribute to the 

differences between the calculated and crystallographic fold angles.106  

The energies of the ionizations observed for Cp2V(S2C2H2) and Cp2V(bdt) by 

photoelectron spectroscopy are compared with those calculated by the ΔSCF method in 

Table 4.4.  The ground states of the neutral molecules have S = ½ (V4+, d1, 2A′); 

ionization from the SOMO will lead to a singlet state, but ionization from the doubly-

occupied orbitals leads to either singlet or triplet state configurations with singlet:triplet 

band relative intensities approximately 1:3.  Table 4.4 shows the calculated values for the 

singlet and triplet states of Cp2V(S2C2H2) and Cp2V(bdt) using the ΔSCF method.  For 

Cp2V(S2C2H2), the calculated singlet/triplet state separation for band B is 0.53 eV and 

should be discernable in the experiment, although the band maximum will be dominated 

by the triplet state.  The calculated energy for the formation of a triplet state (6.57 eV) 

agrees well with the observed ionization energy maximum for band B (6.67 eV), and no 

distinct ionization is observed for the singlet state.  For band C, the calculated 

singlet/triplet state separation is 0.14 eV, which is less than the width of the vibrational 

manifolds associated with these ionizations, and a singlet state shoulder on the triplet 

state ionization is not observable. Again, the calculated vertical ionization for the triplet 

state (7.77 eV) agrees well with the observed band maximum for band C (7.70 eV).    
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A similar assignment is given for Cp2V(bdt) based on the ΔSCF calculations.  The 

increase in ionization energies for bands A and B and the decrease in ionization energy 

for band C from Cp2V(S2C2H2) to Cp2V(bdt) observed in the photoelectron spectra also is 

obtained from the calculations.  The observed separation in energy between bands B and 

C is different for Cp2V(S2C2H2) and Cp2V(bdt) (1.03 and 0.39 eV, respectively) 

correlating with the separation in energy between the Sπ
+ and Sπ

- for their titanocene 

analogues (0.70 and 0.22 eV, for Cp2Ti(S2C2H2) and Cp2Ti(bdt), respectively).  This 

trend, which is reproduced computationally, is presumably due to different inductive 

effects of the ligands and the greater involvement of the benzene ring in the π-system of 

the ligand for Cp2V(bdt) and Cp2Ti(bdt).  In general, the calculated singlet/triplet 

separations for Cp2V(S2C2H2) and Cp2V(bdt) are small and within the experimental band 

widths for the ionizations, which is in agreement with previous studies of vanadium(IV) 

systems.107, 108  

Also included for comparison in Table 4.4 are the Kohn-Sham orbital energies for 

the α and β spin electrons.  Early calculations of metal complexes with a partially-filled 

metal d orbital bury the partially-filled orbital below the filled ligand orbitals,109-113 but in 

the present calculations the orbital ordering agrees with the calculated and observed  
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Table 4.4. Experimental and calculated orbital ionization 
energies (eV) for bands A, B and C of Cp V(S C H2 2 2 2) and 
Cp V(bdt). 2

 

Kohn-Sham 
Orbital Energyc

ΔSCFdBan
d 

I.E. Labelb

a

Singlet Triplet α-spin β-spin 

Cp V(S C H ) 2 2 2 2

1A 6.06 V d /Sπ
+ -3.87  6.12  

1B 6.67 V d /Sπ
+ -4.91 -4.40 7.10 6.57 

C 7.70 Sπ
– -5.68 -5.50 7.91 7.77 

Cp V(bdt) 2

1A 6.17 V d /Sπ
+ -4.21  6.22  

1B 6.78 V d /Sπ
+ -5.21 -4.83 7.18 6.77 

C 7.17 Sπ
– -5.36 -5.11 7.27 7.10 

a: Experimental vertical ionization energy. b: Primary character. 
c: The calculated orbital energy for the ground state.  d: The 
difference in total energy between molecular ground state, and 
the molecule with an electron removed from the specified 
orbital.  

 



94 
 
 
sequence of ionizations.  Contour plots of the spin α and β orbitals for Cp2V(S2C2H2) and 

Cp2V(bdt) that correspond to the ionizations evaluated by photoelectron spectroscopy are 

shown in Figure 4.6.  The contour plots show that for Cp2V(S2C2H2) and Cp2V(bdt) the 

SOMOs are substantially delocalized with greater sulfur 3p character than vanadium dz2 

character, in agreement with the greater g and lower A values observed in the EPR 

experiment.  The contour plots for Cp2V(bdt) also show that the orbital character is 

extended onto the benzene π-system (the orbital percent contributions shown in Figure 

4.6 are given in Table 4.5).  

The description of these orbitals is consistent with the Sπ
+ and V dz2 orbitals 

forming a bonding and anti-bonding pair of orbitals, as shown in Figure 4.6, where the 

SOMO is the anti-bonding combination and the next orbital is the doubly-occupied 

bonding combination.  This bonding/antibonding combination explains the strong 

vanadium and sulfur character mixing observed for bands A and B in the photoelectron 

spectra.  Overall, the orbital picture corresponds to the bonding interaction proposed by 

Lauher and Hoffman.43  

DFT calculations also offer insight into how the dithiolate-folding effect and the 

fold angle influence the oxidation/reduction and electron transfer properties of the active 

site metal center.  Using the linear transit option in the ADF package, potential energy 

curves for Cp2V(bdt) as neutral and cation molecules can be constructed to show how the 

fold angle changes with oxidation of the d1 Mip orbital.  Figure 4.8 shows a fold angle 

potential energy curve plot for Cp2V(bdt) and [Cp2V(bdt)]+, where the change in relative 
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Figure 4.7.  Spin correlation diagrams for Cp2V(S2C2H2) and Cp2V(bdt) 
showing α- and β-spin eigenvalues,  molecular orbital character and electron 
occupations based on ground state configuration. 
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Table 4.5. Orbital character (%) for the valence orbitals calculated for 
Cp V(S C H ) and Cp

 

2 2 2 2 2V(bdt). 

V(S C H )  Cp V(bdt)    Cp2 2 2 2 2

Orbital Character alpha beta alpha beta 

SOMOa 23.67 45.33 27.78 53.57 V 3dz2

 S 3p 47.24 26.36 43.63 16.61 

 Cα 2pb 16.7 9.14 6.67 1.97 

 C  2pc 6.61 11.21 5.18 11.83 Cp

 Cother
d n/a n/a 12.3 4.59 

HOMO 55.45 25.6 <1 16.68 V 3dz2

 S 3p 16.66 38.6 64.94 44.89 

 7.65 15.46 <1 9.67 C  2p α

 CCp 2p 8.82 10.17 4.65 9.62 

 Cother  n/a n/a 21.84 8.84 

4.46 3.66 52.25 <1 HOMO-1 V 3dz2

 S 3p 70.81 71.52 18.42 65.89 

 9.71 10.29 5.51 <1 C  2p α

 CCp 2p 11.03 9.69 7.95 6.8 

 Cother  n/a n/a 3.87 22.25 
a: The beta spin in the SOMO is a vacant orbital.  b: Cα are the carbon atoms in the 
M-S-C-C-S metallocycle. c: C  includes all Cp carbon atoms. d: CCp other includes all 
remaining carbon atoms. 
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Figure 4.8.  Potential energy diagrams showing the calculated total energy 
with change in fold angle for the neutral (d1) and cation (d0) of Cp2V(bdt). 
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energy with fold angle is compared.  The potential energy curve of the neutral Cp2V(bdt) 

molecule shows that the energy minimum lies at approximately 37º.  Oxidation of the Mip 

orbital leads to an increase in the fold angle from 37º to 40º, resulting in a deeper 

potential well for the cation.  The potential energy curve for the d1 and d0 electronic 

configurations of Cp2V(S2C2H2) is similar (Figure 4.9). 

Figure 4.10 presents the potential energy curves of the neutral (d2), cation (d1) and 

dication (d0) of Cp2Mo(bdt) obtained from the gas-phase linear transit calculations with 

varying fold angle. The figure shows the calculated relative total energies between the 

optimized geometries of each electron configuration, along with the relative energy 

perturbation caused by dithiolate-folding for each electronic configuration (d2, d1, and 

d0).114   For Cp2Mo(bdt) the calculated fold angle for the neutral (d2) molecule exhibits a 

potential minimum at 0º.  Upon oxidation from Mip the fold angle increases to 25º for the 

cation (d1), and to 35º for the dication (d0).  This range of fold angles is consistent with 

the DFT analysis by Domercq et al.115  The analytical frequency calculations for 

Cp2Mo(bdt) show that the folding vibration is the lowest energy vibration in the molecule 

at 28 cm-1, and a nearly classical description of the vibronic states is appropriate for these 

curves and thermal populations will be significant during electron transfer. This trend in 

the calculated fold angles for the Cp2Mo(bdt) series in Figure 4.10 follows that of the 

neutral d2, d1 and d0 metallocene dithiolate crystal structures (vida supra).   
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Figure 4.9. Potential energy curves showing the calculated total 
energy with change in fold angle for the neutral and cation of 
Cp2V(S2C2H2). 
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Figure 4.10.  The gas-phase potential energy curve plots of the neutral (d2), 
cation (d1) and dication (d0) of Cp2Mo(bdt) are shown with relative total energies 
(eV, left-hand side) and relative potential energies with change in fold angle 
(kcal/mol, right-hand side).  The oxidation along Path A (blue arrows and line) 
from the d2 to d0 electron configurations involves a large energy barrier to 
oxidation and larger reorganization energies with change in fold angle.  Paths B 
and C (green arrows and lines) show the two-step two-electron oxidation of the 
d2 to d1 to d0 electron configurations.  Utilization of the shallow d1 potential 
curve poises oxidation to occur with minimal reorganization energies with 
chan
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Figure 4.10 not only shows the increase in fold angle with oxidation, but also 

gives insight into the role of the d1 electron configuration in molybdopterin enzymes 

during substrate turnover.  The relative energies between the d0, d1, and d2 configurations 

will be reduced from the gas-phase values in Figure 4.10 by stabilization of the cations in 

the molybdopterin enzyme environment.  Oxidation starting from the d2 configuration 

and proceeding to the d0 electron configuration without geometry reorganization along 

path A, followed by reorganization of the d0 configuration to the minimum of the 

potential well (blue arrows and line in Figure 4.10), is a high energy process with a large 

reorganization energy. The reorganization energy is approximately 0.26 eV (7 kcal mol-

1).   Alternatively, oxidation from the d2 to d1 electron configurations allows access to the 

shallow d1 potential with little reorganization energy investment upon changing the fold 

angle from 5º to 25º (arrow B).  Likewise, oxidation from the folded geometry of the d1 

configuration allows a low energy investment to the folded structure of the d0 electronic 

configuration (arrow C).  Thus, the coupling of paths B and C (green arrows and line) 

through the d1 electron configuration results in a two-step two-electron oxidation of the 

d2 to d0 electron configuration with smaller barrier and reorganization energies.  

Furthermore, the shallow potential surface calculated for the d1 electron configuration 

and the low frequency of the dithiolate folding motion provide an intermediate that can 

effectively link the d2 and d0 electron configurations and geometries. Thus, the potential 

curves of Figure 4.10 show how sequential one-electron transfers coupled to fold angle 

variation offer a reaction pathway for reoxidation of molybdenum enzymes with a lower 
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overall energy barrier than two-electron oxidation without the d1 configuration or the 

dithiolate-folding effect.  This facile reaction pathway for reoxidation is accomplished by 

circumventing the larger relative energy barrier for one-step two-electron oxidation of the 

metal-center (created by the overlap of the d2 and d0 potential curves) by utilizing the 

smaller energy barriers described by the overlap of the d1 potential curve with those of 

the d2 and d0 electron configurations.  These smaller energy barriers allow the reoxidation 

of the metal center to occur with concomitant electron transfer and change in the fold 

angle. 

 

Conclusions  

The vanadocene dithiolate systems compare well with previous studies of the 

titanocene and molybdocene dithiolate electronic structures,41,101 thus completing the d0, 

d1, and d2 configurations found in mononuclear molybdenum protein active sites.  The 

crystallographic and computational data also support the change in fold-angle upon 

filling the metal in-plane orbital.  

Comparison of the PES of vanadocene systems with their respective titanocene 

analogs shows that their electronic structures are similar, with the exception of the extra 

electron in the vanadium complexes.  For Cp2V(S2C2H2) and Cp2V(bdt) both the SOMO 

and the next lowest energy orbital show considerable vanadium and sulfur character, 

forming a bonding and anti-bonding pair.  The SOMO is only half-filled, so the resulting 

contribution to the bond order from this interaction is one half.  The ΔSCF calculations 
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compare well with the PES spectra of Cp2V(S2C2H2) and Cp2V(bdt) and place the SOMO 

as the lowest energy orbital.  

The use of DFT calculations further supports the importance of the d1 electronic 

configuration as a low energy pathway for reoxidation of the metal center during 

catalysis.  Two-electron oxidation of the d2 electronic configuration to the d0 

configuration requires a larger relative energy investment for the removal of both 

electrons and geometric reorganization of the fold angle.  The intermediate d1 electronic 

configuration offers a low energy pathway where a minimal amount of energy is required 

for re-oxidation and geometric reorganization of the fold angle bridging the d2 and d0 

electronic configurations. 

The variation in dithiolate fold angle with formal d electron count observed for 

Cp2M(dithiolates) supports the hypothesis that the change in the dithiolate fold angle 

effectively stabilizes d0 and d1 metal centers via π-donation from Sπ
+ to the Mip orbital.  

This “dithiolate-folding effect” has implications for Mo/W enzymes since folding of the 

pyranopterindithiolate cofactor poises the metal center for re-oxidation and geometric 

reorganization, modulating the reactivity of the enzyme active site as the metal center 

passes through the M(IV), M(V), and M(VI) formal oxidation states during electron and 

oxygen atom transfer.  
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CHAPTER 5 
 

 METAL-SULFUR dπ–pπ BUFFERING OF THE OXIDATIONS OF 
METAL-THIOLATE COMPLEXES: PHOTOELECTRON 

SPECTROSCOPY OF (η5-C5H5)Fe(CO)2SR (SR = SCH3, StBu) AND 
(η5-C5H5)Re(NO)(PR3)SCH3 (PR3 = PiPr3, PPh3) 

 

A portion of this chapter has previously been published as: Cranswick, M. A.; Gruhn, N. 
E.; Oorhles-Steele, O.; Ruddick, K. R.; Burzlaff, N.; Schenk, W. A.; Lichtenberger, D. 
L., Inorg. Chim. Acta, 2008, 361(4), 1122-1133 
 

Introduction 

Sulfur-metal bonding plays a major role in biological systems due to its presence 

in the coordination of many metal-containing protein active sites. Sulfur coordination 

from the amino acid cysteine is found in many redox active metalloproteins including 

iron containing ferrodoxins and nitrogenases; iron and nickel containing hydrogenases;  

zinc-containing hydrolases; blue copper proteins, heterometalloenzymes such as 

cytochrome c oxidase; mercury reductases; and metallothioneins.5  Due to this rich 

diversity of metal-cysteinyl coordination found throughout nature, model compounds that 

incorporate a simple thiolate ligand are extremely useful for understanding a wide variety 

of biological processes, or for mimicking biological processes for industrial 

applications.29,116,117  

Photoelectron spectroscopy has proven to be a powerful experimental tool for 

probing metal-ligand bonding.118-120  The bonding capability of a ligand to a metal center 

is influenced by the occupations and energies of the orbitals on the metal, the overlaps of 
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the metal orbitals with the ligand orbitals, and the competition with other ligands for 

orbitals on the metal. Because of this, if the bonding capabilities of a series of ligands are 

to be compared, the metal fragment to which those ligands are bound must be similar. In 

particular, photoelectron spectroscopy of d6 piano-stool complexes incorporating a 

variety of ligands, including thiolates, have been studied in our laboratory.32,38,39,41   

These complexes all exhibit a pseudooctahedral low-spin d6 metal center (S = 0), while 

most metalloenzymes have a higher spin state.5  Nonetheless, these models afford a 

starting point to the investigation of iron-sulfur interactions using a spectroscopically and 

computationally simple model. 

Complexes of the type CpFe(CO)2SR (where Cp is cyclopentadienyl and SR is an 

aryl thiolate) have previously been analyzed by photoelectron spectroscopy to show a 

strong metal-sulfur dπ-pπ filled-filled interaction between the [CpFe(CO)2]+ and SR¯ 

fragments. The highest occupied molecular orbital (HOMO) of CpFe(CO)2SR was 

determined to be mainly sulfur 3p in character. This high amount of sulfur character in 

the HOMO of an iron-sulfur complex may help modulate the redox potential of the 

metal121,122 and give insight into the catalytic properties of many metalloenzymes that 

exhibit cysteinyl coordination.  

Related to CpFe(CO)2SR piano-stool complexes are the isoelectronic compounds 

CpRe(NO)(PR3)SR (where PR3 is triphenylphosphine, PPh3, or tri-isopropylphosphine, 

PP

iPr , and SR is an alkyl thiolate).  These compounds exhibit a chiral pseudooctahedral 

low spin d

3

6 metal center,10,123 and the incorporation of the bulky phosphine ligands can be 
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used to create a steric pocket that forces the thiolate ligand into a different conformation 

than that observed for the CpFe(CO) SR complexes.  The [CpRe(NO)(PR )]2 3
+ chiral-at-

metal fragment has been extensively studied by Schenk et al. in the synthesis of chiral 

organic products from achiral precursors.8,10  

 This report presents an analysis of the metal-sulfur bonding in the isoelectronic 

thiolate compounds CpFe(CO)2SMe,  CpFe(CO)2StBu, CpRe(NO)(PPh3)SMe, and 

CpRe(NO)(PiPr3)SMe as determined by gas-phase ultraviolet photoelectron spectroscopy 

(PES) and density functional theory (DFT). This work builds on previous photoelectron 

spectroscopy studies of piano-stool thiolate complexes, and specifically considers the 

influence of the orientation of the thiolate ligand upon the metal-sulfur π interactions. 

 

Experimental Methods 

General.  The samples of CpFe(CO)2SMe,124 CpRe(NO)(PPh3)SMe,10 and 

CpRe(NO)(PiPr3)SMe10 were prepared  as previously described, and CpFe(CO)2StBu was 

prepared similarly to CpFe(CO)2SMe.   

Photoelectron Spectroscopy.  Photoelectron spectra were recorded using an 

instrument, procedures and calibration as described in Chapter 2.  Sublimation 

temperatures are reported in Table 2.2. 

For Ne I experiments, the Xe 2P3/2 ionization (12.130 eV) was used as the internal 

energy scale lock.  All of the spectra were corrected for the presence of ionizations from 

other lines.  These corrections are necessary because the discharge sources are not 
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monochromatic.15   The He I spectra were corrected for the He Iβ line (1.8666 eV higher 

in energy, and 3% the intensity of the He Iα line), the He II spectra were corrected for the 

He IIβ line (7.5578 eV higher in energy, and 12% the intensity of the He IIα line), and 

the Ne I spectra were corrected for spin-orbit splitting of the Ne I line, which produces a 

line 0.1773 eV lower in energy and 15% the intensity of the main Ne I line. 

 All samples sublimed cleanly with no detectable evidence of decomposition 

products in the gas phase or as a solid residue.  The sublimation temperatures (in °C, at 

10-4 torr) were: CpFe(CO)2SMe, 15-40; CpRe(NO)(PiPr3)SMe, 105-130; 

CpRe(NO)(PPh3)SMe 140-160 (monitored using a "K" type thermocouple passed 

through a vacuum feedthrough and attached directly to the ionization cell).   

Computational Methodology.   All computations were carried out using the 

Amsterdam Density Functional theory package (ADF 2006.01b, using default parameters 

except for the options given in parentheses) to study the electronic structures of 

CpFe(CO)2SMe and  CpRe(NO)(PR3)SMe (where R is –H, –iPr or –Ph and Me is –

CH3).85-88,89,125   The optimized geometries of CpFe(CO)2SMe, CpRe(NO)(PiPr3)SMe and 

CpRe(NO)(PPh3)SMe were obtained in C1 symmetry.   CpFe(CO)2SMe was constructed 

from the crystal structure of CpFe(CO)2SC2H5,126 such that the Fe-S bond lies along the 

z-axis and the y-axis bisects the OC-Fe-CO angle.  For the CpRe(NO)(PR3)SMe series of 

compounds, the geometry was constructed using the crystal structure of the isopropyl 

derivative11 such that the Re-P, Re-N, and Re-S bonds lie along the x-, y- and z-axes, 

respectively.   CpRe(NO)(PH3)SMe was used as a less computationally demanding model 
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for the alkyl-phosphine derivatives.  A generalized gradient approximation, with the 

correlation of Perdew, et al.90 and exchange correction of Handy and Cohen91 (GGA 

OPBE), was used for calculations of the optimized geometries.  The calculations 

employed double- or triple-zeta basis sets with Slater type orbitals and polarization 

functions for all elements (DZP for H, N, C, O, P and S and TZP for Fe and Re).  Higher 

level basis sets did not give significantly different results for comparison with the 

ionizations.  Calculations on the ground-state molecules were performed in the spin-

restricted mode since the molecules are closed-shell.  Calculations on excited-state 

molecules were performed in the spin-unrestricted mode to account for the unpaired 

electron.  Relativistic effects were considered for all atoms by using the Zero Order 

Regular Approximation (relativistic scalar ZORA).  The numerical integrals in ADF were 

evaluated to six significant figures (integration = 6.0) and the convergence criteria of the 

energy, gradients, estimated coordinate uncertainty and self-consistent field (SCF) were 

tightened (converge E=0.001 grad=0.001 rad=0.001, convergence 1e-6 1e-6, 

respectively).  Potential energy curves investigating the change in ground state energy 

with the change in dihedral angle from 5º to 175º were constructed using the linear transit 

option in the ADF suite.   

ΔSCF calculations of the ionized states were performed on the optimized 

geometry of the neutral molecule, with one electron removed from the relevant orbital.  

Since the neutral molecules are closed-shell, only doublet states were calculated.  The 

ΔSCF estimate of the ionization energy is the difference between the calculated total 
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energy of the ionized state and that of neutral ground state molecule.  A linear correction 

was applied for comparison of the calculated and the observed energies, i.e. calculated 

ΔSCF energies estimates of the ionization energies were shifted by the difference 

between the observed and the calculated first ionization energy. Orbital plots were 

created using the visualization program MOLEKEL48 with a surface value of 0.05. 

 

Results and Discussion  

General Bonding and Structure Considerations.  The electronic structure of 

the [CpM(CO)2]+ fragment has been described127 and its interactions with an additional 

ligand to form a three-legged piano stool complex have been extensively studied by 

photoelectron spectroscopy.128  To understand the π interactions of a thiolate ligand with 

this metal fragment, which is of particular importance for understanding the metal-sulfur 

interaction and the reactivity of thiolate complexes, the orbitals that must be considered 

are the three filled metal orbitals for a d6 metal fragment.  Contour plots of the three filled 

metal orbitals of the [CpFe(CO)2]+ fragment as calculated by density functional theory 

(DFT) are shown in Figure 5.1 and simplified Newman-type projections of these orbitals 

illustrating the nodal properties of the metal orbitals with respect to the
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Figure 5.1.  Metal fragment orbital plots and Lewis projections 
showing internal coordinates and orbital orientation for 
[CpFe(CO)2]+ and [CpRe(NO)(PH3)]+. 
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vacant coordination site are also shown.  The coordinate system employed places the z-

axis towards the open coordination site, with the yz-plane bisecting the OC-M-CO angle.  

In this coordinate system, the two highest occupied orbitals, labeled M1 and M2 in Figure 

5.1, are predominantly dxz and dyz in character, respectively.  The M1 and M2 orbitals 

each have a backbonding interaction to the equivalent of one carbonyl ligand, and also 

have the nodal properties to have a π interaction with a ligand in the vacant coordination 

site.  The most stable orbital of the three, labeled M3 in Figure 5.1, is to a first 

approximation δ symmetric with respect to the vacant site, being mainly dx2-y2 in 

character, and backbonds to both carbonyl ligands.  The primary energy difference 

between M1/M2 and M3 for this fragment results from the difference in the π interaction 

of the empty site ligand and the stabilization provided by π backbonding to CO.120  The 

introduction of different ligands at the vacant site with varying π-donor or -acceptor 

characteristics will alter the relative energies of these three orbitals. 

 The filled metal orbitals of a d6 [CpRe(NO)(PR3)]+ fragment are analogous to the 

filled metal orbitals of [CpM(CO)(PR3)]+,127 and can also be related to those of the 

[CpM(CO)2]+ fragment.  Contour plots of the filled metal orbitals of the 

[CpRe(NO)(PH3)]+ fragment as well as Newman projections indicating their possible 

interactions with an additional ligand on the z-axis are also shown in Figure 5.1.  Because 

of the very different π-acceptor abilities of the NO and PR3 ligands, the metal-based 

orbitals are best described with the x- and y-axes placed along the Re-P and Re-N bonds 

of the  [CpRe(NO)(PR3)]+ fragment, which differs from that of the [CpFe(CO)2]+ 
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fragment, and as indicated in Figure 5.1. The metal-based orbitals are now labeled M1′, 

M2′, and M3′ to represent the rotation of these orbitals from the orbitals of the 

[CpM(CO) +]  fragment.  The NO group, which is a better π acceptor than PR2 3, accepts 

strongly from the dyz orbital and causes M2′ to be stabilized compared to M1′, which has 

a weaker backbonding interaction with the PR  group. 3

 Considering the orbitals of a thiolate fragment, the S-R bond and the sulfur orbital 

of primarily 3s character are too stable to have much interaction with a metal, but the 

doubly degenerate HOMO of the SR- fragment is composed of the sulfur 3pπ lone pairs 

that each interact in a distinct way with a metal fragment. The M–SR σ-bond is primarily 

formed from one 3pπ component that σ donates to the lowest unoccupied molecular 

orbital (LUMO) of the metal fragment, while the other sulfur 3pπ orbital has the right 

symmetry and good energy matching to be involved in π interaction with a metal.  

 The nature of the M–S π interaction, and in particular the selection of which metal 

orbital has π overlap with the sulfur 3pπ orbital, depends upon the rotational orientation 

of the SR– fragment.32,129  For the piano-stool complexes discussed here, the rotational 

orientation of SR– with respect to the metal can be defined by the R-S-M-Cp(centroid) 

dihedral angle as shown above,32 and depending upon this dihedral angle the S 3pπ 
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orbital will be able to interact with either M1 or M2.  While no structural data is available 

for CpFe(CO)2SMe, the crystal structure of the related complex CpFe(CO)2SC2H5 

indicates a R-S-M-Cp dihedral angle of 180°,126 which places the R group in the plane 

between the two carbonyl ligands and gives the molecule Cs symmetry.  This orientation 

allows maximal overlap of the pπ sulfur lone pair orbital with M1 of the [CpFe(CO)2]+ 

fragment.  In contrast, the crystal structure of CpRe(NO)(PiPr3)SMe shows a Cp-Re-S-C 

dihedral angle of  77.6° with the R group positioned between the cyclopentadienyl 

centroid and the nitrosyl ligand.9  This orientation gives best overlap of the sulfur 3pπ 

lone pair orbital with M2 of the [CpRe(NO)(PR3)]+ fragment.  The differences in the 

dihedral angles for these two classes of molecules are found by density functional theory 

(DFT) calculations to be true energy minima for the dihedral angle and will be discussed 

in further detail in the Electronic Structure Calculations section.  For the 

[CpRe(NO)(PR3)]+ fragment, the different size of the phosphine, cyclopentadienyl, and 

nitrosyl ligands introduces a steric factor that can influence the coordination orientation 

of the thiolate ligand.130  From the viewpoint of the thiolate, the most sterically congested 

area is the interstice between the NO and the PR3 ligand, the area between the Cp and 

PR3 is intermediate, and the space between the NO and Cp is the least sterically 

congested area.  The conformation of the thiolate ligand observed in the crystal structure 

of CpRe(NO)(PiPr3)SMe places the methyl group of the thiolate in the least sterically 

congested area between the NO and Cp ligands. One question for this study is how the 
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steric effects of the metal fragment influence the orientation of the thiolate ligand and the 

resultant metal-sulfur π interaction. 

Assignment of Photoelectron Spectra.  The spectra and assignments for each 

molecule will be described in greater detail in the following sections.  The ionizations in 

the low energy valence region will be from the three metal d orbitals (labeled M1, M2 

and M3) described in the previous section, as well as the S lone pair and M-S σ orbital.  

In addition, the region above about 9.5 eV contains ionizations from the e set of π orbitals 

from the Cp ligand, the C-S σ orbital and, if present, additional ionizations from phenyl π 

orbitals, but these ionizations are not clearly resolved and cannot be unambiguously 

assigned. The assignments of the ionizations of interest are made by comparison to 

previously reported spectra of similar compounds,128,131 by comparison between these 

spectra, and by comparison of spectra of the same compound collected with different 

ionization sources. Photoelectron spectra of a particular compound taken with different 

ionization source energies differ only in the relative intensities of the ionizations.  These 

changes in intensity are a result of the inherent photoionization cross-sections of the 

orbitals from which the ionizations arise.  For ionizations from molecular orbitals, it has 

been found that changes in intensities are directly related to the cross-section of the 

atomic orbitals constituting the molecular orbitals (the Gelius model).52  The changes in 

area observed as the source energy is changed can therefore give an indication of the 

origin of an ionization.19  Atomic cross-sections have been calculated53 and found to give 

useful comparison to experimental results.  The cross-sections of Fe 3d or Re 5d orbitals 
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increase from He I to He II excitation as compared to S 3p, P 3p, N 2p, C 2p, and O 2p 

cross-sections, so predominantly metal-based ionizations will grow in intensity upon 

going from He I to He II radiation with respect to predominantly ligand-based 

ionizations.  The opposite trend is true for the change from He I to Ne I ionization 

sources, for which predominantly metal-based ionizations are expected to decrease in 

intensity compared to all ligand ionizations, with S 3p based ionizations expected to 

increase the most.  

 CpFe(CO)2SCH3.  The Ne I, He I and He II valence spectra of CpFe(CO)2SMe 

are shown in Figure 5.2 and information from the fit of the spectra is given in Table 5.1. 

Similar to the He I spectrum of CpFe(CO)2SPh,32 the spectra of CpFe(CO)2SMe contain a 

low energy ionization band separated from the others that can be assigned to the M1–S 

π* interaction and is labeled as such in Figure 5.2 and Table 5.1.  For CpFe(CO)2SPh, 

this lowest energy ionization band is very symmetrical and was modeled with one 

asymmetric Gaussian, but for CpFe(CO)2SMe this ionization contains a noticeable 

shoulder on the low energy side and requires two Gaussians separated by 0.19 eV to 

represent its shape.  It is likely that this structure is due to the presence of two different 

energy conformations of CpFe(CO)2SMe in the gas phase at the temperatures at which 

this data was collected.  The energy of the M1–S π* interaction depends upon the Cp-Fe-

S-C dihedral angle, as discussed in more detail later.  The most interesting observation is 

that the first ionization energy of this methylthiolate complex at 6.96 to 7.15 eV for the 

two conformers is essentially unshifted from that of the previously-studied phenylthiolate 
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Figure 5.2. Ne I, He I, and He II photon 
photoelectron spectra for CpFe(CO)2SMe. 
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Table 5.1. PES fit data for CpFe(CO)2SMe. 

SMe CpFe(CO)2

 Relative Area  

Positiona He I Ne I/He I He II/He I Label 

7.06b 1.66 1.08 0.41  M1–S π* 

8.02 1 1 1  M2 

8.37 0.80 1.17 0.79  M3 

8.64 1.65 1.07 0.63  M1–S π 

9.01 1.96 1.48 0.52  M–S σ 
a eV. 
b The position listed for the first band is the average 
position of the two Gaussians used to fit the band contour, 
and the relative area is the sum of the two peak areas.  The 
positions of the two peaks are 6.96 and 7.15 eV and the 
width-high and width-low have been constrained to be 0.46 
and 0.23 eV, respectively, for both peaks. 
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complex at 7.12 eV.32  In contrast, for the free thiols the first ionization of HSMe at 9.46 

eV is stabilized by a full electron volt compared to the first ionization of HSPh at 8.46 

eV.32   This is an example of the buffering effect of the Fe-S interaction,38 in which the 

typical inductive and overlap electronic effects of chemical substitutions on the first 

ionization energies are dissipated by the variable Fe-S orbital interactions.  The phenyl π 

orbitals may also come into play in this particular comparison, and so the spectrum of 

CpFe(CO)2StBu has also been studied as described in the next section. 

 The spectra of CpFe(CO)2SMe contain additional ionizations above 9.5 eV that 

can be represented by four additional Gaussian peaks. Comparison of the spectra of 

CpFe(CO)2SMe taken with different photon sources gives evidence of the character of 

the ionizations by the changes in ionization cross-sections.  The second ionization band is 

used as the common reference for the changes in relative cross-sections.  The cross-

sections of the other valence ionizations fall with respect to the second ionization with 

increasing photon energy, indicating that the second ionization has the most metal 

character and the least sulfur character, and it is assigned to the M2 ionization.  The 

cross-section of the first ionization falls the most relative to the M2 ionization, indicating 

that the M1–S π* orbital has substantial sulfur character.  The third band shows cross-

section behavior most similar to that of the M2 ionization, and is assigned to the 

predominantly M3 ionization.  The fourth ionization band shows cross-section behavior 

similar to the first ionization indicating a similar mixture of metal and sulfur character, 

and is assigned to the M1–S π bonding orbital counterpart of the M1–S π* antibonding 
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orbital.  Thus the M1 orbital that is the HOMO of the [CpFe(CO)2]+ fragment is split by 

interaction with the SR pπ orbital into a bonding π combination that is more stable than 

the M2 and M3 orbitals and an antibonding π* orbital that is the HOMO of the molecule.  

The fifth ionization band corresponds to the Fe-S σ bond, and the large decrease in 

relative cross-section from Ne I to He I to He II excitation indicates substantial sulfur 

character in the orbital.  These cross-sections indicate the general character of the 

ionizations, but more detailed analysis is hampered by the overlap of the ionizations and 

the evidence of two conformers in the gas phase for this molecule. The minor conformer 

produces additional splitting of the M1 and M2 ionizations, and the close energy 

proximity of the ionizations is conducive to further mixing.  For instance, an interaction 

between M3 and an energetically close metal-ligand σ bond has been observed before.131  

 CpFe(CO)2StBu.  The He I photoelectron spectrum of CpFe(CO)2StBu is 

compared to that of CpFe(CO)2SMe in Figure 5.3 and the peak positions are given in 

Table 5.3.  Like the first ionization band of CpFe(CO)2SPh studied previously,32 the first 

ionization of CpFe(CO)2StBu is much more symmetric than that of CpFe(CO)2SMe, 

suggesting either the presence of only one geometrical conformer or a close energy match 

of two conformers that result in a symmetric ionization band.  This first ionization band 

occurs at 7.00 eV, which is essentially unshifted with respect to the position of the first 

ionization band in the spectrum of the methylthiolate complex at 7.06-7.15 eV.  In 

comparison, the first ionization band of the free thiols show approximately a 0.4 eV shift 

upon going to the better tert-butyl donor group.132  This small shift in the metal-thiolate 



120 
 
 
 

 

 

Figure 5.3. Comparison of the He I PES 
spectra of CpFe(CO)2SMe and 
CpFe(CO)2StBu.  
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complex is again indicative of an “electronic-buffering” effect and will be discussed in 

further detail.  The overall appearance of the low energy valence PE spectrum of 

CpFe(CO)2StBu is similar to that of the methyl derivative and has been assigned 

similarly.   

 CpRe(NO)(PiPr3)SCH3.  The Ne I, He I and He II photoelectron spectra of 

CpRe(NO)(PiPr3)SMe from 6 to 11 eV are shown in Figure 5.4, and the fit parameters are 

given in Table 5.2.  Due to the asymmetry of this chiral complex, the sharpness of third-

row transition metal ionizations, and possible spin-orbit splitting, the valence ionizations 

are generally more separated than those of CpFe(CO)2SMe. While the spectrum of 

CpFe(CO)2SMe contained one low energy ionization well separated from the rest of the 

valence ionizations, the spectrum of CpRe(NO)(PiPr3)SMe has two low energy 

ionizations that are close in energy to each other, followed by three sharper ionizations 

between 7.5 and 9.0 eV. Comparison of the spectra of CpRe(NO)(PiPr3)SMe collected 

with different ionization sources shows that the bands below 7 eV both decrease in 

intensity compared to the third and fourth bands when the He II spectrum is compared to 

the He I spectrum, indicating that the first two bands arise from ionizations with 

substantial sulfur character, and the third and fourth bands have the larger amount of 

metal character.  The first two bands do not change in intensity compared to each other 

by a significant amount, so they must arise from orbitals with similar amounts of metal 

and ligand character.  In general, the intensity changes from Ne I to He I to He II 

excitation are less pronounced and do not follow uniform trends, suggesting a large 
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Figure 5.4. Ne I, He I and He II photoelectron 
spectra of CpRe(NO)(PiPr3)SMe. 
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Table 5.2. PES fit data for CpRe(NO)(PiPr3)SMe and 
CpRe(NO)(PPh )SMe. 3

CpRe(NO)(PiPr )SMe 3

 Relative Area  

Position He I Ne I/He I He II/He I Label 

6.49 1.30 0.75 0.49 M–S π* 

6.88 1.05 0.79 0.58 M1′ 

7.79 1.00 1.00 1.00 M2′ 

8.31 1.00 1.02 0.78 M3′ 

8.82 1.35 1.28 0.47 M–S σ 

)SMe CpRe(NO)(PPh3

 Relative Area  

Position He I Ne I/He I He II/He I Label 

6.47 0.63 1.34 0.67 M–S π* 

7.03 0.37 1.34 0.69 M1′ 

7.74 1.00 1.00 1.00 M2′ 

8.24 0.66 2.37 0.88 M3′ 
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amount of delocalization present in this low symmetry compound.131  A more detailed 

understanding of the nature of these ionizations is aided by the electronic structure 

calculations discussed later. 

 CpRe(NO)(PPh3)SCH3.  The Ne I, He I, and He II photoelectron spectra of 

CpRe(NO)(PPh3)SMe from 5.5 to 9 are shown in Figure 5.5, and the fit parameters are 

given in Table 5.2.  The presence of the phosphine phenyl π ionizations obscures 

ionizations above 8.5 eV such that only the first four ionization bands can be clearly 

distinguished.  The spectra in this region are very similar to those of 

CpRe(NO)(PiPr)SMe, with the first two ionizations indicating substantial sulfur 

character, and the third and fourth bands indicating a larger amount of metal character.  

Most interestingly, the first ionization energy of CpRe(NO)(PPh3)SMe is the same within 

experimental error to that of CpRe(NO)(PiPr3)SMe, unlike all other alkyl phosphine and 

phenyl phosphine congeners that have been studied.  For example, the first ionization of 

CpMn(CO)2PPh3 is destabilized 0.24 eV from the first ionization of CpMn(CO)2PMe3.133  

In this case the electronic-buffering effect occurs for ligand substitutions on the metal 

rather than the alkyl substitutions on the thiolate ligand highlighted earlier. 

 One difference between the spectra of CpRe(NO)(PPh3)SMe and 

CpRe(NO)(PiPr3)SMe is the change in relative intensities of the third and fourth 

ionization bands.  While in the spectra of CpRe(NO)(PiPr3)SMe these two bands did not 

change much in comparison to each other, for CpRe(NO)(PPh3)SMe the fourth band 

decreases substantially in the He II spectrum compared to the third band.  This is because 
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Figure 5.5. Ne I, He I and He II 
photoelectron spectra for 
CpRe(NO)(PPh3)SMe. 
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the M-P σ bond ionization has been destabilized for the PPh3 compound and the fourth 

band contains both the M-P σ bond ionization and a metal-based ionization. 

Electronic Structure Calculations.  Density functional theory (DFT) 

calculations have been utilized to provide additional insight into the Fe-S electronic 

structure interactions and to help interpret the electronic versus steric interplay upon 

going from CpFe(CO)2SMe to the isoelectronic CpRe(NO)(PR3)SMe complexes.  

Validation of the calculations comes from their ability to account for the geometric and 

electronic structures of the complexes.  Using DFT calculations, the optimized 

geometrical structures of CpFe(CO)2SMe and  CpRe(NO)(PiPr3)SMe have been 

determined and compared to their respective crystallographic structures (Table 5.3).  

Overall, the geometry-optimized structures agree well with the crystallographic structures 

with variations in the bond lengths and angles ranging from 0.01 to 0.1 Ǻ and 2-3º, with 

the exception of the N-Re-S and Re-S-C angles.  The crystallographic S-Re-N angle of 

the tri-isopropylphospine complex is 102.2º, but the geometry optimized structure 

predicts the angle to be 89.5º, and the Re-S-C angle is underestimated by 7º.  This 

difference may be due to crystal packing effects.  Most importantly the calculated Fe-S 

distance agrees to 3 decimal places, the S-C distance is correct within 0.016 Ǻ, and the 

Fe-S-C angle is correct within 2.5˚. 

We have previously investigated related CpRe(NO)(PPh3)X complexes using PES 

and DFT calculations and found that there are both steric and electronic contributions to 

the rotational orientation of the ligand on the z-axis.120  This rotational orientation is
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Table 5.3.  Comparison of crystallographic and geometry optimized structures of 
CpFe(CO)2SCH3 and CpRe(NO)(PiPr3)SCH3. 

CpFe(CO)2SCH3
a

 Experimentalb Calculated 

Fe-S 2.296 2.296 

Fe-Ccp

2.136, 2.124, 2.136, 2.124, 
2.124 (2.129)c

2.082, 2.076, 2.076, 2.048, 
2.048 (2.066) 

Fe-Ccentroid 1.757 1.675 

Fe-CCO 1.751 1.714 

S-Cthiol 1.819 1.803 

Cpc-c

1.357, 1.445, 1.445, 1.409, 
1.410 (1.413) 

1.415, 1.414, 1.430, 1.430, 
1.416 (1.421) 

C-O 1.15 1.159 

C-Fe-C 93.8 94.9 

S-Fe-Cco 90.7 90.0 

Fe-S-Cthiol 107.0 109.4 

Cthiol-S-Fe-Ccentroid 180.0 179.2 

CpRe(NO)(PiPr3)SCH3
d

 Experimental  Calculated 

Re-S 2.357 2.383 

Re-Ccp

2.294, 2.212, 2.371, 2.339, 
2.229 (2.289) 

2.204, 2.283, 2.233, 2.312, 
2.331 (2.273) 

Re-Cpcentroid 1.948 1.924 

Re-N 1.77 1.745 

Re-P 2.399 2.376 
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Cpc-c

1.420, 1.420, 1.420, 1.420, 
1.419 (1.420) 

1.415, 1.409, 1.439, 1.426, 
1.428 (1.423) 

N-O 1.191 1.187 

P-C 1.857, 1.859, 1.826 1.870, 1.868, 1.872 

S-Cthiol 1.644 1.811 

Re-S-Cthiol 111.3 104.6 

S-Re-N 102.2 89.5 

S-Re-P 91.3 90.0 

P-Re-N 91.3 90.0 

Re-P-C 110.1, 115.1, 116.4 110.1, 113.5, 111.1 

Cthiol-S-Re-Cpcentroid 77.6 74.3 

a: Comparison to CpFe(CO)2SC2H5 crystal structure from Reference 126, b: all distances 
are given in Å, c: average values are in parentheses, d: crystallographic information taken 
from Reference 11. 

 

 

 

 



129 
 
 
further investigated here specifically for the thiolate compounds CpFe(CO)2SMe, 

CpFe(CO)2StBu, and CpRe(NO)(PH3)SMe.  The energies of additional conformations 

were calculated by rotating the dithiolate about the M-S bond as illustrated in the 

Newman-type projection previously, and geometry optimizing the molecule around the 

fixed Cp-M-S-C dihedral angle.  Figure 5.6 shows the potential energy diagram for 

CpFe(CO)2SMe as a function of this dihedral angle.  In this potential energy diagram 

there exists a local minimum at approximately 78º and a global minimum near 180º, 

separated by an energy barrier of 2 kcal mol–1.  The observed crystallographic dihedral 

angle is 180º.  The similar energy of these two minima for CpFe(CO)2SMe supports our 

assignment that the structure of the first ionization of this molecule is due to the presence 

of two different geometrical conformers with slightly different populations.  The 

rotational conformation potential energy diagram (Figure 5.7) for CpFe(CO)2StBu differs 

from that of CpFe(CO)2SMe in that the two minima are now located at 95º and 165º, are 

both at the same minimum energy within a small fraction of a kcal/mol, and are separated 

by a rotational barrier of only 1 kcal mol–1.  This would indicate there are likely two 

conformations of CpFe(CO)2StBu present in the gas phase, but that equal populations of 

the two similar energy conformations results in the observed symmetric band. 

The calculated ionization energies using the ΔSCF method for CpFe(CO)2SMe 

and CpFe(CO)2StBu are compared to the experimental ionization energies in Table 5.4.  

Since the rotational conformation potential energy diagram calculated for 

CpFe(CO)2SMe and CpFe(CO)2StBu contain two minima, ΔSCF calculations were
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Figure 5.6. Calculated energy diagram for 
rotation about the Cp-Fe-S-C dihedral angle 
of CpFe(CO)2SMe showing the local and 
global minima at 78º and 180º, respectively. 
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Figure 5.7. Calculated energy diagram for the 
rotation through the Cp-Fe-S-C dihedral angle 
of CpFe(CO)2StBu and the resulting global 
minima at 95º and 165º. 
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Table 5.4. Experimental and calculated ionization 
energies for CpFe(CO) SR, where R is Me or tBu. 2

CpFe(CO) SMe 2

Kohn-
Sham 
Orbital 
Energy 
(eV) 

aΔSCF energy (eV)
I.E. 
(eV) Label 

78º 
dihedral 179º dihedral 

M1–S 
π* 

7.37 
(7.15) 7.06 -4.50 7.19 (7.15) 

8.55 
(8.33) 8.02 M2 -6.27 8.81 (8.77) 

9.04 
(8.82) 8.37 M3 -6.46 8.92 (8.88) 

9.43 
(9.21) 8.64 -6.72 9.26 (9.23) M1–S π 

9.73 
(9.51) 9.01 -7.10 9.68 (9.65) M-S σ 

 

CpFe(CO) StBu 2

Kohn-
Sham 
Orbital 
Energy 
(eV) 

ΔSCF energy (eV) 
I.E. 
(eV) Label 

95º 
dihedral 165ºdihedral 

M1–S 
π* 

7.12 
(7.00) 7.00 -4.49 6.99 (7.00) 

8.11 
(7.99) 7.80 M2 -6.00 8.36 (8.35) 

8.83 
(8.71) 8.14 M3  -6.33 8.70 (8.69) 

9.08 
(8.96) 8.38 -6.67 9.04 (9.03) M1–S π 

9.50 
(9.38) 8.79 -7.05 9.43 (9.42) M-S σ 

a: The values in parentheses have been normalized to the 
highest energy band used to fit the first ionization in the 
PES spectrum. 
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performed on both the local and global minima geometries.  Overall, the ΔSCF 

calculations overestimate the spread of the ionization energies, but the trend in ionization 

characters agrees with that observed in the experiment.  Contour plots for the first five 

highest occupied molecular orbital levels are shown in Figures 5.8 and 5.9 for 

CpFe(CO)2SMe and CpRe(NO)(PH3)SMe, respectively.  In Figure 5.9, the highest 

occupied molecular orbital (HOMO) is clearly the M1–S π*, the HOMO-1 is the M2 

orbital, and the HOMO-3 is the M1–S π orbital, consistent with the assignments in Table 

5.1.  The HOMO-2 and HOMO-4 orbitals derive from the M3 fragment orbital and Fe–S 

σ bond orbital, respectively, with a large amount of mixing between the two.  Since the 

HOMO-2 to HOMO-4 calculated and experimental energies lie within 1 eV of each 

other, the strong mixing of the metal and sulfur orbitals is not surprising. 

It is interesting to note that the difference between the ΔSCF values for the first 

band geometries at 78º and 179º of CpFe(CO)2SMe are approximately 0.18 eV apart, in 

agreement with the 0.19 eV difference in band energies used to fit the first ionization 

peak.  This supports the assignment of the first peak to ionizations from two 

conformations. For CpFe(CO)2StBu, ΔSCF calculations were performed on the similar 

energy conformers at 95º and 45º.  Overall the calculated first ionization for the 165º 

conformer matches extremely well with the experimental data.  Once again, the DFT 

calculations overestimate the spread of the ionization energies.  All of the calculated 

ionization energies for the 95º conformer of CpFe(CO)2StBu are within approximately 

0.1 eV of those of the 165º conformer.  This difference in calculated ionizations energies 
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Figure 5.8. Orbital contour plots of the 
valence molecular orbitals of 
CpFe(CO)2SMe. 
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Figure 5.9. Orbital contour plots of 
the valence molecular orbitals of 
CpRe(NO)(PH3)SMe. 
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is small enough that based on the full-width at half-maximum (FWHM) for the bands, the 

65º and 195º conformers are indistinguishable leading to the symmetric first ionization 

observed for CpFe(CO)2StBu. 

A similar analysis can be carried out for CpRe(NO)(PH3)SMe to investigate the 

effect of the bulky phosphine ligand on the rotational conformation.  Figure 5.10 shows 

the rotational conformation potential energy diagram for CpRe(NO)(PH3)SMe as the 

dihedral angle is changed.  There are no longer two energy minima, but a single global 

energy minimum located at 72.7º.  This compares well with the 77.6° angle determined 

crystallographically for CpRe(NO)(PiPr3)SMe.9  It is not surprising that this dihedral 

angle coincides with the local energy minimum of CpFe(CO)2SMe, since this orientation 

is the balance between steric and electronic factors in CpRe(NO)(PH3)SMe.  Most 

importantly, this orientation allows the thiolate to overlap with the metal d orbital that is 

delocalized over the nitrosyl ligand.  The backbonding from the metal to the nitrosyl 

ligand effectively removes electron density from this orbital on the metal, allowing the 

thiolate group to better donate to the metal fragment.  In essence, this rotational 

conformation allows for an “electronic-buffering effect” to take place and stabilize the 

dπ-pπ filled-filled interaction between the metal and thiolate fragments. 

 The ΔSCF calculations are compared to the PES data for CpRe(NO)(PiPr3)SMe 

and CpRe(NO)(PPh3)SMe in Table 5.5.  For both complexes, the ΔSCF calculations 

agree well with the observed ionizations and normalization to the first ionization of each 

complex shows that the calculated values agree with the experiment. 
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Figure 5.10. Calculated energy diagram for 
rotation about the Cp-Re-S-C dihedral angle 
for CpRe(NO)(PH3)SMe  and the resulting 
global minimum at roughly 72º.  
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Table 5.5. Experimental and calculated ionization 
energies for CpRe(NO)(PR )SMe where R is iPr or Ph. 3

 

CpRe(NO)(PiPr )SMe 3

Kohn-Sham 
Orbital Energy 

(eV) 

ΔSCF 
energy 
(eV)

I.E. (eV) Label 
a

6.45 -4.04 6.30 (6.45) M–S π* 

6.86 M1′ -4.57 6.74 (6.89) 

7.80 M2′ -5.56 7.78 (7.93) 

8.32 M3′ -6.12 8.27 (8.43) 

8.83 -6.30 8.59 (8.74) M-S σ 

CpRe(NO)(PPh )SMe 3

Kohn-Sham 
Orbital Energy 

(eV) 

ΔSCF 
energy (eV) I.E. (eV) Label 

6.46 -4.27 6.51 (6.46) M–S π* 

7.05 M1′  -4.84 6.83 (6.77) 

7.75 M2′ -5.69 7.67 (7.61) 

8.22 M3′ -6.27 8.08 (8.02) 

a: Values in parentheses are normalized to first 
ionization. 
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 The decrease in molecular symmetry for CpRe(NO)(PH3)SMe leads to extensive 

mixing of the metal and ligand orbitals as shown in Figure 5.9.  The contour plot for the 

HOMO clearly shows the M–S π* interaction with substantial sulfur character.  It is 

interesting to note that the calculations predict that the metal character of the HOMO is 

evenly split between the dxz and dyz orbitals (2.15 and 3.30%, respectively), highlighting 

the interplay between sterics and electronics.  The orbital combinations become a balance 

between the backbonding to the nitrosyl and the donation from the sulfur 3p orbitals 

according to the orientation of the thiolate.  According to the nitrosyl character, the 

HOMO-1, HOMO-2, and HOMO-3 orbitals retain their correlation with the M1′, M2′, 

and M3′ orbitals, respectively, described earlier.  HOMO-4 still correlates with the Re-S 

σ bond.  In addition, though, all of these but HOMO-2 also have considerable sulfur 3p 

character. This is consistent with the photoelectron spectra of these complexes, in which 

the third ionization (HOMO-2) shows the most metal character, but because of this 

mixing in the other orbitals, it is difficult to say more about the assignment of the other 

ionizations based on the cross-section changes.   

Comparison to Hydride and Chloride Compounds.  Further insight into the 

M–S π interactions of CpFe(CO)2SMe and CpRe(NO)(PR3)SMe can be gained by 

comparing the photoelectron spectra of these thiolate complexes to the analogous hydride 

and chloride compounds. 120,128,131 The hydride fragment possesses no filled pπ orbitals so 

a M-H dπ-pπ interaction will not be present.  A chloride ligand contains two filled pπ 
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orbitals and can have a dπ-pπ interaction with both the M1 and M2 orbitals of the metal 

fragments that have been described.  Chloride is known to have only weak π interactions 

with transition metals, primarily because of relatively poor energy matching between the 

chloride pπ and metal d orbitals.131  The relatively poor energy matching of the chlorine p 

orbitals with the metal orbitals is due to the electronegativity of the chlorine atom, and 

the resultant stabilization of the chlorine p orbitals with respect to the metal orbitals.  The 

sulfur atom, on the other hand, has a much smaller electronegativity and because of this, 

the sulfur p orbitals are destabilized compared to those of chlorine.154  This 

destabilization of the sulfur p orbitals allows for better energy matching with the metal 

orbitals, which results in better orbital overlap. 

 A correlation diagram comparing ionization energies for CpFe(CO)2H, 

CpFe(CO)2Cl, and CpFe(CO)2SMe is shown in Figure 5.11  The first ionization is greatly 

destabilized upon going from either the hydride or chloride complex to the thiolate 

complex.  This large destabilization is consistent with the assignment of the first 

ionization as the strongly mixed Fe–S π* orbital.  The ionizations M2 and M3 are also 

destabilized in the thiolate complex with respect to both the hydride and chloride 

complexes.  This is not expected for the hydride considering the greater electronegativity 

of sulfur than hydrogen, and is also surprising for the chloride considering that M2 has a 

destabilizing dπ-pπ interaction with a Cl pπ orbital.  The previously discussed filled-filled 

interaction of the Fe–S σ orbital with M3, as shown in the orbital plots, and the 

subsequent extra destabilization of M3 and deflection of M2 causes this trend. 
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Figure 5.11. Experimental ionization 
energy correlation diagram for A) 
CpFe(CO)2H, B) CpFe(CO)2Cl and C) 
CpFe(CO)2SMe. 
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 A correlation diagram prepared from experimental ionization energies for 

CpRe(PPh3)H, CpRe(NO)(PPh3)Cl, and CpRe(NO)(PPh3)SMe is shown in Figure 5.12.  

This presents a much different picture from the Fe complexes.  Here the metal-based 

ionizations shift fairly uniformly between the three complexes, which according to the 

orbital characters follows from extensive mixing among the metal orbitals and with the 

sulfur orbitals.  The most significant point is that in proceeding from the hydride to the 

chloride to the thiolate complex, the new ionization of the thiolate complex is the first 

ionization showing substantial sulfur character.  Thus oxidation of the complex is 

primarily sulfur-based. 

 

Conclusions 

 Photoelectron spectroscopy indicates that substantial mixing occurs between the 

metal and thiolate through a filled-filled dπ-pπ interaction for each of the transition 

metal-thiolate compounds studied here.  Because of the relative energies of the d orbitals 

of the metal fragment and the pπ orbital of the thiolate, this filled-filled interaction results 

in a high amount of sulfur 3p character in the highest occupied molecular orbitals of these 

compounds.  The high amount of sulfur character in the HOMOs of 

CpRe(NO)(PPh3)SMe and CpRe(NO)(PiPr3)SMe causes the first ionization energies of 

these two compounds to be the same within experimental error counter to the different 

first ionization energies that would be expected due to the different donor abilities of the  
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Figure 5.12. Experimental ionization energy 
correlation diagram for A) 
CpRe(NO)(PPh3)H, B) CpRe(NO)(PPh3)Cl 
and C) CpRe(NO)(PPh3)SMe. 
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phosphine ligands of these two compounds.  Similarly, this “electronic-buffering” effect38 

is also observed for the first ionization energies of CpFe(CO)2SMe and  CpFe(CO)2StBu 

for which differences in ionization energies would be expected as the thiolate donor 

strength is increased.  Electronic buffering by metal-thiolate interactions of even the large 

electronic changes anticipated with the variations of ancillary ligands for these systems 

gives insight into how a cysteinyl ligand may help modulate the redox potential of an 

enzyme metal center during catalysis. 

 This study of the isoelectronic class of compounds CpFe(CO)2SR and 

CpRe(NO)(PR3)SMe has shown that the presence of a thiolate ligand can balance 

electronic and steric factors to result in good overlap between the metal and sulfur 

orbitals.  This overlap leads to an “electronic-buffering effect” at the metal center, which 

makes assigning a formal oxidation state change to the metal center upon ionization 

essentially meaningless.  Further investigations of iron-sulfur interactions are being 

undertaken on the CpFe(CO)2SR system with greater variations in the thiolate ligand to 

further understand the role of cysteinyl and other thiolate ligation in iron-sulfur-

containing enzymes and electron transfer pathways. 
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CHAPTER  6 
 

ALKYLTHIOLATE ROTATIONAL CONFORMATION CHANGES IN 
(C5H5)Fe(CO)2SR: IRON-SULFUR dπ-pπ ORBITAL INTERACTIONS, 
ELECTRONIC BUFFERING, AND IMPLICATIONS TO ENZYMATIC 

PROCESSES 
 
 

Introduction 

As mentioned in Chapter 5, metal-sulfur interactions have been shown to play a 

pivotal role in biological systems.  In metalloproteins this interaction has been shown to 

act as a structural template, be involved in electron transfer, and influence catalysis,6,134 

while in metalloenzymes, metal-sulfur interactions have been implicated to modulate 

reduction/oxidation (redox) potentials and/or electron density of the active site metal 

center during substrate turnover.  These catalytic enzyme active sites utilize transition 

metals such as V, Fe, Co, Ni, Cu, Mo and W and exhibit metal-thiolate, -thioether, -

sulfide, and/or -dithiolene ligation.5-7,31   To offer insight into how metal-sulfur 

interactions modulate the metal center electron density during substrate binding/turnover 

and/or electron transfer, organometallic model compounds are often utilized to study the 

electronic structure of the active site, which may be shrouded by the protein backbone in 

the biological systems. These model compounds typically focus on the metal-ligand first 

coordination sphere interactions6,7,35,134 or a single interaction,39,41,42,44 but can also 

include second coordination sphere effects135,136 and/or hydrogen bonding137-141 to 

thoroughly model the active site pocket.  The spectroscopic properties of the active site 
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can then be compared to those of model compounds allowing for a detailed spectroscopic 

analysis of the geometric and electronic structures of the active site metal center. 

Of specific interest in this study is the role of iron-thiolate interactions in electron 

transfer and substrate turnover in enzymes such as cytochrome P450, nitrogenase, 

hydrogenases, iron-sulfur clusters, iron-sulfur proteins, sulfite reductase, and nitrile 

hydratase.5-7,142  Using model compounds, Kovacs and coworkers135,143 have recently 

investigated how the metal-thiolate interaction modulates substrate turnover in non-heme 

iron enzymes such as nitrile hydratase and superoxide reductase, and have specifically 

considered how M-S bond lengths, redox potentials, and orbital energy matching are 

influenced as the metal center d orbital occupation changes in a series of first-row 

transition M(II)-thiolate complexes.144  Solomon and coworkers145 have also investigated 

periodic trends in first row transition metal-thiolate complexes using spectroscopic and 

computational methodologies to understand how the thiolate ligand balances both ionic 

and covalent contributions to bonding in non-heme iron enzymes and model compounds.  

These studies specifically focused on how the orientation and electron density of the 

sulfur lone pairs affects metal-sulfur covalency, electron transfer, and substrate 

turnover135,140,141,143,146,147  Table 6.1 shows some representative metalloenzyme dihedral 

angles for metal-cysteinate interactions and the large range that these span. The above 

studies have shown that sulfur ligation to a metal center can have an “electronic buffering 

effect”38 which minimizes structural or electronic changes at the metal center.  
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Table 6.1 Representative crystallographic metalloenzyme dihedral angles. 
Enzyme PDB ID Res. 

(Å) 
Metal Dihedral Angle 

Nitrosocyanin 1IBY (oxidized) 1.65 Cu 110.0 O(Glu)-Cu-S(Cys)-Cγ 
 1IBZ (reduced) 2.30 Cu 123 O(Glu)-Cu-S(Cys)-Cγ 
Plastocyanin 1PNC 1.60 Cu 3.8 S(Met)-Cu-S(Cys)-Cγ 
 1PND 1.60 Cu 2.0 S(Met)-Cu-S(Cys)-Cγ 
FeFe 
Hydrogenase 

1HFE 1.60 Fe Fe-Fe-S(Cys)-Cγa 138.6 

NiFe 
Hydrogenase 

2FRV 2.54 Fe 105.7 
83.1 

CCO-Fe-S(Cys68)-Cγ   
CCO-Fe-S(Cys533)-Cγ 

Sulfite Oxidase 1SOX 1.90 Mo 81.7 Ooxo-Mo-S(Cys)-Cγ 
Sulfite 
Dehydrogenase 

2BLF 1.80 Mo 71.6 Ooxo-Mo-S(Cys)-Cγ 

a: The dihedral angle is defined using the iron-iron vector of the active site, 
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Recent interest in biomimetic and bioinsipired hydrogenase catalysts has also pushed for 

an understanding of iron-thiolate interactions.  The [NiFe], [FeFe], and iron-sulfur 

cluster-free hydrogenases all incorporate iron-cysteinyl thiolate interactions which are 

implicated in electron transfer and modulating the electron density at the iron site.  These 

hydrogenase active sites have carbon monoxide ligation, which makes infrared 

spectroscopy determination of the electron density on the metal center easily accessible.  

Recently, Thauer et al. published a proposed structure for the iron-sulfur cluster-free 

hydrogenase based on spectroscopic data,142 where the active site is proposed to consist 

of an iron center coordinated by a cysteinyl thiolate and two carbonyl ligands oriented 

90º to each other.  This proposed structure is similar to the classical CpFe(CO)2SR 

molecules, which also have a OC-Fe-CO angle of 90º and thiolate ligation.32,124,126  

Photoelectron spectroscopy has proven to be a powerful experimental tool for 

probing metal-ligand bonding,118-120 and it can be used to evaluate the frontier molecular 

orbital energies and overlap of the [CpFe(CO)2]+ – and RS  fragments and the effect of 

increasing the alkylthiolate chain length has on these energies and overlap, as mentioned 

in Chapter 5. The CpFe(CO)2SR complexes all exhibit a pseudooctahedral low-spin d6 

metal center (S = 0), while most metalloenzymes have a higher spin state.5  Nonetheless, 

these models afford a spectroscopically and computationally simple model to investigate 

how the metal-thiolate interaction is influenced by changes in the alkylthiolate donor 

ability and steric bulk. The metal-ligand interaction of interest is influenced by the 

occupations and energies of the metal-containing fragment orbitals and those of the 
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ligand.  Because of this, if the bonding capabilities of a series of ligands are to be 

compared, the metal fragment to which those ligands are bound must be similar. In 

particular, PES of piano-stool complexes incorporating a variety of ligands, have been 

studied in our laboratory, including aryl thiolates.32,44,120  The CpFe(CO)2SR (where Cp is 

cyclopentadienyl and SR is an aryl thiolate) class of molecules were shown to have a 

strong metal-sulfur dπ-pπ filled-filled interaction between the [CpFe(CO) ]+
2  and SR¯ 

fragments.32  The highest occupied molecular orbital (HOMO) of CpFe(CO)2SR was 

determined to be mainly sulfur 3p in character and the frontier molecular orbitals were 

shown to have an energy dependence on the Cpcentroid-Fe-S-C dihedral angle. This high 

amount of sulfur character in the HOMO of an iron-sulfur complex may help modulate 

the redox potential of the metal121,122  and gives insight into the catalytic properties of 

many metalloenzymes that exhibit cysteinyl coordination.   

This chapter explores new microwave syntheses, characterization, and analysis of 

the metal-sulfur bonding in the iron-thiolate complexes, CpFe(CO)2SR (where R is Me, 

Et, n i n tPr, Pr, Bu, Bu, and nHexyl), as determined by gas-phase ultraviolet photoelectron 

spectroscopy (PES) and density functional theory (DFT). This work builds on our 

previous PES studies of piano-stool thiolate complexes,32,42,120 and of the work presented 

in Chapter 5, by investigating how subtle substituent changes and the orientation of the 

thiolate ligand affect this fundamental Fe-S dπ-pπ interaction. 
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Experimental Methods 

General. Infrared spectra (Nicolet Avatar ESP 360 FT-IR, 4000-400 cm-1) were 

collected as Nujol mulls between NaCl plates, and mass spectrometry (direct ionization 

on a JEOL HX110) were used to identify the compounds.  CpFe(CO)2I was prepared and 

purified as previously described.148  [CpFe(CO) ]  (Aldrich),  I2 2 2 (J.T. Baker, sublimed), 

and CHCl  (EM Science, ACS grade) were used as received.  The CpFe(CO)3 2SR (where 

R is Et, n i n tPr, Pr, Bu, Bu and nHexyl) series of molecules were prepared similarly to 

CpFe(CO) 124SMe2  by either conventional means (stirring overnight) or by microwave 

synthesis (vide infra).  All CpFe(CO)2SR reactions were carried out under anaerobic 

conditions using Schlenk or glovebox techniques under argon or nitrogen environments, 

unless otherwise specified.  THF was used as received (anhydrous, DriSolv) or dispensed 

using an MBraun Solvent Purification System (EMD Omnisolv, unstabilized) and 

degassed using three freeze-pump-thaw cycles.  HSEt (Aldrich, 97%), HSnPr (Aldrich, 

99%), HSi n tPr (Aldrich, 97+%), HS Bu (Aldrich, 97%), HS Bu (Alfa Products, 99%), and 

HSC H6 13 (Aldrich, 95%) were distilled prior to use and stored under argon.  NaH 

(Aldrich, 95%) was used as received. 

Conventional Synthesis of CpFe(CO)2SR. CpFe(CO) SR (where R is Et, nPr, 2

i n tPr, Bu, Bu) were prepared and purified as previously described124 with minor changes 

(e.g. THF instead of Et2O).  Percent yields similar to those reported for CpFe(CO)2SMe 

(75%) and CpFe(CO) SEt (57.5%) were obtained, 60-30%, where decreasing percent 2
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yields and larger amounts of side products, primarily [CpFe(CO)SR]2, were observed for 

the longer alkyl thiolate chains. 

Microwave Synthesis of CpFe(CO)2SEt. To a suspension of NaH (0.06 g, 

0.0025 mol) in THF, an excess of HSEt (1 mL, 0.13 mol) was added dropwise until 

effervescence ceased.  A solution of CpFe(CO)2I (0.6379 g, 2.13 mmol) in THF was 

cannulated into the NaSEt suspension under Ar.  The reaction solution was then placed in 

a CEM Discover microwave synthesizer in Open-Vessel mode.  The reaction mixture 

was irradiated in the Power-Time mode for 2 minutes at 100 W, with a Tmax set to 67 ºC, 

with stirring and N2 cooling on.  After microwave irradiation, the mixture was filtered 

and evaporated resulting in nearly quantitative yield of the reddish-brown solid, 

CpFe(CO) SEt.  IR (Nujol) 2030, 1980 (CO) cm-1; MS m/z 237.877 (M+). 2

n i n tMicrowave Syntheses of CpFe(CO)2SR (R = Pr, Pr, Bu, Bu, and nHexyl). 

Microwave syntheses of these CpFe(CO)2SR compounds used the corresponding thiol 

and the same methodology and microwave parameters as for synthesis of CpFe(CO)2SEt. 

All syntheses yielded dry to oily (depending on alkyl chain length) reddish-brown 

products prior to purification.  For R= nPr, IR 2028, 1982 (CO) cm-1; MS m/z 252 (M+); 

R= iPr, IR 2028, 1981 (CO) cm-1; MS m/z 252.10 (M+); R=nBu, IR 2029, 1983 (CO) cm-

1; MS m/z 266.01 (M+); R= tBu, IR 2027, 1977 (CO) cm-1; MS m/z 267.1 (M+); R= 

nHexyl, IR 2029, 1983 (CO) cm-1; MS m/z 294.03 (M+). 
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Photoelectron Spectroscopy. Photoelectron spectra were recorded using an 

instrument, procedures and calibration as described in Chapter 2.  Sublimation 

temperatures are reported in Table 2.2. 

Computational Methodology. All computations were carried out using the 

Amsterdam Density Functional theory package (ADF2006.01, using default parameters 

except for the options given in parentheses) to study the electronic structures of 

CpFe(CO)2SR (R = Me, Et, n i n t nPr, Pr, Bu, Bu, and Hexyl).85-89,125  The optimized 

geometries of CpFe(CO)2SR were obtained in C1 symmetry to allow for optimization to 

the lowest energy structure.  All molecules were constructed from a geometry based on 

the crystal structure of CpFe(CO)2SC2H ,126
5  such that the Fe-S bond lies along the z-axis 

and the y-axis bisects the OC-Fe-CO angle.  A generalized gradient approximation, with 

the correlation of Perdew, et al.90 and exchange correction of Handy and Cohen91 (GGA 

OPBE), was used for calculations of the optimized geometries.  The calculations 

employed double- or triple-zeta basis sets with Slater type orbitals and polarization 

functions for all elements (DZP for H, C, O, and S, and TZP for Fe).  Higher level basis 

sets did not give significantly different results for comparison with the ionizations.  

Calculations on the ground-state molecules were performed in the spin-restricted mode 

since the molecules are closed-shell (i.e. all electrons paired).  Calculations on excited-

state molecules were performed in the spin-unrestricted mode to account for the unpaired 

electron.  Relativisitic effects were considered for all atoms by using the Zero Order 

Regular Approximation (relativistic scalar ZORA).  The numerical integrals in ADF were 
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evaluated to six significant figures (integration = 6.0) and the convergence criteria of the 

energy, gradients, estimated coordinate uncertainty and self-consistent field (SCF) were 

tightened (converge E = 0.0005 grad = 0.001 rad = 0.0005, convergence 1e-6 1e-6, 

respectively).  Potential energy curves investigating the change in ground state energy 

with the change in dihedral angle from 5º to 175º were constructed using the linear transit 

option in the ADF package.  The νCO stretching frequencies were calculated using the 

AnalyticalFreq keyword with the geometry optimized models.   

ΔSCF calculations of the ionized states were performed on the optimized 

geometry of the neutral molecule, with one electron removed from the relevant orbital.  

Since the neutral molecules are closed-shell, only doublet states were calculated.  The 

ΔSCF estimate of the ionization energy is the difference between the calculated total 

energy of the ionized state and that of neutral ground state molecule.  A linear correction 

was applied for comparison of the calculated and the observed energies, i.e. calculated 

ΔSCF energies estimates of the ionization energies were shifted by the difference 

between the observed and the calculated first ionization energy. Orbital plots were 

created using the visualization program MOLEKEL48 with a surface cutoff value of 0.05. 
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Results and Discussion  

Microwave Synthesis of CpFe(CO) SR.  The CpFe(CO) SR (where R is Me, Et, 2 2

n i n t nPr, Pr, Bu, Bu, and Hexyl) series of compounds were prepared using an amended 

procedure of Ahmed et al.124  Instead of stirring overnight after addition of the 

CpFe(CO)2I solution to the NaSR suspension, the reaction mixture was placed in a CEM 

Discover Microwave Synthesizer for two minutes at 100 W.  Lower power conditions (50 

W) lead to incomplete reaction of the starting materials, whereas longer dwell times and 

higher power conditions (150, 200, or 300 W) resulted in increased side product 

formation.   After irradiation, the reaction mixture was dried in vacuo.  For the short 

chain alkyl groups (Et, n iPr, Pr), drying resulted in a dry solid with minimal side products 

(e.g. unreacted starting material, disulfide, [(CpFe(CO)(μ-SR))2]).  For longer alkyl 

groups (n tBu, Bu, and nHexyl), the resultant residues obtained were oily with an increase 

in side product formation, which may be due to both the bulkier alkyl group and the more 

basic thiolate, leading to quicker side product formation.  The products were 

characterized by mass spectrometry and their infrared, νCO, stretching frequencies.  The 

symmetric and anti-symmetric νCO stretching frequencies show very little change 

throughout the CpFe(CO)2SR series, and this trend is reproduced by DFT calculations, as 

reported in Table 6.2.  Previous DFT frequency calculations have also been shown to 

correlate well with solution phase data.149-151  The values for the CpFe(CO)2SR series of 

compounds is in contrast to the νCO stretching frequencies of CpFe(CO) (SC H2 6 4-p-X) 

reported by Ashby et al.32 which show a stepwise increase in energy with increase in 
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Table 6.2.  Comparison of experimental and DFT calculated νCO stretching 
frequencies (cm-1). 
 CpFe(CO) SR 2

a n i n t nMe Et Pr Pr Bu Bu Hexyl νCO

Exp. 2029, 
1981 

2028, 1983a 2028, 
1982 

2028, 
1981 

2029, 
1983 

2027, 
1977 

2029, 
1983 2030, 1980 

    
DFT 2033, 

1990 
2038, 1995 2034, 

1990 
2035, 
1991 

2034, 
1990 

2034, 
1991 

2033, 
1990 

a: Values taken from Ref. 124 
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electron withdrawing ability of the aryl para-substituent.  This suggests an effective 

reduction of the amount of electron density at the metal center that can backbond with the 

carbonyl π* acceptor orbital.  This is expected since the para-substiuents have pπ overlap 

with the thiophenol ring and span a wider range of electron donating and withdrawing 

ability than the alkyl thiolate derivatives. 

General Bonding and Structure Considerations. The electronic structure of the 

[CpM(CO) +
2]  fragment has been described127 and its interactions with an additional 

ligand to form a three-legged piano stool complex have been extensively studied by 

photoelectron spectroscopy.128  We have previously described32,44 the dπ−pπ interaction 

of the thiolate ligand with the metal fragment in Chapter 5.   

For the piano-stool complexes discussed here, the rotational orientation of the SR– 

fragment can be defined by the R-S-M-Cpcentroid dihedral angle as defined in Chapter 5. 

This dihedral angle directly influences the nature of the M–S π interaction,32 including 

which metal orbital, M1 or M2, has  π overlap with the sulfur 3px or 3py 

orbitals.32,44,129,152  The crystal structure of CpFe(CO)2SC H  exhibits a Cp2 5 centroid-Fe-S-C 

dihedral angle of 180°,126 which places the R group in the plane between the two 

carbonyl ligands, giving the molecule Cs symmetry.  This orientation allows maximal 

overlap of the 3p + sulfur lone pair orbital with M1 of the [CpFe(CO) ]x 2  fragment.  DFT 

calculations of CpFe(CO)2SMe have shown that rotation around this dihedral angle result 

in local and global energy minimums located at approximately 78º and 179º, respectively, 

for CpFe(CO) SMe (Figure 5.6).44   2
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Assignment of Photoelectron Spectra. The photoelectron spectra of 

CpFe(CO)2SMe and CpFe(CO) St
2 Bu have been previously described in Chapter 5.  The 

ionizations in the low energy ionization region arise from the three filled metal fragment 

d orbitals (labeled M1, M2, and M3),  the sulfur 3pπ lone pair, and the M-S σ orbital as 

described in Chapter 5 (Figure 5.1).  The ionization region above 9.5 eV is expected to 

contain ionizations from the e set of π orbitals from Cp, the C-S s orbital, and the C-C 

and C-H interactions, but these ionizations are not clearly resolved and cannot be 

unambiguously assigned.  Figure 5.2 shows the Ne I, He I, and He II photoelectron 

spectrum of CpFe(CO)2SMe and our previous assignments to each valence ionization 

band.  The ionization peak intensity changes observed using a lower energy (Ne I, 16.85 

eV) photon source or a higher energy (He II, 40.8 eV) photon source are due to the direct 

relation of the atomic orbital cross-sections to the molecular orbitals (the Gelius model).52   

Calculated atomic orbital cross-sections53 have been found to give a useful comparison to 

experimental results where Fe 3d ionizations increase in intensity upon going from He I 

to He II compared to C 2p, O 2p, and S 3p ionizations, whereas the opposite trend is true 

upon going from He I to Ne I. Since the compounds differ only in the length or branching 

of the alkylthiolate chain, the PE spectra of the CpFe(CO)2SR series should be very 

similar and the assignments will be based on the analysis of CpFe(CO)2SMe and 

CpFe(CO) StBu in Chapter 5. 2

Based upon the Ne I, He I, and He II valence spectra and DFT calculations the first 

ionization band of CpFe(CO) SMe has been assigned to two different rotational2
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-Fe-S-C dihedral angle.44conformers about the Cpcentroid   This first ionization band is 

assigned to the M1-S π* interaction, similar to that of the He I first ionization band of 

CpFe(CO) 32SPh,2  and exhibits a low energy shoulder.  The two Gaussian bands used to 

fit the first ionization are separated by 0.19 eV and will be discussed in further detail 

later.  The additional ionization band profile located below 9.5 eV can be assigned to the 

M2, M3, M1-S π, and M-S σ molecular orbitals in order of increasing energy 

stabilization.  The valence photoelectron spectrum of CpFe(CO)StBu was assigned 

similarly with the exception that the first ionization band (M1-S π*) has now been fit 

with only one Gaussian band.  The full-width at half-maximum (FWHM) and shape of 

this ionization band led to the hypothesis that either only one geometrical conformer was 

present in the gas phase or that two conformers of equal energy were present.  A detailed 

DFT analysis of the potential energy change with change in dihedral angle led to the 

conclusion that two equal energy conformers were present in the gas-phase experiment 

and assignment of this ionization peak to one Gaussian band was justified. 

Figure 6.1 shows a stack plot of the photoelectron spectra for the entire 

CpFe(CO)2SR series considered here.  From this figure it is immediately apparent that the 

ionization profiles below 9.5 eV for each complex are very similar.  The first ionization 

for each molecule is located near 7.0 eV (red line in Figure 6.1) and show a small 

ionization energy perturbation with increasing alkyl length or branching.  These 

ionization energies are summarized in Table 6.3.  The first ionization peak for each 

molecule also shows similar FWHM between 0.38-0.43 eV (except for CpFe(CO)2SEt
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Figure 6.1. Stack plot of CpFe(CO)2SR series. 
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Table 6.3. Experimental and calculated ionization energiesa for CpFe(CO)2SR. 

CpFe(CO) SMe 2

Kohn Sham Orbital energiesc ΔSCF I.E. Label 

179 º dihedral  179º dihedral 78º dihedral 

7.13 b -4.50 (7.13) 7.19  7.37  M1–S π* -4.60 (7.13) 

8.02 M2 -6.27 (8.89) -6.02 (8.55) 8.81  8.55  

8.37 M3 -6.46 (9.09) -6.49 (9.02) 8.92  9.04  

8.64 -6.72 (9.34) 9.26  9.43  M1–S π -6.85 (9.38) 

9.01 -7.10 (9.73) 9.68  9.73  M-S σ -7.10 (9.63) 

CpFe(CO) SEt 2

  180º dihedral 73º dihedral 180º dihedral 73º dihedral 

7.11 b M1–S π* -4.48 (7.11) 7.10 7.28 
-4.58 (7.11) 

8.02 M2 -6.24 (8.87) -6.01 (8.54) 8.71 8.46 

8.39 M3 -6.47 (9.10) -6.49 (9.02) 8.84 8.95 

8.68 M1–S π -6.70 (9.33) -6.88 (9.41) 9.16 9.36 

8.97 M-S σ -7.10 (9.73) -7.08 (9.61) 9.60 9.61 

SnPr CpFe(CO)2

  179º dihedral 74º dihedral 179º dihedral 74º dihedral 

7.04 b M1–S π* -4.469 (7.04) -4.57 (7.04) 7.05 7.23 

7.93 M2 -6.234 (8.81) -6.00 (8.47) 8.67 8.42 

8.32 M3 -6.461 (9.03) -6.48 (7.52) 8.81 8.87 

8.58 M1–S π -6.693 (9.26) -6.85 (7.42) 9.10 9.25 
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8.91 M-S σ -7.079 (9.65) -7.07 (7.26) 9.45 9.50 

      

SiPr CpFe(CO)2

  179º dihedral 152º dihedral 179º dihedral 152º dihedral 

7.05 M1–S π* -4.468 (7.05) -4.52 (7.05) 7.00 7.08 

7.96 M2 -6.20 (8.78 -6.09 (8.62) 8.60 8.48 

8.32 M3 -6.43 (9.01) -6.39 (8.92) 8.79 8.79 

8.57 M1–S π -6.72 (9.30) -6.71 (9.24) 9.15 9.09 

8.89 M-S σ -7.05 (9.64) -7.09 (9.62) 9.45 9.54 

CpFe(CO) SnBu 2

  178º dihedral 73º dihedral 178º dihedral 73º dihedral 

7.02 b M1–S π* -4.46 (7.02) -4.56 (7.02) 7.02 7.21 

7.95 M2 -6.23 (8.79) -6.00 (8.45) 8.62 --- 

8.33 M3 -6.46 (9.01) -6.47 (8.93) 8.78 8.81 

8.63 M1–S π -6.69 (9.25) -6.85 (9.30) --- 9.17 

8.9 M-S σ -7.07 (9.63) -7.07 (9.53) 9.08 9.45 

StBu CpFe(CO)2

  164º dihedral 95º dihedral 164º dihedral 95º dihedral 

7.12 7.00 M1–S π* -4.489 (7.00) -4.56 (7.00) 6.99 

7.8 M2 -6.00 (8.51) -5.78 (8.22) 8.36 8.11 

8.14 M3 -6.33 (8.84) -6.45 (8.90) 8.70 8.83 

8.38 M1–S π -6.67 (9.18) -6.73 (9.17) 9.04 9.08 

8.79 M-S σ -7.05 (9.56) -7.06 (9.50) 9.43 9.50 
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CpFe(CO) SnHexyl 2

  179º dihedral 74º dihedral 179º dihedral 74º dihedral 

6.98 b M1–S π* -4.46 (6.98) -4.56 (6.98) 7.01 7.18 

7.95 M2 -6.23 (8.74) -5.99 (8.41) 209.79 8.32 

8.31 M3 -6.45 (8.97) -6.47 (8.89) 209.79 8.67 

8.6 M1–S π -6.69 (9.20) -6.84 (9.26) 8.68 8.98 

 8.89 M-S σ -7.06 (9.58) -7.07 (9.49) --- 

a: All energies are reported in eV b: Energy of the first ionization peak when fit with one 
Gaussian. c: The values in parentheses have been normalized to the highest energy band 
used to fit the first ionization in the PES spectrum. 
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which has a FWHM of 0.57 eV) when fit with a single Gaussian band.  The higher 

energy ionizations also show  slight perturbations in energy, but appear to be similar in 

energy.  Plotting the Gaussian fit bands from Table 6.3 for each molecule shows that the 

first ionization decreases in energy almost linearly from 7.13 eV for the methyl 

substituent, to 6.98 eV for the n-hexyl (Figure 6.2).  This “electronic-buffering effect” 

keeps the highest occupied molecular orbital (HOMO) at nearly the same energy for this 

series of compounds.   

A different trend is observed for the higher energy ionizations and a few things 

must be considered.  For the higher energy Gaussians used to fit the ionization profile 

from approximately 9.0 to 7.5 eV, there is an undulation of the Gaussian position with the 

number of carbons in the alkyl chain and the relative branching of the alkyl chain.  The 

linear alkylthiolate compounds show an odd-even dependence in the band fitting for this 

energy range which is most noticeable for M2, M3, and M1-S π (Figure 6.2).  As 

expected for the branched thiolates the energies of the fit bands are most destabilized for 

the tert-butyl thiolate, due to the electron donating ability of this thiolate.  CpFe(CO) Si
2 Pr 

shows a different trend and appears to be slightly stabilized compared to CpFe(CO) Sn
2 Pr, 

but the band energy difference is within the resolution of the experiment (±0.02 eV) 

making the bands’ energies essentially the same.  This odd-even dependence of the 

higher energy orbitals cannot be ascribed to a single variable thus far, and may be due to 

a variety of factors including alkyl polarizability, hyperconjugation onto the alkyl group, 
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Figure 6.2.  Trends in ionization energies for the CpFe(CO)2SR series 
of compounds. 
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and steric interactions of the alkane.138, 152   These odd-even ionization energy trends for 

each orbital are reproduced by the Kohn-Sham orbital energies as seen in Figure 6.3 

indicating that this behavior does not stem exclusively from the error in the band 

analysis. 

Conformational Analysis. To provide additional insight into the role of 

electronic and steric interplay affecting the Fe-S interaction, DFT calculations have been 

utilized.  Our previous DFT investigation (Chapter 5) of CpFe(CO)2SMe showed that 

basis sets and density functional used resulted in geometry optimized coordinates that 

agree well with the crystallographic structure of CpFe(CO) SEt.126
2    The calculated bond 

lengths and angles agree to within 0.01 to 0.1 Å and 2-3º, most importantly the Fe-S 

distance is predicted to within three decimal places, the S-C distance is correct to within 

0.016 Ǻ, and the Fe-S-C angle is correct within 2.5˚.  Since crystal structures are not 

available for the entire series of complexes present here, it is assumed that the predicted 

geometric structure of the CpFe(CO)2SR series is similar to the crystallographically 

determined structure of the ethyl derivative. 

With regard to the PES experiment the molecular symmetry has been reduced 

from C  to Cs 1 in the DFT calculations to account for rotational conformers that may be 

present in the gas-phase experiment during data collection.  To explore the possible 

presence of rotational conformers during the PES experiment, potential energy surfaces 

were calculated (using the Linear Transit option in ADF) by geometry optimizing the 

molecule around a fixed Cp -Fe-S-C dihedral angle through the range 5º-180º.  The  centroid
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Figure 6.3. Trends in Kohn-Sham orbital eigenvalues for 
the CpFe(CO)2SR series of compounds. 
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resulting potential energy surfaces for the complexes with linear alkylthiolates showed 

the presence of two geometrical conformers.  The global energy minimum for each 

molecule was typically located at a dihedral angle of approximately 178º-180º, while the 

local minimum was located within the range of 73º-78º (Table 6.3).   

For the branched tert-butylthiolate and iso-propylthiolate complexes a different 

behavior was observed.  Both branched complexes exhibit three minima in the potential 

surface calculations.  CpFe(CO) St
2 Bu shows two similar energy global minima at 

dihedral angles of 95º and 165º and a local minimum at approximately 75º (Figure 5.7).  

Geometry optimizations were carried out at these three minima and the Cpcentroid-Fe-S-C 

dihedral angle of CpFe(CO)2StBu was allowed to rotate freely to find the minimum 

electronic structures.  These further geometry optimizations showed that the barrier to 

rotation at the 75º local minimum was small enough to allow the molecule to geometry 

optimize at a dihedral angle of approximately 95º, essentially removing the local 

minimum from the potential energy curve.  The potential energy curve of CpFe(CO) Si
2 Pr 

also has three energy minima, with a global energy minimum at 179º, a slight minimum 

at 152º, and a very shallow local minimum at 103º.  Geometry optimization of 

CpFe(CO) Si
2 Pr starting at 179º results in the 152º dihedral angle.  This suggests that 

although the potential energy curve shows a global minimum at 179º, there may be other 

factors influencing the orientation and orbital energies in the 152º dihedral angle 

structure. 
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Calculated Ionization Potentials.  ΔSCF calculations were also performed on 

the global and local minima of each structure to gain additional insight into 

understanding the observed band structure on the first ionizations; Table 6.3 summarizes 

these results.  The calculated ΔSCF first ionization for the approximately 180º dihedral 

angle for the CpFe(CO)2SR series is very similar to the first ionization band fit with one 

Gaussian in each case (±0.01 eV), with the exception of CpFe(CO)2SMe (0.06 eV), 

CpFe(CO)2SiPr (0.05 eV), and  CpFe(CO) Sn
2 Hexyl (0.03 eV) but these are not very large 

differences given the shape and width of the first ionization band.  This suggests that the 

peak intensity may be due primarily to the 180º conformer but, since the potential energy 

curves show at least two energy minima for each compound a Boltzmann analysis was 

performed to estimate the relative populations of the local and global minima in the gas-

phase experiment.  These Boltzmann analyses using the local and global conformer 

ground state energies suggest that for the linear alkane thiolate compounds the first 

ionization band should be fit with two Gaussians in a 2:1 ratio representing the 

local:global populations with the higher energy ionization resulting from the local 

minimum (Table 6.4).  This is unexpected as it was previously assumed that the higher 

energy ionization resulted from the more stable conformation.44  Although the structure 

of neither of these gas-phase conformers can be structurally determined from the PES 

experiment, the DFT calculations offer a guide for fitting the first ionization band profile. 

 Based on the Boltzmann analysis and the inverted population distributions (local 

> global) during the gas phase experiment a rationalization for the first ionization 
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asymmetry or symmetry was sought.  Re-examining the potential energy curves of the 

linear and branched alkylthiolate series of complexes presented an explanation based on 

the probability of populating either state.  Figures 6.4 and 6.5 show the extended potential 

energy curves for CpFe(CO)2SMe and CpFe(CO) St
2 Bu, respectively, for full rotation 

about the Fe-S bond, which encompasses the full dihedral angle range of 0° to 360°.  For 

CpFe(CO)2SMe (Figure 6.4), the probability of occupying the local energy minimum is 

twice that of the global energy minimum, if it is assumed that the population distribution 

across all the energy minima is equal (⅓,⅓,⅓ for a ratio of 2:1).  Since the energy 

difference between the global and local minima is less than kT at the temperatures of data 

collection, and the barrier to rotation between each conformation is small (<2 kcal mol–1), 

this assumption is valid.  For the branched complex, CpFe(CO)2StBu, the steric bulk 

shifts the “global” minimum away from 180° to 165°, which effectively removes the 2:1 

population ratio, as now both global minima are available during rotation along the Fe-S 

bond.  The steric bulk of the alkylthiolate ligand results in the probability of populating 

each conformation being equal (¼,¼,¼,¼ resulting in a 1:1 ratio of the 95° and 165° 

conformers) as shown in Figure 6.5.  Once again, this is reasonable, given that the 

difference in energy minima resulting from rotation of the alkylthiolate group along the 

Fe-S bond is small, as are the barriers to rotation between each minimum.  This 

alternative explanation of the asymmetry or symmetry of the first ionization offers a 

tangible explanation of how each “rotational state” could be populated during the PES 

experiment.  For the branched alkane thiolate compounds (Table 6.4), the ΔSCF 

 



170 
 
 
 

 

Figure 6.4.  Full potential energy curve for CpFe(CO)2SMe showing 
the energy of each conformation. 

 

Figure 6.5.  Full potential energy curve for CpFe(CO)2StBu showing the 
energy of each conformation.
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Table 6.4. CpFe(CO)2SR conformational energies and Boltzmann 
populations. 
R Dihedral 

Angle
Ground State 
Energy

E
a b (eV) 

local-Eglobal 
(kcal/mol) 

Boltzmann  
Population 
(Nglobal/Nlocal) 

Me 179º -127.642 0.53 
 74º -127.625 

0.37 
 

Et 180º -144.089 0.50 
 73º -144.072 

 0.41 
 

nPr 179º -160.516 0.51 
 74º -160.499 

0.39 
 

iPr 179º -160.503   
 151º -160.485 0.42 0.49 
 103º -160.482 0.48 0.44 
nBu 178º -176.940 0.46 
 73º -176.923 

0.46 
 

tBu 164º -176.806 0.89 
 95º -176.803 

0.07 
 

nHexyl 179º -209.793 0.53 
 74º -209.776 

0.41 
 

a: Dihedral angle from geometry optimized structures, b: LDA+GGA-XC 
energy from DFT calculations. 
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Sicalculations predict the first ionization of CpFe(CO)2 Pr to be at 7.00, 7.08, and 7.21 eV 

for the 179º, 152º, and 103º dihedral angle conformations.  While all of these calculated 

energies are contained within the width of the first ionization, the 152º dihedral angle is 

the closest to the peak maximum energy of 7.05 eV (when fit with a single Gaussian).  

The Boltzmann analysis of the ground state energies for each of these rotational 

conformations suggests that the relative populations of the 152º and 103º conformers 

should be equivalent and in each case are twice as populated as the 179º conformer.  This 

suggests that the 179º conformer of CpFe(CO) Si
2 Pr may be a minor component of the 

first ionization band and this band should be fit with two equal intensity Gaussian bands 

representing the 152º and 103º conformations.   

A similar analysis can be done for CpFe(CO) St
2 Bu, which also shows two 

conformational minima at dihedral angles of 164º and 95º.  The 75º conformer was not 

considered due to the low rotational barrier resulting in geometry optimization to the 95º 

conformer (vida supra).  In Chapter 5 the symmetric first ionization of CpFe(CO) St
2 Bu 

was attributed to both the 164º and 95º geometrical conformers, since they are both 

global minima on the potential energy curves and should result in similar first ionization 

energies.  Further analysis, shows that while the 164º and 95º conformers do have the 

same ground state energies the ΔSCF-calculated first ionizations are 6.99 and 7.12 eV, 

respectively.  Both of these calculated ionization energies are contained within the width 

of the first ionization band, which makes assignment to each individual state difficult.  

While the calculated first ionization of the 164º conformer is closest to the single 
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Gaussian best fit, the Boltzmann distribution suggests that these conformers are present 

in equal amounts and should be represented as such in the data fitting.  Thus the first 

ionization band for CpFe(CO) St
2 Bu has been fit with two equal intensity Gaussians 

representing the 164º and 95º dihedral angles similar to the isopropyl compound.  Figure 

6.6 shows the final Gaussian fit data for the CpFe(CO)2SR series of compounds using the 

Boltzmann analysis. 

Table 6.5 compares the fit PES data using the Boltzmann distributions to the 

calculated ΔSCF energy difference for the two rotational conformers present in the 

CpFe(CO)2SR series.  The similar differences in energy suggest that two conformations 

are populated during the gas-phase PES experiment, and that this gives rise to the 

symmetric or asymmetric first ionizations observed.  For the CpFe(CO)2SR series the 

ΔSCF method correctly predicts the trends in the remaining ionizations (HOMO-1 

through HOMO-4).  However, the ΔSCF method overestimates the energies of these 

ionizations compared to the experimental values and does not reproduce the odd-even 

dependency of the HOMO-1 through HOMO-4 as seen with the PES data and the Kohn-

Sham orbital eigenvalues.  This is not surprising, given the strong metal and sulfur orbital 

mixing in the HOMO-1 to HOMO-4 and that the calculated and experimental energies lie 

within 1 eV of each other. 

Orbital Character Analysis.  Using DFT, the orbital percent characters of the 

CpFe(CO)2SR series can also be calculated and compared throughout the series to 

explore how the alkane chain length and branching affects the thiolate orbital 
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Figure 6.6. Stack plot of CpFe(CO)2SR PES data using the 
Boltzmann analysis data to fit the first ionization, along with the 
resultant fit line (blue). 
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Table 6.5.  Comparison of CpFe(CO)2SR first ionization Gaussian 
splitting using the ΔSCF method and the Boltzmann analysis.a

 R 

 

 

 

 Me Et nPr iPrb nBu tBu nHex 
c 0.19 0.18 0.18 0.14 0.18 0.14 0.17 ΔSCF

dPES 0.21 0.17 0.16 0.13 0.17 0.13 0.16 
a: All values given in eV, b: Values for the 152° conformer, c: Values 
are the difference of global and local energies for the first ionization, 
d:Values are the difference the Gaussian bands used to model the first 
ionization based on the Boltzmann analysis. 
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contributions.  Table 6.6 shows that for all of the CpFe(CO)2SR compounds the HOMO 

(M1-S π*) is primarily sulfur in character (~71% S p) with some iron character (~17% Fe 

dxz).  This similarity in character suggests that the thiolate alkyl chain does not perturb 

the iron or sulfur electron density in the HOMO.  For the HOMO-1 (M2), all of the linear 

alkylthiolate complexes exhibit approximately 65% iron character with decreasing sulfur 

character as the alkane chain lengthens resulting in slight delocalization onto Cα of the 

alkane chain.  In M2 the branched alkylthiolate complexes have lower iron character 

(49% for CpFe(CO)2SiPr and 41% for CpFe(CO) St
2 Bu) than their linear conjugates and 

larger sulfur character (29% for iPr and 39% for tBu complexes) but more delocalization 

is observed onto C  and Cα β.  This larger sulfur character can be attributed to the 2º and 3º 

carbons to which the sulfur is bonded, which results in an increase in donor ability.  For 

the HOMO-2 (M3) there is also a linear versus branched alkane thiolate dependence.  In 

the linear alkane thiolate complexes the iron character increases slightly from 

approximately 22% to 23%, while the sulfur character increases from 35% to 38% with 

increasing chain length, but C  and Cα β are only slightly perturbed.  In the branched 

alkane thiolate complexes the iron character increases dramatically (41% for iPr and 43% 

for tBu derivatives), the sulfur character decreases dramatically (15 and 14%, 

respectively), while the C  and Cα β alkane character remain unperturbed.  In the HOMO-3 

(M1-S π) the iron and sulfur characters remain constant at approximately 57-58% (51% 

for the iPr conformer) and 17-18% (22% for the iPr conformer), respectively.  Finally, in 

the HOMO-4 (M-S σ) the iron and sulfur characters remain similar in their ranges of 60- 
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Table 6.6.  DFT calculated elemental percent character for the CpFe(CO)2SR 
valence orbitals.a

  R 
Orbital Atomb n i n t nMe Et Pr Pr Bu Bu Hexyl 
HOMO Fe 17.31 17.16 17.2 15.89 17.26 16.76 17.21 

S 70.95 71.29 71.37 72.11 71.3 71.98 71.5 (M1-S π*) 
 n/a n/a n/a n/a n/a 1.22 n/a Cα

 n/a n/a n/a n/a n/a n/a n/a Cβ

HOMO-1 Fe 66.06 65.16 65.76 48.84 65.69 41.04 66.36 
(M2) S 14.27 13.52 12.96 28.59 13.07 37.84 11.75 
 3.06 3.59 3.57 3.39 3.62 4.6 n/a Cα

 n/a n/a n/a 1.18 n/a 1.62 n/a Cβ

HOMO-2 Fe 23.07 22.76 22.45 41.58 22.41 43.05 21.55 
(M3) S 35.09 35.89 36.32 15.05 36.21 14.4 37.65 
 1.19 1.46 1.43 1.26 1.36 n/a 1.48 Cα

 n/a n/a 1.02 n/a 1.06 n/a 1.12 Cβ

HOMO-3 Fe 57.86 57.83 57.76 50.58 57.56 56.59 57.86 
S 17.67 16.99 17.04 22.21 16.97 17.56 16.87 (M1-S π) 

 n/a n/a n/a n/a n/a n/a n/a Cα

n/a n/a n/a n/a n/a n/a n/a  Cβ

HOMO-4 Fe 61.83 60.66 59.8 61.86 59.98 62.35 57.3 
S 9.59 10.87 10.44 8.35 10.18 7.21 9.01 (M-S σ) 

 n/a n/a 1.06 1.36 1.12 n/a 1.31 Cα

 n/a 1.48 1.85 1.08 2.00 n/a 2.16 Cβ

a: Values are for the global minimum of each molecule and for the 152° conformer 
of CpFe(CO)2SiPr, b: Cp and carbonyl character has been omitted for clarity. 
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62% and 9-11%, respectively (with decreased sulfur character, 7-8%, in the branched 

alkylthiolate complexes). 

These results support the “electronic-buffer effect” of the iron-sulfur dπ-pπ 

interaction by showing that in the metal-sulfur bonding interactions (M-S σ, M1-S π, and 

M1-S π*) each orbital maintains an almost constant electron density on the iron and 

sulfur centers.  The orbital percent characters also shed light on the subtle effect of the 

increasing alkane chain length and its role in helping modulate the electron density at the 

metal-sulfur interaction by distributing density onto the C  and Cα β of the alkane chain in 

the primarily metal-based orbitals.  This “hyperconjugation” onto C  and Cα β may also 

contribute to modulating the redox potentials of the lower lying orbitals. 

 

Conclusions 

 The electronic structure of the CpFe(CO)2SR series of molecules has been 

investigated using gas-phase PES and DFT.  Probing the valence ionizations by 

photoelectron spectroscopy indicates that an electronic buffering effect is present for the 

HOMO interaction, M1-S π*, which is dominated by high sulfur character through a 

filled-filled dπ-pπ interaction.  The ionization energy of the HOMO shows little 

perturbation (~0.15 eV) as the thiolate donor strength is increased through this series 

when compared to the HOMO ionization energy of the free thiols (~0.50 eV) or to 

CpFe(CO) (SC H2 6 4-p-X) (~0.5 eV).  DFT calculations using the ΔSCF method correctly 

predict the trend in HOMO ionization energies for the CpFe(CO) SR series.  DFT 2
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calculations also suggest that in the gas phase the higher energy conformer is twice as 

great as the lowest energy structure for the linear chain alkane thiolates, whereas both 

conformations of CpFe(CO)2SiPr and CpFe(CO) St
2 Bu are equally populated, most likely 

as a result of to the steric influence of the alkyl group on the electronic structure.  This is 

in contrast to what is expected, since the observed gas-phase ionization energy is 

assumed to correspond to the lowest energy structure. 

The valence ionization band structure also shows an odd-even dependence on the 

higher energy ionizations, especially the iron-sulfur bonding interactions, M1-S π*, M1-S 

π, and M-S σ.  This trend is reproduced using the Kohn-Sham orbital energies and 

suggests that the odd-even dependence is an electronic effect that may arise from a 

number of factors including the polarization of electron density onto the alkane chain, 

which results in stabilization of the even derivatives by “hyperconjugation” of the C  sp3
α  

orbitals with the sulfur lone pair. 

 The subtle effects on the HOMO of the CpFe(CO)2SR series by increasing the 

alkane chain length or branching can further shed light on the cysteinyl thiolate-iron 

interaction that is present throughout biology.  The cysteinyl thiolate can be thought of as 

an alkane thiolate that can also undergo subtle geometry changes to modulate the 

ionization energy of the HOMO and higher lying orbital oxidation states.  This ability of 

the thiolate sulfur to modulate the oxidation potential and electron density of the thiolate-

metal interaction acts as an electronic buffer during electron transfer and substrate 

binding/turnover.  The alkyl carbons of the cysteinyl thiolate may also contribute to the 
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electronic buffering by effectively withdrawing electron density onto Cα as in the alkyl 

thiolate compounds. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

The primary focus of this work was to develop a further understanding of the 

geometric and electronic factors that affect metal-sulfur interactions, and how these 

interactions contribute to electron transfer in metal-sulfur systems.  The use of well-

established organometallic compounds to model the metal-sulfur coordination of enzyme 

active sites reduces electronic structure complications by other ligands, which allows for 

specific isolation of the metal-sulfur interaction.  This is particularly important when 

using gas-phase photoelectron spectroscopy (PES), as isolation of the metal-sulfur 

interaction separates this orbital ionization from other orbital ionizations that may 

interfere with PES band analysis. 

 To aid in the analysis of the metal-sulfur interactions presented within this 

dissertation, a dual-photon source, gas-phase ultraviolet/X-ray photoelectron 

spectrometer (UPS/XPS) was designed and constructed, as outlined in Chapter 3.  This 

gas-phase UPS/XPS is currently the only one of its kind in the world, and using the core 

and valence ionization data from the UPS and XPS experiments the bonding/antibonding 

character of the valence molecular orbitals can be determined.  Gas-phase UPS/XPS is 

the only experimental technique capable of quantifying the bonding/antibonding 

character of frontier molecular orbitals.  Quantification of the bonding/antibonding 
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character of the frontier molecular orbitals gives insight into the physical and chemical 

properties of a compound, which allows for a thorough analysis and understanding of the 

electronic structure.  Specifically applying this technique to metal-sulfur interactions 

allows us to examine how the metal-sulfur interaction is affected by metal oxidation state 

changes or by conformational and geometric changes. 

 The ionization energy data collected using the gas-phase UPS/XPS instrument 

was shown to be similar to literature values (Tables 3.1 and 3.2) and these similarities in 

ionization energies show that the instrument is well calibrated over the valence and core 

ionization energy regions.  This is extremely important when small binding energy shifts 

between compounds are to be compared, as will be the case for thiol and dithiol S 2p 

ionizations present in the compounds studied in this dissertation. 

 These compounds include the minimum molecular models used to gain insight 

into the metal-dithiolene interaction of mononuclear molybdoenzymes.  During catalysis 

the molybdenum cycles through the Mo(IV), Mo(V), and Mo(VI) oxidation states, 

(corresponding to the d2, d1, and d0 metal electron configurations) and the dithiolene fold 

angle (Figure 4.1) increases, stabilizing the higher metal oxidation states.  Our previous 

investigations of molybdocene- and titanocene-dithiolenes explored the d2 and d0 metal 

electron configurations, respectively.39,41  In Chapter 4, vanadocene dithiolenes are 

investigated to explore the d1 metal electron configuration and its role in regenerating the 

active site resting state, thus completing the catalytic cycle in terms of metal electron 

configurations.  Gas-phase UPS spectra of vanadocene dithiolenes show similar overall 
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ionization band structures to their titanocene derivatives, with the exception of an 

additional low energy ionization band, which was initially thought to correspond to the 

unpaired d1 electron.  Using He I/He II photon sources, it was concluded that the 

character of this ionization (HOMO) and the HOMO-1 could not be unambiguoulsy 

assigned as originating from either the metal d1 or Sπ
+ ionizations.   

Using DFT calculations it was determined that the HOMO and HOMO-1 

ionizations were due to the Mip-Sπ
+ and (Mip-Sπ

+)* combinations, respectively.  Since the 

vanadocene dithiolenes are open-shell systems, the resulting bond order between Mip and 

Sπ
+ is one-half (two electrons in a bonding orbital and one in an antibonding orbital) 

helping to stabilize the metal center.  The orbital mixing between Mip and Sπ
+ leads to 

strong covalency between the vanadium and sulfur, which effectively couples the two 

centers and poises them for electron transfer. 

Potential energy surface calculations of neutral Cp2V(dithiolene) determined that 

the potential surfaces were shallow compared to that of the cation, [Cp2V(dithiolene)]+.  

Potential energy surface calculations of the neutral, cation, and dication electron 

configurations (d2, d1, and d0, respectively) of Cp2Mo(1,2-benzenedithiolate) show that 

the shallow energy surface of the d1 configuration offers a low energy electron transfer 

pathway upon oxidation of the d2 to d0 electron configurations (Figure 4.10).  This 

shallow d1 potential surface minimizes the reorganization energy during dithiolene 

folding, which is proposed to occur during substrate turnover in molybdoenzymes.34
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Geometric and electronic effects on the metal-sulfur interaction are also explored 

in Chapters 5 and 6.  In Chapter 5, the electronic energy dependence of the filled-filled 

dπ-pπ interaction with the Cpcentroid-M-S-R are compared for the isoelectronic complexes 

CpFe(CO) SR and CpRe(NO)(PR’2 3)SMe (R = methyl, tert-butyl; R’ = isopropyl, 

phenyl).  These compounds serve as models for biological metal-cysteinate interactions, 

but have also been utilized as organometallic catalysts for achiral and chiral 

transformations (depending on metal stereochemistry).14,32  It was previously shown by 

Ashby et al.32 that the HOMO dπ-pπ interaction is sensitive to the dihedral angle of the 

metal-thiolate interaction. 

The low symmetry and fragment orbital energy matching in CpFe(CO)2SR and 

CpRe(NO)(PR’3)SMe result in extensive mixing of the metal and sulfur orbitals, as 

determined by PES and DFT calculations.  Due to the relative energies of the metal and 

sulfur fragments, the HOMO is primarily sulfur 3p in character for both types of 

compounds.  This high amount of sulfur 3p character in the HOMO results in an 

electronic-buffering effect of the HOMO ionization energy, as determined by PES.  This 

results in the tri(iso-propyl)phosphine and triphenylphosphine rhenium complexes having 

similar HOMO ionization energies.  Similarly, for the methylthiolate and tert-

butylthiolate iron complexes the HOMO ionizations show minimal energy shift with 

increased thiolate donor ability, suggesting an electronic-buffering effect is also present. 

DFT calculations were also utilized to explore the dihedral angle dependence of 

the molecular energies of the iron and rhenium complexes.  For the iron complexes it was 
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shown that there are two geometrical conformers present in the gas-phase PES 

experiment.  This results in the occurance of a low energy shoulder in the HOMO 

ionization of the methylthiolate derivative becuase of two different low energy 

geometrical conformers.  The tert-butylthiolate derivative also has two geometrical 

conformers present in the gas-phase, but because of the steric bulk of the thiolate ligand 

both conformers are of the same energy, resulting in a symmetric HOMO ionization. 

DFT calculations exploring the dihedral angle dependence of the rhenium 

complexes show that due to the geometric and electronic stereochemistry of the metal 

center the thiolate ligand adopts a single conformation, which is evidenced by the 

symmetric HOMO ionization in the PE spectra. 

The dihedral angle dependence of the dπ-pπ interaction in CpFe(CO)2SR and 

CpRe(NO)(PR’3)SMe has implications in both bioinorganic and organometallic catalysis.  

For bioinorganic systems, rotation about the dihedral angle affects the dπ-pπ orbital 

overlap and can, effectively, modulate the metal-thiolate redox potential.  This 

modulation of the redox potential allows for enzymes to electronically “tune” the electron 

donor or acceptor ability during electron transfer.  In organometallic catalysis, the iron 

complexes can behave in a similar way to their bioinorganic counterparts, whereas the 

rhenium-thiolate interaction is poised to allow a single stereochemical outcome due to the 

orientation of the thiolate ligand. 

Chapter 6 further explores the electronic-buffering effect in CpFe(CO)2SR (where 

R is an alkylthiolate) as applied to biological iron-thiolate interactions.  As the 
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alkylthiolate donor ability is increased there is minimal destabilization of the HOMO 

ionization through the series of compounds, confirming the electronic-buffering effect 

due to the high sulfur 3p character of the HOMO.  DFT calculations accurately predict 

the HOMO ionization trend for this series of compounds. 

DFT is once again utilized to explore the molecular potential energy surfaces as a 

function of dihedral angle rotation.  For all of the complexes, it was shown that there are 

two geometrical conformers present in the PES experiment, that can lead to two different 

HOMO ionization energies, and a resulting asymmetric first ionization.  An analysis of 

the HOMO ionization for all of the compounds shows that, although both geometrical 

conformers are present during the PES experiment, they exhibit different populations 

(and probabilities) for linear or branched alkylthiolates.  For linear alkylthiolates, the 

conformers do not have the same populations and give rise to an asymmetric HOMO 

ionization; the two conformers of the branched alkylthiolates exhibit similar populations 

resulting in a symmetric HOMO ionization, presumably due to the steric bulk of these 

ligands.  The implications of the dihedral angle dependence of the dπ-pπ interaction in 

CpFe(CO)2SR have been addressed above, but it is interesting to note that the dihedral 

angle of the geometrical conformation with the highest population in the gas phase is 

similar to the dihedral angles exhibited by many metal-thiolate containing enzyme active 

sites. 

The research in this dissertation has been applied to understanding the geometric 

and electronic effects of the metal and sulfur fragments, and their influence upon the 
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metal-sulfur interaction of organometallic complexes.  The resulting perturbation of the 

metal-sulfur interaction has implications to many more biological and organometallic 

metal-sulfur interactions not covered within this dissertation.  In biological systems, the 

simple elegance of electron transfer pathways that utilize metal-sulfur interactions very 

likely depends upon these geometric and electronic influences to stabilize/destabilize 

enzyme active sites facilitating substrate turnover. 

 

Future Directions 

 The research presented within this dissertation is only a small chapter of the 

metal-sulfur story.  Outlined below are some suggested future research directions 

pertaining to the metal-sulfur interactions discussed in this dissertation.   

 Future directions have previously been outlined for the gas-phase UPS/XPS in 

Chapter 3.  Two aspects of the instrument will need to be addressed before sustained data 

collection, and improved resolution and sensitivity are obtained.  Briefly, external 

magnetic fields will need to be controlled to diminish the effects that these fields may be 

having on the photoelectron flight path.  This can be accomplished by applying a layer of 

external magnetic shielding around the instrument analyzer and detector chambers.  This 

should result in increased sensitivity and resolution as there will be less deviation of the 

photoelectron path due to external magnetic fields.  If the application of external 

magnetic shielding increases the sensitivity of the instrument, then the sample pressure 

penultimately can be reduced. 
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 Currently, anode contamination by the sample limits collection times to a couple 

of hours, but reduction of the sample pressure should lead to a decrease in anode 

contamination and increased data collection times.  Anode contamination has been a 

problem with the previous XPS instrument and a number of solutions to extend the anode 

lifetime have been explored.  It is the hope of this researcher that the external magnetic 

shielding will increase sensitivity and thereby allow for lower sample pressures during 

data collection. 

 Future research directions for the metallocene dithiolene compounds, 

Cp2M(dithiolene), including use of the gas-phase XPS to quantify the 

bonding/antibonding interaction of Mip-Sπ
+ with change in the metal electron 

configuration.  Application of the localized orbital ionization potential (LOIP) (see 

Chapters 3 and 4) analysis to the UPS/XPS ionization data of the Ti, V, and Mo (d0, d1, 

and d2 +, respectively) metallocene dithiolenes should show an increase in the M -Sip π  

bonding interaction as the metal oxidation state is increased, stabilizing the metal center.  

It will also be useful to investigate metallocene dithiolates with a saturated dithiolate 

ligand such as 1,3-propanethiolate using the LOIP analysis.  The use of saturated 

dithiolate ligands will reinforce our previous studies showing that the C=C linker is 

needed to electronically couple the Mip and Sπ
+ orbitals for dithiolene folding.  

Metallocenes with unsaturated dithiolate ligands should show antibonding interactions as 

compared to their metallocene dithiolene counterparts. 
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 To further explore the small electronic perturbation of the CpFe(CO)2SR HOMO 

ionization, inductive effects in the alkylthiolate group can be introduced and their effects  

on the dπ-pπ interaction can be investigated.  As reported in this dissertation, the effect of 

the alkane group diminishes as the alkane chain length increases.  Therefore, the 

inductive effect of the alkanethiolate chain on the dπ-pπ interaction can be investigated 

by addition of electron-withdrawing groups to the alkane chain.  Some examples of 

CpFe(CO)2SR complexes that incorporate electron-withdrawing alkanethiolates are 

shown below. 

These electron withdrawing alkanethiolate complexes will give insight into how close an 

electron withdrawing group must be to affect the dπ-pπ interaction, and how far the 

hyperconjugation of the alkanethiolate extends through the alkane chain. It is the author’s 

suggestion that short chain alkanethiolates be used since the compounds can become 

quite oily when they have longer alkanethiolate chain lengths. 

 Another avenue to explore would be the use of hydrogen-bonding, constrained 

metal-sulfur dπ-pπ interactions, or dithiolate-bridged metal centers.  The effects of 

hydrogen-bonding on enzyme active site model compounds has been shown to modulate 
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the redox potentials of the metal center139,141,155,156  by an electronic-buffering effect.  Use 

of the minimum molecular model complexes CpFe(CO)2SR would allow for isolation of 

the hydrogen-bonding effects on the dπ-pπ interaction and some proposed structures are 

shown below. 

  

Constrained metal-sulfur interactions (shown below) in CpFe(CO)2SR will allow 

for the reactivity of the metal-sulfur dπ-pπ interaction to be explored, while also reducing 

the probability of occupying multiple conformations, and can further be applied to 

substrate turnover in enzymes.  Since the 180° dihedral angle of CpFe(CO)2SR is most 

likely  preferred in the solution-phase, as in the solid state, it will be interesting to explore 

the use of constrained metal-sulfur interactions as applied to small molecule turnover.  
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This might include such molecules as nitric oxide or hydrogen, assuming that the 

compounds are stable enough to be isolated in some manner. 

 

Finally, investigation of bridged-metal center complexes is of interest to study 

electronic coupling between metal centers, as described by the Robin and Day 

Classification,157  or as hydrogen-evolving complexes.  Some proposed complexes of 

interest are shown below.   

 

These complexes can be bridged either by an alkane, alkene, alkyne, or aryl 

ligand, which would extend the studies of Sharon Renshaw,158  or these metals could be 

bridged by an alkane-, alkene-, alkyne-, or aryl-dithiolate ligand.  Bridge modifications 

can also be made to facilitate hydrogen/proton transfer to/from the metal centers.  The 
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use of PES and DFT calculations would give insight into the Robin and Day 

classification of these compounds or into their catalytic reactivity with substrates such as 

nitric oxide or hydrogen. 
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APPENDIX A 
 

ELECTRONIC STRUCTURE OF THE d1 BENT-METALLOCENE 
Cp2VCl2: A PHOTOELECTRON AND DENSITY FUNCTIONAL STUDY 

 

A portion of this chapter has been previously published as: Cranswick, M. A.; Gruhn, 
N. E.; Enemark, J. H.; Lichtenberger, D. L.  J. Organomet. Chem., 2008, 693, 1621-1627  
 

Introduction 

The chemistry of bent metallocene complexes has been a major factor in the 

development of organometallic chemistry over the last 50 years,43,159-162 finding 

applications in diverse fields ranging from polymer catalysis 2,79,161 to cancer research163-

166  The electron configuration and subsequent reactivity of the metal center can be fine-

tuned with the choice of metal, cyclopentadienyl substituents, and additional coordinating 

ligands.  Elucidating the electronic structure of bent metallocenes is important in 

understanding the chemical behavior and physical properties of these complexes.  

Photoelectron spectroscopy provides an experimental measure of the orbital energetics 

and interactions and at this point there is a general understanding of the photoelectron 

spectra of simple metallocenes.45,79,165  One remaining point of contention has been the 

reported photoelectron spectrum of Cp VCl2 2, which has been an outlier from all other 

reported metallocene photoelectron results.  This has been unfortunate because Cp VCl2 2 

is a prototype for d1 bent metallocene complexes, having a first-row transition metal, 

relatively simple ligands, and sufficient symmetry to be a foundational model for other 

studies. 
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VClThe electronic structure of Cp2 2 has previously been investigated by electron 

paramagnetic resonance (EPR)94-97and photoelectron spectroscopy (PES).95  EPR 

experiments concluded that the unpaired metal electron resides in an orbital composed 

primarily of d  character in the VClz2 2 plane as depicted in the coordinates below, with 

some admixture of d  character.  Photoelectron studies of Cp VClx2-y2 2 2 and 

(C 95,166H Me) VCl  5 4 2 2  revealed spectra that were similar in structure to those of their Ti 

analogues, but with two low energy ionization features.  Only one low energy ionization 

was expected for the single d electron in the vanadium complexes.  The possibility of 

decomposition was investigated and considered less likely for the (C H Me) VCl5 4 2 2 

molecule.  The lowest energy feature of the spectrum obtained from the (C5H Me) VCl4 2 2 

sample at 6.60 eV was tentatively assigned to the metal d1 ionization.  The second feature 

at 7.20 eV was hypothesized to be a triplet component of the unpaired d1 electron 

exchange splitting with the Cl pπ orbitals.  The singlet component of this ionization could 

then contribute to broadening of the next band, rather than appear as a separate band.  

This assignment was called into doubt when it was found that the related Nb and Ta 

complexes had only one low energy ionization consistent with their d1 

configurations.45,166  Subsequent photoelectron studies of Cp VCl,167
2  which has a high-

spin d2 configuration, showed bands at 6.80 and 7.40 eV.  The spectrum of this 

monochloride complex appeared similar to the reported spectrum of the dichloride 

complex, suggesting that Cp2VCl  may be decomposing to Cp VCl during the 2 2
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photoelectron experiment. Cp2VCl  is known to undergo thermal-95

2  and 

photoelectrochemical decomposition168 to Cp VCl during other experimental conditions. 2

Recently, we investigated the electronic structure of bent vanadocene dithiolates 

as minimum molecular models of the d1 electron configuration of sulfite oxidizing 

enzymes using photoelectron spectroscopy and density functional theory.42  This study 

prompted us to reinvestigate the electronic structure of the simplest d1 bent metallocene, 

Cp VCl2 2, in more detail to aid in the interpretation of the vanadocene dithiolate spectra.  

Improved gas-phase photoelectron spectroscopy techniques, comparison to the 

photoelectron spectra of Cp2VCl and other Group V metallocene dichlorides, along with 

DFT calculations, have allowed us to isolate and reassign the photoelectron spectrum of 

Cp2VCl  for determination of the ionization energy of the d1 electron.    2

 

Experimental methods 

Photoelectron Spectroscopy.  Samples of Cp VCl (97%) and Cp VCl2 2 2 (95%) 

were purchased through Aldrich and used as received.  Photoelectron spectra were 

recorded as outlined in Chapter 2.  Sublimation temperatures are reported in Table 2.2. 
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Theoretical Methods.  The Amsterdam density functional theory suite (ADF 

2006.01, using the standard parameters except for the options given in parentheses) was 

used to study the electronic structure of Cp MCl (M = V, Nb, and Ta) and Cp2 2  2VCl.  The 

optimized geometries of Cp VCl were constructed in CMCl2 2 and Cp s 2 symmetry using 

the crystal structures as a starting point.  In Cs symmetry, the Cp rings were staggered and 

the mirror plane is coincident with the xy plane, which bisects each Cp ring and the Cl-V-

Cl angle of Cp VCl  or lies along the V-Cl bond of Cp2 2 2VCl.  Calculations on the ground 

state and excited state ions were conducted in the spin unrestricted mode (Unrestricted) 

since Cp2VCl and Cp MCl2 2 contain two and one unpaired electrons, respectively.  A 

generalized gradient approximation, with the correlation of Perdew et al.90 and exchange 

correction of Handy and Cohen91 (GGA OPBE), was used.  This functional was chosen 

based on the previous experience of us41,42,44,149 and others171-174  in using this functional 

to calculate geometry parameters, spin states, and ionization and oxidation potentials.  

The calculations employed Slater-type orbitals for basis sets with double-zeta valence 

plus polarization functions for main group elements and triple-zeta valence plus 

polarization functions for the metal (DZP for C, H, and Cl, and TZP for V, Nb and Ta).  

Geometry optimizations were also carried out using integration to six significant figures 

(integraton = 6.0), using the zeroth-order relativistic approximation (ZORA), using 

tighter convergence criteria for the energy, bond distances and angles (E= 0.0005, 

grad=0.001, rad=0.0005), using the smoothing of gradients (Aggressive) option, and the 
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convergence of the self-consistent field was tightened (Converge 1e-6 1e-6).  ΔSCF 

calculations of the ionized states were performed as outlined in Chapter 2.  

 

Results and Discussion 

Photoelectron Spectroscopy.  The low energy valence regions of the gas-phase 

photoelectron spectra collected from samples of Cp VCl and Cp VCl2 2 2 are presented in 

Figure 7.1.  The spectra obtained using typical data collection techniques are in 

agreement with spectra previously reported in the literature.95,167 There is a large 

similarity between the two spectra obtained from the Cp VCl and Cp VCl2 2 2 samples, 

Figures 7.1A and 7.1B respectively, which would not be expected given the anticipated 

relative ionizations from the high-spin d2 metal center of Cp VCl versus the d1
2  metal 

center of Cp VCl . When a spectrum of the Cp VCl2 2 2 2 sample is recorded using sample 

entry procedures designed to minimize decomposition (see Experimental section), the 

overall shape of the spectrum changes dramatically (Figure 7.1C).  Most importantly, the 

relative intensity of the ionization at 6.8 eV decreases substantially relative to the 

ionization at 7.4 eV.  In addition, ionization intensity in the region labeled L3 in the 

spectrum of Cp2VCl decreases while the ionization intensity in the region of L2 

increases.  The similarities in the spectra 1A and 1B and the differences between these 

and spectrum 1C are strong evidence that Cp VCl  is decomposing to Cp2 2 2VCl in the 

spectrometer.  The decomposition has been minimized, but not completely eliminated as 

evidenced by the small amount of ionization intensity remaining at 6.8 eV in Figure 7.1C. 
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Figure 7.1. Low energy He I spectra showing the 
extraction of the Cp2VCl2 spectrum from the data: (A) 
spectrum of Cp2VCl, (B) spectrum of Cp2VCl2 sample 
loaded directly into ionization chamber,    (C) spectrum 
of Cp2VCl2 sample effused directly into photon beam 
from a quartz crucible, (D) subtraction of A from C to 
give difference Cp2VCl2 spectrum. 
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The remaining ionization intensity in spectrum 1C from Cp2VCl cannot be due to 

residual Cp2VCl in the Cp VCl sample because the sublimation temperature of Cp2 2 2VCl 

is approximately 100ºC lower than that of Cp VCl2 2 (see Experimental) and would be 

observed first as the temperature of the cell rises.  Also, this contamination cannot be due 

to photoelectrochemical dehalogenation168 of the solid sample since the sample is in the 

direct path of the ionization source during the experiment and Cp2VCl is not seen at 

lower temperatures, nor were ionizations found corresponding to the photochemical 

product Cl2.  Therefore, it is hypothesized that use of the quartz crucible and the short 

path to the photon beam reduces surface interactions of Cp VCl2 2 with the aluminum 

sample cell, which may lead to reduction and dehalogenation of Cp VCl2 2.  It was noted 

that, during the experiment, a sharp doublet-ionization occurs at 12.75 and 12.82 eV, 

coincident with the first ionizations of HCl.  The ionization intensity due to Cp2VCl 

remaining in Figure 7.1C is removed by subtracting the Figure 7.1A spectrum, 

appropriately scaled to the first ionization, to yield the spectrum shown in Figure 7.1D.  

The ionizations shown in Figure 7.1D are taken to be those of Cp VCl .   2 2

VClFigure 7.2 shows that the resultant Cp2 2 spectrum bears strong similarities to 

the He I photoelectron spectra of Cp2NbCl2 and Cp2TaCl .45
2   The ionization region of ~8-

9.8 eV is particularly diagnostic, because this region contains ionizations that are 

symmetry combinations of the pπ orbitals of the two Cl atoms with the metal.  The 

similar ionization pattern in this region indicates similar MCl2 structure for the three 

molecules.  The main difference between the spectra of Cp MCl2 2 (M = V, Nb, Ta)  
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Figure 7.2. He I photoelectron spectra of Cp2VCl2, 
Cp2NbCl2 and Cp2TaCl2. 
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(Figure 7.2) is the energy of the metal d1 ionization, which can be ascribed to reduction of 

the effective nuclear charge on going from 3d to 4d to 5d, reflecting the shielding of the 

unpaired electron by the different atoms.  

Table 7.1 shows the analytical representation of the ionizations for Cp VCl2 2 and 

Cp2VCl.  This table includes the change in band area with change in ionization source 

from He I to He II for Cp2VCl.  Green et al. have previously assigned the photoelectron 

spectrum of Cp2VCl based on a He I/He II comparison and their assignments are 

reflected in Table 7.2.167  The predominant Cl pπ character mentioned above in 

ionizations labeled L1 and L2 is evidenced by their decrease in ionization intensity 

relative to the metal-based ionizations from He I to He II excitation. 

Computational results.  A central question concerns the ability of electronic 

structure calculations to account for the geometric structures and the electron energies 

and distributions of open-shell bent metallocene complexes of the early transition metals. 

The calculated structures of Cp VCl  and Cp2 2 2VCl are compared with the reported 

structures determined from X-ray crystallography in Table 7.3.104,175  The structures agree 

reasonably well with the largest deviation being the V-Cl bond distance in Cp VCl2 2 

which is underestimated by about 0.04 Å.  The ground states of these molecules are 

calculated as an unrestricted doublet and triplet, respectively for Cp VCl  and Cp2 2 2VCl.  

Spin contamination is minimal, giving a value of 0.78 compared to the ideal value for 

s(s+1) of 0.75 for Cp VCl2 2 and 2.05 compared to the ideal value of 2.00 for Cp VCl. 2
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Table 7.1.  Analytical representation of the ionization 
features of Cp VCl  and Cp2 2 2VCl obtained with He I and 
He II photon sources. 

Band Widthb Relative AreacBand I.E.a 
(eV) 

High (eV) Low (eV) He I He II 

Cp VCl2 2

M1 7.40 0.30 0.30 1 — 

L1 8.47 0.47 0.38 5.42 — 

L2 8.85 0.55 0.26 8.80 — 

Cp VCl 2

M1 6.78 0.33 0.23 1 1 

M2 7.40 0.22 0.12 0.78 0.97 

L1 8.33 0.39 0.39 3.67 1.41 

L2 9.04 0.36 0.36 2.32 1.41 

L3 9.45 0.54 0.49 5.92 4.22 

a: Vertical ionization energy defined as the position of the 
asymmetric Gaussian peak modeling the band, b: Widths 
of the asymmetric Gaussian peak modeling the high and 
low ionization energy sides of the band, c: Band areas are 
relative to an area of 1 for M1. 
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Table 7.2. Experimental and calculated ionization energies (eV) for 
Cp VCl  and Cp VCl.   2 2 2

Band I.E.a cAssignment Kohn-Sham 
Orbital Energy

ΔSCF
b

Cp VCl2 2

   Singlet Triplet α-spin β-spin 

M1 7.40 V d -4.83 
(7.40) 

 7.27   z2

L1 8.47 -5.81 
(8.38) 

-5.78 
(8.35) 

8.20  8.15  Cl pπ 

L2 8.85 -5.96 
(8.53) 

-5.88 
(8.45) 

8.49  8.44  Cl pπ 

Cp VCl 2

   Doublet Quartet α-spin β-spin 

M1 6.78 V d -4.24 
(6.78) 

 6.85   xz

M2 7.40 V d -4.87 
(7.41) 

 7.56   z2

L1 8.33 -5.64 
(8.18) 

-5.59 
(8.13) 

8.33  8.18  Cl pπ 

L2 9.04 -6.65 
(9.19) 

-6.34 
(8.88) 

9.27  8.91  Cl pπ 

L3 9.45 -7.17 
(9.71) 

-6.93 
(9.47) 

9.50  9.24  Cp pπ +Cl 
pπ 

a: Experimental vertical ionization energy. b: The values in 
parentheses are the orbital energies shifted by an amount such that the 
first orbital energy matches the first ionization energy.   c: The 
difference in total energy between the molecular ground state and the 
molecule with an electron removed from the specified orbital.  
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Table 7.3.  Comparison of the calculated geometries with 
the crystallographic molecular structures for Cp VCl2 2 and 
Cp VCl.a2

 Calculated  Experimental 
bCp VCl2 2

 

Cp 1.403-1.428 (1.415)c 1.371-1.465 (1.418) C-C

1.394-1.457 (1.424) 

M-Cp 1.952, 1.948 1.983, 1.967 centroid

1.971, 1.986 

M-C 2.231-2.306 (2.269) 2.281-2.368 (2.314) 

2.284-2.342 (2.315) 

M-Cl 2.371 2.409, 2.418 

 2.410, 2.411 

Cl-M-Cl 88.74° 86.6° 

87.1° 
dCp VCl2

Cp 1.406-1.420 (1.413) 1.379-1.408 (1.394) C-C

M-Cp 1.901, 1.901 1.946, 1.944 centroid

M-C 2.221-2.277 (2.250) 2.261-2.296 (2.278) 

M-Cl 2.367 2.390 

a: All distances are given in Å, b: crystallographic data 
taken from Ref. 103 , c: average distance, d: 
crystallographic data taken from Ref. 176 
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DFT calculations were also used to model the electron density in the highest 

occupied molecular orbital (HOMO) for comparison with EPR studies.  The trend of the 

Cl-M-Cl angle to decrease from Ti to V to Mo for the d0 to d1 2 to d  configurations and the 

single crystal EPR studies on the d1 complexes led to the conclusion that the HOMO of 

the V and Mo compounds is primarily along an axis normal to the plane bisecting the Cl-

M-Cl angle.  Lowering the symmetry of Cp VCl2 2 from C2v to Cs allows this axis to be 

labeled z, as illustrated in the Introduction.  If the ligand contributions are neglected then 

|Ψ > = a|dHOMO z2> + b|d 2x -y2>.  Fenske-Hall molecular orbital percent characters in the 

singly-occupied orbital were calculated to be 20.5/1 for d /d in Cp VClz2 x2-y2 2 2, which 

agrees well with the ratio obtained from the EPR data for (C6H5Me)2VCl  of 20.0/1.95
2   

Using more current DFT methods, the singly-occupied orbital of Cp VCl2 2 is calculated to 

be 60.8% dz2 and 3.44% d 2x -y2 giving a ratio of 17.7:1.  This ratio is similar to the orbital 

percent characters calculated using the Fenske-Hall method and the observed orbital 

parameters calculated from the EPR experiment. 

The energies of the ionizations observed for Cp VCl  and Cp2 2 2VCl by 

photoelectron spectroscopy are compared with those calculated by the ΔSCF method and 

with the Kohn-Sham orbital energies (Table 7.2).  The calculated Kohn-Sham orbital 

energies from the DFT calculations are related to the photoelectron ionization energies by 

applying a corollary to Koopmans’ theorem from Hartree-Fock calculations51  

Koopmans’ theorem has intrinsic uncertainty including electron relaxation, electron 

correlation, relativistic effects, vibronic coupling, and differences in spin states,176-183 
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which can lead to poor correlation between the calculated orbital energies and the 

ionization potentials.  A central principle of the Kohn-Sham orbital model is that the 

negative of the Kohn-Sham orbital energy for the HOMO, calculated with the correct 

functional and basis, will exactly match the first ionization energy of the molecule, but in 

current practice these energies differ substantially.  Nonetheless, the relative energies of 

the Kohn-Sham orbitals can be useful in interpreting the pattern of ionizations.  ΔSCF 

calculations were performed to account for the deficiencies in the frozen orbital 

approximation and to get information on the coupling of electron spins. 

The ground state of neutral Cp2VCl2 is S = ½ (V4+, d1 2, A’) while the ground state 

of Cp2VCl is S = 1 (high-spin V3+ 2 3, d , A”).  Figure 7.3 shows the contour plots for the 

spin α and  orbitals of Cp VClβ 2 2 that correspond to the ionizations evaluated in this study 

by PES. For Cp VCl2 2, ionization from the singly-occupied HOMO will lead to a singlet 

state, while ionization from the doubly-occupied ligand-based orbitals leads to both 

singlet and triplet state configurations with coupling to the d1 electron.  For Cp2VCl, 

ionization from the singly-occupied HOMO and HOMO-1 lead to doublet states, and 

ionization from the doubly-occupied ligand-based orbitals will lead to either doublet or 

quartet state configurations.  Table 7.2 shows the calculated values for the singlet/triplet 

states of Cp VCl  and doublet/quartet states of Cp2 2 2VCl using the ΔSCF method.  For 

Cp VCl2 2, the calculated singlet/triplet state separation is only 0.05 eV for both ionizations 

L1 and L2, and therefore ionizations to these individual states are not likely to be 

resolved in the photoelectron spectrum.  For Cp VCl the calculated doublet/quartet state 2
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Figure 7.3.  Spin correlation diagram for Cp2VCl2 
showing α- and β-spin molecular orbital character 
and electron occupations. 
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separation for band L1 is 0.15 eV, still less than the 0.4 eV width of the unresolved 

vibrational broadening of the band.  For bands L2 and L3, the calculated doublet/quartet 

state separations are 0.36 and 0.26 eV, respectively; however, these bands are now in a 

region of overlapping ionizations that preclude observation of individual states.   

ΔSCF calculations for Cp VCl2 2 predict the singly-occupied HOMO ionization to 

be at 7.27 eV, consistent with the first ionization of Cp VCl2 2 at 7.40 eV (Table 7.2).  The 

calculated ΔSCF ionizations for L1 and L2 are also similar with the HOMO-1 and 

HOMO-2 ionizations, and follow the ionization trend.  The shifted Kohn-Sham orbital 

energies for L1 and L2 are also similar to the observed ionization energies.  ΔSCF 

calculations were also performed on Cp2VCl to confirm that removing an electron from 

the triplet ground state d orbital configuration will give a metal ionization that coincides 

with removing an electron from the HOMO of Cp VCl2 2.  Table 7.2 shows that removing 

an electron from the HOMO-1 of Cp2VCl gives a ΔSCF calculated ionization energy of 

7.56 and a shifted Kohn-Sham orbital energy of 7.41, coincident with the HOMO 

ionization of Cp VCl2 2.  Both the ΔSCF method and shifted Kohn-Sham orbital energies 

follow similar trends to the observed ionization energies for Cp2VCl.  These calculations 

support that subtraction of the Cp2VCl spectral contribution from the mixed 

Cp VCl /Cp VCl spectrum is effective for revealing the Cp VCl2 2 2 2 2 spectrum.  The first 

ionization of Cp NbCl  and Cp TaCl2 2 2 2 was also calculated by the ΔSCF method to be 6.65 

and 6.37 eV, respectively, almost coincident to the observed ionization energies of 6.69 

and 6.39 eV.45  
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Conclusions 

We have revisited the gas-phase photoelectron spectrum of Cp VCl2 2 and used 

improved collection techniques to reduce the contribution of the Cp2VCl decomposition 

product to the Cp VCl2 2 He I spectrum.  Subtraction of ionization intensity due to the 

Cp VCl decomposition product leads to a Cp VCl2 2 2 spectrum that is similar in appearance 

to other Group V bent metallocene dichlorides.  Density functional theory calculations 

support the assignments made for the Cp VCl2 2 spectrum and comparison to the calculated 

ionization energies for Cp VCl also confirm that the d1 ionization of Cp VCl2 2 2 coincides 

with one of the metal ionizations of Cp2VCl, further supporting the superposition of the 

Cp VCl and Cp VCl2 2 2 spectra.  The open-shell calculations on these Group V bent 

metallocenes show good reliability in calculating the geometric structures and electron 

distributions and give good account of the ionization energies using either the shifted 

Kohn-Sham orbital energies or the ΔSCF method. 
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APPENDIX B 

GAS-PHASE X-RAY PHOTOELECTRON SPECTRA: INITIAL 
TESTING AND IMPLEMENTATION. 

 

 The purpose of this appendix is to offer a visual guide to what the binding energy 

data, collected with the gas-phase UPS/XPS discussed in Chapter 3, looked like during 

various stages of instrument development.  Appendix B is broken into two parts: Initial 

Testing and Implementation.  The first part of this appendix, Initial Testing, shows what 

initial data looked like when searching for an ionization signal with and without proper 

XPS data collection software.  Implementation explores the use of baseline subtraction in 

resolving peaks and will discuss how peak positions and standard deviations were 

determined.  This Appendix was developed because I had no idea how earlier gas-phase 

XPS data looked for specific regions, what the background was like, or if baseline 

subtraction was implemented. 

 

Initial Testing 

 Figures 8.1 through 8.3 show the initial photoelectron signals obtained using the 

gas-phase UPS/XPS and WinFp_20.0 as were discussed in Chapter 3.  The ordinate in all 

of the figures is Intensity and can vary from figure to figure depending on the sensitivity 

of the ionization.  Figure 8.1 shows one of the first data collections obtained for the 

UPS/XPS instrument using Ar.  The peak assignments are based on the relative ionization 
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Figure 8.1.  Ar data collection showing Ar 2s and 2p ionizations.  The 
inset shows a close-up of the peaks.  Note the relative background 
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 energies and an understanding of how the data collection software relates the hemisphere 

deflection voltages, ionization energies, and photoelectron kinetic energies.  The inset 

shows  a close-up of the peaks and an initial understanding of the instrument resolution 

can be obtained. 

 Figure 8.2 shows three spectra collected using different samples.  The spectrum 

labeled “No DAG™” shows that carbon and oxygen ionizations are present in a clean 

and baked cell.  Note the relatively high background scatter in this spectrum.  The 

spectrum labeled “DAG™ with CpFe(CO)2I” shows that Fe 2p ionizations can be 

resolved above the background, as a crushed sample mixed in with the DAG™ coating.  

The final spectrum in Figure 8.2, “Full DAG™” shows that as the C and O 1s ionization 

intensities increase, the background seems to smooth out and diminish, but this is only a 

relative effect due to the ionization intensities. 

 Figure 8.3 shows the spectrum of the first volatile organometallic complex, 

Mo(CO)6,  collected using the gas-phase XPS instrument and a peak corresponding to 

where the Mo 3d ionization is expected to occur is visible.  Note that the intensity of this 

ionization is quite small, even though the sample was run using a Young’s tube™ at 

room temperature. 

 After it was determined that the instrument was operational, the data collection 

software was amended for XPS data collection.  Figures 8.4 through 8.6 show the Xe 3d 

(3d5/2: 676.4 eV) and 4d doublet (4d5/2: 67.5 eV) ionizations, before calibration using Ar 

and Xe.  Figure 8.4 shows the full spectrum background signal and the changes that result 
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Figure 8.2.  Initial data collection using CpFe(CO) I and DAG™. 2
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Figure 8.3.  First data collection of a volatile solid, Mo(CO)6. 
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Figure 8.4.  Background spectrum before Xe introduction (top), 
and after Xe introduction (bottom).  The N 1s ionization is from 
residual N2 in gas line. 
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Figure 8.5. Close-up of the Xe 3d doublet ionizations. 
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Figure 8.6. Close-up of Xe 4d doublet ionizations. 
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with Xe introduction.  Figures 8.5 and 8.6 show close-ups of the Xe 3d and 4d doublet 

ionziations, respectively, where the 3d doublet is resolved due to the large spin-orbit 

splitting, whereas the 4d is not resolved due to a combination of electron kinetic energy 

and spin-orbit splitting.  It should be noted that the background noise in each case is 

minimal, but this is not always the case as will be seen in the Implementation section.  It 

should also be noted that since these spectra were taken before instrument calibration, the 

ionization values do not match literature values exactly, but do not deviate greatly from 

reported literature values given that this tests instrument linearity over more than 600 eV. 

 

Implementation 

 After the gas-phase XPS had been calibrated, samples of interest were collected 

(See Chapter 3 for more details).  The following figures, 8.7-8.10, show how data can be 

fit and analyzed for publication. 

 The binding energies of interest can be determined two ways, either by summing 

and fitting the experimental data (as in the UPS experiment), or by fitting each data 

region individually, and then calculating the average position and standard deviations for 

the ionization (as reported in Chapter 3).  Both methods typically result in similar binding 

energy values, but the second method is preferred since a standard deviation is reported 

for the ionization , which is important due to the long data collection scan times involved.  

For all of the data presented below the ionization window was calibrated to either Ar or 
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Xe using the “Lock” key in WinFp_1.20.0.  The data regions used to determine the 

binding energy can then be summed and plotted for publication, as shown below. 

 It should be noted that fitting a single data scan can be very tedious and 

sometimes cannot be performed at all due to low signal sensitivity.  Therefore, it may be 

necessary to add the spectra first and fit the summed data, and use this determined 

ionization value to fit each single data scan.  If doublet ionizations are not resolved into 

two peaks, the splitting of the two ionizations can be fixed using literature values if 

available.   

 Figure 8.7 shows the vanadium 2p doublet ionizations from Cp2V(bdt) and the 

Gaussian fit peak positions from the methods described above.  These Gaussian positions 

are fixed and the widths are allowed to optimize.  The top spectrum shows the original 

data and the bottom shows the data after baseline subtraction.  Baseline subtraction was 

carried out using this data manipulation function available in WinFp.  The baseline 

subtracted data definitely resolves the two peaks from the background scatter, which was 

not a problem in Figures 8.5 and 8.6.  Figures 8.8 and 8.9 show similar ionization data for 

Cp MoH  and Cp WH , respectively. 2 2 2 2

 Figure 8.10 shows the S 2p doublet ionization for 1,2-benzenedithiol using both 

Mg K  and Al K  photon sources.  The doublet ionization band for the Al Kα α α data is 

broadened due to the increased kinetic energy of the photoelectrons and in both data fits 

the Gaussian peak positions were not fixed as mentioned above. 
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Figure 8.7.  V 2p doublet ionizations of Cp2V(bdt) before 
(top) and after (bottom) baseline substraction. 
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 Figure 8.8.  Mo 3d doublet ionizations from Cp2MoH2 
before (top) and after (bottom) baseline subtraction. 
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Figure 8.9. W 3d doublet ionizations from Cp2WH2 
before (top) and after (bottom) baseline subtraction. 

 

 

 

 



223 
 
 
 

 

Figure 8.10. S 2p doublet ionization from 1,2-
benzenedithiol using Mg Kα and Al Kα photon sources. 
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