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ABSTRACT 
 
 

FeFe-hydrogenases are members of a family of metalloenzymes that catalyze the 
conversion of protons and electrons to dihydrogen at a remarkable rate. The catalytic 
center of this enzyme, the H-cluster, contains a classical [4Fe-4S] cluster that is 
covalently and magnetically coupled through a cysteine residue to a 2Fe-subcluster. The 
2Fe-subcluster contains normally biotoxic carbonyl and cyanide ligands and a dithiolate 
ligand that is unique in biology. Many biomimetic model complexes have been 
synthesized that attempted to mimic the H-cluster reactivity, but none have been 
successful at as low of a reduction potential and as high of a reaction rate as the 
metalloenzyme. Thus the goal of this research is to develop a blueprint for understanding 
the electronic structure of the H-cluster, through functionally analogous model 
complexes. The first step towards this goal is to carry out multi-edge X-ray absorption 
spectroscopic measurements and electronic structure calculations. We first developed the 
multi-edge X-ray absorption spectroscopy method for a prototypical biomimetic 
complex, Fe2(µ-S(CH2)3S)(CO)6. This allowed for the complete definition of the orbital 
composition for the unoccupied frontier orbitals. We used this information to calibrate 
our computational results in order to accurately describe similar biomimetic model 
complexes. We used the multi-edge X-ray absorption spectroscopic approach and the 
calibrated computational models to analyze four structural features of the 2Fe-subcluster 
of the H-cluster through representative biomimetic model complexes. We find unique 
trends for each series that helped to develop an understanding of how each compositional 
feature contribute to structure. These insights can be used for optimizing model 
complexes with potential to match the reactivity of the FeFe-hydrogenase enzymes. We 
also used our calibrated electronic structure method to analyze the spin density at the 
bridgehead position of the unique dithiolate ligand and dissect the intricate details of the 
electronic structure for the protein-environment embedded H-cluster model.  
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CHAPTER 1  

INTRODUCTION 

 
Hydrogenase 

 
 

With the ever increasing demand to replace our current fossil fuel dependent 

economy, research has turned to alternative energy sources. One possible replacement is 

dihydrogen, because of the clean reaction of dihydrogen with dioxygen to produce only 

water and heat (ΔH = -483 kJ/mol) or work (ΔG = -457 kJ/mol). However, the switch 

from fossil fuels to dihydrogen is not straightforward due to the need for better materials 

and catalysts to generate, store transport and utilize dihydrogen.1 While, currently, the 

main source of the dihydrogen is the reformation of fossil fuels or utilization of non-

abundant metals such as platinum as catalysts1, there has been intense research into a 

metalloenzyme that produces dihydrogen at a very high rate (≈104 molecules of H2 per 

second per enzyme molecule2, 3) and only contains earth-abundant iron or nickel metals.3 

This metalloenzyme is known as hydrogenase.4 The family of this metalloenzyme is 

divided into three phylogenically distinct classes: [FeFe]-hydrogenase, [NiFe]-

hydrogenase and [Fe]-hydrogenase. While all three classes of metalloenzyme are 

catalytically active, the most active towards production of dihydrogen5 is [FeFe]-

hydrogenase. For this reason, we have focused on understanding the electronic structure 

of catalytic active cluster of this metalloenzyme via biomimetic chemistry.  
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Figure 1.1: 1.34 Å resolution crystal structure of the metalloenzyme [FeFe]-hydrogenase 
from Clostridium pasteurianum (CpI) with three [4Fe-4S] clusters, one [2Fe-2S] cluster 
and the catalytic active site, the H-cluster, shown (PDB ID 3C8Y)6 

 
 
The 1.8 Å resolution crystal structure of [FeFe]-hydrogenase from Clostridium 

pasteurianum (CpI) was first solved in 1998 by Peters et al (Figure 1.1.)7 There have 

since been two refinements to higher resolution crystal structures of 1.6 Å8 and 1.39 Å 

refinement published by Pandey et al.6 The 1.6 Å refinement was from the 

metalloenzyme Desulfovibrio desulfuricans (DdH) by Nicolet et al.8 and is thought to 

have the same structural composition at the active site as that of CpI.2, 6, 9  The two crystal 

structures of CpI have elucidated that there are three classical [4Fe-4S] clusters, a 

classical [2Fe-2S] cluster and active site named the H-cluster. The H-cluster, seen in 

Figure 1.2, is a [4Fe-4S] cluster that is covalently linked through a cysteine residue to a 

unique 2Fe-subcluster. The 2Fe-subcluster contains two iron centers with each iron being 

coordinated by a cyanide and carbonyl ligand. The iron centers are bridged by a dithiolate 
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ligand and a carbonyl ligand. The two cyanide ligands are trans dibasal to each other with 

the other two dibasal positions containing the CO ligands.  

 

 
Figure 1.2: The structure of the catalytic active site, the H-cluster, of the metalloenzyme 
[FeFe]-hydrogenase from CpI (PDB ID 3C8Y)6  
 
 

The bridging dithiolate ligand contains an undetermined bridgehead of likely 

CH2, NH, or O composition.  The original assignment of the dithiolate linkage was three 

light atoms.7 The 1.6 Å crystal structure by Nicolet et al. first refined the bridgehead to a 

methylene group,8 then was later corrected to an amine group.10  The 1.39 Å resolution 

crystal structure by Pandey et al., which combines crystallographic data and a DFT 

modeling suggested that the bridgehead group could also be an ether group. Importantly, 

they ruled out the amine group, since it could act as a catalytic inhibitor for dihydrogen 

production or uptake6 by a low-energy barrier conformational change that results in 

cleaving the connection between the two subclusters of H-cluster. Since then there have 

been three studies that indicate that the dithiolate bridge contains a secondary amine. The 



 
 

 

4 

interpretation of 14N hyperfine sublevel correlation spectroscopic (HYSCORE) data on 

the oxidized form of FeFe-hydrogenase (Hox) from DdH with St = ½ spin state indicated 

the presence of three distinct nitrogen nuclear quadruple coupling constants (NQCC).   

The signals were assigned to a lysine residue, which hydrogen bonds to the distal iron 

cyanide ligand, to the nitrogen of that same cyanide ligand, and to the bridgehead 

nitrogen of the dithiolate. This work was further corroborated by an additional 

HYSCORE study of the biomimetic model complex [(μ-(SCH2)2NCH2CH2SCH3)(μ-

CO)Fe2(PMe3)2(CO)3] by Erdem et al,11 which found a comparable NQCC value of that 

dithiolate nitrogen in the H-cluster.   

A recent computational study reexamined the crystallographic electron density 

map from the 1.34 Å structure and found through quantum refinement that the best fit 

was obtained when the bridgehead group was a NH2
+ group.12 It is tempting to accept this 

assignment as the closing argument for a dithiomethylamine (dtma) being the dithiolate 

ligand as it corroborates the various proposed mechanisms based on computational 

simulations suggesting that the amine works as a base for proton transfer.10, 13 However, 

as discussed above, the protonated amine group can inhibit the catalytic mechanism of 

dihydrogen uptake and evolution. Overall, until the biosynthetic pathway and the 

precursor molecule(s) are fully defined for the biologically unique dithiolate ligand, the 

debate will continue on the exact identity of the bridgehead group. 

The 2Fe-subcluster is linked in the apical site of the proximal iron (Fep) to the 

[4Fe-4S] cluster through a cysteine residue with the distal iron (Fed) apical site left vacant 

or bound to a water molecule. The 1.6 Å resolution crystal structure of DdH shows the 
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absence of the distal water ligand, but it is likely occupied by a dihydrogen or by a 

hydride.8 This can be attributed to the different crystallization conditions and thus the H-

cluster might be in a different oxidation or turnover state.6, 14 Contrarily, the apical site of 

the Fed is occupied by a water molecule in the CpI crystal structure,6 which could also be 

hydrogen bonded to the bridgehead group.   

Three different forms for CpI have been characterized by electron paramagnetic 

resonance13-14 (EPR), Mössbauer15-16, and infrared (IR) spectroscopic techniques17-20: Hox, 

Hred and Hox-CO.4 The conclusions of these studies are that the Hox has a St=1/2 ground 

state with g-values of 2.10, 2.04, and 2.00;15, 16 upon one-electron reduction, the Hred 

becomes EPR silent with St=0. If the Hox form is reacted with CO, the Hox -CO form is 

formed, which is EPR active with St=1/2 state with different g-values of 2.07, 2.01, and 

2.01 than Hox.16 The assignment of the oxidation state of two low-spin iron centers of the 

2Fe-subcluster is now accepted to be a Fep(II)Fed(I) configuration for the Hox state.17 It 

was shown that the unpaired electron is shared between the two centers by investigation 

of the 57Fe hyperfine interactions. In the Hox-CO form the unpaired electron is localized 

on Fep.18 The iron centers in the Hred state are most likely in the Fep(I)Fed(I) 

configuration; however, this is only a formal assignment since the redox role of the 

covalently connected [4Fe-4S] cluster cannot be neglected. However, according to 

Mössbauer results, the [4Fe-4S] cluster is assumed to be in the +2, diamagnetic state for 

all of the oxidation states.19, 20 The IR stretching frequencies for the Hox state are 2093 

and 2079 cm-1 for the CN- ligands and 1965, 1940, 1802 cm-1 for the CO ligands, with the 

latter value being associated with the bridging ligand. The Hred state IR values are 2079 
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and 2041 cm-1 for the CN- ligands and 1965, 1916, 1894 cm-1 for the CO ligands. The 

slight reduction of the CO stretching frequencies indicates weakening of the C-O bond 

due to more backdonation from the reduced iron sites. The carbonyl ligand that 

corresponds to the 1894 cm-1 peak is semi-bridging as it dominantly coordinates to the 

Fed atom.10, 21, 22 

While it has been accepted that dihydrogen is split heterolytically at the metal 

center of the H-cluster rather than homolytically,2, 4, 23 the exact mechanism of reversible 

conversion of protons and electrons to dihydrogen is still debated. Two reaction 

mechanisms have been proposed.5, 24-30 For the first reaction mechanism, the bridging 

carbonyl ligand shifts out of the bridging position in order for the protonation of the 

bridging site between the metal centers to occur on the Hox state. Through electron 

transfer and in the presence of an additional proton, dihydrogen is formed and the active 

site is in the Hred oxidation state. Upon H2 release and with an additional electron transfer, 

the H-cluster is back at its starting Hox state.  For the second proposed reaction 

mechanism, proton uptake occurs at the apical site on the distal iron site. DFT results 

have shown with a pendant base at the bridgehead group, this reaction could be even 

more favorable.27 Electron transfer occurs, and with the addition of another proton, 

dihydrogen is released. The lack of spectroscopic detection of an iron hydride, either in 

the bridging or terminal form, during turnover has not allowed for the exclusion of either 

proposed mechanism. Synthetic models have been shown to exhibit both mechanisms 

depending upon the ligand environment surrounding the iron centers. While a majority of 

these complexes form a bridging hydride,31 there are a few that feature a terminal 
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hydride.32, 33  Recent results with biomimetic model complexes that exhibit terminal 

hydride intermediates have been shown to be more reactive at a lower reduction potential  

than complexes with bridging hydride intermediates.5, 32, 34 Thus, the distal iron site in the 

2Fe-subcluster is generally believed to be where substrate turnover occurs in the H-

cluster. This is further strengthened by the fact that exogenous CO inhibits catalytic 

activity by binding to the apical site.14  

 
Synthetic Biomimetic Model Complexes 

 
 

As the crystal structure of CpI was published by Peters et al. in 1998, three 

independent research groups published results on syntheses of a biomimetic model of the 

2Fe-subcluster [Fe2(CO)4(CN)2pdt]2- (pdt = μ-SCH2CH2CH2S).35-37 Since then there has 

been a flood of model complexes (more than 200 publications) that attempt to mimic the 

structure and reactivity of the H-cluster.31 Many of the recent synthetic models draw upon 

work published by Hieber in the 1940-1960’s,38-41 and Seyferth in 1970-1990s.42-44 These 

complexes feature an [2Fe]-cluster core like that of the 2Fe-subcluster of the H-cluster. 

We used these early synthetic model complexes and related synthetic protocols for our 

investigation of the electronic structural properties of the H-cluster in Chapter 4. A more 

detailed introduction of their spectroscopic properties along with the rational of choosing 

these is provided in Chapter 4.  
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Figure 1.3: Fe2(CO)5(CH3C(μ-CH2S)2CH2S{Fe4S4LS3}) biomimetic model complex 
developed by Tard et al.45 

 

An important biomimetic model complex for the determination of the role of the 

[4Fe-4S] cluster and the protein environment on the H-cluster was synthesized by Tard et 

al. in 2005. The model complex, Fe2(CO)5(CH3C(μ-CH2S)2CH2S{Fe4S4LS3}) (where LS3 

= 1,3,5-tris(4,6-dimethyl-3-mercaptophenylthio)-2,4,6-tris(ρ-tolythio)benzene), as shown 

in Figure 1.3, is a [4Fe-4S] cluster connected to a 2Fe-subcluster similar to that of the H-

cluster.45 This work, along with the computational and XAS study,46 indicated that the 

2Fe- and [4Fe-4S]-subclusters have substantial electronic communication between the 

clusters. Using experimental results (IR and cyclic voltammetry), it was shown that with 

the [4Fe-4S] cluster attached, the energy of the lowest unoccupied molecular orbital 

(LUMO) of the [4Fe-4S] cluster is lowered compared to the free [4Fe-4S] cluster. The 

computational study further supported that the H-cluster is an electronically inseparable 

[6Fe]-cluster.46 The synthetic [6Fe]-cluster has a lower reduction potential (-890 mV in 

MeCN vs. SCE) than most of the other biomimetic model complexes of around 1-1.5 V.31 

However, this is still outside of the physiological redox range of -421 mV47 (pH 7 vs. 
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SHE) measured for the H-cluster. This indicates that the protein environment is also 

greatly responsible for the tuning of the redox potential towards proton uptake as the 

[4Fe-4S] cluster. For this reason it is important that computational models aiming to 

reproduce the electronic properties of the H-cluster must include both protein 

environmental effects and most importantly the [4Fe-4S] cluster.  

 
Density Functional Theory and Application 

 
 

As the available computing power increases and new computational 

methodologies are being developed, computational chemistry is becoming an ever better 

complement to experiment. In this introduction, the two most relevant ab initio 

wavefunction-based and density functional theory (DFT)-based methods are discussed.  

 
Ab Initio Wavefunction Based Methods  
 

Ab initio wavefunction-based methods use the Hartree-Fock (HF) approximation, 

which assumes that the electrons move independently in an average field of each other. 

The exact total energy Hamiltonian of a system can be expressed by considering all the 

kinetic and potential energy contributions:   

H = Telectron + Tnuclear + Vnuc/nuc + Velec/elec   (1.1) 

where T is the kinetic and V is the potential term. Using the Born-Oppenheimer 

approximation, we can separate the nuclear from the electronic Hamiltonian. Thus the 

electronic portion of Eq. (1.1) becomes with the HF approximation:  

HF
electrons

i

nuclei

A iA

A
electrons

i
i

e
V

r
Ze

m
hH +

πε
−∇

π
−= ∑ ∑∑

0

2
2

2

44
    (1.2) 
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This equation, unlike Eq.(1), is solvable when Hartree-Fock approximation is 

utilized. Each electron feels the presences of an average field made up by the other 

electrons. Using this approximation, the HF energy accounts for the exchange and 

repulsion interactions between pairs of electrons, as expressed by two-electron integrals: 

VHF =  2Jµν – Kµν     (1.3) 

where J is the Coulomb and K is the exchange integrals between the electrons, and µ and 

ν are basis functions. J and K terms are expressed by the density matrix, which involves 

the product of two molecular orbital coefficients summed over all occupied molecular 

orbitals. However, the electron-electron correlation is not taken into consideration. Post-

HF methods, which include configuration interaction (CI) methods, allow for more 

complete treatment of the correlation energy of the system. A full CI treatment with an 

infinite basis set would correspond to the exact solution of the Schrödinger equation; 

however, this is impractical and computationally prohibitive for larger chemical models 

than a few atoms. For this reason, higher level ab initio methods are only accessible for 

smaller models and not always applicable to coordination complexes. 48, 49 

 
Density Functional Theory 
  

Density functional theory-based approaches approximate the electron correlation 

and exchange through functionals of the electron density, which is a function of spatial 

positions. The modern DFT is derived from quantum mechanics considerations related to 

the Hohenberg-Kohn theorem, which was published in 1964,50 and the Kohn-Sham 
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equations in 1965.51  The current DFT methods separate the electronic energy into several 

terms:  

( ) ( ) ( ) ( ) ( )ρρρρρ XCJVT EEEEE +++=     (1.2) 

where ET is the kinetic energy term (which originates from motion of the electrons), EV is 

the term of the electron-nuclear potential energy, EJ is the electron-electron repulsion 

term and EXC is the exchange-correlation term. DFT, unlike HF and wavefunction-based 

methods, approximates the exchange and correlation energy for the system. The EXC can 

be broken into its counterparts, exchange EX and correlation EC functionals. Both 

components can be of three distinct types: local (LDA) functionals, which depend only 

on the electron density, and the gradient-corrected (GGA) functionals, which depend on 

the density and its gradient. There have been recent developments that utilize the electron 

density, its gradient and second derivative in the meta-GGA functionals.52 The LDA, 

GGA, and meta-GGA functionals form the lower three rungs of a “Jacob’s ladder” for 

DFT, with the higher rungs incorporating increasingly complex electron interactions of 

the density. 53, 54  Although higher rung functionals are being developed, their application 

is still limited for realistically sized complexes, and the accuracy, especially for transition 

metal complexes, are not conceptually guaranteed. For this reason, it is important to 

calibrate DFT calculations to experimental results.  Compared to wavefunction-based 

methods that scale with the 4th to the 7th power of the number of basis functions, DFT 

calculations scale only with the 3rd power and are thus less computationally expensive, 

and they can be used to solve large systems of 250-300 atoms. Mixing HF exchange with 

the DFT exchange and correlation functionals gives the hybrid methods. This was first 
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proposed by Becke55, 56 as GGA functionals were giving too covalent metal-ligand 

bonding in coordination compounds. Mixing of ionic character via HF exchange can tune 

the functional towards the experimentally observed electronic structure.57 Hybrid 

functionals have also been combined with meta-GGA functionals.58, 59  

 
Basis Sets  
 

Both the ab initio wavefunction and DFT based methods utilize the basis set 

formalism for constructing the wavefunction from a linear combination of atomic orbitals 

(LCAO) approximation or describing the electron density, respectively. There are two 

distinct types of basis sets that will be discussed here: Slater-type (STO) and Gaussian-

type orbitals (GTO). Due to the hydrogen-like radial distribution and the correct cusp 

behavior, STO are generally more chemically reasonable, but has the computational 

disadvantage of being more expensive to evaluate for two center integrals that are needed 

for the HF approach compared to GTO. In general, the basis set still must be large 

enough to approach the saturation limit regarding the electronic structure. Thus one must 

find the limit where the addition of further basis functions does not affect the energy and 

electronic structure of the system significantly, but only increases the computational 

cost.48, 49  

 
Population Analysis Method 
 

After the determination of the ground state energy of the system through the 

optimization of the electron density in DFT or the orbital coefficients in wavefunction-

based calculations, it is necessary to break the total density of the molecule into its atomic 
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or orbital-based fragments. The population analysis methods that will be discuss here are 

the Mulliken (MPA),60 Natural (NPA),61 Hirshfeld (HPA)62 and Quantum Theory of 

Atoms in Molecules (AIM).63 The MPA method divides the density among atoms equally 

with respect to the orbital overlap. This method generally does not work well for metal 

based coordination complexes due to the polarity of the metal-ligand bond. The NPA 

method also partitions the density according to orbitals, but into the orthonormal minimal 

set of atomic orbitals of each atom. The electron density is first fit to the core orbitals to 

have occupation of two electrons per orbital. The remaining electron density is then fit 

with valence orbitals with as close as possible to two electron occupation. Lastly, the 

Rydberg orbitals are utilized to describe the part of density that was not fit with core and 

valence orbitals. The NPA method has been shown to work for coordination complexes 

and with the inclusion of the proper valence set of atomic orbitals.64, 65 The HPA method 

subtracts the sum of the free atomic electron density from the molecular density. The 

extra or missing atomic density will be associated with a negative or positive charge, 

respectively. In contrast, the AIM method examines the topology of the electron density. 

The molecular density is divided into atomic basins, and the electron density contained in 

that basin is integrated. The boundary conditions that define the basin are taken from 

critical points defined by zero gradient vector field of the electron density. Of all the 

methods, the AIM is the most rigorous and the most chemically reasonable since it does 

not contain any orbital-based constraints. This is well represented by the fact that the 

AIM properties have been shown to be practically insensitive to basis set.66, 67 However, 
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the limitation of the AIM method is that it provides atomic density and cannot be directly 

translated into individual orbital contributions. 

 
TD-DFT Calculations  
 

Time dependent density functional theory (TD-DFT) allows for the simulation of 

valence and core electron excited state spectra. If a molecule is subjected to a linear 

electric field that is fluctuating, the frequency-dependent excitation can be approximated 

by:49 

( )∑
≠ −−

ΨΨ
=

states

i i

i

EE
r

0 0

2
0

ω
α

ω     (1.3) 

where <α>ω is the frequency-dependent probability of transition and the numerator is the 

sum of the transition dipole moment and the denominator involves the frequency and 

energies of the ground and excited states. When the frequency corresponds to the 

difference in energy between the excited state and the ground state, there is a pole in the 

frequency-dependent polarizability. The poles of the response function are the excitation 

energies of the system. Recently, this method has been developed and applied for the 

simulation of a diverse set of XAS spectra.68-72  

 
X-ray Absorption Spectroscopy 

 
 
 X-ray absorption spectroscopy (XAS) is a synchrotron radiation-based technique 

for obtaining electronic and geometric structural information of molecules. XAS utilizes 

a tunable energy X-ray beam that can excite core electrons, and the corresponding 

absorption or relaxation spectrum is recorded. An excitation from different principle 
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quantum numbers corresponds to different edges, with n=1, 2, 3 called K-, L-, or M-

edges, respectively. The binding energies of core electrons are element specific, and thus 

the utilization of different energy X-rays can allow for a multi-edge analysis. The energy 

of the X-ray beam selects the core electron to be excited. The “hard” X-ray energy region 

of a few keV and above excites 1s or K and 2p or L electrons of first row and third row 

transition metals (TM), respectively.  The energy of the “tender” X-ray region of around 

1 keV to a few keV excites K electrons from the second row non-metals, which are 

important in determining the electronic contributions from P/S/Cl ligands for example to 

the metal sites.73 The third region, the energy of the “soft” X-ray range below 1 keV, 

excite n=2 core electrons of first row TM and n=1 core electrons of first row non-metals 

(C/N/O/F). 

  

 
Figure 1.4: An example of a normalized S K-edge spectrum that is split into the XANES 
and EXAFS regions. Also the XANES region is split into the pre- and rising edge 
regions.  
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XAS spectrum can be broken into two main regions: the X-ray absorption near-

edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS). A 

typical sulfur K-edge spectrum is shown in Figure 1.4. In Chapter 2, the details of multi-

edge XANES analysis are presented using a FeFe-hydrogenase model complex that 

demonstrates the potential of multi-edge XAS for obtaining a complete electronic 

structure description. 

The information content of the EXAFS region is based on the quantum 

interference of forward and back-scattered photoelectrons. When an X-ray photon has a 

higher energy relative to the binding energy of a core electron, the photon is absorbed and 

the core electron is ejected. The ejected electron’s associated wave propagates from the 

absorbing atom and interacts with the neighboring atom’s electron density. This creates 

constructive or destructive interference, which causes an energy dependent variation in 

the X-ray absorption probability or spectral intensity. The energy dependent periodicity 

of the EXAFS region can then be transformed to electron momentum space (k), and 

further Fourier transformation gives distances among the absorber atom and its 

neighboring atoms. The EXAFS analysis can be insightful for metalloproteins and other 

non-crystalline materials. Since most of the biomimetic model complexes discussed in 

this dissertation have been crystallographically characterized, the EXAFS analysis will 

not be discussed. 
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Research Directions 
 
 

Spectroscopically calibrated density functionals have the potential to be highly 

accurate towards the prediction of reaction mechanism, structure of intermediates and 

transition states. One of the goals of the thesis research is to provide a calibrated density 

functional that can be used in the understanding of the electronic properties of the H-

cluster. Toward this goal, we present a method development in Chapter 2 and 3 that can 

be applied to any transition metal system beyond the biomimetic models of FeFe-

hydrogenase. The applicability of both the experimental and theoretical methods are 

shown in Chapter 4. In Chapter 2, the biomimetic model complex Fe2(CO)6pdt was used 

to define the multi-edge XAS approach for obtaining the experimental electronic 

structure. The S K-edge XANES was employed in order to define the S 3p character in 

the unoccupied frontier orbitals. Multiple spectra were recorded and various fitting 

methods were employed in order to determine the most reasonable S character and its 

experimental variability. Fe K and L-edge were also examined in order to define the Fe 

4p and 3d character of the same orbitals. We also present the C and O K-edges as a 

qualitative probe of the carbonyl character.  

In Chapter 3, we calibrate theoretical results on Fe2(pdt)(CO)6 to the experimental 

data found in the meXAS approach from Chapter 2. The basis set saturation limit was 

defined on the foundation of 22 basis sets. A complete analysis of the performance of 

various GGA, hybrid-GGA, meta-GGA, and meta-hybrid-GGA functionals with a 

diverse set of exchange and correlation functionals was carried out with the saturated 
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basis set. Using the calibrated functional and basis set, we defined the complete 

electronic structure for Fe2(pdt)(CO)6.  

In Chapter 4, the experimental and theoretical methods developed in Chapters 2 

and 3 were utilized to examine four structural features of the 2Fe-subcluster of the H-

cluster and how they relate to the overall electronic structure of the H-cluster. These 

structural features can then be used for rationalized design of synthetic biomimetic 

models. The first structural feature is related to the role of the coordination mode of the 

dithiolate ligand. We probe this by examining two biomimetic model complexes that 

have two terminal thiolate ligands versus a model complex that has bridging dithiolate 

ligand like that in the H-cluster. The second feature was the length of the dithiolate 

ligand. The bridging dithiolate ligand in the H-cluster forms a 6-membered ring with a 

(Fe-S-C-X-C-S) motif. We examined the difference in the electronic structure in going 

from a five to six and then to a seven membered ring system. The third focus examined 

the effect of the composition of the bridgehead group on the electronic structure. We 

probed the differences among the ether, amine and methylene groups as the possibilities 

for the bridgehead group. The final feature examined the effects of ligand substitution on 

the electronic structure of the [2Fe]-cluster models.  

In Chapter 5, the calibrated theoretical methods developed in Chapter 3 were used 

to examine the spin density of the H-cluster, biomimetic model complexes and the 

relevant free ligands. The optimized and crystallographic free ligands and biomimetic 

complexes were formally oxidized by one electron and the spin density distribution was 

analyzed. In addition to DFT, multi-reference CASSCF calculations were also performed 
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in order to evaluate the extent of spin distribution by a conceptually more rigorous 

method. The spin density of the H-cluster was also examined using a 200+ atom realistic 

model to evaluate the amount of spin delocalization onto the various bridgehead groups.  
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CHAPTER 2  

MULTI-EDGE X-RAY ABSORPTION SPECTROSCOPY PART I: XANES 

ANALYSIS OF A BIOMIMETIC MODEL COMPLEX OF [FeFe]-HYDROGENASE 
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Abstract 
 
 

Using a prototypical biomimetic molecule of the 2Fe-subcluster of the catalytic 

H-cluster of FeFe-hydrogenase with notable ground state electronic structural features we 

demonstrate the potential of multi-edge X-ray absorption near-edge structure (XANES) 

analysis to define the complete electronic structure. Ionization thresholds for Fe, S, C and 

O 1s (K-edge) and Fe 2p (L-edge) core electrons were simultaneously analyzed to obtain 

a comprehensive, ground state electronic structural information solely from experiments. 

An unbiased error analysis was carried out at the most informative S K-edge using 

multiple detection methods, data collection temperatures, and sample preparation 

methods. As expected for the difference in bonding between bridging and terminal Fe-

S(thiolate) coordination, the [2Fe]-biomimetic complex contains a more covalent Fe-S 

bonding (51±5% S character per Fe-S bond) than the previously described terminal iron 

thiolate complexes (41±1% S character per Fe-S bond) despite the formally Fe(I) 

oxidation state. A similar analysis of the Fe K- and Fe L-edges for the Fe 4p and 3d 

contribution; respectively, define the total ground state electronic structure to contain an 

average of 3% Fe 4p, 46 % Fe 3d, and 22% S 3p total contributions per electron hole for 

the first three, lowest lying unoccupied molecular orbitals. From complementarity, we 

can define the CO ligand contribution to be total of 28% per electron hole for the same 

three molecular orbitals. These experimental orbital compositions can be used to 

rationalize redox properties, electro/nucleophilicity of the metal or ligands, and 

importantly to critically evaluate the accuracy of electronic structure calculations. 
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Introduction 
 
 

X-ray absorption spectroscopy at multiple core electron ionization thresholds, 

termed multi-edge X-ray absorption spectroscopy (meXAS), is an emerging new 

approach for a now well-established synchrotron-based spectroscopic technique.74 X-ray 

Absorption Near-Edge Spectroscopy (XANES)73 and Extended X-ray Absorption Fine 

Structure (EXAFS)75 analyses can provide electronic and geometric structural 

information for a wide variety of compounds with either para- or diamagnetic ground 

states in liquid, solution, frozen solution, solid powder, or crystalline phase. The XAS 

technique has been instrumental in understanding the structure of a broad range of 

coordination compounds, where the use of conventional spectroscopic techniques was 

limited. A remarkable potential of collecting XAS data at multiple core electron 

ionization energies is that the complementary XANES and EXAFS data allow for the 

development of complete electronic and geometric structures from a single spectroscopic 

technique and often for the very same sample. Modern XAS techniques gained popularity 

from the wide-spread availability of synchrotron radiation-based, tunable X-rays that are 

generally classified as hard and soft X-rays. We propose to separately consider for an 

intermediate or ‘tender’ energy range due to the unique beamline instrumentation and 

importantly the information content for P, S, Cl absorbers. 

The hard X-rays in the energy range of a few keV and above cause the excitation 

of n=1 (K-edge) and n=2 (L-edges) core electrons of first and third row transition metals, 

respectively, and beyond. The hard X-ray’s high penetration allows for conventional 

transmission experiments in addition to utilizing fluorescence emission, and Auger 
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photoelectron ejection as the vacant core hole is being filled upon relaxation of the core-

excited state. The soft X-rays in the sub keV energy region can excite n=2 core electrons 

of first row transition metals and the 1s core electrons of light (Z < 9) main group 

elements. The penetration of soft X-rays is limited and thus it can only probe the surface 

of samples and often require ultra-high vacuum setup to avoid beam absorption by the 

atmosphere of the sample chamber. The availability of intermediate energy range or 

‘tender’ X-rays of a few keV opened up an active field of research by providing an 

experimental tool for studying the n=1 core excitation of heavier main group elements (P, 

S, Cl) as well as n=2 core excitations of second row transition metals. It is important to 

highlight that there is no other spectroscopic technique for S and Cl containing samples 

that could provide comparable structural information from direct measurements. 

 

 
Figure 2.1: Schematic representation of the electronic structural effects of absorption of 
X-rays photons and the origin of XAS intensities. Panel 1 displays the ground state as the 
photon is being absorbed. Panels 2-4 are hypothetical intermediates as the lifetime of the 
core hole is short (≈ 10-18 s). The system relaxes back to the ground state through a 
radiative (fluorescence emission, hνF) or non radiative (Auger electron ejection, e-) 
process that is shown in Panel 5.  

 

A schematic representation of X-ray photon absorption, related excitation and 

relaxation processes are summarized in Figure 2.1, where important electronic structural 
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effects for data analysis and interpretation are highlighted. The formation of the core hole 

in Panel 2 of Figure 2.1 results in the increase of the effective nuclear charge of the 

absorber and thus the lowering of the occupied core and valence orbitals (black arrows in 

Panel 3). The localization of an excited electron to an unoccupied frontier orbital (Panel 

4) also lowers the energy level of the acceptor orbital; however, to a smaller extent 

relative to the core orbital. The hypothetical state in Panel 4 has a short life time of about 

10-18 -10-21 s as estimated from the Heisenberg uncertainty principle and relaxes back to 

the ground or other excited states in a radiative (fluorescence emission, hνF) or non-

radiative (Auger electron ejection, e-) process (Panel 5).76 The transmission data is 

obtained from the decreased beam intensity (IT(hνi)) as the incident beam passes through 

the sample. Despite its simplicity, this molecular orbital-based description of the 

interaction of X-rays with chemical compounds in absorption spectroscopy is a useful 

model of the actual electronic state changes that are considered below for the detailed 

analysis of K- and L-edges. 

It is important to highlight the energy dependence of the two different radiation 

processes77 in order to select the ideal detection method. The transmission detection is 

limited by the incident X-ray beam penetration through the atmosphere of the sample 

chamber and more importantly the sample thickness. Auger decay dominates (70% yield 

or greater) with Z<25 K-shell excitations and Z<78 L-shell excitations.78 The core 

excitations of the first row main group elements (C,N,O) can be ideally detected by 

electron yield, but the spectra for second row elements (S, P, Cl) are generally collected 

by fluorescence detection for quantitative XANES analysis as discussed below. The 
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practical detection technique for intermediate or ‘tender’ X-ray range is fluorescence with 

a compromise of incident beam penetration and fluorescence emission yield. However, 

the difference between the fluorescence and electron-yield yields for second row, main 

group K-edge and second row, transition metal L-edges can be useful for separating out 

overlapping edges, such as S K- and Mo L- or Cl K- and Ru L-edges. The S and Cl K-

edges are intense in fluorescence, but weak in electron yield detection and vice versa for 

the Mo and Ru L-edges. 

In a meXAS measurement, the relaxation processes of the excited states shown in 

Panel 5 of Figure 2.1 are recorded at multiple absorber edges in different energy ranges. 

Since the final states of different core level excitations within a given molecule are based 

on the same unoccupied frontier molecular orbital(s), systematic probing of each donor 

core orbital can map out the complete atomic composition of the acceptor orbitals. In a 

molecular orbital picture, these atomic compositions correspond to orbital coefficients or 

as commonly called covalency contributions to the metal-ligand bonds. In order to 

establish the connection between the ground state orbital description and the 

experimentally observed excited states at multiple core ionization thresholds or edges, we 

define an acceptor orbital as 

 LMa αβϕ −=  (2.1) 

where M and L represent the metal and ligands probed with β and α metal and ligand 

coefficients, respectively. In the simplest MO picture for classical coordination 

compounds, β is the larger coefficient and often defined as 
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 21 αβ −=   (2.2) 

The ligand and metal components of Eq. (2.1) can be expressed as:  

 l,n
n l

l,n MaM ∑∑=      and      l,n
n l

l,n LaL ∑∑=  (2.3) 

where n is the number of contributing metal (M) or ligand (L) atomic centers, and l is the 

orbital angular momentum quantum number corresponding to s, p, and d orbitals, and an,x 

represents the orbital coefficients of the acceptor orbital. Thus, the acceptor orbital can be 

rewritten by expanding Eq.(2.3) to  

( ) ( ) ( )( )dndpnpnsspnpsnsndda LaLaLaMaMaMa 1,L1,L,L)1(,M)1(,M,M ++++ ++−++= αβϕ  (2.4) 

Similarly, the donor core orbital can be written as follows with an ordering in energy for 

transition metal orbitals and its bound ligand core orbitals: 
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From the literature,73, 76, 79 we adapt the transition dipole approximation from the 

Fermi’s Golden Rule for connecting the donor core orbitals and the acceptor frontier 

orbitals. In practice, this connects the experimental intensity (D) or area under a given 

spectral feature, the ground (Ψground) and excited (Ψexcited) electronic states with its 

general form shown in Eq.(2.6). 
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The δ-function represents the conservation of energy; namely a transition only occurs if 

the incident photon and the excited state energy are in resonance. Upon neglecting the 

contribution from the displacements in nuclear coordinates due to the short lifetime of the 

core excited state, and the directionality dependence of the polarized synchrotron beam 

and its associated electric and magnetic field vectors, Eq.(2.6) simplifies to 

 
2

groundexcited ΨΨ∝ rD  (2.7) 

For further discussions, we will use the assumption from literature76 that the excitation is 

a one-electron process in XAS. This then allows for the definition of the excited state 

wavefunction using the initial ground state wavefunction. As shown in Eq.(2.8), Ψexcited 

can be written as a product of donor core orbital (ϕd), the set of core and valence orbitals 

(Ψground*) not involved in excitation, and the partially occupied or unoccupied acceptor 

orbital (ϕa).76 This ensures that the core excitation active space only includes the donor 

and acceptor orbitals and all other orbitals are treated as frozen orbitals of inactive space.  

 dagroundexcited   * ϕϕΨ=Ψ  (2.8) 

Note that the molecular orbital-based representation of core excited states is generally 

valid for classical coordination compounds, for example Cu(II) or low spin Ni(II) ions 

and more generally for 4d and 5d transition metals due to the negligible multiplet effects, 
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small spin-orbit interactions, and limited mixing of excited and ground states. Trivially, if 

any of the above higher-order electronic structural effects are important in determining 

the ground state electronic structure, this approximation needs to be corrected 

accordingly. Eq.(2.7) can then be rewritten as 

 2
da ϕϕ r∝D  (2.9) 

where D is the probability of the excitation represented experimentally by the area under 

a given XAS spectral feature (intensity of a spectral feature) and r is the electronic 

excitation operator between the donor (ϕd) and the acceptor (ϕa) orbitals. Expansion of 

the acceptor and donor orbitals with its components from Eqs.(2.4) and (2.5), 

respectively, gives results in a matrix of transition dipole expressions, as shown in Figure 

2.2.  

The first approximation in Figure 2.2 is the neglect of two center integrals80 that 

connect ligand core and metal valence orbitals and vice versa due to the dominantly 

localized nature of the core excitations. According to Fermi’s Golden Rule and the 

Laporte’s rule of an electronic transition, the various excitation can be divided into 

forbidden (s→s, p→p, d→d; ∆l=0), electric dipole (s→p, p→d and p→s, d→p; ∆l=±1), 

and electric quadrupole (s→d, d→s; ∆l=±2) allowed transitions. The most intense 

spectral features are observed from the electric dipole allowed transitions where ∆l = +1 

(s→p and p→d). The electric quadrupole allowed transitions (∆l = +2, s→d) are about an 

order of magnitude less intense81 than the electric dipole allowed ones.  The electric 

dipole and quadrupole allowed excitations with ∆l = -1 (p→s, d→p) and ∆l = -2 (d→s);  
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Figure 2.2: Comprehensive transition dipole expressions for multi-edge XANES analysis 
(the numbers in parenthesis (Δn, Δl) indicate the change in the principal and the angular 
moment quantum numbers, entries with ‘-‘ sign indicate forbidden transitions) 
 

respectively, are expected to be about an additional order of magnitude weaker,81-83 and 

experimentally rarely detected. It is also important to consider the principal quantum 

number differences (∆n) for various excitations. From Eq.(2.7), the probability of the 

excitation is proportional to the square of the transition dipole expression. Considering 

the radial part of the wavefunction, which is related to the square of the principal 

quantum number (n), the intensity difference for the various n-1, n-2, n-3 transitions from 

Figure 2.2 can be estimated. For example, the Fe K-edge 1s→3d excitation with Δn = 2 

will be approximately sixteen times more intense than the 2s→3d with Δn = 1. The lower 

intensity of the latter is further affected by the quantum yields of different experimental 

detection methods for a Fe K-edge vs. Fe L-edge measurements.77  
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Considering the electric dipole allowed transitions with the maximal ∆n values, 

Eq.(2.9) can be expressed for a K-edge transition as  

 

2

s1p
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edge-K s1p qq
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,q
q

n,q ncaD r∑∑= χ

 (2.10) 

Where χ is α for a ligand core excitation or β for a metal core excitation (from 

Eq.(2.1)) and q is ‘L’ or ‘M’ for the ligand or metal component, respectively. The χ2
 

coefficient is commonly referred to bond covalency either from the metal or the ligand 

point of view. The corresponding expression for an electric quadrupole allowed 1s→nd 

excitation is similar to Eq.(2.10); however, it will not be considered it due to the low 

intensity. In non-centrosymmetric complexes, the (n+1)p metal orbitals mix with nd 

orbitals, which now turns on electric dipole allowed transitions that will often obscure the 

quadrupole allowed transitions. In practice, the pre-edge features observed at the metal 

K-edges are dominantly due to the dipole allowed 1s→(n+1)p transitions and the 

contributions from 1s→nd excitations can be neglected. 

 Furthermore, for similar reasons we are not considering here the excitations 

giving rise to the LI-edge (2s→nd), because its intensity is further reduced due to the 

reduced ∆n value in addition to the quadrupole allowed nature of this transition. 

Experimentally, these edges for first row transition metals are rarely above the signal-to-

noise ratio or corresponds to broad undulating features. Therefore, we are only focusing 

on the 2p core orbital-based L-edges, which split into LIII and LII edges due to the spin-

orbital coupling of the spin and angular momentum of the 2p core hole created upon 
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excitation. The LIII (2p3/2 → nd) and LII (2p1/2 → nd) edges can be described by Eqs. 

(2.11a) and (2.11b) for the metal- and the ligand-based excitations, respectively.  
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The above expressions can be further simplified by considering the intensity differences 

between the Δl = +1 (p→d, first part of Eq.(2.11)) and -1 (p→s, second part of 

Eq.(2.11)). As discussed above the cross section for the latter is a magnitude smaller and 

thus neglected for transition metals.82, 83 Thus, Eq. (2.11) for both metal and ligand L-

edges simplifies to:  
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For coordination chemical compounds the covalent metal-ligand bond is mostly 

determined by ligand p and metal d contributions. The ligand s character is important for 

mainly low Z elements, such as C, N where non-negligible mixing (hybridization) can 

occur between 2s and 2p atomic orbitals. This is limited to few percent for n = 3 and 

practically absent for greater n quantum numbers. The ligand d contribution can be 

important in hypervalent compounds, such as those containing high-valent forms of P, S, 

Cl. The metal (n+1)s and (n+1)p orbitals have some involvement in the covalent bonding 

interaction, but these are often limited due to the energy separation and modest overlap 
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between the donor ligand orbitals. Naturally, they become the dominant form of orbital 

interactions in d10 coordination complexes; however, the importance of covalent bonding 

is reduced by the strong ionic interactions between the metal cation and ligand anions or 

negative ends of the electron density dipole moments of neutral ligands. However, in 

non-centrosymmetric complexes and in the presence of σ- or π-acceptor ligands, the 

(n+1)s and (n+1)p orbitals can considerably mix with metal nd atomic and ligand σ* or 

π* molecular orbitals and thus need to be taken into account if resolved.  

Considering classical coordination compounds with normal bonding description, 

the practical form of Eqs.(2.10) and (2.11) first was developed for chloride ligand-based 

K-shell excitations (ligand K-edge XAS73). Since the transition dipole moment operates 

on the radial part of the wave function, Eq.(2.10) can be rewritten as  

 ( ) ( ) 2
LL

2
edge-K s1p RnRD rα=  (2.13) 

The theoretical estimate of the transition dipole integral is not trivial due to the relativistic 

core hole effects and inherent instrumental factors, thus instead of a theoretical dipole 

integral, an empirical expression is used with an experimental value that is calibrated to 

independent spectroscopic sources of the ligand character (α2) of a given electronic 

structure. While the theoretical calculation of the excited states and corresponding 

transition dipole integrals are challenging, the ground state ligand character can be 

readily obtained from high-level quantum chemical calculation with carefully selected 

basis set, validated population analysis method, and adequate computational model that 
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captures outer sphere solvent or crystal environmental effects. Having a transition dipole 

moment (I1s→np) defined, the dipole expression Eq.(2.13) further simplifies to 

 ps1
2

0 I 
N
h 

3
1D n→= α  (2.14) 

where D0 is the normalized area under a given pre-edge feature due to the 1s→ np 

excitation, 1/3 derives from the x,y,z dependence of the dipole expression, h is the 

number of electron holes in the acceptor orbital, N is the number of absorber atom(s) in a 

complex, and I1s→np is the empirical transition dipole integral including contributions 

from beamline optics and detector parameters in addition to excited state life-time 

broadening and absorber effective nuclear charge. We consider that this dipole moment is 

also dependent on the sample preparation procedure, self-adsorption effects in 

fluorescence detection mode, and accelerating potential or electronic bias in electron 

yield/direct current detection, as discussed below. 

The extension of the above treatment of K-edge excitations is straightforward to 

metal L-edges. However, a key difference between the 1s→np transition based K-edge 

and the 2p→nd transition-based L-edge spectra is that the latter splits into two edges due 

to coupling of the spin momentum of the core hole with its angular momentum. 

According to Hund’s third rule84-86, the LIII with J = 3/2 core hole is going to be at higher 

energy than the LII with J = 1/2. Thus Eq.(2.14) will have two components according to 

Eq.(2.15). 
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The specification of the normalized LIII and LII intensities (D0,L) has been 

intentionally omitted, due to the difficulty of obtaining these numbers for metals with 

overlapping L-edges. For example, the core hole spin-orbital splitting is only a few eV 

for the first row transition metals,76, 79 which prevents the separation of the LIII and LII 

edges. However, as Z increases, the spin-orbit coupling increases and for the second row 

transition metals and below, the separate normalization of edges is straightforward for 

example Mo L or Pd L-edges. Since the ideal 2:1 intensity ratio of LIII and LII-edges from 

the multiplicity of their J states is rarely observed, even the non-overlapping L-edges of 

transition metals is recommended to be fitted together. 

 

 
Figure 2.3: Molecular structure with bond and interatomic distances from side and front 
view of the [Fe(I)2(pdt)(CO)6, where pdt = µ-S2C3H6 ] biomimetic model complex of the 
2Fe-subcluster of FeFe-hydrogenase 

 

In order to demonstrate the remarkable information content of meXAS spectra, 

we consider here a demonstrative example of the Fe2(pdt)(CO)6 complex (pdt = µ-

S2C3H6, Figure 2.3), which is a structural analogue of the catalytically active 2Fe-

subcluster of the FeFe-hydrogenase. In Chapter 4, this experimental approach is used to 
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describe the contribution of various structural features of FeFe-hydrogenase biomimetic 

complexes to the electronic and geometric structures and thus reactivity. The 

Fe2(pdt)(CO)6 complex is one of the simplest example with three types of distinct 

chemical environments: bridging dithiolate ligand, low valent Fe(I) ions, and CO ligands, 

as can be seen in Figure 2.3. However, as will be described later, the quantitative analysis 

and fitting of its XAS features are challenging. Without the meXANES treatment many 

aspects of its electronic structure would have to be guessed and even potentially missed. 

Furthermore, the compound is readily available in a three step chemical synthesis and can 

be easily purified by recrystallization in dry pentane.42, 43, 87 Its crystal structure was 

reported by Darensbourg and coworkers.35 The complex exhibits three distinct absorption 

bands in the carbonyl IR stretching region when taken in CH3CN or THF solvent; 2072 

(medium intensity), 2033 (strong intensity) and 1992 (strong, broad intense peak) cm-1.35, 

88 A detailed spectroscopic study by Fiedler et al. in 2005 describes its electronic 

absorption (UV-Vis), magnetic circular dichroism (MCD), and resonance Raman (rR) 

spectra along with electronic structure description from density functional theory (DFT) 

calculations. Its UV-Vis spectrum88 shows a weak feature at ~21,700 cm-1 with ε ≈1,000 

M-1cm-1 that is assigned to an envelope of three Fe d→d ligand field transitions. 

Furthermore, an intense feature is also observed at 30,400 cm-1 with ε = 12,600 M-1cm-1 

that corresponds to the HOMO→LUMO transition. Absorption bands above 32,000 cm-1 

were assigned to the MLCT transitions from the Fe ions to the CO ligands. rR 

measurements (excitation at ~19,500 cm-1) exhibited intense peaks at 205 and 356 cm-1 

that were  assigned to the totally symmetric Fe-Fe and Fe-S stretching modes. The rR 
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spectrum of Fe2(pdt)(CO)6 also exhibits additional peaks in the 280-330 and 440-520cm-1 

range, which are the combination of non-symmetric Fe-S stretching modes and Fe-C(O) 

stretching and Fe-C-O bending modes. The latter assignments were based on an earlier rR 

study of the parent compound, Fe2S2(CO)6.89 The above rR data allows for an estimate of 

the bond strength of the Fe-S bonding by comparing to [Fe2S2(SEt)4]2- complex, which 

has a [2Fe-2S] diamond shaped core without the presence of a Fe-Fe covalent bond. The 

totally symmetric Fe-S stretching mode for the latter is observed at 387 cm-1 (excitation 

at 17600 cm-1).90 The higher frequency indicates that the Fe-µS(sulfide) bond in the 

classical 2Fe-2S cluster is stronger than the Fe-µS(thiolate) bond in Fe2(pdt)(CO)6 

complex. Moreover, the stronger Fe-S bond of the classical 2Fe-2S cluster defines an 

upper limit for the Fe-S(sulfide) bond covalency with 78±7%. The corresponding 

terminal Fe-S(thiolate) bond covalency of the same [2Fe-2S] cluster was found to be 

41±1%.91, which defines a lower limit for the expected bridging Fe-S(thiolate) bond 

covalency for the Fe2(pdt)(CO)6 complex. 

From the previous spectroscopic results and past electronic structure calculations 

for the Fe2(pdt)(CO)6 complex, the coordination environment of the low valent Fe(I) site 

can be described as distorted octahedral with occupied formally t2g orbitals and an 

electron on the lower lying 3dz2 and a vacant 3dx2-y2 orbitals of the Jahn-Teller distorted 

eg set. Figure 2.4 summarizes a simplified molecular orbital analysis,92 which indicate 

that the single occupied Fe 3d orbitals of the eg set are not localized, but they form a 

covalent bond between the two low-valent iron ions via the bonding (HOMO) and 

antibonding (LUMO) combination of the Fe 3dz2 orbitals, respectively. The next two 
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unoccupied frontier orbitals (LUMO+1 and LUMO+2) are the symmetric and 

antisymmetric combinations of the vacant Fe(I) dx2-y2 orbitals; respectively; followed by 

12 CO π* orbitals with various amount of Fe 3d characters from the t2g set.18 It is 

important to note that there is a significant mixing of about 12% total Fe 4p character into 

the LUMO as has been already proposed for a structurally similar Fe2(µ-SMe)2(CO)6 

complex with little to none 4s character.88 This is going to be important in the analysis of 

Fe K-edge data. 

 

 
Figure 2.4: Molecular orbital diagram of Fe2(pdt)(CO)6 adapted from Ref. 92. The first 
three LUMOs are Fe 3d based orbitals and then the next twelve orbitals are CO π* based 
orbitals  
 
 

As a complement to the above summarized conventional spectroscopic 

investigations, we report here the XANES data that were collected on multiple occasions 

at different beamlines, using different detection methods in hard, tender, and soft X-ray 
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regions at the Fe K-, S K-, Fe L- C K- and O K-edges, respectively. The meXAS analysis 

allowed us to extract metal 4p, ligand 3p, and metal 3d orbital characters from pre-edge 

features at the above edges, respectively; and thus provides a complete bonding 

description solely from experiment. The C and O K-edges are also presented as 

qualitative tool for furthering this bonding description. This experimental electronic 

structure information can then be used for understanding the redox and acid/base 

properties of the studied compound in addition to evaluation of the accuracy of electronic 

structure methods, such as density functional theory, the performance of basis sets and 

effective core potentials, and population analysis methods which will be presented in the 

Chapter 3.   

 
Experimental Methods 

 
 
Sample Preparation  
 

Fe2(pdt)(CO)6: Complex Fe2(pdt)(CO)6 was synthesized as described in the 

literature.88 Additional samples of Fe2(pdt)(CO)6 were provided by Professors Pickett’s 

and Heinekey’s laboratories. Na2pdt: A solution of 0.6 g (14.3 mmol) of NaOH and 0.7 

mL (7 mmol) of HS(CH2)3SH in 20 mL of dry, anaerobic MeOH was stirred for 12 h 

under N2. The solvent was removed and the white solid was washed with Et2O. 1H NMR 

(CD3OD) δ 2.5 (t, 4H, SCH2CH2CH2S), 1.8 (m, 2H, SCH2CH2CH2S).94  

 
X-ray Absorption Measurements 
  

All of the XAS measurements were carried out at the Stanford Synchrotron 

Radiation Lightsource (SSRL) under storage ring (SPEAR 3) conditions of 300-80 mA 
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current and 3 GeV energy. For the multi-edge treatment, beamlines (BL) 6-2 and 4-3 

were utilized for the S K-edge energy region. BL10-1 allowed for data collection in the 

soft X-ray, the Fe L-edge and C and O K-edge regions. BL 9-3 and 7-3 provided data at 

the Fe K-edge of the hard X-ray region.  

BL 7-3 and BL 9-3 are a 20- and 16-pole, 2 T Wiggler beamline, respectively 

equipped with a Si(220) downward reflecting, double-crystal monochromator. Due to the 

high penetration of the hard X-rays, the transmission setup was utilized at these 

beamlines, with the sample placed in a liquid helium cryostat and maintained at a 

constant temperature of ~10 K. The beamline parameters were optimized at 8000 eV. The 

optimal sample concentration versus boron nitride was calculated by taking into account 

sample holder geometry and molar weight of the compound of interest using the program 

SAMPLE4 of EXAFSPAK95. The energy was calibrated using the first peak of the first 

derivative of an iron foil assigned to 7111.2 eV. Iron K-edge spectra were collected in the 

energy range of 6785-7985 eV. 

BL 6-2 and 4-3 are a 56-pole, 0.9 T and a 20-pole, 2.0 T Wiggler beamline, 

respectively, equipped with a liquid N2 cooled Si(111) double-crystal monochromator. 

Both beamlines were optimized at 2740 eV. Na2S2O3·5H2O was used as calibrant with a 

maximum pre-edge feature at 2472.02 eV. Sulfur K-edge spectra were collected in the 

energy range of 2450 – 2740 eV using an unfocused beam in a He-purged fly path at both 

room temperature and ~120 K for the solid samples using a multi-element Lytle (EXAFS 

Co) or a Passivated Implanted Planar Silicon (PIPS) fluorescence detector 

(CANBERRA). Partial electron yield data were collected by a detector (EXAFS Co) 
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equipped with a nickel grid at a 45 V collector potential.  Solid samples, which were 

prepared in a glove box, were diluted in and ground together with boron nitride to 

minimize self-absorption and then mounted onto a sulfur-free Kapton tape. While these 

samples are not extremely air sensitive, they were protected from oxidation and moisture 

during sample mounting by a thin polypropylene window.  

BL 10-1 is a 30-pole, 1.45 T Wiggler beamline, equipped with a 6 m spherical 

grating monochromator. For the Fe L-edge measurements the 1000 lines/mm grating was 

used. Spectra were collected in the energy range of 660-800 eV using an unfocused beam 

in ultra-high vacuum (UHV). The beamline was optimized at 715 eV. Fe2O3 was used as 

calibrant with a two point calibration on the second feature of the LIII edge and the first 

feature of the LII edge at 708.5 and 720.1 eV, respectively. The data was collected in 

electron yield mode by using a Channeltron (PHOTONIS) located about 3 cm away from 

the sample paddle, operating at 1800 V high voltage and 3000 V collector potentials. 

Attention: Due to the rapid sublimation of Fe2(pdt)(CO)6 complex in UHV, the ground 

solid sample had to be pushed into a carbon tape on a copper paddle and cooled using a 

liquid nitrogen (LN2) finger Dewar. Even with the use of LN2 cooling, there was a slight 

layer of Fe2(pdt)(CO)6 deposited on the calibrate Fe2O3 on the sample paddle.  

Furthermore, there is a considerable variation to the data if spectra are collected a varied 

period of sample sublimation due to uncertainties introduced by the normalization of a 

weak edge jump. These larger error bars of 10-15% for the Fe L-edge are reduced to the 

more normal 5-7% if the sublimation is eliminated by liquid N2 cooling. Without the 

finger Dewar, data collection at room temperature generally led to longer pump times and 
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a greater sample to noise ratio in the data due to sublimation. In addition, serious 

radiation damage was also observed already at ~700 eV that are generally more 

prominent for hard X-ray measurements at several keV.  

 

 

 
Figure 2.5: Data normalization steps of the calibrated and averaged S K-edge (A and B) 
and Fe L-edge (C and D) spectra. Slides A and C are the raw data with pre-edge 
background correction and slides B and D are the spline function and normalized data.  

 

We also found that in the case of contamination in the sample chamber and/or on 

the I0 incident beam intensity grid/foil that shows up in the EY/I0 data, the use of the EY 

signal without dividing by the I0 gives already acceptable data quality. However, it is 

more thorough to collect data using the same region file for blank carbon tape and then 

used this as a baseline to be subtracted electron yield data as shown in Figure 2.5.  
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For the C and O K-edge measurements the 600 lines/mm setting was used for the 

grating monochromator at BL 10-1. Spectra were collected in the energy range of 260-

660 eV using an unfocused beam. Graphite was used as a calibrant with a one-point 

calibration at the first feature of 284.7 eV, respectively. Fe2(pdt)(CO)6 was pushed 

directly into an indium foil, which was kept on a copper paddle on a LN2 finger Dewar. 

As discussed above, the calibrate and blank indium foil was prepared on a separate 

paddle to avoid contamination from the Fe2(pdt)(CO)6 sublimation. The data was 

collected only in electron yield mode as described above. Unlike for the Fe L-edge 

collection, the I0 normalized EY spectra had to be used for data normalization.  We also 

collected data for a blank indium foil for baseline subtraction due to the layer of In2O3. 

For all edge regions, at least three scans were averaged to obtain an acceptable signal-to-

noise ratio; however, if no radiation damage was present generally the second looked 

already practically identical to the first. 

 
X-ray Absorption Data Normalization Procedure  
 

The three main steps in analyzing XAS data before the spectral fitting are baseline 

subtraction, background correction, and normalization. The baseline subtraction and 

background correction are often treated in a single step as shown in Figure 2.5; however 

in the case of dilute samples, detector and/or monochromator glitches and sample 

chamber contamination the collection of data for a blank sample holder and even an 

empty sample chamber is highly recommended (see top spectrum in Figure 2.5A and 

Figure 2.5C). The blank spectrum can correct for considerable differences between the 

slopes of the pre-edge and post-edge regions by a simple subtraction from the sample 
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spectrum. The background region of the raw or baseline subtracted data (middle spectrum 

in Figure 2.5A) is then fit with a second order polynomial that is subtracted from the 

original data to get the background corrected data (bottom black spectrum in Figure 

2.5A). Two linear fits to the background (red line) and the post-edge region (blue line) 

are used to generate constraints for the first derivative of a spline function (blue line in 

Figure 2.5A), which is then used to normalize the spectrum by scaling the S K-edge 

spline function (and not the spectrum) to 1.00 at 2490 eV.  Figure 2.5B illustrates the data 

normalization steps taken for a representative Fe L-edge data of the Fe2(pdt)(CO)6 

complex, which agree with those discussed for the S K-edge. A practical implementation 

for the background correction is to use the slope of linear fits as boundary conditions for 

the first derivative of a spline function that fits the post-edge region of 727-800 eV. The 

background corrected data was then normalized by setting the spline function to 1.0 at 

800 eV as seen as in Figure 2.5B.  

 
XANES Data Fitting  
 

Fitting of the XANES region was achieved by using PeakFit v4.12 (Seasolve 

Software, Inc) and the EDG_Fit program.95 Due to the overlapping nature of the spectral 

features various fits are discussed using a range of mixtures of Gaussian/Lorentizan peaks 

for the pre-edge regions.  Initially, the data was fit by EDG_Fit95 due to the numerous 

examples from the literature,73 including the relevant paper for the definition of the S 

1s→3p transition dipole integral.91, 96-98 In the given study, the intensity of the pre-edge 

feature was estimated from the product of the peak amplitude and the half-height full 
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width. Instead of this approximation, we used the analytical area for the fit function of 

Gaussian+Lorentzian Amplitude from PeakFit shown in Eq.(2.16): 
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  (2.16)  

where A is the amplitude of the peak, E0 is the peak position in eV, hhlw is the half-height 

line width in eV, and m is the lineshape or Gaussian/Lorentzian mixing coefficient. In 

order to convert the previously defined pre-edge intensities and transition dipole integral 

based on EDG_Fit, we found that the analytical area is 27% greater for 0.5 G/L mixing 

coefficient that corresponds to the pseudo-Voigt lineshape. Thus, in order to obtain 

consistent S 3p character of a metal-thiolate sulfur (M-St) bond to previous results we 

increased the IS 1s→3p transition dipole integral for thiolate, I(St), from 8.05 eV96, 98 to 

10.23 eV.  

In order to obtain a reasonable correction of the ill-resolved rising edge features, 

we used the free ligand spectrum of Na2pdt. The entire rising-edge of the free ligand salt 

spectrum was fit by four pseudo-Voigt peaks and one Lorentzian cumulative function as 

ionization threshold (Appendix A) and treated as a user defined function (UDF) in 

PeakFit. For the fit of the spectra of complex Fe2(pdt)(CO)6, this UDF was allowed to 

shift in energy (E0) and scale to match the intensity (A) of the rising-edge region. The 

subtraction of the free ligand and the complex spectra allowed for obtaining the most 
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reasonable separation of the pre-edge features due to the Fe-S, and Fe-CO bonds vs. the 

S-C σ*, and S 4p based rising-edge features (see below). 

 
Results and Analysis 

 
 
S K-edge XANES in the ‘Tender’ X-ray Energy Range  
 

As introduced above the correlation between XANES features and ground state 

electronic structure is a direct approach to obtain experimental information about bond 

covalency, orbital composition, effective nuclear charge, and nucleophilicity of an 

absorber. It is then very important to gauge the reproducibility and accuracy of XAS 

measurements, data normalization, and fitting procedures using the example of 

Fe2(pdt)(CO)6 complex. Here we summarize a systematic evaluation of key experimental 

factors that may affect the data quality at the S K-edge region, such as the effect of data 

collection (sample preparation protocols, beamlines, sample stages, detection methods, 

and sample temperature), data normalization, and fitting. 

 
Data Normalization The normalization steps as summarized in Figure 2.5 are 

implemented in the ADRP program.99 First we evaluated the dependence of the 

normalized data on the selected energy ranges for background and the post-edge regions 

to obtain the second order polynomials and spline functions, respectively. Figure 2.6 

compares the results of three normalization protocols. The manual correction corresponds 

to the method that has been used in earlier S K-edge studies.46, 65, 73, 100 ADRP-Go is an 

automated version of the ADRP program, which allows for a rapid data analysis directly 

at the beamline using the best estimates for the polynomial fit energy ranges without any 
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user interaction.99 As can be seen in Figure 2.6, the variations of spectral intensities 

remain small between the current and previously used normalization protocols. ADRP-

Go introduces some error for the peak intensities (about 3%); however, the normalized 

spectrum is close enough to the other two methods for a qualitative comparison at the 

beamline immediately after data collection. 

 

 
Figure 2.6: Comparison of the S K-edge spectra using the ADRP, ADRP-Go and manual 
normalization methods of data set A. The details of the data set A is described in Table 
2.2. (see also Appendix A for the same spectra with an extended energy range) 

 

Quantitative XANES Analysis Figure 2.7 summarizes the analysis steps for the 

most representative, normalized spectrum of Fe2(pdt)(CO)6 complex and the free ligand 

salt, Na2pdt. The XANES energy region of the complex can be separated at 2473 eV for 

the pre-edge and rising-edge regions (Figure 2.7A). The first maximum along the rising-

edge at 2473.5 eV is obtained from the first derivative spectrum in Figure 2.7C. This 

defines the rising-edge inflection point, which is often correlated with the effective  
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Figure 2.7: Energy position analysis of the XANES region of the normalized S K-edge 
spectra of (A) Fe2(pdt)(CO)6 and (B) Na2pdt, (C) and (D) first derivative spectra (E) and 
(F) second derivative spectra 

 

nuclear charge (Zeff) of the S 1s core orbital. The minima of the second derivative 

spectrum in Figure 2.7E define at least two separate features for both regions (pre-edge: 

2471.6 and 2472.2 eV and rising-edge: 2473.9, 2474.8, and 2475.4 eV). From Figure 2.4, 

the pre-edge features can be assigned to S 1s core electron excitations into vacant Fe-Fe, 

Fe-S mixed σ* and π* orbitals in addition to a limited set of Fe-CO π* orbitals that are 
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symmetry allowed to mix with S 3p orbitals. The features along the rising-edge emerge 

due to the presence of the S-C σ* anti-bonding orbitals. The highest energy resolved 

rising-edge transition can be assigned to the S 1s→ S 4p Rydberg orbital-based transition, 

which often overlays with the ionization threshold, which is also known as the edge 

jump. Thus, in addition to using the rising-edge inflection points, this transition can also 

be used as an indicator of the Zeff(S). The above assignments are consistent with the S K-

edge spectra of other transition metal thiolates.3, 101  

If available, the comparison of the free ligand salt spectrum can further aid the 

spectral assignments. The 1.6 eV shift of the rising-edge inflection points between the 

complex (2473.5 eV) and the free S-ligand (2471.9 eV) as shown in Figure 2.7C and 

Figure 2.7D, respectively, is indicative of considerable S→Fe electron donation and thus 

decrease of the nucleophilic character of the thiolate S centers. These changes also 

correspond to an increase in the sulfur Zeff, which lowers the S 1s orbital in energy and 

thus shifts the spectral features up in energy. Interestingly, there is only about 1 eV shift 

between the highest energy resolved features in Figure 2.7E (2475.4 eV) and Figure 2.7F 

(2474.4 eV) that were assigned to the S 4p-based transitions. The difference of 0.6 eV 

provides an estimate for the change in the thiolate sulfur Zeff in going from the open 

conformation of the free ligand salt versus the chelated thiolate ligand with the reduced 

S…S distance (Figure 2.3). The vicinity of the two formally -1 charged sulfur centers 

raise the energy of the S 3p-based donor orbitals due to electron repulsion, which allows 

for a better overlap with the Fe d orbitals, and thus more donation resulting in a shift of 

the S-C σ* features more than the S 4p-based ones. The absence of any low energy 
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features below the rising-edge in the free ligand salt also supports the assignment that the 

pre-edge features in Figure 2.7A emerge due to the presence of Fe-S bonds. 

By considering the molecular orbital picture92  shown in Figure 2.4, we can 

specifically assign the S K-edge excitations into the LUMO-LUMO+2 orbitals (Figure 

2.4) that are the antibonding combination of the two Fe 3dz2 orbitals with non-negligible 

S 3p character, and the symmetric and anti-symmetric combinations of the two Fe 3dx2-y2 

orbitals; respectively. Furthermore, due to the low symmetry of the complex (C2v at most 

if the puckering of the dithiolate ring is neglected) there is also a possibility for mixing 

between the Fe-CO π* and S 3p orbitals. Thus, the first envelope of transitions between 

2469-2473 eV can be correlated with the lowest 15 unoccupied molecular orbitals. 

Consequently, the second envelope between 2473-2475 eV would then be related to the 

S-C σ* unoccupied molecular orbitals in agreement with the free ligand spectrum. 

 
Fitting of Pre-edge Features In order to evaluate the variations in fit quality, we 

used EDG_FIT program as part of EXAFSPAK95 as a reference, since this procedure was 

used dominantly in a large set of sulfur K-edge data.73, 101 Due to the envelop nature of all 

transitions, the Gaussian/Lorentzian mixing coefficient (m) were allowed to deviate from 

0.5, which is generally used for a pseudo-Voigt line shape of a single electron hole-based 

transition. In addition, none of the line widths were made identical in any of the fits. The 

resulting fit is shown in Figure 2.8A. In parallel, we obtained a similar fit using a more 

advanced fitting protocol provided by PeakFit (SEASOLVE) as shown in Figure 2.8B. 

While the fits from both EDG_FIT and PeakFit are visually similar, there are 

considerable differences in the intensities and the shapes of the transition envelopes as 
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shown in Table 2.1. The main difference is dominantly due to the broad envelope in 

EDG_Fit for the formally S 4p-based features, which steals considerable intensity from 

the lower energy transition envelops.  

 

 

 
Figure 2.8: Various fits to the pre-edge and rising-edge regions of the S K-edge spectrum 
of Fe2(pdt)(CO)6 (A) “low to high” using EDG_Fit, (B) “low to high”, (C) “window” , 
(D) “Na2Pdt salt” corrected, (E) “MO-based”, and (F) “2nd Derivative” fits using PeakFit 

 

We further evaluated the robustness of the fitting procedures in order to obtain a 

realistic estimate for error arising due to data fitting. This analysis is important in the 

given case, since the spectral features can only be described by envelop of transitions 

versus well defined single electron hole-based transitions. For the latter the linewidth and 
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the lineshape are reasonably well known (1.0-1.3 eV and pseudo Voigt, respectively). A 

common approach of fitting pre-edge features in XAS is to gradually extend the energy 

range from the first pre-edge features toward the rising-edge features (“low to high”). 

This was the procedure that resulted in the previously compared fits in Figure 2.8A and 

Figure 2.8B. In this procedure a new feature is introduced only if the second derivative 

warrants that. This approach generally works well for resolved pre-edge features, but as 

shown above results in various reasonable fits with different peak intensities for transition 

envelopes. For pre-edge features with shoulders, an alternative strategy is desirable by 

using an ‘energy window’-based approach due to a possible artifact of two ill-resolved 

either large/small or small/large peaks giving similarly reasonable fits. An initial ‘energy 

window’ can be defined to capture the top of the overlapping peaks as defined by the 

second derivatives, which is then gradually widened to fit the entire spectral range. The 

result of this fit is shown in Figure 2.8C and fitting parameters are summarized in Table 

2.1 (row ‘energy window’). This fit resulted in a visually similar, but quantitatively 

different result with respect of spectral intensities relative to the previous two fits. This 

fitting method generally provides the lower limit for the pre-edge intensity, since the 

stepwise broadening of the energy window limits the widening of features to 

accommodate the broad line widths at their bases. 

The chemically most attractive approach is the use of the free ligand salt 

spectrum, which can be considered as a formal ionic limit of the coordinated ligand. 

However, this fitting method is not viable if the magnitude of electron donation from the 

ligand to the metal changes the coordinated ligand considerable relative to the free ionic  
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Table 2.1: Fit parameters to spectra in Figure 2.8, where E0 is peak position, A is 
amplitude, hhlw is the half-height full linewidth, m is the mixing coefficient, D0 is the 
normalized integrated area/intensity of the envelop of transitions. All fits were obtained 
using PeakFit unless noted 

 energy range, eV E0, eV A hhlw, eV m D0, eV ΣD0, eV 
‘low to high’ 

with 
EDG_FIT95 

(Figure 2.8A) 

2465-2476 

2471.5 1.51 0.87 0.13 1.96 3.25 
2472.1 1.22 0.99 1.00 1.29 
2473.9 1.02 1.26 1.00 1.36 6.75 
2475.3 1.55 2.21 0.00 5.39 

‘low to high’ 
(Figure 2.8B) 2465-2476 

2471.5 1.56 0.91 0.03 2.20 3.53 
2472.1 1.22 1.00 0.93 1.33 
2473.9 1.14 1.29 0.70 1.73 5.83 
2475.3 1.51 2.09 0.43 4.10 

‘energy 
window’ 

(Figure 2.8C) 
2465.5-2476 

2471.5 1.56 0.85 0.13 1.96 3.05 
2472.1 1.15 0.89 1.00 1.09 
2473.9 1.32 1.57 0.00 3.26 6.57 2475.4 1.27 1.91 0.31 3.31 

‘Na2pdt salt’ 
(Figure 2.8D) 2465-2474.5 2472.2 1.23 1.01 0.28 1.73 3.69 2471.5 1.53 0.89 0.20 1.96 

‘MO-based’ 
(Figure 2.8E) 2469.5-2476 

2471.5 1.28 0.78 0.50 1.26 
3.86 2472.1 1.14 0.91 1.00 1.11 

2472.3 0.35 3.52 0.63 1.49 
2473.9 1.03 1.21 0.27 1.74 5.46 2475.3 1.42 2.11 0.56 3.72 

‘2nd derivative’ 
(Figure 2.8F) 2465-2476 

2471.6 1.63 0.99 0.21 2.32 3.93 2472.2 1.04 0.98 0.00 1.61 
2473.9 0.97 1.14 0.57 1.38 

5.05 2474.8 0.61 2.81 0.84 1.94 
2475.4 0.93 1.73 1.00 1.73 

 

salt. In literature, this is referred to the ligand showing non-innocent behavior.102 The free 

ligand spectrum was fit with a single user-defined function in PeakFit. This function was 

shifted in energy by +1.6 eV as determined by the difference in the rising-edge inflection 

points of the free and the coordinated ligands. Furthermore, the free ligand spectrum was 

slightly scaled by 1.03 to obtain a reasonable overlay with the S-C σ* transition-based 

region. The shifted and scaled free ligand spectrum was then subtracted from the complex 

spectrum to obtain the pre-edge features that emerge due to the Fe-S bonds. Figure 2.8D 

shows the fit to the pre-edge envelop with two peaks. The integrated area of the two 
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features is consistent with the ‘low-to-high’ fit shown in Figure 2.8B and considerably 

greater than either the EDGE_FIT or the ‘energy window’-based fits. Using the MO 

picture in Figure 2.4, an additional ‘MO-based’ fit is shown in Figure 2.8E and Table 2.1. 

In this fit, the line shapes were set to be a pseudo-Voigt line with 50/50% Gaussian and 

Lorentzian mixing. The line widths were allowed to vary due to the envelop nature of 

each excitation. The main difference here is the broad feature centered at around 2472.5 

eV, which intended to model the features due to the 12 Fe-CO π* orbitals. This fit 

provided the largest pre-edge intensity of 3.86 eV among all previous fits, which can be 

considered as a reasonable upper limit.  

The fit highlighted in Figure 2.8F is also commonly used when the peak positions 

are fixed according to the minima of the second derivative spectrum. In comparison to 

other fits in Figure 2.8, the deviation between the measured data and the fit function is the 

largest in Figure 2.8F, which is due to the largest intensity (1.61 eV from the bottom of 

Table 2.1) of the second feature that incorrectly fits the higher energy part of the pre-edge 

features for the given spectrum. 

With respect to Fe-S and S-C bonding, the most relevant parameters from Table 

2.1 are the areas of the first two envelopes. If we consider that all the fits discussed above 

correspond to a reasonable fit, the normalized area of the pre-edge features ranges from 

3.05 to 3.93 eV with average value of 3.55±0.28 eV. This corresponds to an 

approximately 12% variation in the intensity of the spectral features related to Fe-S 

bonding. The rising-edge feature shows a broader range 5.05-6.75 eV, and a larger 

deviation (±0.60 eV) around the average value of 5.93 eV. The larger deviation can be 
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attributed to the less resolved rising-edge features and the ill-defined nature of the S 4p 

Rydberg state, which makes the exact fitting of the rising-edge features challenging. 

Considering the chemically most reasonable way of taking into account the rising-edge 

features (‘Na2pdt salt’ fit in Table 2.1), repeated fitting of the pre-edge features with 

varied free-ligand energy positions and scaling factors introduces only a modest 5% 

variation in the intensity of the two pre-edge features.  

 
Table 2.2: Summary of sulfur (A-J) and iron (K-L) K-edge spectra used in the given 
study 

Data Set Temperature  BL Detectors Sample Source Sample Condition 
A RT 6-2 Lytle fluorescence Pickett crystalline 
B RT 6-2 Lytle fluorescence Pickett crystalline 
C RT 6-2 Lytle fluorescence Szilagyi powder 
D RT 6-2 Lytle fluorescence Heinekey crystalline 
E ~120 K 6-2 Lytle fluorescence Szilagyi powder 
F ~120 K 6-2 Lytle fluorescence Szilagyi crystalline 
G RT 4-3 Lytle fluorescence Szilagyi crystalline 
H RT 4-3 PIPS fluorescence Szilagyi crystalline 
I RT 4-3 Lytle fluorescence Szilagyi crystalline 
J RT 4-3 Electron yield (45 V) Szilagyi crystalline 
K ~ 11 K 9-3 transmission Pickett crystalline 
L ~ 11 K 7-3 transmission Szilagyi powder 

  

Reproducibility of the Normalized Spectra We have collected ten different data 

sets at two beamlines (BL6-2 and BL4-3 of SSRL) for samples from three different 

synthetic batches, using three different detection methods (fluorescence using Lytle and 

PIPS detectors, electron yield with a metal collector grid), and at two (ambient and liquid 

He cryoflow) temperatures. The data sets with beamline parameters are listed in Table 

2.2. 
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Figure 2.9: Normalized XANES region S K-edge spectra for all data sets used in the 
given study. The details of the data sets A-J are described in Table 2.2. (see also 
Appendix A for the same spectra with an extended energy range) 
 
 

Remarkably, there are only slight differences observed among the normalized 

spectra in Figure 2.9 with the exception of data set E. Spectrum E was taken for a sample 

that was made intentionally thick, which led to a considerable reduced intensity for the 

largest spectral features due to self-absorption of the fluorescence signal.103 Thus, if the 

XAS data is used for quantitative analysis, such as principal component analysis of 

speciation or extraction of electronic structural information from pre-edge and rising-

edge intensities, several sample preparations are required with gradually less amount of 

sample to find the optimum for signal-to-noise ratio due to small sample concentration 

and the minimized self-absorption artifact of fluorescence detection. An alternative way 

to estimate the amount of self-absorption present is to collect simultaneously electron 

yield (data set J) and fluorescence data, since the former does not show the self-

absorption effect if high enough collector potential is used (~200 V for the S K-edge). 
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It is important to note that BL4-3 is a new beamline at SSRL (data set G), which 

replaced BL6-2 (data set F). The latter was used in the past for most of the quantitative 

XANES measurements at the S and Cl K-edges.73 Therefore, we evaluated the effect of 

the differences between BL 6-2 and 4-3 for data sets F and G, respectively, and found no 

significant differences in the spectra (see Appendix A). 

 
Effect of Sample Quality In S K-edge XAS measurement we need to consider the 

presence of additional absorber content of a sample, such as S containing counter ions, or 

free uncoordinated ligands that may remain undetected using traditional spectroscopic 

characterization, such as UV/Vis, IR, and often NMR. Accordingly, we evaluated how 

the sample source and crystallinity can affect the S K-edge spectra. Figure 2.10 shows the 

comparison of the normalized S K-edge spectra for Fe2(pdt)(CO)6 from three different 

laboratories.  It is notable that the peak energy positions and normalized intensities vary 

less than 0.1 eV for the major features. This is practically the beamline resolution. The 

features above the ionization threshold are almost identical with slight differences in B 

data set, which could be dominantly the result of modest sample decomposition during 

storage and handling, since data sets A and B were obtained for the same samples during 

different data collection trips. The full energy range XAS spectra are shown in the 

Appendix. The differences in spectral features in Figure 2.10 can be considered as typical 

for repeated measurements of the same sample and they are more than the variations 

originate from data normalization (see above). 
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Figure 2.10: Variation of the normalized S K-edge spectral features as a function of 
sample source. The details of the data sets B-D are described in Table 2.2. (see also 
Appendix A for the same spectra with an extended energy range) 

 

Radiation Damage As contemporary synchrotron sources achieve lower emittance 

and higher flux with the aim of being able to study more dilute samples with smaller 

beam sizes, another important effect on data quality became the radiation damage even 

for solid samples. We observed the signs of radiation damage as the storage ring (SPEAR 

at SSRL) was upgraded from a 2nd generation to a 3rd generation source in addition to the 

current being increased from 100 mA to 300 mA at SSRL. Data collection for 

Fe2(pdt)(CO)6 at room temperature resulted in considerable change in the S K-edge 

spectra, which was eliminated by a liquid He cryoflow setup. Figure 2.11A shows the 

characteristic progression of spectral changes at ambient temperature with fluorescence 

data collection using a Lytle detector. The radiation damage is significant, since the 

amplitude and the area under the pre-edge feature vary between the first and the third 

scans by 0.33 units and 0.23 eV, respectively. In Figure 2.11B, we evaluated the results 
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from both linear and exponential extrapolation methods and compared averaged data 

without correcting for radiation damage. Despite a visibly non-linear change in the 

spectra in Figure 2.11A, we obtained practically identical spectra for a zero-exposure data 

using either linear or exponential extrapolation. In addition, both extrapolated spectra 

reproduced well the data collected for the sample at cryogenic temperature (data set F). 

The significant difference between the extrapolated spectra and the uncorrected data in 

Figure 2.11B is notable, which clearly indicate the need for a radiation damage 

correction. 

Simultaneous employment of fluorescence-radiation and electron-yield detections 

can provide an additional tool for correcting for radiation damage. The electron-yield 

detection only probes the top 10-20 Å layer of the sample surface78 and thus will be more 

sensitive to any change in the beam in comparison to fluorescence-radiation, which 

probes about an order of magnitude deeper layer. Figure 2.11C and Figure 2.11D well 

demonstrate this difference and give an opportunity to use two different rates of radiation 

damage for extrapolating to zero exposure state. The extrapolated spectra using various 

correction methods are practically identical and they are the same as the spectrum 

obtained using liquid He cryojet cooling (Figure 2.11E). The slightly lower intensity of 

the electron yield data is due to the detector being operated in partial electron yield mode 

with the 45 V collector potential. 
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Figure 2.11: (A) Effect of radiation damage in S K-edge data for data set D (B) the 
comparison of linear and exponential extrapolated data to zero-exposure time, the 
average room temperature spectra without radiation damage correction for data set D and 
the data set F which was collected at cryo-temperature (C) Effect of radiation damage in 
S K-edge data using fluorescence collected simultaneously with electron yield for data set 
I (D) Effect of radiation damage in S K-edge data using electron yield collected 
simultaneously with flourescence for data set J (E) Comparison of zero exposure 
extrapolated data sets D, I, and J to liquid He cryoflow sample F.  The details of the data 
sets D, F, I and J are described in Table 2.2. (see also Appendix A for the same spectra 
with an extended energy range) 
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Spectral Dependence on the Detection Method In addition to exploiting the 

differences among various signal detection techniques for correcting radiation damage, it 

is also important to evaluate the data dependence as a function of the detection method. 

An earlier study on chloropalladium complexes discussed the need for a 

detection/beamline method dependent correction to the quantitative analysis of XANES 

features.104 The comparison of S K-edge spectra taken at BL4-3 at room temperature with 

different detectors is shown in Figure 2.12. The data sets overlay reasonably well with 

small differences between EY and FF data sets in the XANES region (Figure 2.12A). 

Spectrum G obtained with the older, 3-element Lytle detector compares well in the first 

peak region with data set H collected by a PIPS detector. The intensity differences among 

the pre-edge and rising-edge features for the same sample, but with a newer, 5-element 

Lytle detector (I) and simultaneous electron-yield detection (J) with 45 V accelerating 

potential and a Ni-collector grid can be rationalized by self-absorption of the fluorescence 

signal for the thicker sample and the less than ideal collector potential (~200 V) for total 

electron-yield collection. Furthermore, it is important to highlight the differences among 

the detection methods in the EXAFS region, which can be explained by the lack of 

interference phenomena of the ejected photoelectron giving rise to the EXAFS features 

(Figure 2.12B).  
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Figure 2.12: Variation of the S K-edge spectral features as a function of detector (A) 
XANES region and (B) EXAFS region. The details of the data sets G-J are described in 
Table 2.2.  
 
 

Overall, we examined the quantitative effects of sample quality, radiation 

damage, detector, and data normalization as qualitatively described above on the fitting 

parameters of the normalized pre-edge features using the chemically most reasonable free  

ligand spectrum based fits (Table 2.3). Note that any deviation among the various data 

sets in Table 2.3 needs to be superimposed to the deviations already discussed above due 

to data normalization and fitting procedures. 

The comparison of the data set E manifesting self-absorption of the fluorescence 

signal  shows a reduced pre-edge peak area of 3.47 eV, which is about 6% less relative to 

the average value of all data sets of 3.74±0.15 eV. This value can be estimated to be the 

lower limit of pre-edge intensity using the chemically most reasonable normalization and 

fitting procedures (see above). Removal of the data set E or J, does not significantly 

affect the average pre-edge intensity of 3.73 eV; however the deviation is reduced to 4% 

(0.09 eV). The effect of using samples from different labs (data sets B-D) shows about 

3% (0.11 eV) variation with an average of 3.73 eV. The maximum deviation here is 

estimated to be about 4%. The corrected data set D for radiation damage deviates by 
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about 3% from data set G. The difference between beamline configurations 

corresponding to data sets F and G is only about 1% for the area under the pre-edge 

transition envelop for the Fe2(pdt)(CO)6 complex. The effect of detector (data sets G-J), 

gives an average of 3.84±0.10 eV with again about 4% variation. 

 
Table 2.3: Fit parameters to data sets A-J from Table 2.2, where A is amplitude, E0 is 
peak position, hhlw is the half-height full linewidth, m is the Gaussian/Lorentzian 
lineshape mixing coefficient, D0 is the normalized integrated area/intensity of the envelop 
of transitions for pre-edge features. The fitting energy range was 2465-2474.5 eV for all 
data sets and the ‘Na2pdt salt’ fitting procedure was used from Table 2.1 

 A E0, eV hhlw, eV m D0, eV ΣD0, eV 

A 1.47 2471.613 1.03 0.59 1.86 3.64 
0.98 2472.274 1.17 0.01 1.78 

B 
1.67 2471.557 0.88 0.32 2.00 3.55 1.27 2472.193 0.98 0.54 1.55 

C 
1.58 2471.545 0.96 0.37 2.03 3.82 1.22 2472.213 1.07 0.29 1.79 

D 
1.62 2471.561 0.91 0.38 1.97 3.84 1.25 2472.212 1.04 0.20 1.87 

E 
1.29 2471.546 0.97 0.25 1.76 3.47 1.07 2472.215 1.09 0.16 1.71 

F 
1.53 2471.527 0.89 0.20 1.96 3.69 1.23 2472.173 1.01 0.28 1.73 

G 
1.53 2471.573 0.90 0.32 1.87 3.73 1.22 2472.215 1.04 0.14 1.86 

H 
1.46 2471.565 1.03 0.46 1.94 3.78 1.09 2472.219 1.11 0.08 1.84 

I 
1.55 2471.54 1.00 0.46 2.00 3.81 1.05 2472.21 1.10 0.00 1.81 

J 
0.92 2471.452 0.97 0.02 1.40 4.04 1.49 2471.981 1.52 0.72 2.65 

 

The overall range considering self-absorption due to a thick sample (3.47 eV) and 

the upper limit of area for the above 10 different measurements is 4.04, which is a 

remarkable 9% variation. However, as we discussed above the most reasonable spectra 

was obtained in F, which was taken at cryoflow temperature and with a fluorescence 

detection method. The corresponding fit was using the free ligand salt for rising-edge 
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subtraction, which gives 3.69 eV, which corresponds to the amount of donation from the 

sulfur atoms to the iron atoms for the first 15 unoccupied molecular orbitals with an 

approximately 10% uncertainty. Using the corrected transition dipole integral of 10.23 

eV for the S 1s→3p excitations and Eq.(2.14), this area corresponds to 216±20% total S 

3p character for two sulfur absorbers (N = 2). Since the role of S 3s and 3d orbitals can be 

neglected in the given complex, we can use this number to define the covalency of each 

Fe-S bond to be 51±5%. This is remarkably covalent in comparison to the Fe-S(thiolate) 

bond covalency in [Fe2S2(SEt)4]2- and [Fe4S4(SEt)4]2-, which was determined 25±3% and 

41±1% per each Fe-S(thiolate) bond, respectively.105-107 The π-accepting carbonyl ligands 

likely facilitate the formation of this covalent Fe-S bond, by making the effective 

oxidation state of the low-valent Fe ions greater than the formal oxidation state (+I). The 

mixing of S 3p into the Fe-CO π* orbitals is considerable (the ratio of total S donation to 

the first three and the top twelve LUMOs is about 3:2) ,92 thus a total S 3p character of 

130% can be distributed among the three frontier orbitals with six electron holes (h = 6) 

to give about 22±3% S 3p character per electron hole on average for the three Fe 3dz2, 

3dx2-y2-based LUMO-LUMO+2 orbitals. However, this equal distribution of S 3p 

character is chemically not reasonable due to the different orbital compositions of these 

LUMOs. A theoretical estimate for the relative amount of S 3p mixing with the Fe 3d 

orbitals from the quantitative molecular orbital picture92 is 15, 20 and 25% for the 

LUMO-LUMO+2 orbitals, respectively.92 Considering the relative S 3p characters, the 

experimental estimates for the differential orbital covalency are 16±3, 22±3, and 27±4% 
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for the first three LUMOs and an additional 86% total sulfur character for the twelve CO 

π* orbitals or 24 electron holes. 

 

 

 
Figure 2.13: (A) The Fe K-edge data of Fe2(pdt)(CO)6 collected at two different 
occasions (data sets K and L), (B) the first derivative of data set L, and (C) the second 
derivative of data set L. The details of the data sets K and L are described in Table 2.2. 
(see also Appendix for the same spectra with an extended energy range)  
 
 
Fe K-edge XANES in the Hard X-ray Energy Range 
  

We present here a considerably more limited analysis for the Fe K-edge XANES 

of the Fe2(pdt)(CO)6 complex due to its similarity in the source and nature of deviations 

among the sample preparation, detector and beamline dependence, and radiation damage 

to the S K-edge data. The edge jump at the Fe K-edge is intense with many rising-edge 

features. As discussed above, the pre-edge feature of a metal K-edge is generally an order 

of magnitude weaker due to the electric quadrupole nature of a 1s→nd transition, relative 
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to the electric dipole allowed 1s→(n+1)p transitions.81 The geometry of each Fe site in 

Fe2(pdt)(CO)6 can be considered as approximate hexacoordinate with two shared 

bridging thiolate sulfur ligands and two terminal carbonyl groups forming the equatorial 

plane. Another terminal CO and a 3dz2-based Fe-Fe bond are localized along the axial 

direction. Due to the non-centrosymmetric coordination environment of the Fe sites the 

mixing of Fe 4pz and Fe 3d orbitals is not forbidden and estimated to be about 24%.108 

Figure 2.13A shows two representative data sets collected at BL 7-3 and 9-3 at 

SSRL (see also Table 2.3 datasets K and L). The transmission spectra overlay well and 

are practically identical considering the entire energy range. The pre-edge and rising-edge 

regions of the XANES region show a little variation due to the slightly different 

concentration of sample in the boron nitride matrix. An important parameter of the Fe K-

edge XANES spectrum is rising-edge inflection point at 7117.7 eV, which is an 

experimental measure of the Zeff seen by the Fe 1s core orbital. This is obtained from the 

lowest energy maximum of the first derivative spectrum along the rising edge, similarly 

to the above discussed S K-edge spectrum. In comparison the rising-edge inflection 

points of the Fe(0) metal foil, Fe(II)F2 and Fe(III)F3 salts, as the most representative 

examples for the formally metallic iron, ferrous and ferric iron ions are at 7111.2, 7122.1 

and 7128.4 eV, respectively. Considering a linear relationship between the oxidation state 

and the rising-edge inflection point (R value of 99.8% for E = 5.6791·q(Fe) + 7111.2 eV) 

the effective oxidation states of the Fe centers in the Fe2(pdt)(CO)6 actually match the 

formal Fe(I) oxidation state with q(Fe) = 1. This is remarkable since there is a 

considerable Fe→CO π* backdonation as indicated from the difference between the free 
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and coordinated CO stretching frequencies of 70 to 150 cm-1.35, 88 However, the highly 

covalent Fe-S bond of about 50% as determined from the S K-edge XAS compensates for 

the loss of Fe electron density via the Fe→CO π* backdonation. This electronic structure 

could also be described by an LLCT mechanism as the S ligand donates to the CO π* 

orbitals via the Fe(I) centers. Furthermore, the pre-edge region shows two features 

separated by about 2 eV, which corresponds to the separation of the pre-edge and rising-

edge envelopes at the S K-edge. This indicates experimentally that the pre-edge feature of 

the S K-edge can be assigned to the Fe-S bonds, while the higher energy rising-edge 

feature at the S K-edge will contain both the Fe-CO π* orbitals with limited S 3p 

character and the more dominant S-C σ* orbitals.  

A comparison of the pre-edge peak areas from Figure 2.14B shows a more intense 

first peak centered at 7112.6 eV with an area of 0.20 eV relative to the higher energy 

peak at 7114.8 eV with an area of 0.16 eV. From the ~2 eV separation of the two pre-

edge features, we can correlate the first peak with the Fe 4p mixing into the first three, Fe 

3d-based LUMOs.  

 

 
Figure 2.14: Fit to the pre-edge and rising-edge regions of the Fe K-edge spectrum of 
data set L (A) and to the pre-edge after rising-edge subtraction (B) 
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The higher energy pre-edge peak then can be related to the Fe 4p character of the 

twelve Fe-CO π* orbitals. Since the first three LUMOs are expected to contain total of 

~24% mixing of Fe 4p character with the Fe 3d-based molecular orbitals, we can use 

Eq.(2.15) with D0 =0.20 eV and N=2 to estimate a transition dipole integral for Fe(I) 

1s→4p to be about 5.0 eV. This transition dipole integral allows us to estimate the total 

4p mixing into the twelve CO π* orbitals in addition to some Fe 3d character. Using 

Eq.(2.15) again with D0=0.16 eV, N=2, the Fe 4p character is ~19%. In comparison, 

tetrahedral [Fe(III)Cl4]- and [Fe(II)Cl4]2- complexes have pre-edge intensities of 0.263 eV 

0.164 eV, respectively. These salts were described to have negligible 17 and 11 % Fe 4p 

mixing.81 The transition dipole for these salts would be approximately 4.6, which is 

similar to the one found in the Fe2(pdt)(CO)6 complex. 

 
Fe L-edge XANES in the Soft X-ray Energy Range  
 

The Fe L-edges represent a considerable departure from the K-edge features due 

to the high intensity of the pre-edge features, the low intensity of the edge-jump, and the 

presence of two edge jumps due to the spin-orbit coupling of the core electron hole in the 

2p orbital (J = 3/2 and 1/2 for LIII and LII-edges, respectively). In addition, there are 

significant technical differences in the experimental setup and data collection protocols 

among the L- and the K-edges, which also contribute to the need of different data 

normalization and fitting procedures. In the multi-edge XAS treatment, the metal L-edge 

features are essential, since they provide information about the metal d character of the 

LUMOs, which is complementary information to the ligand p character.  
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From the above discussion of the S and Fe K-edge spectra of the Fe2(pdt)(CO)6 

complex, we expect to see two groups of pre-edge features that correlate with the Fe 3dz2 

and Fe 3dx2-y2-based first three LUMOs and the additional twelve Fe-CO π* orbitals.  

 

 

 
Figure 2.15: (A) The normalized Fe LIII/LII-edge spectrum of Fe2(pdt)(CO)6, (B) the first 
derivative of the Fe LIII/LII-edge, and (C) the second derivative of the Fe LIII/LII-edge 
 

Spectral features at the metal L-edge corresponding to M→L backdonation have already 

been discussed for Fe, Cu, and Ni complexes.109-111  The intensity of Fe L-edge pre-edge 

features is a chemically meaningful measure of the total Fe 3d character; 109, 112  however, 

the ground state orbital picture cannot be directly mapped onto the L-edge spectrum. This 

is due to the non-negligible overlap between the core hole and the valence 3d orbitals in 

addition to 3d-based multiplet effects. On the other hand, the total intensity of the pre-

edge feature(s) can be divided into differential contributions using information from 
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complementary ligand K-edges or electronic structure calculations if the former is not 

available. 

 
Quantitative XANES Analysis As can be seen in Figure 2.15A, the Fe L-edge 

spectrum is dominated by two pre-edge peaks for both the LIII and LII regions. The LIII-

edge has two peaks centered at 708.4 eV and at 710.4 eV. Both peaks appear to have an 

ill-resolved low energy shoulder, which shows up in the second derivative spectrum at 

707.8 and 709.7 eV. The non-resolved shoulder at the higher energy side of the second 

pre-edge feature at ~711.9 eV can be related to the weak Fe 2p → 4s transitions as it can 

be deduced from the ground state electronic structure. This value also indicates the 

approximate position for the ionization threshold or the edge position. The energy 

separation between the two groups of pre-edge features, correlate well with the energy 

split of about 2 eV of the spectral features at the S K- and Fe K-edges, which 

demonstrates the power of multi-edge XAS in experimentally describing unoccupied 

frontier MOs from different energy ranges.  

In order to model the LIII and LII-edge jumps and obtain electronic structural 

information, we initially fit the data with two arctangent functions as described 

previously: 

 
f(E) = ALIII/π (tan-1 [slope(E-ELIII)] + π/2) + ALII/π (tan-1 [slope(E-ELII)] + π/2)    (2.17) 

 
where the slope parameter was set to 0.295 eV-1, ALIII 

and ALII were chosen to be 2/3 and 

1/3 as ideal values from the relative probabilities of electric dipole allowed transitions for 

the two edges, and ELIII and ELII are the J = 3/2 and 1/2 ionization energies for the 
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formally 2p → 3d transition. 109, 112 From Hartree-Fock calculations, the 2p-hole spin-

orbit interaction was found to be 8.20 eV for Fe(II) or Fe(III)  and this was scaled up by 

3/2 to be about 12.3 eV energy.113 Furthermore, the LIII ionization threshold of 707.7 eV 

for the Fe2(pdt)(CO)6 complex with formally Fe(I) sites can be extrapolated from the 

low-spin [Fe(III)(tacn)2]3+ (709.9 eV), [Fe(II)(tacn)2]2+ (708.5 eV) complexes, and 

metallic Fe0 (706.8 eV). This edge position although gave poor results for edge 

subtraction with considerable negative intensity after edge subtraction in the LIII pre-edge 

region. 

In order to investigate the quality of edge correction, we carried out a multi-

parameter search for the optimal edge positions with respect of variables of Eq.(2.17) as 

well as chemically reasonable ionization thresholds from reference data.112 The sum of 

the two edge-jumps was subtracted from the normalized data and the root-mean-square 

deviations were calculated from the residuals of the background (690-700 eV), between 

the LIII and LII edges (715-717eV) and the post-edge (740-780 eV) regions. The 

parameter space contained five variables; slope, ALIII, ALII and ELIII, ELII. In order to 

simplify the search we introduced a chemically reasonable constraints of ELII - ELIII = 12.3 

eV. Since the ratio of the ALIII and ALII edge amplitudes can be in the range of 1.4-2.0,109 

we constrained the sum to be 1 due to the normalization at 800 eV: ALIII+ALII = 1. 
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Figure 2.16: Root mean squared deviation of the edge jump corrected, normalized Fe L-
edge spectra of Fe2(pdt)(CO)6 as a function of slope, ALIII, and ELIII parameters (ALII = 1-
ALIII and ELII = ELIII + 12.3 eV) 
 
 

Figure 2.16A-C summarizes the RMS deviation of the edge subtracted normalized 

spectra from the background as a function of the two extremes of the slopes of edge 

jumps, the ELIII, and ALIII parameters. It is remarkable that the lowest RMS values were 

obtained for about the same range regardless of the slope parameter with ALIII being about 

0.8-0.9 and ELIII of 708-712 eV. When the slope parameter approaches the upper limit 

considered (1 eV in Figure 2.16C), which corresponds to a more flat edge-jump, the 

negative pre-edge features appear as the edge jump steals intensity from the background 

upon subtraction. Furthermore, the approximate energy position estimated from the Fe 

2p→4s transition at 711.9 eV and 724.2 eV from Figure 2.15C also fit will in the above 

range of the lowest RMS values. 

In order to further evaluate the quality of edge subtractions in obtaining spectral 

features related to bound-state excitations, we compared the pre-edge features after 

subtraction of the edge jumps with slope, ALIII, and ELIII parameters of 0.5 eV, 0.7-0.9, and 

708-712 eV, respectively. Figure 2.17 shows the most reasonable edge correction where 

the energy region between the LIII and the LII edges overlay with the energy axis. Lower 
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or higher ALIII parameters subtracts too much and too little from the edge jump resulting 

in the spectra going under or staying too much above the energy axis, respectively. Also 

from Figure 2.17, an ELIII value of 708 eV subtracts too much from the intensity of the 

peaks and an ELIII value of 712 eV sits too high to be acceptable for the ionization 

threshold based upon early studies.112  

 
Figure 2.17: Comparison of LIII and LII edge-jump corrected data using the most 
reasonable parameters from RMS deviation of the edge jump corrected, normalized Fe L-
edge spectra of Fe2(pdt)(CO)6 as a function of slope, ALIII, and ELIII parameters (ALII = 1-
ALIII and ELII = ELIII + 12.3 eV) as shown in Figure 2.16. 
 
 

When the LIII ionization energy is set above 712 eV, the edge subtraction leaves 

too much intensity for the post-edge region. Considering that the spectral feature at 

around 711 eV can originate from the electric dipole allowed Fe 2p→4s transition, but 

with ∆l = -1, the residual spectral intensity after edge subtraction should be the smallest 

possible value without introducing negative intensity. Notably, the Fe L-edge spectrum of 

metallic Fe(0) nanoparticles (Appendix A) shows a similarly resolved but weak feature at 

around 710.4 eV above the intense pre-edge feature, which again can be associated with 

the Fe 2p→4s excitation. A more resolved M 2p→(n+1)s feature has been detected for a 
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series of chloropalladium complexes and metallic palladium104. Thus, narrowing down 

the parameters that give the chemically most reasonable picture we can obtain a 

reasonable fit the edge-jump corrected data as summarized in Table 2.4 and shown in 

Figure 2.18. 

 

 
Figure 2.18: The LIII (A) and LII-edge (B) fits with slope/ALIII/ELIII parameters of  
0.5 eV/0.2/708 eV of the edge-corrected Fe L-edge spectrum of Fe2(pdt)(CO)6 
 
 

Table 2.4 presents a few representative fits for the most reasonable edge 

subtracted data with respect to the slope, ALII, and ELIII parameters. Variation in the slope 

parameter from 0.1-1.0 introduces a 0.4, 1.5, and 0.4% deviation in the LIII, LII, and total 

L-edge area, respectively. Since all the fits are reasonable, this deviation can be 

considered as an error bar for spectral intensity due to the slope parameter. Using the 

slope value of 0.5 eV and keeping the LIII edge position fixed at 710eV, the deviations are 

3.0, 4.9, and 3.8%  in the above order due to the change in the LIII edge amplitude in the 

range of 0.7-09. Lastly, as discussed qualitatively above, the largest variations can be 

obtained if the LIII energy is varied while keeping the other parameters fixed in the range 

of 9.9, 3.8, and 7.6%. 
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Table 2.4: Representative fitting parameters of the Fe L-edge pre-edge features for 
Fe2(pdt)(CO)6 complex 

slope/ALIII/ELIII
a E0, eV A, eV LIII D0, 

eV E0, eV A, eV LII D0, 
eV ƩD0, eV LIII/(LIII+LII) 

 ratiob 

0.1/0.8/710 

708.1 2.3 

16.33 

720.6 1.2 

9.72 26.05 0.63 708.4 2.3 720.8 0.9 
709.8 2.6 722.6 1.6 
710.5 5.3 723.3 1.2 

0.5/0.8/710 

708.0 2.1 

16.22 

720.6 1.1 

9.83 26.05 0.62 708.4 2.6 720.8 0.9 
709.9 2.9 722.6 1.6 
710.6 4.7 723.3 1.3 

1.0/0.8/710 

708.0 2.2 

16.20 

720.6 1.0 

10.01 26.21 0.62 708.4 2.4 720.8 1.0 
710.1 4.1 722.6 1.6 
710.7 3.1 723.3 1.3 

0.5/0.7/710 

708.1 2.6 

16.84 

720.6 1.2 

10.42 27.26 0.62 708.4 1.9 720.7 0.8 
710.0 3.2 722.6 1.5 
710.6 4.4 723.0 1.3 

0.5/0.9/710 

708.0 2.3 

15.86 

720.5 1.0 

9.45 25.31 0.63 708.4 2.5 720.9 1.1 
710.1 3.8 722.5 1.2 
710.6 3.4 723.1 1.8 

0.5/0.8/708 

708.0 2.4 

14.97 

720.5 1.1 

9.48 24.45 0.61 708.4 1.9 720.9 0.9 
710.1 3.6 722.6 1.5 
710.7 3.5 723.1 1.3 

0.5/0.8/712 

708.0 2.3 

18.19 

720.6 1.1 

10.22 28.41 0.64 708.4 2.3 720.8 1.0 
710.1 4.0 722.6 1.6 
710.7 3.4 723.3 1.5 

a ALIII = 1-ALII and ELII = ELIII + 12.3 eV; b ideal ratio is 2/3 

 

From Figure 2.18, the 707-709 eV energy range of the LIII-edge can be fit with 

two peaks, with an average area of 4.72±0.36 eV. The higher energy pre-edge peak 

region of 709-712 eV at the LIII edge can also be fit using the minimal of two peaks with 

an average intensity of 11.65±0.98 eV. It is worth noting that the standard deviation of 

the higher energy region is about double of the former, but this is understandable since 

the lower energy region originates from the first three LUMOs, while the latter is due to 

twelve unoccupied orbitals. Similarly the LII edge can be fit with a minimum of two 

peaks and giving an average peak intensity of 2.54±0.21 eV and 7.34±0.34 eV for the 
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719-721.5 eV and 721.5-725 eV regions, respectively. By considering the two edges 

together as illustrated by Eq.(2.15), the total pre-edge intensities for the first and the 

second groups of excitations are 7.26±0.50 eV and 19.0±1.19 eV.  

Using the above peak intensities and the orbital composition information obtained 

from the S and Fe K-edge data above, we can estimate a transition dipole integral for the 

Fe 2p→3d excitation. The intensity ratio between the two pre-edge regions is about 2.61, 

which can be correlated by about twice amount of Fe character in the twelve Fe 3d-CO 

π* LUMOs relative to the first three Fe-S bonding based LUMOs. From the S K-edge, 

we know that there is about 130% total sulfur character for 6 holes for the first 3 LUMOs. 

From the analysis of the Fe K-edge pre-edge features, we can expect to have an 

additional 24% total Fe 4p character in the first three LUMOs. This leaves about 446% 

remaining for the Fe 3d and the carbonyl ligand character for the 3 unoccupied orbitals or 

an average of about 74% per hole. From earlier electronic structure calculations35 we can 

estimate the carbonyl donation to these LUMOs to be 28% per hole. Thus, we are left 

with about 46% for total Fe 3d character per hole or 278% for 6 holes. Since the total pre-

edge area that corresponds to the excitation to the first three LUMOs was found to be 

7.26 eV, then according to Eq.(2.15) and considering two Fe absorbers (N=2) and six 

electron holes (h=6) the I2p→3d,LIII
, transition dipole integral for the low valent, low spin 

Fe(I) center can be calculated to be 15.7 eV. With the known transition dipole integral we 

can determine the specific amount of Fe 3d backdonation in the twelve CO π*-based 

orbitals to be 726% total Fe 3d character for the twelve orbitals and both iron atoms. 

Based on earlier calculations, this number is significantly higher than expected, as the 
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total Fe 3d character is expected to be ~400% or 17% per hole. The L-edge spectra of 

both [Fe(CN)6]4-/3- species also exhibited more intense π* LUMOs features with 

significantly lower Fe 3d character.109  

Instead, if we combine the first calculated Fe 3d character of 678% for the first 15 

orbitals and take total experimental area of 26.26 eV we can develop a total transition 

dipole integral. The total transition dipole integral is found to be 23.2 eV for the 30 

hole/15 orbital system. We can compare this transition dipole integral with the literature 

value developed by Wasinger et al.112 They found that 64.1 eV Fe total L-edge intensity 

is equal to 401% total Fe 3d character for the [Fe(III)Cl4]- complex, which gives a 

transition dipole integral of 48.0 eV using N=1, h=5. The transition dipole integral for the 

Fe(I) ion turns out to be less than half of the Fe(III)/Fe(II) counterparts for both Fe K- 

and Fe L-edges. This trend is as expected due to the considerable reduction of the Fe 

effective nuclear charge in going from Fe(III) to Fe(II) and to Fe(I). 

 
C and O K-edge XANES in the Soft X-ray Energy Range 
 

In order to complete the experimental electronic structure for Fe2(pdt)(CO)6, we 

also collected the C and O K-edge spectra as shown in Figure 2.19. Due to the large 

background signal from stainless steel components and oxide layers, we can only discuss 

the C and O K-edge XANES data in qualitative terms without a rigorous analysis of the 

spectral features and their intensities as done for the S K-edge spectra. While the spectral 

features are reproducible; however, the normalization and fitting of the data is not unique. 

Depending on the baseline subtraction (empty chamber, sample paddle, Indium foil) and 

beamline configuration the background subtraction and normalization function can  
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considerably vary. Furthermore, it is also important to note that experimentally only the 

C and O 1s→2p excitations will be detected by XAS and the non-negligible amount of 2s 

mixing into the ground state electronic structure especially for the C will not be seen. 

Specifically, we do not expect to see intense spectral features for the Fe←CO donation 

due to the mixed 2s/2p character of the C-based lone pair or HOMO of the CO ligand. In 

 

 

 

 
Figure 2.19: Energy position analysis of the XANES region of the normalized C K-edge 
spectra (A) and O K-edge spectra of (B) Fe2(pdt)(CO)6, (C) and (D) first derivative 
spectra (E) and (F) second derivative spectra 
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contrast, the 12 CO π* orbitals in the complex should provide us a large intense pre-edge 

feature due to their pure 2p character.  

As expected, both the C and O K-edge spectra have an intense feature centered at 

287.1 and 533.2 eV, respectively (Figure 2.19). Similarly to the spectrum of the free 

gaseous or the chemisorbed carbon monoxide,78 these intense features are about 10 and 3 

times more intense than edge jump intensity and are attributed to the CO π* orbitals. Both 

soft X-ray, low-Z ligand K-edge spectra also exhibit a lower energy peak that is centered 

around 286.4 and 531.5 eV, respectively. While the intensities of these peaks are weak, it 

can most likely be attributed to the first three LUMOs as discussed above. These peaks 

are about 2 eV lower in energy than the intense peak highly similar to that of the other 

edges discussed above and associated with the Fe←CO donation without the 

contributions of the 2s orbitals. From fitting (Figure 2.20 and Table 2.5), the ratios of the 

  

 
Figure 2.20: Fit of C (A) and O (B) K-edge spectra of Fe2(pdt)(CO)6. 
 

area of the features are 1:51 and 1:21 for C and O, respectively. From electronic structure 

calculations,35 a 1:11 ratio is estimated for the C-based contributions of LUMO-

LUMO+2 relative to the next 12 CO π*-based LUMOs. This ratio is about 1:10 for the 
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O-character; however, these ratios are based on total C and O characters without being 

broken down to 2s or 2p contributions.  The higher amount of C and O 2s characters 

relative to the 2p characters of the first three, Fe 3d-based LUMOs versus the practically 

pure 2p based CO π* orbitals can rationalize the deviation between the calculated and 

experimentally observed relative ratios. At higher energy positions above the intense pre-

edge features from the 2nd derivative spectra in Figure 2.19E and Figure 2.19F there is an 

additional spectral feature that is worth discussing. The ill-resolved transition centered at 

around 287.7 eV can be attributed to emerge due to the C 1s core electron excitations into 

the S-C σ* orbitals. The similar higher energy transitions for the O K-edge spectrum at 

around 535.6 eV is more consistent with the O 1s→continuum excitation and presence of 

some 3p-based Rydberg states. 

 
Table 2.5: A qualitative fitting parameters for the C and O K-edges for the Fe2(pdt)(CO)6 
complex 

XANES Edge E0 D0 ƩD0, eV Peak Ratio 

C K- 285.4 0.20 10.3 1:51 287.1 10.1 

O K- 531.3 0.20 4.34 1:21 533.1 4.14 
 
 

Conclusion 
 
 

Using the example of a biomimetic model complex Fe2(pdt)(CO)6, we 

demonstrated the potential of employing a multi-edge X-ray absorption near-edge 

spectroscopic analysis for defining the complete composition of unoccupied frontier 

orbitals, and thus the total bonding description of the complex. In addition to obtaining 

orbital composition from experiment, the multi-edge XANES approach can provide help 
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with assigning ill resolved features, since the same set of unoccupied orbitals are 

accessed upon excitation, but from different core donor orbitals.  The S K-edge data 

provided the total S 3p character of the first three Fe-S and additional twelve Fe-CO π* 

LUMOs. Using differential orbital composition from electronic structure calculations, the 

total S character can be broken down into individual orbital compositions as shown in 

Table 2.6. Using the known transition dipole integral for the S K-edge 1s→3p transitions, 

and hence the S 3p character of the experimentally probed orbitals, we can use 

complementarity and obtain an estimate for the Fe 4p mixing and the Fe 3d characters. 

These percent values either per orbital or per hole (as shown in Table 2.6) can be then 

related to the pre-edge intensities at the Fe K- and Fe L-edges, respectively. Using this 

method, we determined the transition dipole integrals for the Fe(I) 1s→4p and 2p→3d 

excitations (LIII only, LII only, total L) to be 5.0 eV and 23.2 eV,  respectively. 

In addition, we carried out a careful evaluation of sources of error in extracting 

quantitative orbital information from the XANES data. This was done in the most 

detailed way for the S K-edge considering variations in the data due to various detectors, 

different sample temperatures and preparation protocols, experimental beamline stations. 

These data collection factors introduce a typical 4% variation in peak intensities with the 

worst case scenario being 9% off from the average value. The data normalization using 

the automated data reduction protocol (ADRP99) introduces less than 3% variation in 

intensity. We found that the fitting procedure especially for the given case with ill 

resolved, envelop of transitions can be the source of a significant error of 12%. However, 

considering the chemically most reasonable protocol of subtracting the rising-edge and 
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post-edge features using the free, uncoordinated ligand or ligand salt spectrum can reduce 

this error to again a few percent. The Fe L-edges provide a challenge in fitting due to the 

overlapping spectral features. We developed a multi-parameter fit related error analysis 

that can be generalized to other transition metal L-edges as well. Simultaneous 

optimization of the edge jump slope, LII edge amplitude, and LIII edge energy position 

resulted in a range of acceptable fit parameters that could be used to extract intensity 

information from the pre-edge features at the L-edges.  

 
Table 2.6: Experimental electronic structure of the Fe2(pdt)(CO)6 from multi-edge 
XANES analysis at the S K-, Fe K-, and Fe L-edges (electron hole composition is half of 
the molecular orbital compositions) 

electron hole S 3p Fe 4p Fe 3d, % undetermineda 
LUMO 16±3% ~12% ~46% 24% 

LUMO+1 22±3% 0% ~46% 30% 
LUMO+2 27±4% 0% ~46% 24% 
LUMO+3  

–  
LUMO+14b 

~4% ~0.7% ~17% 78% 

 S K-edge Fe K-edge Fe L-edge  
a calculated from residuals to the maximum of 100% or 1 electron per electron hole 
b average values for 12 MOs or 24 electron holes 
 

These qualitative and quantitative considerations of S K-, Fe K-, and Fe L-edges 

allows us to experimentally describe the electronic structure of the entire biomimetic 

spectrochemical series for the FeFe-hydrogenases catalytic H-cluster and define 

experimentally the contributions of each unique structural feature to the structure and 

reactivity of this remarkable Fe-S cluster. In forthcoming publications, we use the 

experimental electronic structure description from multi-edge XANES to calibrate ab 

initio wave function- and density functional theory-based electronic structure calculations 

for calculating molecular structure, H2 coordination and release, reduction potential, and 
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protonation constants that are essential in mapping out the molecular mechanism of 

biomimetic and biological hydrogen gas uptake and evolution reactions. 
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CHAPTER 3  

COMPREHENSIVE ELECTRONIC STRUCTURE CALCULATIONS FOR A 

BIOMIMETIC MODEL COMPLEX OF [FeFe]-HYDROGENASE 

 
Introduction 

 
 

X-ray absorption spectroscopy (XAS) has been an insightful tool to investigate 

electronic structural information of transition metal complexes.65, 72, 73, 81, 91, 96, 98, 105, 106, 

109, 112 Earlier, we demonstrated that using a multi-edge XAS approach can further 

enhance the value of this experimental approach, since meXAS allows for examining the 

unoccupied frontier orbitals with different core electron excitations. Specifically, the 

biomimetic model complex, Fe2(pdt)(CO)6 (pdt =µ-S2C3H6), was investigated at the S, 

Fe, C, and O K-edges and the Fe L-edges (see Chapter 2). The S and Fe K-edges and Fe 

L-edges were fitted, and the experimental area was converted using the transition dipole 

expression (Eq. (3.1) and Eq. (3.2)) to orbital compositions of the unoccupied orbitals. 

The orbital active space was composed from the first fifteen unoccupied orbitals 

(LUMOs). The three lowest energy orbitals, LUMO-LUMO+2, are formally the 

combination of the Fe 3d orbitals. The next twelve orbitals, LUMO+3-LUMO+14, are 

formally the CO π* orbitals. This division was taken from an earlier computational 

study.92 Thus for simplicity, we will use two classifications of the first set of Fe-S 

bonding orbitals and the second set of Fe-CO back-donation orbitals for the LUMO-

LUMO+2 and LUMO+3-LUMO+14 orbitals, respectively.  
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From the Fe K-edge we found a fitted area of 0.36 eV that we converted to a total 

47% Fe 4p character for the 30 electron holes or 15 orbitals. The total Fe character was 

broken into 24% for the 6 holes associated with the first set of LUMOs and 17% for the 

24 holes associated with the second set of LUMOs. We also obtained an experimental 

transition dipole integral (5 eV) that was similar to that obtained earlier (4.6 eV.)81 From 

the S K-edge we found about 3.69 eV area corresponded to 216±20% total S 3p 

character. This character was then broken down by a 3:2 ratio from earlier work by 

Fiedler and Brunold,92 giving 130% and 86% for the first and second set of LUMOs, 

respectively. From that same work we defined the differential orbital covalency to be 

16±3, 22±3, and 27±4% for the first three LUMOs. The remaining 86% was divided 

equally among the 24 holes of the second set of LUMOs. In this computational study, we 

will further refine this assignment to get the most reasonable S 3p character per orbital. 

The Fe L-edges were much more challenging to fit due to the ambiguity in the edge 

position. However from a comprehensive edge fit, we defined a total area of 26.26 eV 

that corresponds to the Fe 3d character. We can define an experimental Fe 3d character 

for the frontier orbitals to be around 678%, with 278% of the Fe 3d character in the 6 

holes of the first set of LUMOs. This establishes an average per hole 3d character of 

46%. The Fe L-edge was then found to have a differential transition dipole integral of 

15.67 eV for the first set and 61.6 eV for the second set of LUMOs. We also collected the 
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C and O K-edges, but due to the technical limitations of data collection of these low Z 

elements, we only analyzed the spectra in qualitative terms.  

Table 2.6 defines the experimental orbital compositions from the quantitative 

meXAS analysis, as described in Chapter 2. In order to define the undetermined part of 

the electron structure and to evaluate the accuracy of theoretical calculations, we carried 

out a comprehensive electronic structure calculation study for Fe2(pdt)(CO)6. Ground 

state DFT and wavefunction-based electronic structure calculations were compared to the 

experimental sulfur character. The transition dipole integral of the thiolate ligand for the 

S K-edge is based on measurements for the Cu-S(Cys) site of the plastocyanine;96 the 

integral has been shown to work reliably for other metal systems.91, 98, 105-107, 114 We  

based our reference for the electronic structural calculations on the 216% S 3p character 

from meXAS analysis. Here we adopt the per orbital nomenclature for the discussion of 

calibrating the DFT methods due to the diamagnetic ground state of the model complex. 

Since the 15 orbitals correspond to 30 electron holes, the total 216±20% S 3p character 

per hole is equal to 108±10% per orbital.  

The calibration of DFT and wavefunction methods to XAS results have been 

insightful, but for a Cu(II) complex with a simple electronic structure.57  Due to the size 

and complexity of the electronic structure of the Fe2(pdt)(CO)6 complex and despite its 

diamagnetic ground state, we could not carry out the desirable high level ab initio 

calculations. The computationally attainable highest level MP4/6-311+G(d) did not show 

convergency to the experimental orbital composition summarized in Table 2.6. Thus we 

had to limit the current study to DFT calculations. However, as shown before, this is only 
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a minor compromise, since DFT can be accurate when calibrated to experiment. 

Population analyses were carried out by Mulliken (MPA)60, Weinhold (NPA)61, Hirshfeld 

(HPA)62 and Atoms in Molecules (AIM)63 methods. The basis set saturation limit was 

also tested with double-, triple- and quadruple-ζ basis sets. Using the saturated basis set, 

we examined various GGA/meta-GGA/hybrid-GGA/meta-hybrid-GGA functionals. 

Finally, for our ground state analysis, the possibility of a magnetic interaction between 

the iron centers was tested. Classical [2Fe-2S] clusters exhibit anti-ferromagnetic 

coupling between metal sites.64, 107 While it is generally assumed that Fe2(pdt)(CO)6 

contains a covalent bond between the metal centers,108 there are density functionals that 

can give localized, magnetically coupled ground state from broken symmetry 

calculations.115, 116  

Given that XAS is an excited state technique, Fe2(pdt)(CO)6 was also examined 

with excited state electronic structure calculations such as time-dependent density 

functional theory (TD-DFT) calculations. Multiplet simulations were also carried out to 

fit and to explain Fe L-edge features with some limitations due to the number of available 

electronic states in the multiplet program. We propose that this calibration of theory is 

integral in rigorously examining a set of Fe biomimetic model complexes in Chapter 4. 

Furthermore, it also elevates the reliability of our electronic structural analysis of the H-

cluster of [FeFe]-Hydrogenase.117 
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Methods 
 
 

All calculations on Fe2(pdt)(CO)6 were performed using the crystallographic 

structure35 that has been slightly adjusted to Cs symmetry. The structure was also 

optimized with BP86 functional118 and TZVP basis set.119, 120 For both structures, the 

atomic positional coordinates are given in Appendix B. Calculations were performed 

using Gaussian09 Revision C.02121 with various functionals and basis sets in vacuo. The 

use of a dielectric continuum using the conductor-like screening model (COSMO) of 

CH2Cl2 (ε = 9.08) as a solvent gave similar results as the in vacuo calculations due to the 

neutral charge of complex. A series of ab initio wavefunction based methods were 

attempted, but the computationally expensive calculations did not allow for a higher level 

than the MP4 method with a triple ζ basis set (6-311+G(d)). Even at this level, the 

wavefunction method does not approximate the experimental results (see Appendix B). 

The QCISD and higher level configuration interaction calculations with a triple-ζ basis 

set are not feasible given our current computational resources. The density functional 

theory methods presented are as follows: the GGA exchange functionals used were B118, 

PW91122-126, mPW127, G96128, 129, PBE52, 130 and O,131, 132 and the GGA correlation 

functionals used were B95133, LYP134, 135, P86136, PBE52, 130, PW91. The meta-GGA 

functionals employed were TPSS54 and M06-L137. The selected hybrid-GGA functionals 

were B3LYP138, O3LYP132, X3LYP139, BHandHLYP, MPW1K140, MPW3LYP59, and 

MPWLYP1M141. The performance of hybrid meta-GGA methods such as BB1K142, 

MPWB1K142, MPW1B95142, TPSS1KCIS143, MPWKCIS1K144, MPW1KCIS144, 

PBE1KCIS145, M05146, M05-2x147, 148, M06-HF149, M06149, M06-2x150 and TPSSh54 were 
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also evaluated. We used the effective core potentials and corresponding valence basis sets 

of LANL2DZ151-154 and SDD.154, 155 Also, the following double- ζ basis sets were used:  

6-31G156-164, 6-31G(d), 6-31+G(d), cc-pvDZ165-168, and aug-cc-pvDZ165-169. The following 

split valence basis sets were used: DEF2-SV(p)170 and DEF2-SVP170. For the triple- ζ 

basis sets we used: 6-311G171-179,6-311G(d), 6-311+G(d), cc-pvTZ165-167aug-cc-pvTZ165-

167, 169, TZVP119, 120, TZVP-Fit, DEF2-TZVP170, DEF2-TZVPP170. We also used 

quadruple-ζ basis sets: QZVP170, DEF2-QZVPP170, cc-pvQZ165-167 and aug-cc-pvQZ.165-

167, 169 

The molecular orbital (MO) composition was interpreted using Mulliken 

(MPA),60 Weinhold (NPA),61 Hirshfeld (HPA)62 and Bader’s Atoms in Molecules 

(AIM)63 population analysis methods. The valence electron configurations were 3d4s4p 

for iron and 3s3p or 3s3p3d for sulfur in NPA. We also tested a valence set of 3d4s and 

3d only for iron with both valence sets of sulfur and observed that the orbital 

compositions from NPA were not significantly affected (see Appendix B). The AIM 

results were obtained using the program AIMAll180 with the ProAIM method181-183. When 

necessary, the Promega method181, 183 was used for integrating atomic basins with 

complex density topology. The MO compositions were found by subtracting the electron 

density of the non-relaxed, formally reduced state from the ground state. This was 

accomplished by adding an electron to the ground state and using the “guess=check,only” 

keywords in Gaussian. Normally, this would only allow examination of the lowest virtual 

orbital (LUMO), but by adding the “guess=alter” keyword, higher energy unoccupied 

orbitals can replace the LUMO and their orbital atomic composition can be determined. 
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The atom-based division of orbital contributions from AIM analysis was done by 

AIMint.180 Using the wavefunction file for each virtual orbital, AIMint outputs a new 

integrated density that corresponds to the electron density at each center. Upon 

subtracting the non-relaxed reduced state from the ground state, the atomic composition 

of each molecular orbital can be obtained. Due to its conceptual formalism, the AIM 

analysis only provides the total atomic character of a given orbital without breaking down 

into individual atomic orbital based compositions. However, due to only a few percent 

mixing of the S 3s and Fe 4s orbitals, we consider these sulfur and iron characters to 

represent the S 3p and Fe 3d-based contributions. As discussed for the interpretation of 

the Fe K-edge spectra, the Fe 4p contributions were taken from an earlier computational 

study108 on similar biomimetic model complexes.  

The simulation of S and Fe K-edge XAS spectra were performed with ORCA 

quantum chemistry program package 2.8.0184 using the time dependent DFT (TD-DFT) 

method. All calculations were performed with the functional BP86 using the Cartesian 

coordinates of the crystal structure. The basis sets, DEF2-TZVP,170 TZVP119, 120 and 

QZVP,170 were used with and without the zero order regular approximation (ZORA) for 

the relativistic effects.185 In order to simulate the XAS spectra of Fe2(pdt)(CO)6, based on 

the TD-DFT results, the amplitude (A) of the Gaussian+Lorentzian Amplitude function 

(G+Lamp) was used with an 1.0 eV linewidth because this corresponds to the peak area. In 

order to correct the amplitude with calculated oscillator strengths, we introduced a 

correction factor (B) fit to the experimental XAS spectra (see Chapter 2).  The 

Gaussian/Lorentizan mixing coefficient (m) for each feature was taken as 0.5. 
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The Fe L-edge multiplet calculations were carried out using the CTM4XAS 

program. First the Dq values for the Fe(I), d7 ion in the Oh and D4h crystal field were 

evaluated as a function of agreement with the Fe L-edge spectra. The metal-to-ligand and 

ligand-to-metal charge transfer (MLCT and LMCT) states were introduced using the 

stand alone multiplet program similar to that used earlier.109 The input files for these 

simulations are given in the Appendix B.  

 
Results 

 
 
Population Analysis Method  
 

We have examined the total iron, sulfur and carbonyl molecular orbital 

populations for AIM, HPA, NPA and MPA methods. The results for the BP86 functional 

and TZVP basis set per orbital are shown in Table 3.1. The NPA method provides sulfur 

character for the first 15 LUMOs to be 120%. In contrast, the MPA method shows a 

sulfur character that is much lower (95%). The HPA method and AIM method give 

similar results of about 100% sulfur character. The deviation in the total iron and CO 

characters is significantly greater than that of the sulfur character. The HPA method 

displays the most Fe character at 390% for the first fifteen orbitals among all of the 

population analysis methods. The AIM and MPA methods are both very similar around 

325% character. The NPA method seems to underestimate the iron orbital character at 

187%. As expected, the carbonyl character shows an inverse trend relative to the iron 

character due to complementarity. The sulfur character values range only 25% compared 

to the iron (203% range) and carbonyl character (194% range). This is most likely due to  
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Table 3.1: The comparison of the AIM, HPA, NPAa and MPA methods for determining orbital composition with the BP86/TZVP 
method.  

LUMO Energy 
(eV) 

Fe (%) S (%) CO (%) 

AIM HPA NPAa MPA AIM HPA NPAa MPA AIM HPA 

 

NPAa MPA 
MO113 0.544 1 4 0 0 35 33 39 46 25 25 22 22 
MO112 0.190 2 9 28 83 12 11 5 11 31 25 11 -28 
MO111 -0.816 3 7 0 2 2 2 1 0 95 91 99 97 
MO110 -0.871 6 10 0 5 1 1 1 1 93 88 99 94 
MO109 -1.061 3 8 0 2 8 8 7 10 82 79 87 83 
MO108 -1.143 9 13 3 9 1 1 1 0 89 85 96 90 
MO107 -1.279 19 23 8 17 1 2 1 0 80 75 91 83 
MO106 -1.306 17 20 7 15 2 2 2 1 81 77 91 83 
MO105 -1.415 11 15 5 11 2 2 1 1 85 81 93 22 
MO104 -1.469 27 31 15 27 3 3 2 2 70 66 83 71 
MO103 -1.633 24 28 9 21 5 5 6 7 70 66 83 72 
MO102 -1.633 30 33 14 27 3 3 5 3 66 62 81 69 
MO101 -1.687 22 26 11 21 2 3 1 1 75 71 87 78 
MO100 -1.986 22 26 11 21 6 6 6 3 69 65 81 72 
MO99 -2.694 39 41 24 38 24 22 33 22 30 28 37 31 
MO98 -2.748 49 50 33 48 27 26 34 28 21 20 32 22 
MO97 -3.292 58 59 48 59 17 16 20 16 24 24 31 24 

              
First 15 
LUMOs 

 339 390 187 322 104 101 120 95 1029 977 1171 1058 

a. Valence set for NPA results are 3d4s4p for Fe and 3s3p for S 
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the population analysis method underestimating the back-bonding character of the Fe-CO 

bonding interaction. The AIM and MPA results are very similar, until MO112, when a 

problem with MPA emerges. The MPA method results in negative atomic orbital 

composition (sulfur composition is -28%) due to mixing of Rydberg type orbitals with 

the frontier unoccupied orbitals. This actually gets worse as larger basis sets are used. 

Due to the minimal basis set comparison, the lack of negative orbital contributions, and 

the least conditional definition, we exclusively present the AIM results. 

 

 
Figure 3.1: The comparison of sulfur and iron compositions using the AIM population 
and BP86 functional of the first 17 LUMOs for the basis sets TZVP, DEF2-TZVP, QZVP 
 
 
Basis Set 
 

In order to evaluate the given exchange and correlation functionals discussed 

below, the basis set saturation limited was first evaluated. This was accomplished by 

using the BP86 functional for all of the basis sets. The comparison of the basis sets 

carried out in terms of the electronic energy, number of Gaussian primitives, and sulfur 

and iron characters can be found in the Appendix B. The comparison of the molecular 

orbital composition obtained by using TZVP, DEF2-TZVP, and DEF2-QZVP basis sets 

can be seen in Figure 3.1. The MO composition for TZVP and DEF2-TZVP basis sets are 
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almost identical for each orbital. The DEF2-QZVP basis set exhibits a reversed trend for 

the sulfur and iron characters in LUMO+5 and +6, but shows the same overall trend for 

the rest. As seen in Figure 3.2A, we found that the DEF2-QZVPP and DEF2-QZVP were 

the lowest energy basis sets for the crystallographic atomic positions. While both of these 

basis sets are computationally inexpensive for this molecule, when moving to a larger 

biomimetic model complex or to the H-cluster of FeFe-Hydrogenase, this basis set would 

be prohibitive. Within only 5 eV higher energy compared to the larger DEF2-QZVPP 

basis set, the TZVP basis set displays almost the same sulfur character (104% vs. 108%) 

for the first fifteen orbitals, but at almost three times less number of Gaussian primitives. 

The plot of Gaussian primitives versus sulfur character is seen in Figure 3.2B. It is for 

this reason that we used the TZVP basis set for the rest of our study and also in Chapter 

5, where we investigated the spin density for biomimetic model complexes and the H-

cluster.117  

 

 
Figure 3.2: The comparison of the basis set level with the BP86 functional for a variety of 
basis sets based on (a) the relative energy (eV) and (b) total sulfur character for the first 
15 LUMOs 
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Functional 
 
 Using the TZVP basis set, multiple GGA exchange and correlation functionals 

were examined, and the results are presented in Figure 3.3. We observe that all of the 

GGA functionals are within the sulfur character experimental range (108±10%). This is 

not unexpected as Fe2(pdt)(CO)6 can be described with a covalent Fe-S-S-Fe core, and 

pure GGA functionals are generally known to provide a covalent description for bonding 

between metal and ligand bonding motifs. However, for some transition metal complexes  

 

 
Figure 3.3: The comparison of the sulfur character for a variety of (a) GGA functionals 
and (b) meta-GGA, hybrid-GGA, hybrid-meta-GGA and long range correction 
functionals. Yellow region indicates experimental uncertainty.  
 

with strong ionic interaction such as [CuCl4]2-, a pure GGA functional can give overly 

covalent bonding relative to experiment.57 This is not the case for the biomimetic 

complexes of FeFe-hydrogenase, and any of the GGA functionals can be considered to be 

calibrated functionals. All of the meta-GGA, hybrid-GGA and almost all of the meta-

hybrid-GGA functional are also within experimental uncertainty range. Both long-range 

corrected functionals (LC-BP86 and LC-BLYP) exhibit too much sulfur character. It is 

reasonable to assume that the GGA functional BP86 will be acceptable to describe the 
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complete electronic structure of Fe2(pdt)(CO)6 and other biomimetic model complexes. 

This corroborates other DFT work from literature on Fe2(pdt)(CO)6 that also choose this 

basis set/functional combination.186-191  

 
Magnetic Properties of the Cluster 

 
Despite the generally assumed direct Fe-Fe covalent bond, we also evaluated the 

possibility of anti-ferromagnetic interaction between the iron centers similar to classical 

[2Fe-2S] clusters.64, 107 Using a range of hybrid functionals, the relative energies of the 

ferro- and anti-ferromagnetically coupled states and the covalent ground state were 

examined using the broken symmetry formalism. The anti-ferromagnetic state converged 

into the closed shell singlet state at around 23% HF/77%BP86 (see Figure 3.4). It is  

 

 
Figure 3.4: The relative energy values (eV) for the HF/BP86 mixing for the comparison 
of the anti-ferromagnetic, spin projected anti-ferromagnetic, ferromagnetic and closed 
shell singlet states. Inset: S2 values for the anti-ferromagnetic and ferromagnetic states. 
Star in figure denotes where the anti-ferromagnetic state converges into the closed shell 
singlet state.  
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remarkable that this functional contains about 7% more HF mixing than the popular 

B3LYP functional. Any lower ratio of HF/BP86 mixing only yielded the closed shell 

singlet state, even using a more precise quadratic convergence192 that better maintains the 

initial spin polarized electronic structure. Regardless, the closed-shell singlet state was 

found to be lower in energy than the open-shell anti-ferromagnetic singlet and 

ferromagnetic triplet states regardless of the composition of the hybrid functional. Even 

with spin projected correction to the energy of the antiferromagnetic energy,115, 116, 193 the 

closed shell singlet remained lower in energy.  

The spin density plots for the spin polarized, open shell structures can be seen in 

Figure 3.5 calculated with 50% HF/50%BP86 mixing ratio. Although the analogous 

BHandHLYP can be considered as acceptable on the basis of the total S character in the 

LUMOs, we can conclude that the covalent state with the Fe-Fe bond is the most 

reasonable description of the ground state.   

 
Figure 3.5: The spin density plots for (a) the ferromagnetic, (b) α (ms = +1/2) spin and (c) 
β (ms = -1/2) spin density for the anti-ferromagnetic states at the 50%HF/%50BP86 
hybrid functional level 
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TDDFT Calculations of Fe2(pdt)(CO)6 K-edge XAS  
 

Fe K-edge XAS The simulation of the Fe K-edge XAS spectrum at the 

BP86/TZVP level using TD-DFT calculations is presented in Figure 3.6. We included the 

first seventeen excitations in the calculations, but here only discuss the first fifteen as 

they define the active space and we have limited our ground state calculations to these 

LUMOs as well. The energy positions of the excitations had to be shifted by about 54 or  

 
Figure 3.6: The comparison of BP86/TZVP Fe K-edge TD-DFT simulation of 
Fe2(pdt)(CO)6 to the experimental Fe K-edge XAS pre-edge region. The solid colored 
lines represent the different line-widths used to broaden the oscillator strength intensity 
values.  

 

181 eV depending upon whether relativistic effects were taken into account to match the 

experimental positions as described elsewhere.68, 71, 72 The calculated energy positions 

corresponding to electric and quadruple allowed excitations are also presented in Table 

3.2. The first two excitations are larger than any other values, indicating the presence of 

significantly more 4p character of the Fe2(pdt)(CO)6 than other iron complexes described 
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by Westre et al.81  When we sum the oscillator strengths for the first fifteen excitations, 

we receive 1.13. Using the equation from Reference 71, which is given below (Eq. (3.3)), 

the calculated oscillator strength can be translated to a predicted area D and thus we 

obtain a pre-edge intensity of 124.91 eV. This translates to 102% Fe 4p character. This 

number is about double of the Fe K-edge intensity of 46% 4p character from our earlier 

analysis.  

D = 2.7304 + (108.77  x  Fosc)     (3.3) 

 
Table 3.2: The calculated energy, electric dipole, quadrupole, total oscillator strengths 
and the corrected oscillator strength values for the Fe K-edge BP86/TZVP TD-DFT 
results for Fe2(pdt)(CO)6 for the first fifteen excitations.  

Peak Calculated 
Energy (eV) 

Electric 
(*104) 

Quadrupole 
(*104) 

Total Fosc 

(*104) 
Fosc (*104)/Ba 

1 6931.3 0.4459 0.0017 0.4467 0.0687 
2 6931.8 0.3260 0.0098 0.3303 0.0508 
3 6931.9 0.0370 0.0038 0.0389 0.0060 
4 6932.6 0.0437 0.0006 0.0440 0.0068 
5 6932.9 0.0320 0.0006 0.0323 0.0050 
6 6932.9 0.0043 0.0074 0.0116 0.0018 
7 6932.9 0.0162 0.0031 0.0168 0.0026 
8 6933.1 0.0636 0.0008 0.0643 0.0099 
9 6933.1 0.0417 0.0016 0.0422 0.0065 

10 6933.2 0.0094 0.0005 0.0095 0.0015 
11 6933.3 0.0052 0.0008 0.0050 0.0008 
12 6933.4 0.0265 0.0006 0.0270 0.0042 
13 6933.5 0.0001 0.0013 0.0014 0.0002 
14 6933.7 0.0380 0.0016 0.0386 0.0059 
15 6933.7 0.0026 0.0003 0.0028 0.0004 

a. Correction factor (B) for BP86/TZVP equals 6.5 
 

In order to calibrate the sum of the oscillator strength for the first 15 excitations to 

experiment, the electric dipole and quadrupole contributions are added and multiplied by 

104 and divided by a correction factor of around 7. The correction factor (B) of the 
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oscillator strength values for the Fe K-edge for the various basis sets and relativistic 

considerations are presented in Table 3.3. There is only a slight difference in the 

correction factors among the calculated values with TZVP to DEF2-TZVP to QZVP basis  

 
Table 3.3: The energy shift, correction factor (B) and total intensity values for the BP86 
functional with various basis sets for the simulation of the Fe K-edge spectra of 
Fe2(pdt)(CO)6. 

Basis set Shift (eV) B Total Intensitya 
TZVP 181.2 6.5 0.17 

TZVP (ZORA) 51.8 7.15 0.17 
Def2-TZVP 181.3 7.1 0.17 
Def2-TZVP 

 
54.0 7.4 0.17 

QZVP 181.0 7.3 0.17 
QZVP (ZORA) 54.6 7.3 0.17 

a. Total intensity is equal to the sum of the 15 Fosc(*104)/B for a line width of 1 eV 
 

sets and their respective relativistic corrections. The corrected oscillator strength values 

for BP86/TZVP are then taken as the amplitude values for the G+Lamp function as 

discussed in the methods section. The sum of the fifteen corrected oscillator strengths is 

equal to 0.17, which can be translated to 0.22 eV of predicted area for a line width of 1. 

Even at this line width, the predicted area is too small versus the experimental of 0.36 eV. 

This can be attributed to TDDFT underestimating the Fe 4p character in the 12 CO π* 

orbitals due to lack of multiplet effects.  We found a ratio for the 4p character in the first 

three excitations versus the next twelve from the experiment to be 1.25:1, and instead we 

have a theoretical ratio that is closer to 2.8:1.  
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Figure 3.7: The comparison of BP86/TZVP S K-edge TD-DFT simulation of 
Fe2(pdt)(CO)6 to the experimental S K-edge XAS pre-edge region. The solid colored 
lines represent the different line-widths used to broaden the oscillator strength intensity 
values. 

 
S K-edge XAS The first seventeen excitations at the S K-edge from the TD-DFT 

simulations are shown in Figure 3.7 and given in Table 3.4. Excitations 16 and 17 are 

already reaching the S-C σ* orbitals and we do not include these excitations into the 

active space we defined for the first 15 orbitals. The agreement between the calculated 

and experimental spectra is reasonable. Similar to the Fe K-edge, the excitations were 

shifted up in energy by about 66 eV, but to a lesser extent. We employed a correction 

factor of 14.6, which is 1.27 higher than that reported for the calculation of other S K-

edge spectra using BP86.69 This matches the scaling factor of going from EDG_Fit to 

PeakFit as we discussed in the Methods Section of Chapter 2. Similar to the Fe K-edge, 

we found negligible effect on the total intensity due to the different basis sets.  
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Table 3.4: The calculated energy, electric dipole, quadrupole, total oscillator strengths 
and the corrected oscillator strength values for the S K-edge BP86/TZVP TD-DFT results 
for Fe2(pdt)(CO)6 for the first fifteen excitations. 

Peak Calculated 
Energy (eV) 

Electric 
(*104) 

Quadrupole 
(*104) 

Total Fosc 

(*104) 
Fosc (*104)/Ba 

1 2396.0 0.0001 10.1988 10.1989 0.6983 
2 2396.5 0.0002 15.0808 15.0810 1.0326 
3 2396.6 0.0006 10.1978 10.1984 0.6983 
4 2397.3 0.0006 1.3135 1.3141 0.0900 
5 2397.6 0.0004 1.0674 1.0679 0.0731 
6 2397.7 0.0010 1.3445 1.3455 0.0921 
7 2397.7 0.0010 1.1210 1.1219 0.0768 
8 2397.8 0.0001 0.7489 0.7490 0.0513 
9 2397.9 0.0001 0.2388 0.2389 0.0164 

10 2398.0 0.0003 0.5233 0.5237 0.0359 
11 2398.0 0.0000 0.4238 0.4238 0.0290 
12 2398.1 0.0001 0.0530 0.0532 0.0036 
13 2398.2 0.0008 1.8673 1.8681 0.1279 
14 2398.4 0.0003 0.4184 0.4187 0.0287 
15 2398.5 0.0007 0.2342 0.2349 0.0161 

a. B equals 14.6 
 
 

 
Figure 3.8: The comparison of BP86/TZVP C (A) and O (B) K-edge TD-DFT 
simulations of Fe2(pdt)(CO)6 to the experimental XAS pre-edge region. The solid colored 
lines represent the different line-widths used to broaden the oscillator strength intensity 
values. 

 

C and O K-edge XAS We also calculated the C and O K-edge spectra with 

TDDFT. The BP86/TZVP results are shown in Figure 3.8. The oscillator strengths and 
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non-shifted energy values for each of the 15 peaks are reported in Table 3.5. The 

calculated excitation energies were shifted by 16 and 21 eV for the C and O excitations, 

respectively, similar to the Fe and S K-edge simulations, and the intensity was divided by 

a correction factor of 71 and 100 for the C and O K-edges, respectively. These factors 

were obtained from fitting the simulated spectra to the experimental results. There are 

two different types of carbon atoms in Fe2(pdt)(CO)6; the dithiolate and the carbonyl 

carbons. After localizing the 1s core orbitals of each set, we found that the alkyl carbons  

 
Table 3.5: The calculated energy and the corrected oscillator strength values for the C 
and O K-edge BP86/TZVP TD-DFT results for Fe2(pdt)(CO)6 for the first fifteen 
excitations. 

 C K-edge O K-edge 
Peak Calculated 

Energy (eV) 
Fosc (*104)/Bc

a Calculated 
Energy (eV) 

Fosc (*104)/Bo
b 

1 269.3 0.2598 509.6 0.0723 
2 269.8 0.0856 510.2 0.0605 
3 269.8 0.1354 510.3 0.1610 
4 270.5 0.1797 511.0 0.3833 
5 270.8 0.0748 511.3 0.3823 
6 270.9 0.1838 511.3 0.2889 
7 270.9 0.1715 511.3 0.4529 
8 271.1 0.8655 511.5 0.2340 
9 271.1 1.8819 511.5 0.2217 
10 271.2 0.0502 511.6 0.1251 
11 271.4 4.8799 511.7 0.0258 
12 271.5 1.2506 511.8 0.3070 
13 271.5 4.1858 511.9 0.5016 
14 271.6 0.3635 512.1 0.9465 
15 271.7 0.5279 512.2 0.9999 

a. Bc equals 71  b. Bo equals 100 
 

show negligible intensity compared to that of the carbonyl carbons. This is expected as 

there is negligible amount of CH2 character mixed in the first 15 orbitals. The simulated 

TD-DFT spectrum of the CH2-based C K-edge can be seen in the Appendix. Also, the 
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hybridization of the CH2 bonds are expected to increase, thus making the transition less 

favorable, since an s→s transition is electric dipole and quadrupole forbidden. Thus, the 

C K-edge spectrum in Figure 3.8, was taken only from the contributions of the carbonyl 

atoms only. The TDDFT almost matches the experimental data, especially with 0.6 eV 

line width broadening. Even the lower energy feature centered at 285.5 eV is reproduced. 

The O K-edge simulation at the line width equaling 0.8 eV also reproduces the 

experimental spectrum reasonably well. The lower energy peak at 531.2 eV is also 

reproduced.  

 
Multiplet Simulations of Fe2(pdt)(CO)6 Fe L-edge XAS 

 
We also carried out the simulation of the Fe L-edge with multiplet calculations. 

Multiplet calculations are not ab initio methods due to number of parameters that need to 

be adjusted in a simulation. Thus, we undertook a systematic mapping of the parameter 

space defined by crystal field parameters,194 including octahedral ligand field splitting 

Dq, Ds and Dt distortion parameters for the D4h symmetry, the energy separation between 

the different charge transfer states ΔLMCT and ΔMLCT, and the relaxation effects associated 

with core hole excitation. The final result was achieved stepwise from a scan of the Dq 

splitting in Oh symmetry. All the parameters were evaluated in reference to the simulated 

spectra that can be seen in Figure 3.9. Since our system exhibits two low spin Fe(I) atoms 

in a strong ligand field, we selected a Dq = 3.5 eV for all the simulations. This value is in 

agreement with the reported values (3.7 and 3.9 eV) used for the low spin 

[Fe(II/III)(CN)6]4-/3-
 complexes.109  Since the iron bonding motif is best described as 

pseudo-octahedral with an overall molecular symmetry of Cs, the symmetry around the  
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Figure 3.9: The multiplet simulations of the Fe2(pdt)(CO)6 L-edge spectrum. Each figure 
has the experimental L-edge in the lower section. (A) The scan of Dq values (eV) in the 
Oh symmetry; (B) The scan of Ds/Dt values with a constant Dq value of 3.5 eV at the D4h 
symmetry; (C) The scan of Δ1 for the LMCT state with constant Dq /Ds/Dt values of 
3.5/0/1 eV; (D) The scan of Δ2 for the MLCT with constant Dq/Ds/Dt/Δ1 values of 
3.5/0.0/1.0/-1.0 eV; (E) The effect of relaxation on the Δ1,2 parameters. All of the 
multiplet spectra are multiplied by 10 in order to be comparable to the experimental 
spectrum. 
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iron atoms was lowered from Oh to the lowest possible point group available in the 

multiplet program of D4h. The formally T2g and Eg orbitals split to b1g (dx2-y2), a1g(dz2), b2g 

(dxy) and eg (dxz and dyz) orbitals. The relative energies of these states are given below:  

 
b1g = +6Dq + 2Ds - Dt 
a1g = +6Dq - 2Ds - 6Dt 
b2g = -4Dq + 2Ds - Dt 
eg = -4Dq - Ds + 4Dt 
 

In order to match the expected Jahn-Teller effect, we scanned the Ds and Dt parameters in 

order to match our free ion state. The combination of Ds equaling 0.0 eV and Dt equaling 

1.0 eV appears to match the peak separated at 708 and 720 eV from experiment. These 

parameters were then used to examine the effect of considering charge transfer states. 

ΔLMCT relates the energy difference from the center-of-gravity from the 3d7 configuration 

to the 3d8L configuration. We found a ΔLMCT of -1 eV represented a single peak which 

matched the first peak of the experimental spectrum. Using this ΔLMCT, we introduced 

MLCT to the system and varied ΔMLCT from -10 to 10 eV. ΔMLCT for this system is the 

difference from the center-of-gravity from the 3d7 configuration to the 3d6L1 

configuration. We found that a ΔMLCT of -2 eV best represents the secondary feature of 

the experimental spectrum. The negative charge transfer values are indicative of the 

importance of considering both donation and backdonation (K4Fe(CN)6 also has a 

negative ΔMLCT)109. We also examined the effects of relaxation on the initial to the final 

excited state. A discussed earlier,109 when the 2p electron hole is created, the energy of 

the d orbitals is lowered, and the mixing between the ligand orbitals changes. Thus other 
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parameters were introduced, EFX and EGX, to account for this change. EG3 is the 

energy of the center-of-gravity of the ground state 3d7 configuration to the ground state 

3d8L configuration. EF3 is the excited state energy separation from the two excited states 

described above. For a system with no relaxation, or no change in ligand bonding, the 

EGX=EFX=ΔX. In order examine the possibility of relaxation, we scanned both the EF2 

(LMCT) and the EF3 (MLCT) against EG2=1.0 and EG3=-2.0 as described above. There 

was no substantial difference upon changing EF2/EF3, and the simulations are very close 

to the experimental spectrum, especially for the first peak. Unfortunately, the second 

feature is underestimated relative to the first feature compared to the experiment.  

The underestimation of the simulated spectra is likely due to the presence of two 

metal centers and the two different ligand environments surrounding the metal centers. 

To model the differences in ligand environment, we had to incorporate all of the LMCT 

states into a single LMCT term. This is a very crude approximation since the iron centers 

are involved in different CT states with the carbonyl and thiolate ligands. It is also 

expected that the basal carbonyl ligands will donate less electron density than the apical 

carbonyl ligands as can be seen from the difference in carbonyl IR stretching frequencies 

and Fe-C bond distances. In order to fully reproduce these, the ligand donation would 

need to be modeled by a multitude of additional CT states. Also, due to the presence of 

the Fe-Fe bond, we would need to define a metal-to-metal CT (MMCT) state. However, 

even without the inclusion of these additional states, the simple mixing of the 

incorporated LMCT and MLCT with the free ionic state matches reasonably well the 

shape of the experimental L-edges.  
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Discussion 
 
 
S K-edge  
 

Figure 3.10 presents a molecular orbital diagram with orbital contour plots 

calculated at the BP86/TZVP level. The calculated total iron character for the first fifteen 

orbitals is 339%, and the total sulfur character is 104%. The lowest unoccupied molecular 

orbital (MO97) is the anti-bonding combination of the Fe dz2 orbitals. The next two 

molecular orbitals (MO98-99) are the symmetric and anti-symmetric combination of the 

Fe dx2-y2 orbitals. The next twelve unoccupied orbitals are the carbonyl π* orbitals. Using  

 

 
Figure 3.10: The energy diagram and orbital composition for the 15 lowest energy 
LUMOs of Fe2(pdt)(CO)6 with the first 8 LUMO plots. 
 

the experimental XAS results discussed in Chapter 2, from the S K-edge a fitted area of 

3.69 eV translated using Eq. (3.1), with an N equaling 2 and dipole integral equaling 
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10.23 eV, to 216±10% orbital character for both of the sulfur atoms and the 30 holes. 

This equates to about 54% per sulfur atom for 15 molecular orbitals or 3.5% per sulfur 

per hole. The theoretical value from BP86/TZVP of 104% for both sulfur atoms for the 

fifteen orbitals correlates well and demonstrates that the method is calibrated.  

We can also turn to S-Kedge TDDFT simulations to determine the sulfur 

character on the basis of the oscillator strengths. The sulfur character and the transition 

dipole are not experimentally observable. However, the product of the two is directly 

related to the oscillator strength and experimental observable as pre-edge intensity.72 This 

allows us to use the experimental transition dipole integral (10.23 eV)96 to correlate with 

the oscillator strength to obtain the calculated sulfur character for the TDDFT results. The 

equation for converting oscillator strength values to sulfur character is given in Eq. (3.4); 

  

( ) 







=− B

Fhhlw
I

osc
DFTTD

4
2 10**27.13α     (3.4) 

 
where, α2 is the sulfur character per orbital and I is the transition dipole integral. Fosc is 

the oscillator strength value, B is the correction factor and hhlw is the line width.  

The comparison of the TDDFT and ground state BP86/TZVP methods is 

presented in Table 3.6. The TDDFT results in about 114% total sulfur character, where 

the ground state method has 104% character. The 114% S character result is directly 

related to the correction factor (B) and the line width broadening. Our choice of 14.6 for 

the conversion factor (B) was based upon earlier results,69 similar to the line width (hhlw) 

of 1.0 eV peak broadening.69 A larger line width would of course increase the area and 

thus the sulfur character. Due to the limitations of these inherent correction factor and 
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line width uncertainties, XAS TD-DFT simulations must be calibrated as well and do not 

offer much advantage over using the EPR or XPS-based dipole integral.69  

 
Table 3.6: Comparison of the sulfur character for the TDDFT results to the ground state 
results using the BP86/TZVP method. The sulfur character for the TDDFT simulations 
was obtained from Eq. (3.4). The ground state sulfur character per orbital was determined 
from the AIM population method.   

Peak/Orbital Fosc 
(*104)/Ba 

Areab 

(eV) 
TDDFT (%)  Ground 

State (%) 
1 0.6983 0.887 26 17 
2 1.0326 1.311 38 27 
3 0.6983 0.887 26 24 
4 0.0900 0.114 3 6 
5 0.0731 0.093 3 2 
6 0.0921 0.117 3 3 
7 0.0768 0.098 3 5 
8 0.0513 0.065 2 3 
9 0.0164 0.021 1 2 

10 0.0359 0.046 1 2 
11 0.0290 0.037 1 1 
12 0.0036 0.005 0 1 
13 0.1279 0.162 5 8 
14 0.0287 0.036 1 1 
15 0.0161 0.020 

 

1 2 
a. Correction factor (B) is 14.6   
b. Area is 1.27 times larger than the corrected oscillator strength value for a line width of 1.0 eV  
 
 
Fe K- and L-edges  
 

Using the calibrated functional with a saturated basis set, the Fe character of the 

fifteen orbitals was examined.  From the Fe K-edge XAS analysis, we fit the Fe K-edge 

with two features with a total area of 0.36 eV. The first feature was correlated to the first 

three LUMOs for an area of 0.20 eV, the second feature to the next 12 LUMOs for an 

area of 0.16 eV. It was estimated that there is about 47% 4p Fe character for the first 

fifteen orbitals from a combination of the ratio of the peak areas and an estimation of the 

Fe 4p character from an earlier computational study.108 Using the Fe 4p character and the 
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total area, we were able to define a transition dipole integral of 5 eV for the Fe 4p K-

edge. This was very close to the transition dipole for the FeII or FeIII complexes.81 

At the Fe L-edges, we found a combined experimental area of the LIII and LII 

regions of 7.26±0.50 eV for the first feature and 18.99±1.19 eV for the second feature. 

From the BP86/TZVP results, we observe that there is a total iron character of 146% for 

3 orbitals or 291% for 6 holes. After subtracting the 24% Fe 4p character, there is 

expected to be 267% Fe 3d character. Thus the area of 7.26 eV corresponds to the Fe 3d 

character. Also, we observed that the second set of LUMOs exhibits 194% total Fe 

character for the fifteen orbitals or 387% for 30 holes. After correcting for Fe 4p 

character of 17%, we are left with 370% Fe 3d character for the 12 formally π* orbitals or 

18.99 eV of experimental area.   

 
C and O K-edges 
 

For the C K-edge, we found a TDDFT area of 11.12 eV for the peak centered at 

287 eV.  This was with a line width of 0.6 and a correction factor value of 71. Using Eq. 

(3.1), we found a transition dipole integral of 16.64 eV. This is using an N value of 6, and 

a total numbers of holes to be 24 and total C character of 1204% for the second set of 

LUMOs. The total character of 1204% was obtained from our ground state calculations. 

The transition dipole integral of 16.6 eV assumes that all of the 1204% character is 2p 

character. Thus this value is the upper limit for the transition dipole, but the value would 

not be expected to change too much due to the negligible 2s hybridization for the CO π* 

orbitals. If we use the transition dipole for the first three orbitals, the calculated area of 

0.36 eV converts to 40% C character for the first three orbitals, or about 7% per hole or 
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14% per orbital. This is about 6% lower than the total C character for those orbitals from 

the ground state description, and thus there is about 6% 2s C character per orbital in the 

first three LUMOs.  

For the O K-edge, we also correlated the TDDFT results to our experimental area. 

The theoretical area obtained from TD-DFT calculations is 5.54 eV for the second set of 

LUMOs. The ground state atomic orbital composition for oxygen is a total 704% (per 

hole) in second set of LUMOs. Using the above area, N=6, and h=24, this translates to a 

dipole of 14.16 eV. Using this transition dipole expression we can then define that there 

is 42% O 2p character per hole in the first set of LUMOs or 21% per orbital. From the 

ground state description there is 24% total oxygen character, and thus there is very 

limited O 2s character in the first set of LUMOs.  

 
Conclusion 

 
 

The theoretical results validated by the XAS experimental results provide a 

complete electronic structure of a prototypical biomimetic complex of the 2Fe-sublcuster 

of the H-cluster in FeFe-hydrogenase. We used the AIM population analysis method 

since it utilizes the topology of the electron density without any bias to basis set 

definition or a pre-defined partitioning scheme. The sulfur character is the most useful for 

calibration of multiple functionals and obtaining a basis set saturation limit at the triple-ζ 

level. Remarkably, we found that many of the modern functionals can produce electronic 

structure descriptions within the uncertainty of the experimental S character. As the most 

reasonable functional for the given system, we used a GGA functional of BP86. The 
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broken symmetry approach was utilized to probe the importance of magnetic interactions 

between the metal centers. The localized, spin polarized electronic structure was found to 

be 5-10 eV higher than the covalent ground state with a Fe-Fe bond.31 Using excited state 

electronic calculations, we simulated the Fe, S, C and O K-edge spectra and found 

reasonable agreement between excited state calculations and the ground state description.  

The use of a computational method calibrated to experiment can allow for the 

analysis of intermediates and structural components that are challenging to characterize 

experimentally. For this system we found that the BP86/TZVP functional/basis set 

combination works for the biomimetic model complex, Fe2(pdt)(CO)6. Later we extend 

this functional/basis set and the AIM method to analyze the spin density on a set of 

oxidized model complexes and the H-cluster. Also, this calibrated computational method 

is important in the examining the differences in the electronic structure of other 

biomimetic model complexes. These model complexes comprise a spectrochemical series 

that allows for the examination of the electronic structure of the 2Fe-subcluster of the H-

cluster. Thus, we propose that DFT calculations can be reliably used to describe the 

electronic and geometric structures of 2Fe-biomimetic complexes as done in Chapter 4 

and the spin density of the oxidized form of the H-cluster as done in Chapter 5.  
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CHAPTER 4  

MULTI-EDGE XANES ANALYSIS OF BIOMIMETIC MODEL COMPLEXES THAT 

PROBE THE FOUR STRUCTURAL FEATURES OF THE 2Fe-SUBCLUSTER OF 

THE H-CLUSTER 

 
Introduction 

 
 
 [FeFe]-hydrogenases are a family of metalloenyzmes that catalyze the reversible 

reduction of protons to dihydrogen.195, 196 The crystal structures of [FeFe]-hydrogenase 

from two bacteria, Clostridium pasteurianum(CpI)6, 7, 14 and Desulfovibrio desulfuricans 

str. Hildenborough (DdH),8-10 revealed that the catalytically active Fe-S cluster, named 

the H-cluster (as seen in Figure 1.2), is composed of a classical [4Fe-4S] cluster 

connected via a cysteine thiolate ligand to an organometallic 2Fe-subcluster. The two 

iron centers in the 2Fe-subcluster are coordinated by terminal carbonyl and cyanide 

ligands and linked together with a bridging carbonyl and a non-protein dithiolate ligand. 

The crystal structure of [FeFe]-hydrogenase from CpI shows electron density at the apical 

coordination position of the distal iron of the 2Fe-subcluster, relative to the [4Fe-4S]-

subcluster, which was refined as a water molecule. This distal water molecule has not 

been identified in the [FeFe]-hydrogenase from DdH. This may be related to the different 

crystallization conditions for DdH, since the hydrogenase enzyme was in a more reduced 

state in DdH than in CpI and likely the distal iron site in DdH is coordinated by a 

terminal hydride or even a dihydrogen ligand.9   
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As the crystal structure of CpI was determined by Peters et al. in 1998, three 

independent research groups published synthetic procedures for a dianionic biomimetic 

model of the 2Fe-subcluster of  [Fe2(pdt)(CO)4(CN)2]2- (where pdt is μ-S(CH2)3S).35-37 

Since then there has much effort to synthesize a biomimetic model complex that matches 

the reactivity of the H-cluster. A detailed review of many of these complexes was 

recently published.31 The earlier model complexes, many of which were first synthesized 

in the 1980s by Seyferth, present an opportunity to study fundamental aspects of the 2Fe-

subcluster, allowing for dissecting the electronic structure of the H-cluster. The model 

complexes (Figure 4.1) that we utilized are Fe2(μ-SMe)2(CO)6, Fe2(μ-SEt)2(CO)6, 

Fe2(pdt)(CO)6, Fe2(edt)(CO)6 (edt = μ-S(CH2)2S), Fe2(bdt)(CO)6 (bdt = μ-S(CH2)4S), 

Fe2(dtme)(CO)6 (dtme = μ-SCH2OCH2S), Fe2(dtmma)(CO)6 (dtmma = μ-

SCH2NMeCH2S), Fe2(pdt)(CO)6-x(PPH3)x (x = 1 and 2), (Et4N)2Fe2(pdt)(CO)4(CN)2, and 

Fe2(SSMeS)(CO)5 (SSMeS = MeC(μ-CH2S)2(CH2SMe)).  In Table 4.1, we summarize 

the corresponding carbonyl and cyanide ligand FTIR stretching frequencies measured by 

others.37, 44, 197-202  In Table 4.2, the X-ray crystal structure bond lengths and interatomic 

distances (where available) are given.35, 37, 197, 200, 202-204 

In Chapter 2, a thorough analysis was presented for the electronic structure of 

Fe2(pdt)(CO)6 using multi-edge X-ray absorption spectroscopy (meXAS). The meXAS 

approach allowed us to define the complete composition of the unoccupied frontier 

orbitals for Fe2(pdt)(CO)6.  We also calibrated our computational methods to these 

experimental results in Chapter 3. The method development of the meXAS approach and 

the calibrated theoretical calculations allow us to gain initial insights into the role and  
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Figure 4.1: Four structural features of the 2Fe-subcluster H-cluster probed by biomimetic 
model complexes. All of the series share the (A) Fe2(pdt)(CO)6 model complex. The 
model complexes from top, counterclockwise are (B) Fe2(μ-SMe)2(CO)6, (C) Fe2(μ-
SEt)2(CO)6, (D) Fe2(edt)(CO)6, (E) Fe2(bdt)(CO)6, (F) Fe2(dtme)(CO)6, (G) 
Fe2(dtmma)(CO)6, (H) Fe2(SSMeS)(CO)5, (J) Fe2(pdt)(CO)4(PPh3)2 (I) 
Fe2(pdt)(CO)5(PPg3) (K) [Fe2(pdt)(CO)4(CN)2]2-. Note: Phenyl groups are not included in 
J and I for clarity. 
 

importance of the biologically unique, organometallic ligand environment of the 2Fe-

subcluster of the H-cluster. The H-cluster is one of the most efficient, non-noble metal-

based catalysts for hydrogen evolution and uptake; thus we explored the fundamental 

electronic structure properties to determine the H-cluster’s stability and catalytic activity. 

As the first structural feature of the 2Fe-subcluster, we probed the coordination 

mode of the unique bridging dithiolate ligand. The H-cluster contains a unique dithiolate 

ligand in biology that bridges between the two iron centers in the 2Fe-subcluster. This is 

in contrast to the active site of the [NiFe]-hydrogenases, in which the nickel and iron 

centers are bridged by two cysteine ligands.2 In order to investigate the effects of terminal 
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thiolate versus bridging dithiolate ligands on the electronic structure, we studied the 

electronic structures of the Fe2(μ-SMe)2(CO)6, Fe2(μ-SEt)2(CO)6 and Fe2(pdt)(CO)6 

model complexes.  

 
Table 4.1: Infrared stretching frequencies of the carbonyl ligands in the biomimetic 
model complexes and their respective references.  

Biomimetic model νCO (Solvent or KBr) in cm-1 Reference 

Fe2(μ-SMe)2(CO)6 
2080, 2050, 1990 (CCl4) 

 

44 
2070, 2040, 1990 (CCl4) 44 

Fe2(μ-SEt)2(CO)6 2073, 2034, 1992 (MeCN) 201 
Fe2(dtme)(CO)6 2077, 2035, 1989 (KBr) 198, 199 

Fe2(dtmma)(CO)6 2074, 2037, 1996 (MeCN) 202 
Fe2(edt)(CO)6 2087, 2038, 1992 (MeCN) 201 
Fe2(pdt)(CO)6 2074, 2036, 1995 (MeCN) 201 
Fe2(bdt)(CO)6 2070, 2028, 1979 (KBr) This work 

[Fe2(pdt)(CO)4(CN)2]2- 2119 (CN), 2058, 2038, 2000 (KBr) 37 
Fe2(pdt)(CO)4(PPh3)2 1997,1951,1933 (KBr) 197 
Fe2(pdt)(CO)5(PPh3) 2004, 1984, 1931 (KBr) 197 
Fe2(SSMeS)(CO)5 2046,1979, 1925 (MeCN) 200 

 
 
Table 4.2: The crystallographic bond and interatomic distances for all of the model 
complexes in this study and their respective references. 

Biomimetic model Fe-Fe 
(Å) 

Fe-Sa  

(Å) 
Fe-C (CO) a 

/Fe-C/Fe-P (Å) 
S…S  
(Å) 

S-Ca 

(Å) Reference 

Fe2(μ-SMe)2(CO)6 2.51 2.27  1.79 2.74 1.81 203 
Fe2(μ-SEt)2(CO)6 2.52 2.26  1.80 2.92  1.84  204 
Fe2(dtme)(CO)6 2.51 2.25  1.80 3.04  1.83 198 

Fe2(dtmma)(CO)6 2.49 2.26  1.79  3.04  1.88 202 
Fe2(edt)(CO)6 2.51 2.24  1.79 2.89  1.81 203 
Fe2(pdt)(CO)6 2.51 2.25  1.79  3.05  1.82 35 
Fe2(bdt)(CO)6 No Crystal Structure 

[Fe2(pdt)(CO)4(CN)2]2- 2.52  2.28 1.74/1.93b 3.09 1.83 37 
Fe2(pdt)(CO)4(PPh3)2 No Crystal Structure 
Fe2(pdt)(CO)5(PPh3) 2.53  2.26  1.78/2.26b 3.04  1.82 197 
Fe2(SSMeS)(CO)5 2.51  2.26  1.78/2.25b 3.07  1.82 200 
a. Average values 
b. The second number is the Fe-CN or Fe-P or Fe-S for the apical or basal ligand substitution 
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For the two terminal thiolate complexes Fe2(μ-SMe)2(CO)6 and Fe2(μ-SEt)2(CO)6, 

we expect that there will be minimal steric strain for the cluster core and thus maximum 

sulfur donation compared to that of the Fe2(pdt)(CO)6 model complex. However, it is 

interesting to note that for Fe2(μ-SEt)2(CO)6, the FTIR stretching frequencies are almost 

identical within 3-4 cm-1 (see Table 4.1) relative to Fe2(pdt)(CO)6. Thus, the lack of steric 

strain must turn on more ligand-to-ligand charge transfer (LLCT) from the terminal 

thiolate ligands to the carbonyl π* orbitals. This hypothesis is supported by a DFT study 

by Tye et al. that examined the energy to rotate one of the apical carbonyl ligands into the 

bridging position between the iron centers.205 They found that the terminal species Fe2(µ-

SMe)2(CO)6 supports the rotated form at a slightly lower energy than of Fe2(pdt)(CO)6. 

They further postulate that the rotated form for any of the structures is stabilized when 

increased electron density is localized at the iron centers. Thus, the thiolate ligands in 

Fe2(µ-SMe)2(CO)6 induce more electron density into the metal centers (and the carbonyl 

ligands) to stabilize the rotated form. Another relevance of this series is that these 

complexes represent the different sulfur coordination in the [FeFe]- and [NiFe]-

hydrogenases.  

For the next series, we probed the effects of the length of the bridging dithiolate 

ligand on the electronic structure. The 2Fe-subcluster of the H-cluster formally exhibits 

two, 6-membered rings with a bonding motif of (Fe-S-C-X-C-S). Here we probe the 

difference in going from a 5- to a 6- and to a 7-membered dimetallacycle on the sulfur 

donation. The model complexes we employed for this series are Fe2(edt)(CO)6, 

Fe2(pdt)(CO)6 and Fe2(bdt)(CO)6.  We expect that Fe2(pdt)(CO)6 should have the best 
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orbital overlap between the dithiolate ligand and the iron centers, since it has the least 

ring strain. The 5- and 7-membered ring systems should exhibit weaker orbital overlap 

compared to the 6-membered system, with the 7-membered system exhibiting slightly 

better orbital overlap than the 5-membered system. Contrary, from the XAS results we 

find that S…S repulsion due to the strain of ethanedithiol ligand is relieved by more 

electron donation from the dithiolate ligand to the iron centers.  

The bridgehead group of the dithiolate ligand in the 2Fe-subcluster is proposed to 

be an ether, amine, or methylene group. In the third series we test the difference in the 

electronic structure as a result of various bridgehead compositions. For this series, we use 

Fe2(dtme)(CO)6, Fe2(dtmma)(CO)6, and Fe2(pdt)(CO)6 biomimetic model complexes. It 

has already been proposed that the composition of the bridgehead group affects the redox 

active orbitals of the 2Fe-subcluster.46 Contrary, there is only little difference in the CO 

stretching frequencies, and as discussed later, the meXAS experimental results and DFT 

calculated covalency values also indicate similar electronic structures. This would 

indicate that the bridgehead group is unlikely tuning the electronic structure of the 2Fe-

subcluster to an appreciable degree. 

The fourth series examines the effects of diatomic ligand substitutions on the 

electronic properties of the model complexes. The 2Fe-subcluster in the H-cluster 

contains three carbonyl ligands and two cyanide ligands besides the dithiolate ligand. 

Thus, we examined the effect of going from the Fe2(pdt)(CO)6 complex to the cyanide 

substituted (Et4N)2Fe2(pdt)(CO)4(CN)2 complex. In this comparison, we replace two 

strong π acid ligands with weaker π acid ligands, but better σ donors. It is expected that 
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the iron centers receive more σ electron donation and have less ligands available for π 

back-donation. A recent DFT study of the redox potentials of biomimetic model 

complexes showed that upon carbonyl replacement with cyanide and PR3 ligands, the 

electron density on the iron centers increased as expected.206 Thus, we expect that the 

dithiolate ligand will in turn donate less electron density to the metal centers for the 

carbonyl substituted species. This idea was examined by a detailed electronic structure 

comparison of Fe2(pdt)(CO)6 and [Fe2(pdt)(CO)4(CN)2]2-, which showed by resonance 

Raman and DFT calculations that the Fe-S bond covalency is reduced and Fe-CO bond 

strength is increased in the dicyanide complex.92  

We also studied the difference due to the substitution of the carbonyl ligands with 

the abiotic ligand, PPh3, between Fe2(pdt)(CO)6 and the mono-substituted 

Fe2(pdt)(CO)5(PPh3) and di-substituted Fe2(pdt)(CO)4(PPh3)2. For the di-substituted PPh3 

species, we expected to see the same trend as for the di-substituted cyanide species. 

Although the FTIR stretching frequencies are different for the carbonyl ligands in 

Fe2(pdt)(CO)4(PPh3)2 to (Et4N)2Fe2(pdt)(CO)4(CN)2, we expect that the trends in less 

sulfur and more iron character will remain the same for these species. We also expect that 

the electronic structure of the sulfur donation and iron back-bonding changes non-linearly 

with consecutive CO to PPh3 substitution. It has also been indicated that adding a third 

cyanide (or PPh3) ligand is not possible.37  

The 2Fe-subcluster of H-cluster is covalently linked through a cysteine residue to 

a classical [4Fe-4S] cluster. Thus we also examined the effect of the replacement of a 

carbonyl ligand with a thioether that is covalently linked to the bridgehead group. The 
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ligand environment is not a perfect mimic because the thioether is a poor model of the 

bridging cysteine residue of the H-cluster. Also the bridgehead in the H-cluster is pointed 

away from the cysteine residue, whereas the bridge is connected and thus forced to face 

the thioether in the biomimetic model complex. While these structural features represent 

some deviation from those of the 2Fe-subcluster, they allow for probing the role of the 

sulfur coordination at the proximal iron site. We expect to see a decrease in dithiolate 

donation as a result of thioether coordination, similar to the mono-substituted species, 

Fe2(pdt)(CO)5(PPh3).   

 
Experimental and Theoretical Methods 

 
 
Sample Preparation  
 

All of the complexes including the free ligand salts utilized in this study, 

excluding Fe2(bdt)(CO)6, were prepared from earlier literature.37, 42, 44, 88, 197, 200, 207 

Fe2(bdt)(CO)6: The synthesis of this complex was adapted from Reference 88. A three-

neck, 250 mL round-bottom flask, fitted with a condenser and two rubber septa, was 

flushed with N2. It was filled with 20 mL of toluene, 2 g (3.97 mmol) of Fe3(CO)12 and 

0.5 mL (4 mmol) of HS(CH2)4SH. The green reaction mixture was refluxed until a red 

color change occurred (ca. 2-3 h). Solvent volume was reduced to a few mL, and the 

desired product was purified by chromatography on successive silica gel columns (1 in x 

8 in), using toluene as eluent (collecting the red band) followed by pentane (collecting the 

red band). Crystalline products were unable to be obtained even by cooling the 

concentrated pentane solutions at -15°C. Yield: 0.64 g (40% based on the initial 
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Fe3(CO)12 concentration). IR(KBr): νCO 2070(m), 2028(m), 1979(s). NMR(CDCl3): δ = 

1.6 (m, 4H, SCH2CH2CH2CH2S) 2.4 (m, 4H, SCH2CH2CH2CH2S) ppm.  

 
X-ray Absorption Measurements  
 

All of the XAS measurements were carried out at the Stanford Synchrotron 

Radiation Lightsource (SSRL) under storage ring (SPEAR 3) conditions of 300-80 mA 

current and 3 GeV energy. For the multi-edge treatment, beamlines (BL) 6-2 and 4-3 

were utilized for the S K-edge energy region. BL10-1 allowed for data collection in the 

soft X-ray, the Fe L-edge region. BL 7-3 provided data at the Fe K-edge of the hard X-

ray region.  

BL 7-3 is a 20-pole, 2 T Wiggler beamline equipped with a Si(220) downward 

reflecting, double-crystal monochromator. Due to the high penetration of the hard X-rays, 

the transmission setup was utilized at these beamlines, with the sample placed in a liquid 

He cryostat and maintained at a constant temperature of ~10 K. The beamline parameters 

were optimized at 8000 eV. The optimal sample concentration versus boron nitride filler 

was calculated by taking into account sample holder geometry and molar weight of the 

compound of interest using the program SAMPLE4 of EXAFSPAK95. The energy was 

calibrated using the first peak of the first derivative of an iron foil assigned to 7111.2 eV. 

Iron K-edge spectra were collected in the energy range of 6785-7985 eV. 

BL 6-2 and 4-3 are a 56-pole, 0.9 T and a 20-pole, 2.0 T Wiggler beamline, 

respectively, equipped with a liquid N2 cooled, Si(111) double-crystal monochromator. 

Both beamlines were optimized at 2740 eV.  Na2S2O3·5H2O was used as a calibrant with 

a maximum pre-edge feature at 2472.02 eV. Sulfur K-edge spectra were collected in the 
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energy range of 2450 – 2740 eV using an unfocused beam in a He-purged beam path at 

both room temperature and ~120 K for the solid samples using a multi-element Lytle 

fluorescence detector. Solid samples were prepared in a glove box and diluted in with 

boron nitride to minimize self-absorption and mounted onto a sulfur-free Kapton tape. 

The samples were protected from oxidation and moisture during sample mounting by a 

thin polypropylene window.  

 BL 10-1 is a 30-pole, 1.45 T Wiggler beamline, equipped with a 6 m spherical 

grating monochromator. For the Fe L-edge measurements, the 1000 lines/mm setting was 

used. Spectra were collected in the energy range of 660-800 eV using an unfocused beam 

in ultrahigh vacuum (UHV). The beamline was optimized at 715 eV. Fe2O3 was used as a 

calibrant with a two point calibration on the second feature of the LIII edge and the first 

feature of the LII edge at 708.5 and 720.1 eV, respectively. The data were collected in 

electron yield mode by using a Channeltron (PHOTONIS) located about 3 cm away from 

the sample paddle, operating at 1800 V high voltage and 3000 V collector potentials. 

Attention: Due to the rapid sublimation of all of the complexes in UHV, the ground solid 

sample had to be pushed deep into a carbon tape on a copper paddle and cooled using a 

liquid nitrogen (LN2) finger Dewar. Even with the use of LN2 cooling, there was a slight 

layer of the volatile cluster deposited on the calibrate Fe2O3 on the sample paddle.  

Furthermore, there is a non-negligible variation to the data if spectra are collected after an 

arbitrary period of sample sublimation due to uncertainties introduced to the pre-edge 

features as a result of normalization of a weak edge jump. These larger error bars of 10-

15% for the Fe L-edge are reduced to the more normal 5-7% if the sublimation is 
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eliminated by liquid N2 cooling. Without the finger Dewar, data collection at room 

temperature generally led to longer pump times and a greater sample to noise ratio in the 

data due to sublimation. In addition, serious radiation damage was also observed already 

at ~700 eV that was generally more prominent for hard X-ray measurements at several 

keV.  

We also found that in the case of contamination in the sample chamber and/or on 

the I0 incident beam intensity grid/foil that shows up in the EY/I0 data, the use of the EY 

signal without dividing by I0 gave already acceptable data quality. For all edge regions, at 

least three scans were averaged to obtain an acceptable signal-to-noise ratio; however, if 

no radiation damage was present, generally the second looked already practically 

identical to the first.  

 
X-ray Absorption Data Normalization and Fitting Procedure 
 

A detailed description of data normalization of Fe2(pdt)(CO)6 is described in 

Chapter 2.94 We utilize the same normalization and fitting procedures for all of the edges 

and all of the complexes discussed here. For the S K-edge, all spectra were fitted with the 

free ligand salt spectrum, Na2pdt, except Fe2(µ-SEt)2(CO)6 and Fe2(µ-SMe)2(CO)6 where 

the spectrum of NaSEt was used. The Fe-S region was fit with two Gaussian+Lorentzian 

Amplitude (G+Lamp) functions from PeakFit v4.12 (Seasolve Software, Inc). The Fe K-

edge was also fit similar to that of the Fe K-edge of Fe2(pdt)(CO)6. Two G+Lamp 

functions were used to describe the pre-edge region, and the rising edge was fit with a 

combination of a Lorentzian cumulative function and G+Lamp functions. The best fit of 

the L-edge of Fe2(pdt)(CO)6 was obtained by first subtracting the two edge jumps from 
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the spectrum. This was done using two Lorentzian cumulative functions that were 

separated by 12.3 eV. The slope value for the both functions was 0.5 eV. The first edge-

jump function centered at 710 eV had an intensity of 0.8 and the second had an intensity 

of 0.2. We then fit both LIII and LII edges with 4 G+Lamp functions each. All Fe L-edge 

spectra of the biomimetic model complexes were fitted this way. All of the fitted spectra 

for all of the edges can be seen in the Appendix C. The conversion of the spectral 

intensities to orbital compositions was accomplished using Eqs. (4.1) and (4.2).  The 

transition dipole integral for the S K-edge thiolate of 10.23 eV was taken from the 

literature.96 The Fe K-edge transition dipole integral of 5 eV developed in Chapter 2 was 

found to be similar to that found in Fe(III)/Fe(II) species.81 The L-edge data analysis was 

done by using a transition dipole integral of 23.2 eV for the formally Fe 3d-based and CO 

π* orbitals.  
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Computational Methods  
 

All calculations on the model complexes were performed using the crystal 

structure35, 37, 197, 198, 200, 202-204 except Fe2(bdt)(CO)6 and Fe2(pdt)(CO)4(PPh3)2. The 

structures were also optimized with BP86/TZVP level. Both the Cartesian coordinates for 

the optimized and crystal structures are given in the Appendix C. A table of the bond and 

interatomic distances for the optimized complexes like that of Table 4.2 is also presented 

in Appendix C. Calculations were performed using Gaussian09 Revision C.02121 with the 
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density functional theory method of the exchange functional B118 and the correlation 

functional P86136 in vacuo. The use of a dielectric continuum using the conductor like 

screening model (COSMO) of CH2Cl2 (ε = 9.08) as a solvent gave similar results as the 

in vacuo calculations due to the neutral charge of complex. The basis set used is 

TZVP.119, 120 This functional/basis set combination was shown to reasonably match the 

electronic structure of Fe2(pdt)(CO)6.  

The molecular orbital (MO) composition were interpreted using Bader’s Atoms in 

Molecules (AIM)63 population analyses. The AIM results were obtained using the 

program AIMAll180 with the ProAIM method181-183. When necessary, the Promega 

method181, 183 was used for integrating atomic basins with complex density topology. A 

description of how the AIM MO composition for the AIM method is found was also 

provided in Chapter 3.  

The calculation of S and Fe K-edge XAS were performed with ORCA quantum 

chemistry program package 2.8.0184 using the time dependent DFT (TD-DFT) method. 

All calculations were performed with the functional BP86 and basis set TZVP using the 

Cartesian coordinates described above. The oscillator strength was broadened using the 

(G+Lamp) function described above.  

 
Results and Analysis 

 
 
S K-edge Results  
 

From the S K-edge spectra, we can obtain information about the sulfur 3p 

character of the unoccupied frontier orbitals. The XANES region of the S K-edge has two 
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distinct regions: the pre-edge and the rising edge. The rising edge is an indicator of the 

position of the 4p Rydberg state, which is related to the effective nuclear charge of the 

sulfur centers in the complex. As the rising edge shifts to higher energy, the effective 

nuclear charge increases and corresponds to a more oxidized sulfur absorbers. The 

intensity of the pre-edge features is directly related to the 3p character of the unoccupied 

frontier orbitals. Using the well understood S K-edge to form our basis for analysis of the 

metal K- and L-edges and carbonyl stretching frequencies; we describe first the effect of 

ligand environment of the H-cluster for the four structural features.  

 
Coordination Mode of the Bridging Thiolate The focus of the first series is the 

coordination mode of the thiolate ligand in the [2Fe] clusters using the complexes with 

bridging dithiolate Fe2(pdt)(CO)6 versus the terminal thiolate in Fe2(µ-SMe)2(CO)6 and 

Fe2(µ-SEt)2(CO)6. As discussed in the introduction, we hypothesize that the lack of steric 

strain for the terminal thiolate coordination will lead to the most sulfur character in the 

LUMOs. The S K-edge XANES with first and second derivative of the spectra can be 

seen in Figure 4.2. The XAS spectra for the thiomethyl and thioethyl terminal thiolate 

2Fe clusters are almost identical. In these complexes, the thiolate coordination is the most 

ideal conformation to maximize donation to the iron atoms. The ethyl group is expected 

to have slightly better inductive effect than that of the terminal methyl thiolate and thus 

have slightly larger sulfur donation to iron centers. When the bridging dithiolate is 

chelated, the intensity of the first peak at 2471.6 eV is lowered compared to the terminal 

thiolate species. This is due to the steric strain of the chelating dithiolate in the 
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Fe2(pdt)(CO)6 complex. Since this peak is associated with the sulfur character in the first 

fifteen unoccupied orbitals, the lower  

 

 
Figure 4.2: Energy position analysis of the XANES region of the normalized S K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(µ-SMe)2(CO)6, and Fe2(µ-SEt)2(CO)6, (B) first 
derivative spectra and (C) second derivative spectra. Redundant energy positions are 
omitted for clarity  
 

intensity can be correlated with less sulfur character for the Fe2(pdt)(CO)6. As expected, 

the sulfur 4p position from the second derivative plot shifts to higher energy in the 

terminal thiolate species (2475.7 eV) compared to the bridging dithiolate species (2475.4 

eV). The effective nuclear charge of the terminal thiolate sulfurs is greater due to more 

S→Fe donation and thus effectively more oxidized sulfur centers. The fitting of the pre-

edge features with the respective free ligand sodium salts Na2pdt and NaSEt confirms the 

change in sulfur character due to the steric strain of the chelating effect. The 
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Fe2(pdt)(CO)6 has a pre-edge area of 3.69 eV, which converts to 216% total S character 

from Eq. (4.1). The same feature in the terminal thiolate species has a fitted area of 3.93 

eV for the Fe2(µ-SEt)2(CO)6 complex for a 231% total S character. There is slightly more 

sulfur character for Fe2(µ-SEt)2(CO)6 than Fe2(µ-SMe)2(CO)6 (225%), which can be 

rationalized by the slightly greater inductive effect of the ethyl group compared to the 

methyl group. The fitting parameters and sulfur character can be seen in Table 4.3. 

 
Table 4.3: Fitting parameters for the S K-edge spectral fits of Fe2(pdt)(CO)6, Fe2(µ-
SMe)2(CO)6 and Fe2(µ-SEt)2(CO)6. The conversion of total area to S 3p character was 
carried out as described with Eq. (4.1) 

 
Energy 
Range 
(eV) 

Peaks A E0 (eV) hhlw 
(eV) m D0 

(eV) 
ƩD0 
(eV) 

S 3p 
Character 

(%) 

Fe2(pdt)(CO)6 
2465-
2474.5 

Peak1 1.53 2471.5 0.89 0.20 1.96 3.69 216 Peak2 1.23 2472.2 1.01 0.28 1.73 
Na2PDT 1.02 2473.9  

Fe2(µ-
SMe)2(CO)6 

2465-
2474.5 

Peak1 1.52 2471.5 0.89 0.09 2.05 3.83 225 Peak2 1.36 2472.1 1.09 0.64 1.79 
NaSEt 0.34 2473.5  

Fe2(µ-
SEt)2(CO)6 

2465-
2474.5 

Peak1 1.36 2471.6 0.88 0.00 1.88 3.94 231 Peak2 1.42 2472.1 1.17 0.59 2.06 
NaSEt 0.36 2473.6  

 

Length of the Bridging Dithiolate The model complexes Fe2(edt)(CO)6, 

Fe2(pdt)(CO)6 and Fe2(bdt)(CO)6, feature two 5-,6- and 7-membered rings, respectively, 

and thus provide a series for examining the effect on the size of the chelating ring on the 

electronic structure. The S K-edge spectra and respective derivatives can be seen in 

Figure 4.3. From the comparison of the 5-membered versus the 6-membered dithiolate, a 

difference in the S 4p peak position along the rising-edge can be seen. The 4p position for 

Fe2(edt)(CO)6 is 2474.7 eV and for Fe2(pdt)(CO)6 the position is 2475.4 eV. This 

indicates that the sulfur atoms are more reduced in the Fe2(edt)(CO)6 species. As the 
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rising edge shifts to lower energy, the pre-edge feature should also shift to a lower 

energy, but the opposite is seen in Figure 4.4. Three factors can affect the energy position 

of the pre-edge features.101 The first is the energy of the 1s core orbital, which is related 

to the energy position of the rising edge position. As the 1s core orbitals shift to higher or 

lower energy, the pre-edge energy should shift accordingly. When this shift is not 

followed, the energy position of the metal manifold energy needs to be compared to the 

sulfur donor orbitals. In Figure 4.3, we see that the sulfur 3p manifold rises in energy, but 

the iron manifold stays at the same relative energy. For a normal metal-ligand bonding 

scheme, this increases the gap between the HOMO and LUMO by shifting the LUMO to 

higher energy.  The free-ligand fitted area for the Fe2(edt)(CO)6 is 3.78 eV, which 

corresponds to 222% sulfur character. The fit of Fe2(pdt)(CO)6 again corresponds to 

216% character. The steric strain of the 5-membered ring raises the energy of the sulfur 

donor orbitals so that the orbital overlap is better and the donation is increased. This is 

expected because the distance between the sulfur atoms is 2.89Å for Fe2(edt)(CO)6 and 

3.05Å for Fe2(edt)(CO)6. A comparison of the optimized and crystallographic distances is 

given in Table 4.2.  To offset the increase in electron repulsion between the sulfur atoms 

in the ethanedithiol ligand, donation is increased relative to the propanedithiol and 

butanedithiol ligands.  

The spectra of Fe2(pdt)(CO)6 and Fe2(bdt)(CO)6 are more similar than that of 

Fe2(pdt)(CO)6 and Fe2(edt)(CO)6. The sulfur 4p rising edge energy positions are within 

0.2 eV. The pre-edge intensities are similar for both complexes, but the S-C σ* intensity 

is higher for Fe2(bdt)(CO)6. When the free-ligand Na2PDT salt is fit into this feature, it  
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Figure 4.3: Energy position analysis of the XANES region of the normalized S K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(edt)(CO)6, and Fe2(bdt)(CO)6, (B) first derivative 
spectra and (C) second derivative spectra. Redundant energy positions are omitted for 
clarity 
 

subtracts intensity for the Fe-S pre-edge feature so that the fitted area of Fe2(bdt)(CO)6 is 

less than the Fe2(pdt)(CO)6 species. The Fe2(bdt)(CO)6 has a fitted pre-edge area of 3.58 

eV which converts to 210% sulfur character for the first fifteen orbitals. This lower sulfur 

character correlates with the increased S…S distance for Fe2(bdt)(CO)6 (3.22Å optimized 

structure) compared to that of Fe2(pdt)(CO)6 (3.05Å crystal structure and 3.10 Å 

optimized).  For all three complexes, there is a reverse trend between the S 3p character 

and the S…S distance. Even for Fe2(µ-SEt)2(CO)6, which features no steric strain, has a 

S…S distance of 2.98 Å and similar increased sulfur character (231% versus 222%) 

compared Fe2(edt)(CO)6. Our initial explanation that the highest steric strain being in the 
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5-membered ring system weakens orbital overlap is incorrect. The worst orbital overlap 

is that of Fe2(bdt)(CO)6 model complex, which corresponds to the most ionic bonding 

description. The butanedithiol ligand is sterically constrained to have a larger S…S 

distance (3.22 Å) than in the propanedithiol (3.05 Å) and ethandithiol (2.89 Å), and thus 

the electron repulsion is lower and sulfur character is lower.  

 
Table 4.4: Fitting parameters for the S K-edge spectral fits of Fe2(edt)(CO)6, 
Fe2(pdt)(CO)6 and Fe2(bdt)(CO)6. The conversion of total area to S 3p character was 
carried out using Eq. (4.1).   
 Energy 

Range 
(eV) 

Peaks A E0 (eV) hhlw 
(eV) m D0 

(eV) 
ƩD0 
(eV) 

S 3p 
Character 

(%) 

Fe2(pdt)(CO)6 
2465-
2474.5 

Peak1 1.53 2471.5 0.89 0.20 1.96 3.69 216 Peak2 1.23 2472.2 1.01 0.28 1.73 
Na2PDT 1.02 2473.9  

Fe2(edt)(CO)6 
2465-
2473.8 

Peak1 1.91 2471.7 0.86 0.10 2.45 3.78 222 Peak2 1.29 2472.3 0.85 0.62 1.33 
Na2PDT 0.96 2473.6  

Fe2(bdt)(CO)6 
2465-
2474.5 

Peak1 1.07 2471.6 1.01 0.28 1.49 3.58 210 Peak2 1.16 2472.1 1.51 0.66 2.09 
Na2PDT 1.11 2473.9  

 
 
Composition of the Bridgehead of the Bridging Dithiolate The third series probed 

the composition of the bridgehead atom of the dithiolate ligand. The S K-edge XANES 

with the first and second derivatives can be seen in Figure 4.4. While the spectra do not 

completely overlay, the overall peak shape and energy positions are very similar. All 

spectra show a rising edge position at 2473.4 eV and 4p peak position at 2473.9 eV. Both 

the Fe2(dtmma)(CO)6 and Fe2(dtme)(CO)6 have a more intense S-C σ* region centered 

around 2473.9 eV than that of Fe2(pdt)(CO)6. While the initial inspection of the pre-edge 

region would lead to the hypothesis that the Fe2(dtmma)(CO)6 and Fe2(dtmme)(CO)6 

would correspond to a larger sulfur character compared to Fe2(pdt)(CO)6, the opposite is  
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Figure 4.4: Energy position analysis of the XANES region of the normalized S K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(dtme)(CO)6, and Fe2(dtmma)(CO)6, (B) first derivative 
spectra and (C) second derivative spectra. Redundant energy positions are omitted for 
clarity 
 

true upon fitting. The reverse trend in the fitting is due to the more intense S-C σ* region. 

As the user defined fit of free ligand salt is scaled up to match the intensity of this region, 

more area is taken from the Fe-S region. This leads to a fitted area of 3.61 eV for 

Fe2(dtmma)(CO)6 and 3.51 eV for Fe2(dtme)(CO)6 for a sulfur character of 212 and 

206%, respectively. As the bridgehead group withdraws electron density from the 

dithiolate sulfur centers, the S 3p character decreases. We see that there is a total of 10% 

difference from Fe2(dtmma)(CO)6 to Fe2(pdt)(CO)6. This will be discussed more in detail 

below.  
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Table 4.5: Fitting parameters for the S K-edge spectral fits of Fe2(pdt)(CO)6, 
Fe2(dtme)(CO)6 and Fe2(dtmma)(CO)6. The conversion of total area to S 3p character was 
carried out using Eq. (4.1).   
 Energy 

Range 
(eV) 

Peaks A E0 (eV) hhlw 
(eV) m D0 

(eV) 
ƩD0 
(eV) 

S 3p 
Character 

(%) 

Fe2(pdt)(CO)6 
2465-
2474.5 

Peak1 1.53 2471.5 0.89 0.20 1.96 3.69 216 Peak2 1.23 2472.2 1.01 0.28 1.73 
Na2PDT 1.02 2473.9  

Fe2(dtmma)(CO)6 
2465-
2474.5 

Peak1 0.96 2471.6 0.91 0.26 1.22 3.61 212 Peak2 1.33 2472.1 1.44 0.55 2.39 
Na2PDT 1.12 2473.9  

Fe2(dtme)(CO)6 
2465-
2474.5 

Peak1 1.54 2471.6 0.92 0.21 2.03 3.51 206 Peak2 1.18 2472.2 1.01 0.57 1.48 
Na2PDT 1.10 2473.8  

 
 
Ligand Substitution The fourth series examines the effects of substitution of the 

carbonyl ligands on the electronic structure of the biomimetic model complexes. We 

considered three structural perturbations: the mono- and di-substitution by 

triphenylphosphine (PPh3); the di-substitution of cyanide; and the substitution of a 

carbonyl ligand with a thioether. In addition, the phosphine series allows us to probe the 

effect of sequential ligand substitution.  

When one carbonyl ligand is substituted with a PPh3 ligand, we observe that the 

overall pre-edge intensity decreases with a slight increase in the intensity of the S-C σ* 

region. When two carbonyl ligands are exchanged, the pre-edge intensity decreases even 

more, but the intensity of the S-C σ* region decreases as well. From the second 

derivative we can see that the both of the PPh3 substituted biomimetic complexes exhibit 

a lower S 4p rising edge feature at 2475.3 eV and 2473.1 eV for the mono- and di-

substituted complexes, respectively. This means that the sulfur atoms in these structures  
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Figure 4.5: Energy position analysis of the XANES region of the normalized S K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(pdt)(CO)5(PPh3), and Fe2(pdt)(CO)4(PPh3)2 (B) 
Fe2(pdt)(CO)6 and Fe2(pdt)(CO)4(CN)2 (C) Fe2(pdt)(CO)6 and Fe2(SSMeS)(CO)5. Also 
the first derivative spectra are shown in (D-F) and the second derivative spectra are 
shown in (G-I) Redundant energy positions are omitted for clarity. Note: 
Fe2(SSMeS)(CO)5 has not been renormalized to account for three sulfur ligands 
compared to the two sulfurs in Fe2(pdt)(CO)6.  
 

are more reduced than that of the hexacarbonyl complex, which also parallels the lower 

pre-edge peak intensity and thus less sulfur donation to the metal. As the π-acid carbonyl 

ligands are replaced with the stronger σ donor and weaker π acceptor phosphines, the 

dithiolate ligand donation decreases. This is also indicated in the decrease in the carbonyl 

stretching frequencies as the result of increasing substitution due to more electron density 

at the iron with less π acceptor ligands. Fitting of the pre-edge features for the substituted 
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PPh3 complex, we obtain an area of 3.05 eV, which converts to 177% sulfur character. 

The di-substituted species has an even smaller area of 2.85 eV, which converts to 167% 

sulfur character. Thus we see a decrease of around 35% sulfur character with mono-

substitution of one carbonyl and 45% for di-substitution. 

The substitution of two carbonyl ligands with two cyanide ligands displays 

similar results to that of the di-substitution by PPh3. We see the same trend in the pre-

edge features as they go down in intensity for (Et4N)2Fe2(pdt)(CO)4(CN)2 compared to 

Fe2(pdt)(CO)6. There is not enough resolution in the second derivative to unambiguously 

identify the energy position of the 4p rising edge peak, but from a visual inspection it 

appears to be at lower energy, closer to the S-C σ* region.  Upon fitting of the S-C σ* 

region with the user defined free ligand salt, we find a fitted area of 2.80 eV for a sulfur 

character of 164% for the first fifteen orbitals, which is almost the same for the 

Fe2(pdt)(CO)4(PPh3)2 species.  

We also examine the effects of substituting a CO with a sulfur ligand at the apical 

position similar to the bridging cysteine residue that connects the [4Fe-4S] cluster with 

the 2Fe-subcluster. While this is a step closer to the actual 2Fe-subcluster of the H-cluster 

it cannot be considered as a true model of the bridging dithiolate. An additional 

complication is that the accurate determination of the thioether sulfur character is 

ambiguous due to the overlapping pre-edge and rising-edge features of the thioether 

compared to the bridging dithiolate. The 1s core orbitals of the thioether are at lower 

energy than those of the 1s core orbitals of the dithiolate due to the higher effective 
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nuclear charge of the sulfur ions. We thus expect the same transition for the thioether 

ligand to be buried underneath the dithiolate S-C σ* based features at around 2473.8 eV.  

 
Table 4.6: Fitting parameters for the S K-edge spectral fits of Fe2(pdt)(CO)6, 
Fe2(pdt)(CO)5(PPh3), Fe2(pdt)(CO)4(PPh3)2, [Fe2(pdt)(CO)4(CN)2]2-, and 
Fe2(SSMeS)(CO)5. The conversion of total area to S 3p character was carried out using 
Eq. (4.1).   
 Energy 

Range 
(eV) 

Peaks A E0 
(eV) 

hhlw 
(eV) m D0 

(eV) 
ƩD0 
(eV) 

S 3p 
Character 

(%) 

Fe2(pdt)(CO)6 
2465-
2474.5 

Peak1 1.53 2471.5 0.89 0.20 1.96 3.69 216 Peak2 1.23 2472.2 1.01 0.28 1.73 
Na2PDT 1.02 2473.9  

Fe2(pdt)(CO)5(PPh3) 
2465-
2474.5 

Peak1 0.77 2471.6 0.69 0.37 0.71 3.02 177 Peak2 1.41 2472.0 1.33 0.57 2.31 
Na2PDT 1.10 2473.9  

Fe2(pdt)(CO)4(PPh3)2 
2465-
2474.5 

Peak1 0.93 2471.7 0.77 0.58 0.88 2.85 167 Peak2 1.06 2472.2 1.18 0.00 1.97 
Na2PDT 0.96 2473.9  

[Fe2(pdt)(CO)4(CN)2]2- 2465-
2474.5 

Peak1 0.91 2471.7 0.92 0.00 1.32 2.80 164 Peak2 1.07 2472.1 1.20 0.76 1.48 
Na2PDT 1.17 2473.7  

Fe2(SSMeS)(CO)5
a 2465-

2474.5 

Peak1 2.81 2471.6 1.01 0.21 4.07 7.94 233 Peak2 2.49 2472.3 1.17 0.38 3.87 
Na2PDT 2.10 2473.9  
Peak3 1.42 2473.5 1.10 1.00 1.67 4.13 b Peak4 2.46 2474.5 0.94 1.00 2.46 

a. The normalized data was multiplied by three and then fit. The intensity of the free ligand salt was 
restricted to 10% deviation around 2.  

b. Cannot be determined unambiguously  
 

Later with the TD-DFT simulations, we will observe that is correct for all excitations 

except the 1s to LUMO for the thioether. It is lower in energy and thus also included in 

the pre-edge region. In order to compare the pre-edge features of Fe2(SSMeS)(CO)5 to 

that of Fe2(pdt)(CO)6, we multiplied the normalized intensity of Fe2(SSMeS)(CO)5 by 

three. We then fit the Na2PDT salt to the S-C σ* region, but instead of the amplitude of 

user defined function being around 1, we multiplied the UDF to be around 2. Upon fitting 

of other spectra presented above, we saw that the salt deviates around 10% around an 
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intensity value of 1. Thus we constricted the amplitude of UDF to be 2±0.2. We also held 

the energy position of the UDF to be around 2473.9 eV like that of the other spectra. The 

first feature centered on 2471.7 eV was then fit like the other biomimetic model 

complexes with two peaks. The area of this feature equaled 7.94 eV, which takes into 

account both sulfur atoms. This area converts to 233% sulfur character. As we will see 

later with the computational results, though, the sulfur character of 233% is not all from 

the dithiolate sulfurs.  

 
Fe K-edge Results  
 

At the Fe K-edge, we examined the effective oxidation state of the iron centers 

and the Fe 4p character mixing with the unoccupied frontier orbitals. The rising edge 

position is an indicator of the effective nuclear charge of the iron absorber. The intensity 

of the pre-edge is directly proportional to the amount of 4p character. From the previous 

study on Fe2(pdt)(CO)6, we found that the cluster contains approximately 47% for all 15 

LUMOs. Using the information from the S K-edge and the previous study, we are able to 

examine the 4p character for three of our geometric probes 

 
Coordination Mode of the Bridging Thiolate The Fe K-edge spectra for the terminal vs. 

bridging thiolate series in Figure 4.7 shows a slight change in the oxidation state of the 

iron atoms from the shift in the rising-edge inflection points. The Fe2(pdt)(CO)6 species is 

slightly more reduced with a rising edge inflection at 7117.7 eV than its counterparts 

Fe2(µ-SEt)2(CO)6 and Fe2(µ-SMe)2(CO)6 at 7118.5 eV.  The pre-edge features centered at 

7112.6 and 7114.6 eV are very similar for all three species, with Fe2(µ-SEt)2(CO)6  
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Figure 4.6: Energy position analysis of the XANES region of the normalized Fe K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(µ-SMe)2(CO)6 and Fe2(µ-SEt)2(CO)6, (B) first 
derivative spectra and (C) second derivative spectra. Redundant energy positions are 
omitted for clarity. The second derivative of Fe2(µ-SMe)2(CO)6 was smoothed to be 
comparable to Fe2(µ-SEt)2(CO)6 and Fe2(pdt)2(CO)6.  
 

showing a small increase in the first feature. Upon the fitting of the two features, we see 

that there is only a 0.02 eV increase in area for Fe2(µ-SEt)2(CO)6, which corresponds to 

an increase of about 2% more Fe 4p character. The comparison of the fitted results can be 

seen in Table 4.7. We validate our earlier assumption of how much Fe 4p character is in 

the Fe2(pdt)(CO)6 complex is built on the computations done on the Fe2(µ-SMe)2(CO)6 

complex108 since there is little to no difference in the 4p mixing between the complexes. 

The difference in the oxidation state from the terminal species to the bridging dithiolate is 

actually counterintuitive. The more oxidized iron species in the terminal thiolate 

complexes actually receives more electron density from the thiolate ligands. This is also 
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discussed in the Fe L-edge, but if the thiolate ligands actually donate less electron density 

to the iron atoms and more directly to the carbonyl ligands (LLCT), then the trend can be 

understood. The bridging dithiolate ligand is not able to mix as much with the carbonyl 

ligands, and donation is directed more towards the iron centers.  

 
Table 4.7: Fitting parameters for the Fe K-edge spectral fits of Fe2(pdt)(CO)6, Fe2(µ-
SMe)2(CO)6 and Fe2(µ-SEt)2(CO)6. The conversion of total area to Fe 4p character was 
carried out using Eq. (4.1).   

 Peaks A E0 (eV) hhlw 
(eV) m D0 (eV) 

Fe 4p 
Character 

(%) 

Fe2(pdt)(CO)6 
Peak1 0.10 7112.6 1.45 0.33 0.200 52 Peak2 0.09 7114.8 2.12 1.00 0.197 

Fe2(µ-SMe)2(CO)6 
Peak1 0.10 7112.5 1.54 0.00 0.238 56 Peak2 0.07 7114.8 2.45 1.00 0.189 

Fe2(µ-SEt)2(CO)6 
Peak1 0.11 7112.6 1.44 0.01 0.247 54 Peak2 0.07 7114.8 2.13 1.00 0.166 

 
 
Length of the Bridging Dithiolate The variation of the length of the chelating 

dithiolate ligand introduces only small differences in the Fe K-edge spectra for the 

bridging dithiolate ligand. The Fe2(edt)(CO)6 species exhibits the most oxidized iron 

atoms with a rising edge inflection point of 7118.6 eV, with Fe2(pdt)(CO)6 being the most 

reduced with a rising edge inflection point of 7117.7 eV. Fe2(bdt)(CO)6 has an rising 

edge inflection of 7118.5 eV. This trend is interesting based on the sulfur character for 

this series found above. We would expect that the iron centers in Fe2(bdt)(CO)6 to be the 

most oxidized (less sulfur donation) and Fe2(edt)(CO)6 to be most reduced (more sulfur 

donation). We do find that Fe2(bdt)(CO)6 to be the most oxidized, but the inflection point 

for Fe2(edt)(CO)6 is at higher energy and is actually very close to Fe2(bdt)(CO)6. While 

there is a possibility that the ethanedithiol ligand is able to mix more with the carbonyl 

ligands, we see that the carbonyl IR stretching frequencies for Fe2(edt)(CO)6 at higher  
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Figure 4.7: Energy position analysis of the XANES region of the normalized Fe K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(edt)(CO)6 and Fe2(bdt)(CO)6, (B) first derivative 
spectra and (C) second derivative spectra. Redundant energy positions are omitted for 
clarity. 
 

frequency which correspond to less back-donation. The increase in the sulfur donation 

should increase the back-donation of electron density to the carbonyl ligands, but the 

opposite is seen. Earlier we proposed that the energy of sulfur manifold was shifting to 

lower energy with the increase of the size of the ring system, but comparatively the 

energy manifold of the iron manifold was not changing. As the repulsion increases with a 

smaller ring system, the orbital overlap between the iron centers and the dithiolate ligand 

increases. This stabilizes the Fe-S bond, but destabilizes the Fe-CO bond. Since the Fe-

CO bond is weakened, the Fe-CO π* back-bonding is lowered and the CO IR stretching 

frequencies increase. The opposite holds true for the Fe2(bdt)(CO)6 system, as it has an 
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increase in the stabilization of the Fe-CO bonding interaction and an increase in back-

bonding.  

Based upon the fitting of the pre-edge features of the Fe K-edge spectra, 

Fe2(edt)(CO)6 exhibits the most Fe 4p character of 62% from a fitted area of 0.473 eV. 

This is 10% higher than the Fe2(pdt)(CO)6 species and 7% higher than Fe2(edt)(CO)6. 

While these numbers are similar, it does support the above statements about the 

stabilization/destabilization of the Fe-S/Fe-CO bonds.  

 
Table 4.8: Fitting parameters for the Fe K-edge spectral fits of Fe2(pdt)(CO)6, 
Fe2(edt)(CO)6 and Fe2(bdt)(CO)6. The conversion of total area to Fe 4p character was 
carried out using Eq. (4.1).   

 Peaks A E0 (eV) hhlw 
(eV) m D0 (eV) 

Fe 4p 
Character 

(%) 

Fe2(pdt)(CO)6 
Peak1 0.10 7112.6 1.45 0.33 0.200 52 Peak2 0.09 7114.8 2.12 1.00 0.197 

Fe2(edt)(CO)6 
Peak1 0.09 7112.5 1.25 0.44 0.146 62 Peak2 0.09 7115.0 3.27 1.00 0.327 

Fe2(bdt)(CO)6 
Peak1 0.10 7112.5 1.44 0.02 0.220 55 Peak2 0.08 7114.8 2.53 1.00 0.204 

 
 
Composition of the Bridgehead of the Bridging Dithiolate For the third series at 

the Fe K-edge, we examine the effect that the bridgehead group has on the Fe 4p 

character and oxidation state of the iron absorbers. The spectra do not overlay as well as 

the other two series, and there is a slight difference in the pre-edge and rising edge 

inflection points. The approximate inflection point is at 7117.7 eV for Fe2(pdt)(CO)6 and 

Fe2(dtmma)(CO)6. The inflection point for Fe2(dtme)(CO)6 may indicate Fe2(dtme)(CO)6 

contains slightly more reduced iron centers with an inflection at 7117.3 eV, but the 

differences among these edge positions are practically at the resolution limit of the Fe K-

edge (~0.3 eV); thus we propose to assign the same oxidation state for all three  
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Figure 4.8: Energy position analysis of the XANES region of the normalized Fe K-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(dtmma)(CO)6 and Fe2(dtme)(CO)6, (B) first derivative  
spectra and (C) second derivative spectra. Redundant energy positions are omitted for 
clarity. 
 

complexes. This is also in line with the S K-edge analysis described above. We observed 

that there is similar sulfur character for all three species, and there are very similar CO IR 

stretching frequencies. There are slight differences in the fitted pre-edge intensity. As 

discussed before, Fe2(pdt)(CO)6 has a total Fe 4p character of 52%. This translates to 

59% for Fe2(dtme)(CO)6 and 53% Fe2(dtmma)(CO)6. These numbers are very similar, 

and there is very little difference in the total Fe 4p character for any of the hexacarbonyl 

biomimetic model complexes.  
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Table 4.9: Fitting parameters for the Fe K-edge spectral fits of Fe2(pdt)(CO)6, 
Fe2(dtmma)(CO)6 and Fe2(dtme)(CO)6. The conversion of total area to Fe 4p character 
was carried out using Eq. (4.1).   

 Peaks A E0 (eV) hhlw 
(eV) m D0 (eV) 

Fe 4p 
Character 

(%) 

Fe2(pdt)(CO)6 
Peak1 0.10 7112.586 1.45 0.33 0.200 52 Peak2 0.09 7114.782 2.12 1.00 0.197 

Fe2(dtmma)(CO)6 
Peak1 0.11 7112.539 1.46 0.03 0.257 59 Peak2 0.08 7114.762 2.18 1.00 0.196 

Fe2(dtme)(CO)6 
Peak1 0.12 7112.539 1.44 0.09 0.252 53 Peak2 0.08 7114.676 1.87 1.00 0.151 

 
 
Fe L-edge Results 
 
 The Fe L-edge is a probe of the 3d character of the frontier orbitals. The intensity 

of the higher energy spectral features can also be related to the amount of back-donation 

present in the complex between the Fe(I) centers and π-acid ligands. As discussed in the 

methods section, the rigorous quantitative analysis of the Fe L-edge data is challenging 

due to sublimation issues of the complexes in the ultra-high vacuum chamber. The 

complexes need liquid nitrogen (LN2) cryofinger sample mounts with good thermal 

conductivity between the sample tape and paddle. Due to the limited thermal 

conductivity, we still observed sample sublimation. This caused the sweeps within each 

scan to be different upon workup. We found that the fitting of these averaged scans had 

considerably large error bars. Thus, it was not possible to correlate the spectral features 

results from S and Fe K-edges to the Fe L-edge spectra. Upon fitting, there were 

biomimetic model complexes that had around 70% Fe 3d character per hole for the 

formally 3d orbitals. Based on earlier calculations from Chapter 3 and the calculations 

discussed below, we know that this is too large, and thus we will not discuss the fitted 

results. However for the sake of completeness, our best efforts to fit the spectral features 
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and to convert to orbital compositions are provided in the Appendix C. Thus, we present 

here the averaged, normalized data for limited analysis. 

 
Coordination Mode of the Bridging Thiolate Unlike the Fe K-edge, there is a 

significant difference in the Fe LIII- and LII-edges for Fe2(pdt)(CO)6 and Fe2(µ-

SEt)2(CO)6. The first significant peak centered around 708.4 eV for the LIII-edge and 

720.9 eV for the LII-edge is the transition from the Fe 2p core orbitals to the unoccupied 

Fe 3d manifold (Figure 4.9). The second significant peak at each edge that is centered at 

710.4 and 722.8 eV is the transition from the Fe 2p core orbitals to the formally CO π* 

orbitals. The intensity of this peak increases with increased iron back-bonding character. 

There is also a resolved peak that is centered at 707.1 eV for the LIII-edge of Fe2(µ-

SEt)2(CO)6, which is likely due to the greater orbital energy splitting of the LUMO from 

the LUMO+1 and LUMO+2 orbitals. The LUMO for Fe2(pdt)(CO)6 is then close enough 

in energy to the other two LUMOs so that it is buried under the feature centered at 708.4 

eV. The LII-edge does not exhibit this lower energy shoulder. Upon initial examination of 

the LIII-edge, it would appear that there is more 3d character in the first three LUMOs and 

less character in the CO π* orbitals for Fe2(µ-SEt)2(CO)6 compound. This corroborates 

with the slight change in the oxidation state from the Fe K-edge. The Fe2(µ-SEt)2(CO)6 

exhibits a slightly more oxidized rising edge inflection point. The more oxidized metal 

means an increase in hole-like character and thus more metal character in the first three 

LUMOs.  
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Figure 4.9: Energy position analysis of the XANES region of the normalized Fe L-edge 
spectra of (A) Fe2(pdt)(CO)6 and Fe2(µ-SEt)2(CO)6, (B) first derivative spectra and (C) 
second derivative spectra. Redundant energy positions are omitted for clarity. 

 
These different spectral intensities for the iron back-bonding contribution do not 

correlate well with the almost exact CO stretching frequencies obtained in earlier FTIR 

studies (see Table 4.1). As discussed above, this lack of correlation can be explained by 

ligand to ligand charge transfer (LLCT). The decrease of iron 3d character in the CO π* 

is offset by the sulfur 3p character. The terminal thiolate ligand allows for significantly 

more configuration interaction (CI) between the thiolate orbitals and the CO π* orbitals 

and overall indicating a different electronic structure than complexes with chelating 

ligands.  
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Length of the Bridging Dithiolate The Fe L-edge spectra of Fe2(pdt)(CO)6 and 

Fe2(edt)(CO)6 can be seen in Figure 4.10. The spectra overlay well, but the Fe2(pdt)(CO)6 

species exhibits a higher intensity in both the first and second peaks of both the LIII- and 

LII-edges. The steric strain of the ethanedithiol ligand increases sulfur character and  

 

 
Figure 4.10: Energy position analysis of the XANES region of the normalized Fe L-edge 
spectra of (A) Fe2(pdt)(CO)6 and Fe2(edt)(CO)6, (B) first derivative spectra and (C) 
second derivative spectra. Redundant energy positions are omitted for clarity. 
 

slightly decreases the 3d iron character of the fifteen unoccupied orbitals. There is 

reduced back-donation present in Fe2(edt)(CO)6 than that of Fe2(pdt)(CO)6 and Fe2(µ-

SR)2(CO)6. This can be seen from the second feature of the Fe L-edge and the overall IR 

stretching frequencies of the carbonyl ligands increasing. While we do not present the 

Fe2(bdt)(CO)6 Fe L-edge spectrum, we expect that it should exhibit a slightly increased 
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iron 3d character in the formally 3d orbitals and the twelve carbonyl ligands compared to 

the Fe2(pdt)(CO)6 spectrum. This hypothesis is supported by the relative decrease of the 

CO IR stretching frequencies as seen in Table 4.1. 

 
Composition of the Bridgehead of the Bridging Dithiolate For the third series at 

the L-edge, the difference in the electronic structure for the bridgehead group is 

presented. In Figure 4.4 and Figure 4.8, we observed that there were only slight 

differences between the Fe and S K-edge spectra and CO IR stretching frequencies. At 

the Fe L-edges for our third series, we observe large differences between the spectra as 

seen in Figure 4.11. This was the strongest indication for the possible issues with data 

interpretation as a result of sample sublimation.  

 
Figure 4.11: Energy position analysis of the XANES region of the normalized Fe L-edge 
spectra of (A) Fe2(pdt)(CO)6, Fe2(dtmma)(CO)6  and Fe2(dtme)(CO)6, (B) first derivative 
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spectra and (C) second derivative spectra. Redundant energy positions are omitted for 
clarity. 
 
 
Theoretical Calculations  
 
 

Ground State Comparison of Molecular Orbitals In Chapter 3, we calibrated a 

DFT method to the experimental results of Fe2(pdt)(CO)6. We found that the GGA 

functional BP86 with the basis set TZVP matched the electronic structure of 

Fe2(pdt)(CO)6. We also found that the pre-edge regions of the Fe K- and L- and the S K-

edges were probing the same fifteen frontier orbitals. The first three LUMOs are formally 

the Fe 3d based orbitals, and the next twelve orbitals are formally the CO π* orbitals 

followed by the S-C σ* orbitals. Using this ground state molecular orbital model for the 

electronic structure, we investigated the LUMOs of each biomimetic model complex. We 

utilized the AIM population analysis method to break down the molecular orbital 

composition into atomic fragments for the first fifteen orbitals. In Figure 4.12, we present 

the relative energy diagram for the first 17 orbitals for all of the complexes we examined 

with the meXAS analysis. We found that all of the hexacarbonyl biomimetic model 

complexes and the thioether substituted 2Fe cluster (A-H in Figure 4.12) follow this Fe 

3d/CO π*/S-C σ* orbital motif. Thus, is acceptable to use the total ground state MO 

composition for a comparison to the experimental results for these complexes.  
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Figure 4.12: Molecular orbital (MO) diagram for the first 17 LUMOS for the 11 complexes utilized in this study: Fe2(pdt)(CO)6 (A), 
Fe2(edt)(CO)6 (B), Fe2(dtme)(CO)6 (C), Fe2(dtmma)(CO)6 (D), Fe2(µ-SEt2)(CO)6 (E), Fe2(bdt)(CO)6 (F), Fe2(µ-SMe2)(CO)6 (G), 
Fe2(SSMeS)(CO)5 (H), Fe2(pdt)(CO)5(PPh3) (I), Fe2(pdt)(CO)4(PPh3)2 (J), [Fe2(pdt)(CO)4(CN)2]2- (K). The LUMO energy of all of the 
complexes was set to 0 eV for comparison. MO plots of selected LUMOs are also presented.  
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Table 4.10: The BP86/TZVP calculated iron molecular orbital composition for the first 
17 LUMOs. The letter for each complex is as follows: Fe2(pdt)(CO)6 (A), Fe2(edt)(CO)6 
(B), Fe2(dtme)(CO)6 (C), Fe2(dtmma)(CO)6 (D), Fe2(µ-SEt2)(CO)6 (E), Fe2(bdt)(CO)6 
(F), Fe2(µ-SMe2)(CO)6 (G), Fe2(SSMeS)(CO)5 (H), Fe2(pdt)(CO)5(PPh3) (I), 
Fe2(pdt)(CO)4(PPh3)2 (J), [Fe2(pdt)(CO)4(CN)2]2- (K). 

MO A B C D E F G H I J K 
LUMO+16 1% 2%  4% 1% 2% 2% 2% 1% 3%  3% 3% 
LUMO+15 2%  2%  3% 2%  7% 3%  8% 2% 13% 13% 5% 
LUMO+14 3%  4% 2% 5% 5% 3% 4% 6% 20% 20% 3% 
LUMO+13 6% 4% 5% 4% 4% 4% 3% 1% 22% 22% 3% 
LUMO+12 3% 1% 2% 10% 4% 4% 4% 11% 21% 21% 1% 
LUMO+11 9% 8% 9% 2% 8% 11% 9% 4% 24% 24% 13% 
LUMO+10 19%  17% 18% 21% 13% 14% 20% 5% 26% 26% 13% 
LUMO+9 17%  21% 21% 19% 18% 15% 11% 17% 23% 23% 12% 
LUMO+8 11%  24% 13% 12% 17% 20% 16% 13% 2% 2% 15% 
LUMO+7 27%  18% 26% 26% 26% 27% 26% 24% 2% 2% 22% 
LUMO+6 24%  23% 28% 23% 23% 28% 22% 24% 7% 7% 24% 
LUMO+5 30%  22%  24% 24% 28% 25% 28% 24% 9% 9% 21% 
LUMO+4 22%  25% 23% 28% 24% 22% 24% 26% 3% 3% 28% 
LUMO+3 22%  25% 22% 24% 21% 23% 20% 25% 12% 12% 26% 
LUMO+2 39%  40% 40% 40% 40% 47% 41% 44% 32% 32% 43% 
LUMO+1 49%  46% 49% 45% 47% 41% 47% 43% 39% 39% 41% 

LUMO 58% 60% 58% 57% 58% 56% 59% 61% 52% 52% 56% 
  

For the first series, we observed a larger experimental sulfur character for the 

terminal thiolate species Fe2(µ-SR)2(CO)6 (231/225%) compared to the dithiolate 

Fe2(pdt)(CO)6 (216%). Thus, we would expect that the AIM atomic composition of the 

LUMOs would follow this trend. The total theoretical sulfur composition of the first 15 

orbitals or 30 holes is 208% for Fe2(pdt)(CO)6, 193% for Fe2(µ-SEt)2(CO)6 and 191% for 

Fe2(µ-SMe)2(CO)6. The iron and sulfur orbital composition for the first 17 LUMOs can 

be seen in Table 4.10 and Table 4.11, respectively. These results were obtained for the 

computational model complexes constructed from the crystal structure. Optimization of 

the other possible isomers44, 208 of the terminal thiolate ligands yielded similar covalency 
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values. The large differences among these complexes are not seen by the sulfur K-edge 

spectra. For this reason we reexamined the possibility of a localized, ferro- or 

antiferromagnetically coupled ground state for the Fe2(µ-SEt)2(CO)6 complex. 

 
Table 4.11: The BP86/TZVP calculated sulfur molecular orbital composition for the first 
17 LUMOs. The letter for each complex is as follows: Fe2(pdt)(CO)6 (A), Fe2(edt)(CO)6 
(B), Fe2(dtme)(CO)6 (C), Fe2(dtmma)(CO)6 (D), Fe2(µ-SEt2)(CO)6 (E), Fe2(bdt)(CO)6 
(F), Fe2(µ-SMe2)(CO)6 (G), Fe2(SSMeS)(CO)5 (H), Fe2(pdt)(CO)5(PPh3) (I), 
Fe2(pdt)(CO)4(PPh3)2 (J), [Fe2(pdt)(CO)4(CN)2]2- (K). 

MO A B C D E F G Ha I J K 

LUMO+16 35%  9%  33%  37%  12%  32%  14%  23%  5% 5% 8%     

LUMO+15 12%  46%  16%  20%  43%  15%  43%  2%  1%  1%  18%   
LUMO+14 2% 1%  1%  1%    1%  3%  0%  4%  3%  3%  27%  
LUMO+13 1%  2%  2%  3%    1%  0%  1%  7% 2%  2%  11%   
LUMO+12 8%  3% 6% 1% 1% 6% 1% 0% 3% 3% 16% 
LUMO+11 1%  1% 1% 7% 1% 1% 1% 6% 3% 3% 1% 
LUMO+10 1% 3%  4% 2% 1% 2% 1% 2% 3% 3% 7% 
LUMO+9 2% 1% 1% 3% 1% 1% 1% 4% 5% 5% 4%  
LUMO+8 2% 1% 2% 2% 2% 1% 2% 1% 1% 1% 3% 
LUMO+7 3% 1% 2% 2% 2% 2%  2%  4%  2% 2% 3% 
LUMO+6 5% 4%  3% 3%  1% 2% 1% 3% 2% 2% 3% 
LUMO+5 3% 3% 5% 6%  2% 3% 2% 3% 4% 4% 4% 
LUMO+4 2% 4% 3% 2%  2% 3% 2% 2% 1% 1% 3% 
LUMO+3 6%  9% 6% 6%  9% 7% 9%  7% 5%  5% 7% 
LUMO+2 24% 25% 24%  26%  27% 28% 27%  22%  19%  19% 25% 
LUMO+1 27% 28% 27% 26%  29% 21% 29%  26%  21% 21% 21% 

LUMO 17% 15% 16% 16%  15% 17% 14%  13%  11% 11% 14% 
a. only the dithiolate sulfur orbital composition is reported 

 
Earlier we tested the broken symmetry method with Fe2(pdt)(CO)6, and found that 

the antiferromagnetic state was significantly higher in energy than the covalent closed 

shell singlet state. We mapped the electronic structure of the Fe2(µ-SEt)2(CO)6 cluster 

with a range of hybrid functionals by mixing various amount of HF exchange with the 

BP86 functional. For Fe2(µ-SEt)2(CO)6, we found that the anti-ferromagnetic state is 
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actually lower in energy than the closed shell singlet and ferromagnetic states. Using the 

spin projected correction to the energy,115, 116, 193 the antiferromagnetic was found to be 1 

eV and 2 eV lower than the covalent and the ferromagnetically coupled states, 

respectively. The comparison of the different HF/BP86 ratios and the overall energy for 

each state can be seen in Figure 4.13. For the 50%HF/50%BP86 antiferromagnetic state, 

we found a sulfur character of 204%. While the theoretical sulfur character is still lower 

than that found for Fe2(pdt)(CO)6, we find that is within experimental uncertainty. 

However, the most important aspects of our finding is that upon replacement of the 

bridging dithiolate ligand with two terminal thiolate ligands, the mixed electronic state 

with localized and delocalized frontier orbitals can be achieved.  

 

 
Figure 4.13: The relative energy values (eV) as a function of hybrid functionals for the 
anti-ferromagnetic, spin projected anti-ferromagnetic, ferromagnetic and closed shell 
singlet states for Fe2(µ-SEt)2(CO)6. Inset: S2 values for the anti-ferromagnetic and 
ferromagnetic states. Star in figure denotes where the anti-ferromagnetic state converges 
into the closed shell singlet state. 
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For the second series, from the S K-edge results, we found that as the length of 

the bridging dithiolate increases, the sulfur character decreases from Fe2(edt)(CO)6 

(222%) to Fe2(pdt)(CO)6 (216%) to Fe2(bdt)(CO)6 (210%). The theoretical sulfur 

composition for the 30 hole system is 201% for Fe2(edt)(CO)6, 208% for Fe2(pdt)(CO)6, 

and 194% for Fe2(bdt)(CO)6. The calculation of the sulfur character for Fe2(pdt)(CO)6 

and Fe2(edt)(CO)6 originate from the crystal structure, and for Fe2(bdt)(CO)6 the 

calculation utilizes optimized coordinates. Thus we also examined the optimized 

Fe2(pdt)(CO)6 and Fe2(edt)(CO)6 structures and found only 1-2% difference from the 

crystal structure results. The 7- and 6- membered ring systems follow the experimental 

trend discussed above, but 5-membered should have a theoretical sulfur character above 

208%.  

In the third series examining the bridgehead group composition effect, we found 

from the S and Fe K-edges that the experimental S 3p and Fe 4p character, respectively, 

display similar character. From our calculations we find a total sulfur character of 209% 

for Fe2(dtmma)(CO)6 and 205% for Fe2(dtme)(CO)6. These values are almost identical to 

the total sulfur character of 208% for Fe2(pdt)(CO)6. Thus the differences in the 

experimental sulfur character are similar within the experimental error of 10%.  

For the complexes of the fourth series, we find that Fe2(SSMeS)(CO)5 has exactly 

the same theoretical total sulfur character as Fe2(pdt)(CO)6, whereas experimentally it has 

17% more. The 208% sulfur character for Fe2(SSMeS)(CO)5 is population of only the 

dithiolate sulfur ligands. Since we are examining the contributions of two different sulfur 

oxidation states same frontier orbitals, we proposed that the first peak of the pre-edge of 
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the S K-edge is completely the dithiolate ligand, and the thioether transition to the same 

orbitals is hidden under the S-C σ* peak around 2473.9 eV. Instead, if we are to include 

only the AIM population of the thioether sulfur in the LUMO, we would add another 

14% S character to the total 208% character. This brings up an issue with the 

experimental fit above. If some of the fitted area corresponds to the 1s core excitation of 

the thioether ligand to the LUMO, then the experimental sulfur character is expected to 

decrease.  

For the mono- and di-substituted cyanide and PPh3 species, the ground state 

calculations display that the S-C σ* orbitals mix into the formally CO π* orbitals. We 

thus cannot take a total orbital character for these complexes. Due to the shortcomings of 

this series along with the first two series, we turned to excited state TD-DFT simulations 

of the S K-edge and Fe K-edge.   

 
Excited State TD-DFT Comparison Due to the mixed agreement between the 

experimental and theoretically calculated trends of the ground state calculations, we 

turned to the excited state TD-DFT simulations of the S K-edge. As described in our 

earlier computational study in Chapter 3, we probed the first 17 excitations and examined 

the oscillator strength values. The oscillator values are all divided by a correction factor 

of 14.6, which was found be necessary for other S K-edge simulations.69 The individual, 

corrected oscillator strengths were taken as the amplitude for G+Lamp function. The peak 

position was taken from the +75.3 eV shifted energy values, a constant line width of 1.0 

eV and a mixing ratio of 0.5. All of the simulated spectra with their respective 

experimental S K-edge spectra can be seen in Figure 4.14. 
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Figure 4.14: TD-DFT simulations for the first 17 excitations of the S K-edge spectra 
compared to the intensity shifted experimental data for clarity. The letter for each 
complex is as follows: Fe2(pdt)(CO)6 (A), Fe2(edt)(CO)6 (B), Fe2(dtme)(CO)6 (C), 
Fe2(dtmma)(CO)6 (D), Fe2(µ-SEt2)(CO)6 (E), Fe2(bdt)(CO)6 (F), Fe2(µ-SMe2)(CO)6 (G), 
Fe2(SSMeS)(CO)5 (H), Fe2(pdt)(CO)5(PPh3) (I), Fe2(pdt)(CO)4(PPh3)2 (J), 
[Fe2(pdt)(CO)4(CN)2]2- (K). Panel E also has the TD-DFT spectrum of 
[Fe2(pdt)(CO)4(CN)2]2- (K) with the COSMO environment for the dissipation of negative 
charge. Panel F also displays the TD-DFT spectrum for Fe2(SSMeS)(CO)5 (H) broken 
into the different sulfur absorbers. 
 

For the first series in Figure 4.14A, we see that the Fe2(pdt)(CO)6 and Fe2(µ-

SEt)2(CO)6 simulated spectra almost overlay. This is interesting as Fe2(µ-SEt)2(CO)6 and 

Fe2(µ-SMe)2(CO)6 are significantly different where experimentally they almost overlay. 

These results are for the closed shell singlet states; attempts at exploring the TD-DFT 

simulations of the S K-edge using the broken symmetry state of Fe2(µ-SEt)2(CO)6 did not 

converge. The lack of agreement between the excited state calculations and the 

experimental results can be explained by the spin polarized nature of the ground state of 

the Fe2(µ-SEt)2(CO)6 complex.  Our TD-DFT simulations gave acceptable results for 
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Fe2(pdt)(CO)6 since it has a delocalized electronic structure with Fe-Fe metal bonding 

motif.  

 The second series in Figure 4.14, examining the length of the bridging ligands, 

showed that the trends in the experimental spectra are reproduced in the TD-DFT results. 

Fe2(edt)(CO)6 features a higher energy pre-edge peak that is closer to the rising edge S-C 

σ* region compared to the 6- and 7-membered ring 2Fe clusters. We also observe that the 

Fe2(bdt)(CO)6 has the opposite effect, having the pre-edge and S-C σ* features move 

away from each other so that the overall peak intensity for both peaks decreases.  

 The third series in Figure 4.14 also follows the experimental trend that we expect 

the intensity of the pre-edge peak to be about the same for each model complex. Besides 

the energy shift of the pre-edge peak for Fe2(dtme)(CO)6, the spectra overlay, and there is 

no difference between the bridgehead group with regard to the sulfur character.  

 For the fourth series, we first examined the effect of mono- and di-substitution of 

PPh3 on the simulated S K-edge spectra. The comparison of the simulated spectra and 

experimental spectra are shown in Figure 4.14D. Even though we are unable to locate the 

S-C σ* region within the first 17 excitations for these PPh3 substituted complexes, the 

relative intensity of the pre-edge region matches the experimental results reasonably well. 

Fe2(pdt)(CO)6 has the largest pre-edge intensity, followed by Fe2(pdt)(CO)5(PPh3) and 

then Fe2(pdt)(CO)4(PPh3)2. The TD-DFT simulations also reproduce the trends for the di-

substitution of cyanide series of having the pre-edge peak at lower intensity relative to the 

Fe2(pdt)(CO)6 complex as shown in Figure 4.14F. This is without a COSMO solvent 

environment to distribute some of the negative charge of the [Fe2(pdt)(CO)4(CN)2]2-
 



 
 

 

158 

molecule. When the COSMO solvent environment is included, we find that the intensity 

of pre-edge peak increases and that the intensity of the S-C σ* region decreases slightly. 

The last series examines the effect of substituting a thioether into the apical carbonyl 

position on the [2Fe] model complex in addition to the dithiolate sulfurs. We localized 

the thioether 1s core orbital separately and probed the same lowest 17 excitations. We 

then multiplied the intensity of the TDDFT dithiolate-based spectrum by two and 

combined it with the thioether-based spectrum. The additive spectrum was then divided 

by three to be comparable to the TD-DFT simulation of S K-edge of Fe2(pdt)(CO)6. This 

comparison is shown in Figure 4.14F. From the TD-DFT simulation of 

Fe2(SSMeS)(CO)5, there is one excitation that originates from the thioether 1s core 

orbital that falls in the pre-edge region. Notably, the dithiolate ligand donates about the 

same sulfur electron density in both the thioether substituted and the hexacarbonyl 

complexes. As can be seen in Figure 4.12, the importance of the thioether complex is that 

it destabilizes the LUMO+1 and LUMO+2 orbitals compared to the LUMO, thus tuning 

the reduction potential of the complex. 

 
Discussion 

 
 

The 2Fe-subcluster of the H-cluster exhibits the unique bridging dithiolate ligand, 

which is in contrast to the terminal cysteine residues as in the [NiFe]-hydrogenase. We 

propose that the 2Fe-subcluster recruited the chelating dithiolate ligand for two reasons. 

The first is that although the terminal thiolate ligands have increased sulfur donation, the 

ligands actually more donate electron density into the carbonyl π* orbitals than the metal 
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centers. This is shown in both the S K and Fe K-edges of the Fe2(CO)6(µ-SEt)2. The 

overall CO stretching frequencies only change slightly between Fe2(pdt)(CO)6 and 

Fe2(CO)6(µ-SEt)2, but this is due to the distribution of the extra electron density from the 

ligands to all of the CO ligands. The chelating bridging dithiolate ensures that the iron 

center is more reduced towards proton uptake and that the sulfur ligands are relative 

spectators in the overall electronic structure. Interestingly, we found the possibility of an 

antiferromagnetic interaction between the iron centers in the Fe2(µ-SEt)2(CO)6 complex. 

Our result indicates that the presence of bridged terminal cysteine ligands facilitates the 

elimination of the Ni-Fe covalent bond in [NiFe]-hydrogenase, while the same is 

achieved by a bridging CO in [FeFe]-hydrogenase despite the presence of the chelating 

bridging dithiolate ligand.  

The effect of the length of the bridging dithiol ligand differs significantly from the 

previous series presented above. We see an increase in the sulfur character for the 

terminal species Fe2(µ-SR)2(CO)6 like that of Fe2(edt)(CO)6, but in the Fe2(edt)(CO)6 

species the iron character decreases as well. With the Fe2(edt)(CO)6 complex, the energy 

of iron manifold remains unchanged as the energy of the sulfur based excitations 

increases. Instead in the Fe2(µ-SR)2(CO)6 species, the energy of the iron manifold 

increases at the same rate that the energy of the sulfur Zeff increases. This shifts the 

energy of the iron and sulfur orbitals closer to the carbonyl π* orbitals. This increases the 

CI mixing for the sulfur orbitals and the increased back-bonding contribution is actually 

from the change in the sulfur ligand. Since the energy of the iron manifold is stabilized 
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for Fe2(edt)(CO)6, the sulfur ligand does not significantly mix with the carbonyl ligands, 

and the magnitude of the back-donation is decreased.  

The reason that the 2Fe-subcluster has a 6-membered dithiolate ligand could be 

simply that it is energetically more favorable in the biosynthesis of the 2Fe-subcluster.209-

211 We hypothesize that the H-cluster contains the 6-membered dithiol that chelates the 

2Fe-subcluster to tune the amount of sulfur donation. The steric strain of the 5-membered 

ring destabilizes the sulfur lone pairs towards increased sulfur donation. This decreases 

the iron character of the frontier orbitals, which are important in the reversible catalytic 

proton uptake and dihydrogen release. If the bridging ligand in the H-cluster was 

expanded to a seven membered ring, we would expect that the iron environment would 

be too ionic, and it is possible that the reversible dihydrogen uptake and proton release 

reaction would not be as favorable.  

The bridgehead group for the 2Fe-cluster of the H-cluster is one of three possible 

isoelectronic groups, CH2, NH or O. Recent publications have argued for the amine 

functional group for its possible implications in the proton uptake catalytic mechanism.11, 

12, 17 While this is tempting from a mechanistic viewpoint, we see only minor differences 

in the electronic structure among the various bridgehead groups. This is supported by the 

S K-edge results, the relatively close iron K-edge spectra and the calculated ground state 

MO composition and simulated TD-DFT results.  

In the fourth series, we probe the effect of CO substitutions through changes in 

the electronic structure of the iron centers and the dithiolate ligand. From the phosphine 

derivatives, we saw that the dithiolate ligand donates less electron density as more PPh3 
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ligands are introduced. Based on the crystal structure, the first PPh3 ligand substitution 

occurs at the apical site on one of the iron centers. From similar bulky PR3 complexes, 

the second PPh3 ligand substitution takes place at the basal position on the opposite iron 

center. The dithiolate donation goes down 35% for the first PPh3 and 10% more for the 

next PPh3 substitution. The substitution of the CO ligands with cyanide instead of PPh3 

ligands has about the same electronic effect on the dithiolate ligand. The  

[Fe2(pdt)(CO)4(CN)2]2- contains an apical and basal cyanide ligands similar to the 

position of the PPh3 ligands in Fe2(pdt)(CO)4(PPh3)2. We expect that a dibasal cyanide 

arrangement would correspond to slightly more sulfur donation since the basal cyanides 

do not decrease the sulfur character as much as the apical cyanides.  

The replacement of cyanide ligands has been shown to affect the reduction 

potential upwards for [Fe2(pdt)(CO)4(CN)2]2- (-1.84 V versus -1.17 V for Fe2(pdt)(CO)6, 

in CH3CN relative to SCE.)212, 213 This can be rationalized by the negative charge, as it 

makes the addition of the electrons less favorable. The cyanide ligands induce more 

electron density into the iron centers, and thus the thiolate ligands balance their donation 

to compensate. It is expected that if the H-cluster exhibited an all carbonyl core, the 

reduction potential would be lower, but the FeIIFeII state would not be accessible. 

The replacement of one of the apical carbonyl ligand with a thioether ligand has 

shown through calculations and S K-edge XANES analysis to have about equal dithiolate 

donation as the hexacarbonyl complex. The thioether has a neutral formal charge that 

donates limited electron density to the iron center. The H-cluster contains a bridging 

cysteine ligand between the two subclusters with a formal charge of -1. The cysteine 
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residue likely donates more electron density since it is charged and also likely affects the 

Fe 3d orbitals as it is seen from the MO picture of Fe2(SSMeS)(CO)6 in Figure 4.12.  

 
Conclusion 

 
 

The main objective of this study is to understand how the ligand environment of 

the 2Fe-subcluster in the H-cluster affects its electronic structure through four series of 

biomimetic model complexes. The first series of complexes examined the coordination 

mode of the thiolate ligand. We found that terminal thiolate ligands donate more electron 

density but this mainly localizes onto the carbonyl ligands. This is described by LLCT 

that occurs between the terminal thiolate ligands and the carbonyl ligands. The second 

series of complexes examines the length of the bridging dithiolate ligand. We found a 

trend that as the length of the bridging dithiolate ligand increases, the amount of sulfur 

donation decreases. The third series examines the bridgehead group of the dithiolate 

ligand. We found that there is negligible difference in the electronic structure between the 

bridgehead ligand and the iron centers. The fourth series examines the effect when 

carbonyl ligands are substituted. We found that PPh3 and cyanide ligands upon 

substitution increase the donation to the iron centers compared to the hexacarbonyl 

counterpart which in turn the dithiolate ligand donates less electron density. The 

substitution of a carbonyl ligand with a thioether ligand does not affect the donation of 

the dithiolate ligand significantly, but destabilizes the LUMO+1 and LUMO+2 compared 

to the LUMO.  
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 This XAS and DFT study of the spectrochemical series of model complexes that 

we present here allows for the development of a quantitative blueprint for mimicking the 

2Fe-subcluster. This blueprint can be applied to the design of model complexes that can 

match the reactivity of the H-cluster. Discussions of the use of this blueprint along with 

two proposed model complexes are presented in Chapter 6. The merit of this research is 

that the ligand substitution or changing of the thiolate ligand can be predetermined from 

the quantitative analysis of the ligand donation.  
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CHAPTER 5  

ELECTRON AND SPIN DENSITY TOPOLOGY OF THE H-CLUSTER AND ITS 

BIOMIMETIC COMPLEXES 
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Abstract 
 
 

The catalytically active cluster of [FeFe]-hydrogenase (H-cluster) is remarkable due 

to its chemical composition and electronic and geometric structures. Protein 

crystallography revealed the presence of biologically unique diatomic ligands 

coordinating to the Fe centers and three light atoms bridging the sulfur atoms of its 2Fe-

subcluster. The identity of the light atoms remains uncertain, even at close to atomic 

resolution (1.39 Å), as well as due to the lack of understanding at the molecular level of 

the cluster’s biosynthetic pathway. By using all of the proposed ligand compositions, we 

carried out a comprehensive electronic structure analysis by evaluating the topology of 

the electron density and, particularly, the atomic spin density distribution derived from 

various population analysis methods for the free dithiolate ligands, the biomimetic [2Fe] 

complexes, and the entire H-cluster embedded in its approximately 3.5 Å protein 

environment. In the biomimetic model complexes we found substantial spin density de-

localization at the bridgehead of the dithiolate ligands. We attributed the presence of spin 

density to the through-space spin polarization interaction between the paramagnetic iron 

centers and the bridgehead group, as represented by the ring critical points for the [Fe–

(S–R–S)–Fe] metallacycles. However, this spin polarization of the bridgehead group 

vanishes for some of the biomimetic models, as well as for the 208-atom computational 

model of the H-cluster, due to a network of weak interactions. When the bridgehead 

group becomes part of a conduit for transmitting the spin polarization towards the 

terminal ends of each interaction network, such as the distal water or H-bonded residues, 

the spin density vanishes. The variations of the Fe atomic spin densities were compared 
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and contrasted for the proximal and distal iron sites in the crystallographic and the rotated 

conformations, respectively. 

 
Introduction 

 
 

[FeFe]-hydrogenases catalyze the reversible conversion of protons and electrons 

to dihydrogen in biology.195, 196 The crystal structures of [FeFe]-hydrogenase from two 

bacteria, Clostridium pasteurianum(CpI)6, 7, 14 and Desulfovibrio desulfuricans str. 

Hildenborough (DdH)8-10 revealed that the catalytically active Fe-S cluster, named the H-

cluster, is composed of a classical [4Fe-4S]-subcluster connected via a cysteine thiolate 

ligand to an organometallic 2Fe-subcluster. The two iron centers in the 2Fe-subcluster are 

coordinated by terminal carbonyl and cyanide ligands and linked together with a bridging 

carbonyl and a non-protein dithiolate ligand. The crystal structure of [FeFe]-hydrogenase 

from CpI shows electron density at the apical coordination position of the distal iron of 

the 2Fe-subcluster, relative to the [4Fe-4S]-subcluster, which was refined as a water 

molecule. This distal water molecule has not been identified in the [FeFe]-hydrogenase 

from DdH. This can be rationalized by the different crystallization conditions for DdH, 

since the hydrogenase enzyme was in a more reduced state in DdH than in CpI and likely 

the distal iron site in DdH is coordinated by a terminal hydride or even a dihydrogen 

ligand.9  

One of the last uncertain structural/compositional features of the H-cluster is the 

very nature of the dithiolate ligand. This question has already been discussed in detail6, 17, 

214, 215 due to its possible implications for the mechanism of proton transfer or dihydrogen 
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uptake/release in addition to a possible effect on the electronic structure of the catalytic 

cluster.46 Initially, this unique ligand of the 2Fe-subcluster was described as sulfur atoms 

covalently connected by three light atoms with experimental electron density that 

corresponds to approximately 10 electrons.7 In the characterization of [FeFe]-

hydrogenase from DdH, the ligand was first assigned as propanedithiolate8 (pdt). Later 

this assignment was revised to dithiomethylamine (dtma).10 This is a chemically 

reasonable assignment, since the amine group can act as a base for proton-transfer into 

and from the distal iron site. This was supported by early computational studies that 

indicated the plausibility of the secondary amine group being involved in protonation of 

the distal iron site.25, 27 Furthermore, a recent biomimetic study involving a symmetrical 

tetraphosphine diiron model with dtma as the bridging ligand established the 

thermodynamic preference of the terminal versus the bridging hydride to produce 

dihydrogen via protonation of the secondary amine group.216 

Recently, the close-to-atomic resolution crystal structure of [FeFe]-hydrogenase 

from CpI was evaluated by two independent computational studies.6, 214 The first 

approach6 used the structure that best fits the electron density and evaluated the 

geometric structures for numerous possible compositions of the bridgehead (X = CH2, 

NH, NH2
+, O, and S as a control). It was found that the oxygen atom gives the most 

reasonable structural and energetic agreement with the close to atomic resolution crystal 

structure. 

A more advanced computational refinement using the actual experimental 

electron density map,214 indicated that the best fit is the NH2
+ group with its spherical 
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electron density. However, the former study indicated that by considering a realistic 

computational model of the entire H-cluster including its about 3.5 Å protein 

environment, there is an energetic preference (10-14 kJ mol-1) of an inverted bridgehead 

conformation relative to the crystallographically observed one, where the positively 

charged ammonium group points toward the [4Fe-4S] cluster or the proximal Fe center of 

the 2Fe-subcluster and forms a H-bonding interaction with the bridging cysteine residue 

(Cys503 in CpI). This is in contrast with the crystallographically determined 

conformation for both CpI and DdH, where the bridgehead group is pointing at the distal 

Fe center, away from the bridging cysteine thiolate or the [4Fe-4S] cluster. Moreover, in 

the inverted conformation, the positively charged ammonium group would disrupt the 

bonding between the two subclusters, shut down the electron transfer from/to the 2Fe-

subcluster, and thus inhibit the catalytic reaction. Despite the differences in the benefits 

and compromises of the above computational approaches, it is obvious that even the close 

to atomic resolution (1.39 Å) of the crystal structure of [FeFe]-hydrogenases is not 

sufficient to distinguish between the subtle structural differences of the isoelectronic 

bridgehead groups. Therefore, the exact composition of the bridgehead group will likely 

only be unambiguously revealed by the elucidation of the biosynthetic molecular 

mechanism of the 2Fe-subcluster.  

Recent work by Silakov et al.17 provided an example of how electronic structural 

information derived from advanced EPR measurements can be used to probe the 

composition of the dithiolate ligand. Our earlier work also indicated that the chemical 

composition of the dithiolate ligand may play a role in fine tuning the electronic structure 
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of the H-cluster.46 The 14N HYSCORE investigation of the oxidized state of the [FeFe]-

hydrogenase from DdH, where the 2Fe-subcluster is in the mixed valence, low spin 

[FeIFeII] oxidation state (St=1/2), indicated the presence of three unique nitrogen 

environments with characteristic nuclear quadruple coupling constants (NQCC). These 

were assigned to the NH3
+ group of the Lys237 residue in close proximity to the distal 

cyanide ligand, to the nitrogen atom of the distal cyanide ligand, and to the bridgehead 

group of the dithiolate ligand that was assumed to be dithiomethylamine (dtma). 

Furthermore, the synthesis of the mixed valence biomimetic model complex  

[{μ-(SCH2)2NCH2CH2SCH3}(μ-CO)Fe2(PMe3)2(CO)3] by Erdem et al.11 allowed for the 

analysis of the paramagnetic signature of the secondary amine group without the 

interference of other nitrogen containing ligands or residues from the protein 

environment. These measurements showed that the 14N NQCC and η parameters for a  

secondary amine bridgehead group in this [2Fe]-biomimetic model are close to those 

found for the oxidized metalloenzyme (Hox).17 

In this work we carried out a systematic investigation of the electron density 

topology and particularly the specific amount of atomic spin density localization at the 

bridgehead group for the free dithiolate ligand, a series of biomimetic [2Fe] complexes 

with various ligand environments, and the entire H-cluster embedded in a ~3.5 Å protein 

environment using density functional theory (DFT) combined with advanced population 

analysis methods. The concept of atomic spin density is of great importance in 

coordination chemistry due its role in indicating spin states, effective oxidation states, 

and thus electron configuration, as well as covalent bonding. The ligand K-edge X-ray 
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absorption spectroscopy (XAS)73 can provide direct quantitative values for atomic spin 

densities through the determination of the covalency of metal-ligand bonds if the 

transition dipole moment for a given core level excitation is known. While this technique 

can provide information about the ligand environment of a transition metal center 

regardless its magnetic state, a serious limitation of N K-edge XAS is the overwhelming 

background from N atoms of the protein matrix. As discussed above, advanced 

paramagnetic spectroscopic techniques, such as ENDOR and ESEEM provide another 

way to get quantitative information about atomic spin densities indirectly from metal 

hyperfine, and preferably ligand super-hyperfine interactions,217 however this technique 

is limited to paramagnetic systems only. Another direct way of determining atomic spin 

densities is by analyzing the results of electronic structure calculations from either wave 

function-based methods (ab initio MO) or density functional theory (DFT) calculations. 

Despite the convenience of using computational models and methods, the extrapolation 

of theoretical atomic spin densities to experimental paramagnetic spectroscopic 

signatures is greatly affected by the nature of population analysis methods, selected levels 

of theory, basis sets, compositions of density functionals, etc. In this paper we provide an 

exhaustive analysis of the effect of population analysis methods on the topology of the 

electron density for low valent carbonyl and cyanide complexes relevant to the H-cluster 

structure and its spin polarization.  
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Methods 
 
 

All calculations were performed starting from the crystal structure coordinates for 

[Fe2(CO)6(μ-SCH2NHCH2S)],218 [Fe2(CO)6(μ-SCH2OCH2S)],198  

[Fe2(CO)6(μ-SCH2CH2CH2S)],35 [Fe2(CO)4(CN)2(μ-SCH2NHCH2S)],207 and  

[Fe2(CO)5{(μ-SCH2)2NCH2CH2SMe}]219. The one-electron oxidized free ligands 

[SCH2NHCH2S]1- (dtma), [SCH2OCH2S]1- (dtme), and [SCH2CH2CH2S]1- (pdt) were 

analyzed using (i) the coordinates of the crystal structure of the analogous [2Fe] 

biomimetic model and (ii) the coordinates obtained after geometry optimization. 

Throughout the text, relaxed structures correspond to complexes that have been obtained 

by optimizing the geometry of the crystal structure in the gas phase, whereas fixed 

structures correspond to complexes where the atoms were fixed at their crystallographic 

positions (single point calculations). We will use the puckering of the dithiolate ligand 

and the orientation of the bridgehead group to distinguish between proximal and distal 

iron sites. In order to be consistent with the crystallographically detected dithiolate ligand 

orientation, the iron site that is closer to the bridgehead group will be considered as distal 

and vice versa. It has been proposed that the Hox state of the H-cluster contains a 2Fe-

subcluster with an unpaired electron2, 18 and thus each diamagnetic [FeIFeI] model 

complex was also evaluated in its oxidized [FeIFeII] state without (fixed) and with 

(relaxed) unconstrained geometry optimization.  

For the paramagnetic, oxidized hexacarbonyl complexes an additional structure 

was considered, termed rotated throughout the text, where one of the apical carbonyl 

ligands was rotated into the bridging position and optimized similarly to the process of 
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Bertini et al.186 Without discussing in detail, we found that at the BP86/TZVP level the 

one-electron oxidized, mixed valence [Fe2(CO)6(pdt)]1+ and [Fe2(CO)6(dtme)]1+ 

complexes show global minima for the rotated or inverted structure, while the one-

electron oxidized [Fe2(CO)6(dtma)]1+ complex shows an energetic preference (~12 kJ 

mol-1) for the non-rotated structure where both terminal CO ligands occupy apical 

positions. 

Furthermore, electronic structure calculations have also been carried out for the 

entire [6Fe]-cluster using a more than 200-atom, virtual chemical model of the protein 

embedded H-cluster.6 The atomic coordinates of each model with various dithiolate 

conformations are given in Appendix D. In addition to the four cysteine residues 

connecting the [6Fe]-cluster to the protein matrix, this model contained truncated models 

of residues GLN195, GLY418, TRP303, LYS358, PRO324, GLN325, PRO301, HIS500, 

VAL504, THR356, and SER357 (in CpI). The structural optimizations were performed 

using the BP86 functional136, 138, 220 with the SDD basis set155 and the electron density 

was analyzed at the BP86/TZVP level. The positively charged [4Fe-4S]2+ cubane was 

merged from two antiferromagnetically coupled rhombs using the Generalized Ionic 

Fragment Approach (GIFA) method.6, 64 The GIFA method allows for the convenient 

construction of the initial, localized broken symmetry electronic structure and provides a 

reproducible method for evaluating various starting electronic structures. Appendix D 

provides the atomic coordinates of each fragment separately. The various magnetic 

coupling schemes for the two Ms = ±9/2 [2Fe-2S] rhombs and the S = ½ 2Fe-subcluster 

converged to only three distinct solutions that can be illustrated by the top/bottom, 
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front/back, left/right coupling of the [4Fe-4S] subcluster. For the sake of brevity, only the 

lowest energy broken symmetry state was used for the atomic spin density calculations 

for each dithiolate composition. The iron sites labeled Fe1, Fe2, Fe3, and Fe4 correspond 

to those coordinated with Cys300, Cys355, Cys499, and bridging Cys503 residues (in 

CpI), respectively.  

Electron densities were calculated using Gaussian09 Revision A.02221 using the 

BP86 functional136, 138, 220 and the TZVP basis set119 for all models including the sizeable 

H-cluster model. This combination of functional and basis set can reasonably well 

reproduce the orbital composition data from XAS measurements222 and advanced 

electron paramagnetic resonance properties223  of the biomimetic [2Fe] model complexes. 

We anticipate that using a hybrid functional, such as the popular B3LYP will not change 

the conclusions of this study as indicated by References 17 and 223. The atomic spin 

densities within each molecule were interpreted by Mulliken (MPA)60, Weinhold 

(NPA)61 and Bader’s Atoms in Molecules (AIM)63 population analyses. The NPA 

valence orbital set for iron and sulfur atoms were 3d4s4p and 3s3p, respectively. The 

AIM results were obtained using the program AIMAll180 with the ProAIM method181-183. 

When necessary, the Promega181, 183 method was used for integrating atoms that had 

trouble connecting complex ring, bond or cage critical points. 

As a high level, correlated wave function-based ab initio method, complete active 

space (CAS) multi-reference calculations were performed using Natural Bonding Orbitals 

derived from the ROBP86 reference wave function for the one-electron oxidized free 

ligand radical [dtma]1-. The active space was constructed using the four bonding and four 
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antibonding MOs of the S-C and C-N bonds and the four S-based and one N-based lone 

pairs (13 orbitals) occupied with 17 electrons. Similarly large CAS calculation for the 

biomimetic model complex with additional Fe d orbitals and electrons for the 

[Fe2(CO)6(dtma)]1+ is currently beyond our computational capabilities (26 orbitals and 31 

electrons); however, the above calculation was already sufficient to validate the DFT 

calculations for the free ligands. 

 
Results and Analysis 

 
 

Our strategy for surveying the extent of covalent interactions through analyzing 

the spin density distributions composed of first investigating the electronic structure of 

the oxidized free ligand radicals. These calculations can provide an estimate for the upper 

limit of spin delocalization, since the actual paramagnetic centers (S atoms) are only a 

methylene group away from the bridgehead group (X). In comparison, a reduced extent 

of spin delocalization is expected in a [2Fe] complex relative to the free ligands, since the 

Fe centers are an additional atom away from the bridgehead group unless a direct   

Fe…bridgehead interaction is present. Consequently, the free ligand calculations were 

extended with systematic evaluation of the biomimetic [2Fe] complexes and compared to 

the most reasonable structure of the H-cluster within its protein environment. It is 

important to highlight that besides the conventional orbital-based MPA and NPA 

methods, the topology of the entire electron density has also been evaluated using 

Bader’s Atoms-in-Molecule method, which separates the electron density into atomic 

basins according to the curvature of electron density. 



 
 

 

176 

 
Free Ligands  
 

In order to investigate the magnitude of spin delocalization from the sulfur atoms 

to the bridgehead group as a function of composition and geometry, we carried out 

calculations for two conformations of the one-electron oxidized dithiolate ligands. The 

left side of Figure 5.1 presents the structures with the ligands fixed in the crystallographic 

positions of the corresponding [2Fe] complexes, while the right side shows the structures 

of fully optimized, unconstrained dithiolates. The major difference between these two 

sets is the shorter S…S and longer S…X distances in the fixed structures. Spin density is 

mainly localized at the sulfur atoms in the relaxed structures, whereas the atomic spin 

density on the bridgehead group is only a few percent as presented in Table 5.1.  

 

 
Figure 5.1: The structures of the free dithiolate ligands 

 

Therefore, spin delocalization is limited in the one-electron oxidized free ligands. This is 

expected, since the mixing of sulfur 3p orbitals with the 2s/2p orbitals of the bridgehead 
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group is limited. Considering that the spin delocalization takes place through the σ-bonds, 

the CH2 bridgehead group will consequently show somewhat larger spin density (2-5%) 

relative to NH (1-2%) and O (1% of an electron or 0.01 e) groups due to the lower 

effective nuclear charge of C vs. N or O that leads to an energetically preferred orbital 

overlap. The lack of significant (>0.05 e) atomic spin density on the bridgehead group 

indicates the absence of any covalent or through-space spin polarization between the 

bridgehead group and the sulfur atoms despite the shorter S…X distance. 

 
Table 5.1: A comparison between the atomic spin densities (% of an electron) for the free 
ligands with various bridgehead groups (CH2, NH, O) as a function of the population 
analysis method and the optimization state (fixed: as in the corresponding [FeIFeI]-
clusters). 

population 
analysis 

optimization 
state 

bridgehead group (X) 
CH2 NH O 

S βCH2 X S βCH2 X S βCH2 X 
MPA Fixed 99 -1 2 100 -1 1 100 -1 1 

Relaxed 98 -3 5 97 3 0 97 3 0 
NPA Fixed 98 0 2 100 0 1 100 0 0 

Relaxed 96 1 4 94 6 0 98 6 0 
AIM Fixed 96 2 2 97 2 2 97 2 1 

Relaxed 92 4 3 93 7 0 93 8 0 
 

Constraining the sulfur atoms into the positions of the corresponding biomimetic 

complexes (fixed geometry in Table 5.1) imposes strain on the dithiolate ligands that 

leads to a slight increase (up to 0.02 e) of spin delocalization towards the bridgehead 

group for X = NH and O, in contrast to X =  CH2. The anomalous behavior of the pdt 

ligand, where the spin density decreases upon constraining the geometry can be 

rationalized by the elimination of any possibility for S…C-C hyperconjugation that is 

present in the flat relaxed structure (see discussion below for the spin density distribution 

plots). Comparing the various population analysis methods, both MPA and NPA methods 
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can result in total negative spin densities due to the spin polarization that spans 

differently among multiple spin up (α) and spin down (β) orbitals. Large deviations 

between these spin orbitals are generally indicative of either the multi-reference nature of 

the ground state wavefunction or a limitation of the given population analysis/basis set 

combination. However, by using the AIM method, the total spin density contributions 

from each atom is positive and significantly different (by 6% for S for example) than the 

popular MPA method. As discussed later, the AIM method does not completely eliminate 

the negative spin densities, since it provides correct negative spin densities for the 

antiferromagnetically coupled iron centers in the [4Fe-4S]-subcluster. 

 

 
Figure 5.2: The atomic spin density plots and the AIM plots for the free ligand radical 
structures, [SCH2XCH2S]1- 

 

Figure 5.2 summarizes the atomic spin density plots and AIM topology maps of 

the total electron density. The relaxed structures of the one-electron oxidized free ligands 

show the anticipated bond critical points (green dots) along the bond pathways that 

connect atoms according to the valence bond picture. The dashed vs. solid line style for a 
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bond pathway is indicative of the amount of electron density localized between two given 

atoms along a bond path and hence the weak vs. strong nature of a bonding interaction, 

respectively. The appearance of small spin densities on the C-C and C-H bonds parallels 

the previously discussed orbital overlap considerations. The somewhat larger 

accumulation of spin density for the pdt ligand is due to the presence of the S…C-C 

hyperconjugation, while the same pathway does not exist for the heterometal substituted 

dithiolates. Rather, the delocalization of the spin density will take place through the 

S…C-H path. The AIM results show the emergence of a new bond critical point among 

the two sulfur atoms for the fixed geometry that corresponds to a weak sulfur-sulfur 

bonding interaction. Moreover, a ring-critical point (red dot) has also emerged and 

located approximately in the middle of each ring at about 3.24 Å away from the S atoms 

and the bridgehead group. Thus, from the topology features of the electron density and 

the spin density distributions we can conclude that the emergence of 0.02-0.03 e atomic 

spin density (Table 5.1) at the bridgehead group originates from the ring-strain effect of 

the dithiolate ligand, which creates a modest through-space delocalization pathway from 

the sulfur-centered radical into the bridgehead group. 

In order to address the possible multi-reference nature of the electronic structure 

of the dithiolate anion and thus the configuration interactions of the σ-orbital framework, 

we carried out a complete active space SCF calculation for the [dtma]1- radical. Figure 

5.3 illustrates the composition of the active space (13 orbitals and 17 electrons) and the 

final occupation numbers from the converged, one-electron density matrix. From these 

CASSCF results it is apparent that there is only a small mixing (at most 0.07 e) of 
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occupied and unoccupied molecular orbitals in the relaxed structure. Similarly to the DFT 

calculations, we detect a slight increase (at most 0.08 e) in the fixed dithiolate geometry 

of [2Fe] complexes. This indicates a limited delocalization of spin density from the S 

lone pairs, through the S-C and C-N bonds into the N lone pair. These conceptually 

higher level calculations corroborate the DFT results and verify that the amount of spin 

density at the bridgehead group of the one-electron oxidized free ligands is only a few 

percent. A similar agreement between CASSCF and DFT calculations has been described 

for the entire Fe2(CO)6(pdt) complex in the work of Bertini et al.186 using a smaller active 

space.  

 

 
Figure 5.3: The ROBP86/NBO reference orbitals for the [SCH2NHCH2S]1- radical 
dithiolate that was used for the 13 orbitals and 17 electrons CASSCF calculations and the 
occupation of these orbitals from the one-electron density matrix 
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Biomimetic [2Fe] Complexes 
 

In order to evaluate the presence of direct bonding interactions between the Fe 

centers and the bridgehead groups in the diamagnetic [FeIFeI] clusters, we carried out 

electron density topology analysis by AIM (Figure 5.4). This revealed additional ring 

critical points and related pathways, besides those expected by a valence bond picture. 

The presence of the Fe-Fe bond is apparent as indicated by a bond critical point 

approximately in the middle of the two iron centers. Besides the ring critical point 

already shown for the constrained, one-electron oxidized dithiolate ligand in Figure 5.2, 

there are two more ring critical points that are located in the middle of each three-

membered [Fe-S-Fe] ring, respectively.  

 
Figure 5.4: AIM electron density topology analysis of the [FeIFeI] biomimetic complexes 
(the green and red dots are the bond and ring critical points, respectively). 
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Importantly, despite the puckered nature of the metalladithiolate ring and the 

shorter distance between the bridgehead group and the distal Fe site versus the proximal 

Fe site, we did not find any direct bond path between the iron centers and the bridgehead 

group for the [FeIFeI] oxidation state. However, we observe a slight skewing of the 

dithiolate ring critical point toward the distal iron center, regardless of the complex’s 

chemical composition. To investigate the potential importance of this non-planarity we 

carried out a stepwise inversion of the bridgehead group for X = NH, as shown in the 

conformational energy diagram (Figure 5.5). As the dithiolate ring becomes flat the  

 

 
Figure 5.5: Potential energy surface for the inversion of the NH bridgehead group in the 
[FeIFeII(CO)6(dtma)]+ complex with the bridgehead group (NH) atomic spin densities and 
the AIM structures. 
 

corresponding ring critical point moves into the plane defined by the sulfur and carbon 

atoms, but with only a modest change in the atomic spin density at the bridgehead group 
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from 0.19 to 0.15 e. The geometry bearing a co-planar [S-CH2-NH-CH2-S] moiety (C2v 

molecular symmetry, top right corner) corresponds to a second order transition state with 

respect of amine N inversion (573i cm-1) and ring puckering inversion (235i cm-1). 

Remarkably, this planar ring structure is ideal for delocalization of the spin density from 

the paramagnetic iron centers through sulfur lone pairs, C-H bonds into the out-of-plane 

N lone pair. For example, the incorporation of an allylic dithiolate group would enhance 

the covalent interaction between the bridgehead group and the Fe centers and create 

molecular orbitals that span the entire molecule. The bottom right corner of Figure 5.5 

shows the spin density distribution plot for the C2v transition state structure. The spin 

density lobes clearly indicate that the delocalization proceeds through the Fe…S…C-

H…N LP conjugation pathway. Thus, this structure represents the maximum extent of 

spin delocalization (about a third of the total spin density) from the paramagnetic iron 

centers into the bridgehead group within the given coordination environment. Therefore, 

the non-planarity of the ring critical point can be one of the indications for the efficiency 

of the orbital overlap, giving rise to through-space spin polarization of the bridgehead 

group. 

The relative energies for the inversion of the dithiolate ring puckering are in 

agreement with a small barrier for the inversion.224 This small barrier allows for the 

simultaneous presence of both bridgehead group orientations, which was manifested as a 

disorder in the crystal structure of [Fe2(CO)6(pdt)] cluster.35 In addition, a similar 

magnitude of transition state energy was calculated for the [Fe2(CO)6(pdt)] complex.186 

This conformational change appears to be innocent for the biomimetic [2Fe] complexes; 
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however, as proposed earlier6 for a protonated bridgehead group (NH2
+), this would result 

in a severe structural reorganization of the H-cluster.  

 

 
Figure 5.6: Optimized [FeIFeII] biomimetic complex structures (the corresponding 
experimental distances for the [FeIFeI]-complexes are shown in parentheses). 

 

In order to evaluate the spin density delocalization of the mixed valence [2Fe] 

complexes in all three bridgehead compositions, the AIM analysis was carried out for the 

one-electron oxidized, cationic [FeIIFeI] clusters. Their optimized structures are shown in 

Figure 5.6 with the corresponding distances from the reduced [FeIFeI] clusters shown in 

parentheses. The comparison of the AIM topology for the reduced and oxidized [2Fe] 

complexes in Figure 5.4 and Figure 5.7, respectively shows that upon one-electron 

oxidization the direct Fe…Fe bonding interaction vanishes, as indicated by the 

disappearance of the respective bond critical points and bond pathways between the two 

Fe centers. Moreover, the Fe…Fe distances increase by 0.15-0.21 Å in the one-electron 

oxidized [FeIFeII] complexes compared to the reduced [FeIFeI] complexes, whereas the 

S…S distance is only increased by 0.04-0.07 Å (Figure 5.6). These structural changes 

indicate that the [FeIFeII] cluster will be electronically drastically different than expected 

upon a one-electron oxidation of corresponding [FeIFeI] clusters even without a large 

scale reorganization of the coordination environment. Since the Fe…Fe bond path is 

practically absent in the oxidized [2Fe] complexes, the cluster is poised for structural 
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rearrangement, such as the rotation of the Fe(CO)3 group as has already been studied 

theoretically by Bertini et al.186 or complete rearrangement as experimentally shown by 

Heinekey et al.225 

 

 
Figure 5.7: Summary of the atomic spin density contour plots and the AIM electron 
density topology of the [FeIFeII] biomimetic complexes (the green and red dots are the 
bond and ring critical points, respectively) 

 

Furthermore, the absence of the Fe…Fe bonding interaction for the relaxed 

[FeIFeII] cluster results in the collapse of the two [Fe-S-Fe] ring critical points into a new 

one that is sitting in the center of the [Fe-S-Fe-S] rhomb (Figure 5.7). Importantly, the 

ring critical point of the dithiolate ligand remains the same, suggesting the presence of 

possible spin polarization on the bridgehead group. Upon examining the spin distribution 

plots for the [FeIFeII] clusters (Figure 5.7), we found that there is a significant spin 

density localization on the bridgehead group with decreasing amount in going from NH 
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(16-20%) > O (5-10%) > CH2 (1-2% from Table 5.2). A similar trend has already been 

described for the fixed free ligand radicals (see above); however, to a more modest 

extent.  

The amplification of the spin polarization effect relative to the corresponding free 

ligands is a demonstrative example for the unique electronic structure of the 2Fe-

subcluster of the H-cluster. The bridgehead group is linked to the redox active iron 

centers via through-space electron density delocalization, which is represented by ring 

critical points in AIM. By comparing the optimized [FeIFeII] clusters (Figure 5.7, right 

column), the AIM topology plots reveals an intriguing new interaction that would serve 

as a rational for the lack of atomic spin density for the methylene bridgehead group. As 

the Fe…Fe bond is broken by the one-electron oxidation, the terminal CO ligand forms a 

bond pathway with the methylene bridgehead group via a C-H…CO-type of H-bonding 

interaction. This type of interaction has been proposed to be responsible for the crystal 

packing forces in organometallic carbonyl complexes.226, 227 As discussed later, the 

involvement of the bridgehead group in an interaction that shows some covalent/orbital 

overlap character reduces the localization of spin density on the bridgehead group. 

We also evaluated the effect of rotating one of the carbonyl ligands into a 

bridging position. The rotational energy profile for the Fe(CO)3 group is shown in Figure 

5.8A and the corresponding AIM analysis and atomic spin density plots in Figure 5.8B. It 

is important to notice that the bridgehead group does not point to the same direction 

relative to the Fe site with the vacant apical position for all three dithiolates. As shown in 

Figure 5.8B for the lowest energy rotated conformers, the CH2 bridgehead group in the  
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Figure 5.8: Conformational energy diagram for the Fe(CO)3 group rotation (A) of the 
[Fe2(CO)6(dtma)] complex and (B) a comparison between the atomic spin density 
contour plots with the AIM electron density topology for the lowest energy rotated 
isomers 
 

pdt containing complex points toward the rotated Fe site where spin density is mostly 

localized, while the other two complexes show the opposite orientation. Due to lack of 

any indication in the AIM topology plots for covalent agostic C-H…Fe or N-H…Fe H-

bonding interactions, the orientation of the bridgehead group can be rationalized by the 

presence of electrostatic lone pair-lone pair repulsion between the bridgehead group and 

the Fe(I) site bearing the extra electron density. The presence of the γ-H in the pdt ligand 

likely be responsible for a dipole/lone pair attraction. It is also remarkable that the spin 

density always accumulates at the Fe site with the vacant apical position, which can be 

formally considered to be the reduced Fe(I) site. This can be rationalized by considering 

the d-orbital splitting in the square pyramidal coordination environment. The low spin 

formally FeII site has a b1
2e4a1

0b2
0 electron configuration with doubly occupied dxy,  (dxz, 

dyz) orbitals and vacant dz2 and dx2-y2 orbitals. This can maximize the CO σ-donation and 

back-donation from the occupied Fe d-orbitals to CO π* orbitals. This is important for 
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stabilizing the Fe-CO bonding for a high valent Fe site. The reduced FeI site with a 

b1
2e4a1

1b2
0 electron configuration actually weakens the Fe-CO σ-bond due to the partial 

occupation of the a1 (dz2) orbital, but the reduced positive charge will allow for higher 

back-donation from the Fe to the CO π* orbitals, which will compensate for the loss of 

σ-bonding interaction and overall results in the increased stabilization of the complex. In 

addition, the bending of the rotated CO group may allow for some flexibility in forming 

orbital overlap with the Fe d-orbitals and thus in accumulating the extra electron 

density.228 

 
Table 5.2: A comparison between the atomic spin densities (% of an electron) for the 
one-electron oxidized biomimetic [2Fe]-complexes, [FeIFeII(CO)6(SCH2XCH2S)], as a 
function of the population analysis method and the optimization state (fixed: as in the 
corresponding [FeIFeI]-clusters). 

 

Since the bridging CO ligand practically precludes the presence of an Fe-Fe bond, 

we see a considerable change in the electronic structure relative to the non-rotated forms. 

A major difference between the rotated and the non-rotated isomers is the existence of an 

asymmetrical Fe coordination environment with an apical vacant position. As can be seen 

in Table 5.2, in going from the fixed to the relaxed and then to the rotated structures, the 

population 
analysis 

optimization 
state 

bridgehead group (X) 
CH2 NH O 

Fe S βCH2 X Fe S βCH
2 

X Fe S βCH2 X 

MPA fixed 85 -3 5 1 64 10 4 20 78 -1 5 9 
relaxed 90 -7 4 1 66 6 5 18 85 -6 5 5 
rotated 88 1 2 1 76 4 4 7 84 1 4 2 

NPA fixed 76 -2 4 1 58 10 8 22 59 0 6 10 
relaxed 84 -6 2 1 61 6 4 18 76 -6 8 6 
rotated 84 2 0 0 71 6 2 7 80 2 6 3 

AIM fixed 73 2 5 2 58 13 6 19 68 5 5 8 
relaxed 80 -1 2 1 60 10 6 16 75 0 5 4 
rotated 82 3 3 1 71 7 5 6 78 4 4 2 
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spin density on the bridgehead atom is significantly reduced. Remarkably, this 

conformational effect is most exaggerated for the dtma ligand, where the bridgehead spin 

density drops from 0.19-0.22 to 0.06-0.07 e. The considerably larger electronic structural 

change is also well represented by the topology map in Figure 5.8B, where the Fe…Fe 

bond critical point is absent in the dtma complex, in contrast to the pdt or the dtme 

analogues. The drastic change in the localization of the atomic spin density at the bridge-

head group stems from the asymmetry between the two iron centers, hence the strong 

localization of the atomic spin density (~0.70 e) at the rotated Fe site with a vacant apical 

coordination position, regardless of the bridgehead orientation and composition. While 

the effect of this conformational change on the electronic structure is remarkable, the 

amount of spin density (up to 0.07 e) calculated on the bridgehead is still considerable, 

which was also detected experimentally11, 223 for biomimetic models. Another remarkable 

electronic structural feature of the rotated conformer is the lack of a bond pathway 

between the formally bridging CO and the non-rotated Fe site, which indicates that the 

rotated CO can still only be considered as a terminal CO and not bridging in terms of 

covalent bonding.  

Paramagnetic spectroscopic analyses of DdH indicate that the spin density is 

distributed over both iron centers in the Hox state, but in the Hox-CO state it is localized 

on the proximal iron site. In contrast a more localized electronic configuration has been 

found for biomimetic models both experimentally and theoretically having non-

equivalent Fe sites.1, 17, 18 In order to account for the deviation between the spectroscopic 

properties of the biomimetic complexes and the protein bound active site, the presence of 
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a distal ligand in the Hox state of DdH should be considered, since this would explain the 

spin density delocalization over the two Fe centers with a formal Fe1.5+ oxidation state.229, 

230  

It is also worth to highlight the differences among the various population analysis 

methods. Negative spin densities were observed for the complexes with CH2 and O 

bridgehead groups. Since most of them disappear using AIM, we attribute these to the 

limitation of a given population analysis method and basis set combination.  The 

remaining negative spin density for the pdt containing complex may be indicative of the 

presence of a non-negligible spin polarization. By comparing the Fe spin densities for the 

relaxed structures, we can generally say that the MPA results correspond to the highest 

numbers and thus the most localized electronic structure, followed by NPA at 

approximately 7-10% reduced values. The AIM method further reduces the NPA results 

by approximately 2-5%. While we prefer the use of AIM for analysis of the electronic 

structure of transition metal complexes; the NPA method is also suitable especially since 

the former has not yet been adapted in many electronic structure packages. 

 
Effect of Ligand Substitutions 
 

In order to approach the actual ligand environment of the 2Fe-subcluster of the H-

cluster, we examined the effect of the substitution of a carbonyl ligand with a cyanide or 

a thioether ligand. We have chosen these particular complexes, bearing dtma as the 

dithiolate bridge, due to the availability of their crystal structures.207, 219 Figure 5.9 

presents their optimized structures in the formally oxidized, paramagnetic [FeIFeII]  
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Figure 5.9: Optimized [FeIFeII] biomimetic complex structures with a more realistic 
ligand environment with respect to the H-cluster (the corresponding experimental 
distances for the [FeIFeI]-complexes are shown in parentheses) 
 

oxidation states relative to their diamagnetic, crystallographically characterized states 

(bond lengths in parentheses). Table 5.3 summarizes the atomic/group spin density 

distributions as a function of population analysis and composition for the one-electron 

oxidized states and Figure 5.10 provides the overview of atomic spin density distribution 

plots and AIM electron density topologies. The considerable decrease of spin density at 

the bridgehead group in the cyanide complex (0.06-0.09 e) versus its carbonyl analogue 

(0.16-0.22 e) is attributed to the network of intramolecular interactions formed by the 

bridgehead group and the apical cyanide groups. The formation of an N-H…π-CN 

interaction upon relaxation of the one-electron oxidized state manifests new bond 

pathways and thus an additional ring critical point appears (left side of Figure 5.10). As 

this interaction connects the bridgehead group back to the paramagnetic center, the spin 
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localization on the bridgehead group vanishes. Interestingly, we found delocalization of 

the spin density into both cyanide ligands, when fixed in their crystal structure positions, 

that disappears upon geometry optimization. This indicates that the reduced spin densities 

at the bridgehead group cannot be due to the expansion of the singly occupied Fe-based 

orbital into the cyanide ligands, since both cyanide and bridgehead (X = NH) spin 

densities decrease. 

 
Table 5.3: Comparison of atomic spin densities (% of an electron) for one-electron 
oxidized biomimetic [2Fe] complexes with more realistic ligand environment with 
respect to the H-cluster as a function of population analysis method and optimization 
state (fixed: as in corresponding [FeIFeI] complexes) 

population 
analysis 

Optimization 
State 

[Fe2(CO)4L]n 

L=(CN)2(μ2-SCH2NHCH2S)  
n=-1 

L=(CO)((μ2-SCH2)2NC2H4SMe) 
n=+1 

Fe S N(CN) βCH2 NH Fe S βCH2 N 
MPA Fixed 86 -5 5 4 7 56 12 4 25 

Relaxed 79 -4 -1 5 9 95 1 6 4 
Rotated 92 7 9 2 0 80 4 4 6 

NPA Fixed 79 -4 8 8 6 45 13 6 25 
Relaxed 74 -4 1 4 8 89 3 3 4 
Rotated 86 8 10 2 1 74 6 4 7 

AIM Fixed 76 2 7 5 6 51 13 8 22 
Relaxed 69 2 1 6 8 89 6 6 3 
Rotated 85 8 8 1 0 74 7 4 5 

 

The utility of using ring critical points is well demonstrated by looking at the 

prototypical [Fe2S3] cluster with a slightly increased spin density at the bridgehead group 

(Table 5.3) relative to the corresponding hexacarbonyl [2Fe] complexes (Table 5.3) using 

the fixed [FeIFeI] geometry (Figure 5.10, top right corner). This calculation shows large 

spin density localization (0.22-0.25 e) on the bridgehead nitrogen and the appearance of 

two additional ring critical points related to the [Fe-dithiolate-thioether-Fe] ring that are 

indicative of enhanced through-space delocalization pathways. Upon optimization 
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(Figure 5.10, middle right structures) the latter two ring critical points merge into a single 

one and the bridgehead spin density drops from a considerable value of 0.24 e to a low 

value of ~0.04 e, which is closer to those of the cyanide complex (~0.09 e) than to the 

initial fixed structure of the hexacarbonyl [2Fe] complex. 

 

 
Figure 5.10: Summary of atomic spin density contour plots and AIM electron density 
topology of the [FeIFeII] biomimetic complexes with more realistic ligand environment 
with respect to the H-cluster (green and red dots are bond and ring critical points, 
respectively) 

 

It is also notable that optimization of the [Fe2S3] model complex alters its overall 

electronic structure. From the opposite color lobes of the Fe spin density in Figure 5.10 

(middle right structures), it is clear that spin polarization occurs at the iron centers. The 

tricarbonyl coordinated iron site gains considerable negative spin density in addition to 

rotation of the Fe 3dz2 orbital. This is also manifested in the relative position of the 

vicinal carbonyl ligands as the Fe(CO)3 moieties rotate relative to each other around the 
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Fe…Fe axis with an average OC-Fe…Fe-CO dihedral angle of 10-26º. However, the 

overall AIM topology of the electron density remains approximately the same with the 

exception of the coalescence of the ring critical points. Another remarkable feature of the 

thioether coordinated complex is that upon one-electron oxidation the Fe-Fe bond 

remains intact while in the carbonyl and cyanide complexes it is broken. This can be 

rationalized by the considerable donation from the thioether to the Fe sites, which 

maintains enough electron density in between the Fe centers for the existence of a 

covalent bond pathway. 

Upon complete rotation of a carbonyl ligand into the bridging position (Figure 

5.10, bottom structures), the atomic spin density at the bridgehead group disappears for 

the dicyanide substituted [2Fe] complex similarly to the hexacarbonyl derivatives due to 

the strong localization of the unpaired electron to the rotated Fe center and the adjacent 

apical cyanide ligand, as it is depicted in Figure 5.10 (bottom left corner). These 

electronic structural changes are explained by the AIM topology analysis as the cyanide 

nitrogen becomes the terminal point of a network of intramolecular interactions and thus 

accumulates atomic spin density. Remarkably, the spin density on the bridgehead group 

for the rotated [Fe2S3] complex (Figure 5.10, bottom left structures) is increased and the 

spin polarization disappears compared to the relaxed non-rotated isomer (Figure 5.10). It 

is also evident that there is spin localization at the rotated Fe center that is partially 

redistributed over the adjacent CO ligands; however, the topology of the electron density 

around the bridgehead group remains remarkably similar to that of the initial, fixed 

structure (top right corner of Figure 5.10). 



 
 

 

195 

The electronic structure changes among the dicyanide substituted and [Fe2S3] 

clusters are important observations, since these indicate that the presence of 

intramolecular interaction networks, as represented by bond pathways and ring critical 

points, is more effective in modulating the atomic spin density of the bridgehead group 

than the rotation of one of the Fe sites. However, these structurally more analogous 

clusters to the 2Fe-subcluster also exhibit localization of the spin density at the rotated Fe 

site as seen at the bottom of Figure 5.10 similarly to the hexacarbonyl derivatives in 

Figure 5.8. The comparison of atomic spin densities calculated for the rotated [Fe2S3] 

complex with a vacant apical coordination position and the analogous, but coordinately 

saturated [Fe2S3] complex with phosphine ligands11 (see Appendix D) revealed that the 

latter complex is electronically closer to the non-rotated hexacarbonyl [2Fe] complexes 

with respect of Fe 3dz2 orbital orientations as well as the atomic spin density 

distributions. These observations support the assumption that the latter mixed-valence, 

phosphine coordinated [Fe2S3] complex11 is a close electronic structural mimic of the of 

the H-cluster in the Hox-CO state. 

 
H-cluster  
 

As a realistic model system of the H-cluster, we examined the atomic spin density 

distributions and electron density topology of a more than 200 atom model of the [6Fe]-

cluster with an approximately 3.5 Å protein environment that included various truncated 

amino acid residues and backbone amide groups. Figure 5.11 highlights key differences 

in the distal Fe coordination environment as a function of the bridgehead group and the  
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Figure 5.11: Comparison of the distal iron site of H-cluster cut out from the 200+ atom 
virtual chemical model of the H-cluster and its immediate protein environment with 
respect to the distal ligand, distal iron, and bridgehead group distances. 
 

nature of the distal ligand. Starting from the published crystal structure (PDB code: 

3C8Y)6 the geometry optimization can result in two different orientations of the distal 

water ligand. For the H-cluster structure with pdt (Figure 5.11A) and dtma (Figure 5.11C) 

ligands, the hydrogen atoms of the bridgehead group form a H-bond with the water 

molecule, while one of the hydrogen atoms of H2O forms an agostic Fe…H-O bond. A 

reverse hydrogen-bonding interaction is present for the dtme containing model (Figure 

5.11F), where H2O is coordinated via the oxygen lone pair to the distal iron site as 

indicated by the shorter Fe…OH2 distance (2.24 Å). Moreover, the oxygen bridgehead 

group is more than 0.1 Å closer to the distal iron site (Figure 5.11F) than for the other 

two compositions in Figure 5.11A and Figure 5.11C. For the sake of probing the two 
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extremes of the distal site coordination environment, we also examined the electronic 

structure of a computational model without the distal water molecule as 

crystallographically described for the H-cluster in DdH (Figure 5.11D and Figure 5.11G) 

and with a carbonyl ligand as in the CO inhibited Hox-CO state (Figure 5.11B and Figure 

5.11E).4  

Due to the presence of conformational isomers regarding the axial and equatorial 

N-H bond orientation relative to the metallacyclohexane ring containing the distal Fe site, 

both conformers were evaluated. We found that the H-cluster model, where the distal 

water is H-bonded to the amine bridgehead group as shown in Figure 5.11C, is 

energetically more favored by 7 kJ mol-1 compared to the conformer with an equatorial 

hydrogen atom. The CO bound structure is practically energetically degenerate regarding 

the orientation of the N-H bond. Finally, regarding the isomers where the apical position 

is vacant, the structure where the hydrogen atom occupies an equatorial position is only 4 

kJ mol-1 less stable than the structure shown in Figure 5.11D (axial N-H). For the sake of 

clarity and brevity, we only report the results for the lowest energy structures. 

 
Table 5.4: Atomic spin densities (% of 1 unpaired e) at selected centers of the H-cluster 
by AIM in the presence of its ~3.5 Å immediate protein environment 

 bridgehead group (X) 
 CH2 NH O 

distal ligand H2O CO H2O CO none H2O none 
[4Fe-4S] 28.2 17.1 23.5 16.8 16.8 12.4 17.3 
Fedistal 63.5 28.9 66.2 27.5 73.8 56.8 70.3 
Feproximal 14.2 42.3 15.0 43.3 21.4 33.0 19.0 
2S -0.2 13.5 0.1 14.2 -0.5 3.7 0.2 
N (CNdistal) 4.8 0.1 5.2 0.1 5.1 0.6 4.2 
N (CNproximal) 0.0 0.0 0.0 0.0 -0.1 -0.1 -0.1 
O(H2Odistal) 1.2 n/a 1.7 n/a n/a 3.6 n/a 
N (Lys358) 0.0 0.0 0.0 0.0 0.3 0.0 0.0 
X 0.2 0.1 0.2 -0.1 0.2 0.1 0.2 

 



 
 

 

198 

The AIM atomic spin density distributions calculated at the BP86/TZVP level for 

the BP86/SDD optimized, protein environment-embedded H-cluster model structures are 

shown in Table 5.4. Contrary to the observed trend for the biomimetic model complexes, 

we found spin density only about 0.002 e (0.2%) at the bridgehead group regardless of its 

composition. However, the atomic spin density of the distal iron gives a clear correlation 

with the coordination strength of the distal ligand. The strongly bound CO at the distal Fe 

site reduces the distal Fe spin density to about 0.28 e and increases the proximal Fe spin 

density to 0.42 e. This is a considerable change relative to the other models with H2O 

distal ligand. As we discussed for the model complexes as well, the largest localization of 

spin density can be found for the models without a distal ligand, which accumulate about 

0.70-0.74 e spin density at the distal Fe site and about 0.19-0.21 e at the proximal. The 

CO bound models has the most balanced distribution, which has already been found 

computationally by others as well;231 however, it contradicts the 5:1 distribution of spin 

between the proximal and distal Fe sites as interpreted from spectroscopic data for the 

Hox-CO state.18 The different distal water ligand coordination is also well represented by 

the changes in the atomic spin densities at the distal iron and the water ligand as well. 

The agostic Fe…H-OH interaction corresponds to an about 0.10 e increased Fe spin 

density in the pdt and dtma containing models, with a slight decrease in the water spin 

density by 0.02 e, relative to the normal Fe…OH2 coordinative bond in the dtme 

containing model. Interestingly, the bridging dithiolate sulfur spin density varies as well 

as a function of distal ligand and its interaction with the distal Fe site. About 0.14 e spin 

density is accumulated on the two sulfur centers in the Hox-CO models, while this drops 
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to about 0.04 e in the dtme containing model with normal Fe…OH2 coordination, and 

disappears if the distal water agostically binds to the distal Fe site or in the absence of a 

distal ligand. 

It is important to note that variation in the coordination environment of the distal 

iron also affects the total atomic spin of the [4Fe-4S]-subcluster. While formally this 

cluster is assumed to be diamagnetic in its [4Fe-4S]2+ state, non-negligible atomic spin 

density (0.12-0.28 e) can be delocalized from the 2Fe-subcluster via the bridging S(Cys) 

ligand as a function of the bridgehead group and the coordination environment of the 

distal site. In addition this being a direct electronic structural support for the unique 

magnetic (spin-exchange)17 and electronic (orbital overlap)46 coupling between the [4Fe-

4S] and the 2Fe-subclusters of H-cluster, the paramagnetic character of the [4Fe-4S]-

subcluster can spin polarize neighboring H-bonded amino acid residues that have already 

been considered in the minimal environmental model of H-cluster. 

 

 
Figure 5.12: AIM electron density topology of the H-cluster with interaction pathways 
omitted for clarity between the protein environment and the cluster 
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The remarkably complex AIM topology of the electron density in Figure 5.12 

explains the reason for the lack of any spin density localization at the bridgehead group. 

The bridgehead group forms a strong, intermediate, and weak H-bonding interaction for 

NH, O, and CH2 composition with the distal water ligand as shown in Figure 5.11C, 

Figure 5.11F, and Figure 5.11A, respectively. The distal water loops the interaction 

network back to the paramagnetic distal iron site as represented by the appearance of a 

ring critical point connecting the entire distal site of the 2Fe-subcluster. The network of 

bond pathways transmits the spin polarization of electron density and thus prevents the 

accumulation of spin density at the bridgehead group. Furthermore, the emergence of 

additional ring and even cage critical points (represented by blue dots in Figure 5.12) at 

the proximal side of the 2Fe-subcluster indicates a massive interaction network among 

the [4Fe-4S] and 2Fe-subclusters that could not have been recognized previously from 

molecular orbital-based analyses.46 These findings further substantiate that the H-cluster 

must be considered as an inseparable single molecule and not just two formally bridged 

[Fe-S] clusters. Furthermore, modeling the bridging thiolate link between the two clusters 

with thioether or truncation of the H-cluster can only lead to results that have limited if 

no relevance to the actual catalytic active cluster of FeFe-hydrogenase. 

 
Conclusion 

 
 

The systematic evaluation of the electronic structures of the dithiolate ligand, 

biomimetic [2Fe] complexes in their one-electron oxidized forms, and the resting state (St 

= ½ ) of the entire [6Fe] framework of the H-cluster with a modest 3.5 Å protein 
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environment revealed remarkable features of the electron density topology and trends in 

the atomic spin density distributions from three different population analysis methods. 

Among the Mulliken, Natural, and Atoms-in-Molecule population analysis methods, we 

find the AIM to give chemically the most reasonable interpretation of electron and spin 

density features. Despite valence bond considerations, we see practically no atomic spin 

density accumulation on the bridgehead groups for structurally relaxed, free dithiolate 

ligand radicals. However, constraining their geometry into a chelating position as it is 

found in the corresponding [2Fe] complexes results in the localization of small, but non-

negligible atomic spin density on the CH2 and NH groups. The limited spin polarization 

and mixing of occupied and virtual orbitals have been also confirmed with multi-

reference complete active space calculations, which well reproduces the electronic 

structure differences in the fixed versus relaxed DFT calculations. 

With a slightly varied relative order, the trend found for the free ligand continues 

in the biomimetic complexes despite the paramagnetic center being moved one atom 

farther away to the iron centers versus the sulfur centers in the free dithiolate ligands. 

Significant spin density was found for the secondary amine bridgehead group that is 

experimentally detectable by advanced paramagnetic techniques. The topology analysis 

of molecular and spin electron densities by means of Bader’s Atoms-in-Molecule method 

reveals the presence of bond and ring critical points that graphically illustrate through-

space interaction between the paramagnetic iron centers and the bridgehead group via 

limited, but non-negligible orbital overlap. The maximum extent of this interaction is 

well demonstrated by a hypothetical [2Fe] complex with planar [Fe-S-CH2-NH-CH2-S-
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Fe] dithiolate ligand as it forms a conjugated system of Fe 3d orbitals, S 3p lone pairs, C-

H orbitals, and N lone pair. Furthermore, we find that spin delocalization diminishes if 

the bridgehead group is involved in any intra- or inter-molecular weak interactions, such 

as H-bonding. The rotation of an Fe(CO)3 site of the studied [2Fe] complexes further 

changes the electronic structure due to the strong localization of the spin density at the 

rotated Fe site with a vacant apical coordination position. This limits the through-space 

interaction between the paramagnetic iron site and the bridgehead group leading to a 

considerable decrease of the atomic spin density. However, atomic spin density and likely 

electronic coupling of the bridgehead group completely disappears if it becomes involved 

in a network of intramolecular covalent or H-bonding interaction. Remarkably, the virtual 

chemical model of the entire [6Fe] framework of the H-cluster shows insignificant atomic 

spin density (<0.005 e) at the bridgehead group regardless of the chemical composition of 

the dithiolate ligand or the distal ligand. However, the spin densities at the distal and 

proximal sites and their ratio are indicative of the nature of the distal ligand and its 

interaction with the distal Fe site. Similarly to the biomimetic complexes, a network of 

interactions involving the bridgehead group will prevent the localization of the atomic 

spin density as spin polarization is transmitted to a more terminal position if available or 

looped back to the paramagnetic Fe centers. Importantly, involvement of the bridgehead 

group in any network of H-bonds, dipole/charge, or any other weak interactions can 

greatly affect the spin polarization within the cluster. Thus, the nature of the distal ligand, 

its interaction with the iron site as well as the bridgehead group, and the fine tuning 

effects of neighboring amino acids to the H-cluster must be considered in any 
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mechanistic investigation of the biological hydrogen uptake and evolution reactions by 

FeFe-hydrogenases. 
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CHAPTER 6  

CONCLUSION 

 
The use of multi-edge XAS (meXAS) coupled to DFT calculations allows for 

complete description of the ground state electronic structure of a coordination compound. 

In Chapter 2, we described the meXAS method for Fe2(pdt)(CO)6 at the Fe, S, C and O 

K- and the Fe L-edges. We defined the experimental sulfur 3p and iron 4p and 3d 

characters for the frontier unoccupied orbitals of this complex and developed reasonable 

transition dipole integrals. For the S K-edge, we determined uncertainty of the pre-edge 

intensity with respect to different sample preparations, sample collection temperatures, 

detection methods, and sample phases. For the Fe K-edge, we examined spectra taken at 

different beamlines and observed negligible differences. The pre-edge area was fitted and 

correlated with a substantial Fe 4p character of 47% (per 30 holes) compared to other 

iron complexes.81 A multi-parameter analysis of the fitting protocol for the Fe L-edge 

was also developed. From this we were able to extrapolate the Fe 3d character for the Fe-

S orbitals and the CO π* orbitals.  

Using the experimental meXAS results from Chapter 2, we evaluated the 

performance of DFT functionals, basis sets, and population analysis methods in Chapter 

3. We found that most of the functionals match the experimental results within 

uncertainty. The basis set showed saturation at the TZVP level with respect to orbital 

composition, which were defined by the AIM population analysis method. We prefer to 

use AIM to analyze the electronic structure because it is based on the topology of the 
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electron density without any orbital-based partitioning scheme.  Our calculations do not 

show the possibility for localized ground state with magnetic interaction in the 

Fe2(pdt)(CO)6. From TD-DFT calculations, we also simulated reasonably well the XAS 

spectrum of the Fe, S, C and O K-edges.  

After rigorously comparing and contrasting the meXAS method and electronic 

structural calculations, we applied these methods to an array of biomimetic model 

complexes. The model complexes provided a foundation for examining four structural 

features of the H-cluster and how they relate to the overall electronic properties of the 

2Fe-subcluster of the H-cluster.  The features probed were the coordination mode of the 

thiolate ligand, length of the dithiolate ligand, bridgehead composition and the effect of 

ligand substitution. These features will be important in the synthesis of novel model 

complexes that will mimic the catalytic conversion of protons and electrons to 

dihydrogen.  

Using the calibrated electronic structural calculations from Chapter 3, analysis of 

the spin density distribution for the bridgehead group of the dithiolate ligand of the H-

cluster was explored in Chapter 5. Starting with the oxidized free ligands, we found 

small, but non-negligible spin delocalization onto the bridgehead group. Once the thiolate 

ligands were chelated in the oxidized biomimetic model complexes, we observed larger 

spin density localization at the CH2 and NH bridgehead groups. We examined the Hox 

(St=1/2) resting state of the 2Fe-subcluster of the H-cluster and found insignificant spin 

density (<0.005 e) at the bridgehead group regardless of its chemical composition. In the 

H-cluster there are pathways of hydrogen bonding or other weak interactions for electron 
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density to loop back to the paramagnetic iron sites. The unpaired electron density does 

not accumulate at the bridgehead like in the model complexes.  

 
Future Directions 

 
 
Novel Synthetic Model Compounds  
 

Since the original [FeFe]-hydrogenase crystal structure was published7 there has 

been a remarkably large set of biomimetic model complexes synthesized for mimicking 

the reactivity of the H-cluster.31 While about two dozen complexes can reduce protons 

catalytically with turn-over rates lower than that of the H-cluster and with limited 

turnover before decomposition. All of the complexes turnover at biologically non-

relevant potentials and with different mechanism than the active site of the H-cluster.31, 

187 Also, there is not one di-iron catalyst synthesized that can split dihydrogen to protons 

and electrons.31 In this section, we propose a set of novel biomimetic model complexes 

that utilize a set of electronic structural insights as a blueprint established in this thesis. In 

Chapter 4 we presented a detailed examination of the coordination mode and length of 

the dithiolate ligand, the composition of the bridgehead group and the effects of ligand 

substitution. We also observed a yet to be utilized feature of a biomimetic model 

complexes based on the rotated Fe2(dtma)(CO)6 complex as discussed in Chapter 5. The 

relaxed potential energy surface scans of the bridgehead amine inversion created a ring 

structure that would be ideal for delocalization of the electron density from the iron 

centers through sulfur lone pairs, C-H bonds into the out-of-plane N lone pair. 
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In the process of designing a catalytic mimic of the H-cluster, there are only a few 

biomimetic model complexes that actually contain two terminal thiolate ligands. These 

model complexes are from the 1980s, before the crystal structure of the H-cluster was 

published. After the crystal structure, most modern biomimetic complexes focused on a 

[2Fe] unit with either abiotic ligand substitutions of the carbonyl ligands or altering the 

bridging dithiolate ligand. If the purpose is to increase the sulfur donation of the 

dithiolate ligand to the iron centers only, then terminal thiolate ligands are not ideal due 

their increased mixing with the carbonyl ligands. For the comparison between the various 

lengths of the bridging dithiolate ligands, we observed that the shorter the alkyl chain, the 

greater the electron donation is to the iron centers. If the goal of the synthetic chemist is 

to exploit weak bulky donor ligands, the loss of electron density at the iron centers can be 

offset by an ethanedithiol ligand. If a strong donor ligand is used to replace a carbonyl 

ligand, the butanedithiol ligand could be utilized with less sulfur donation. The addition 

of larger alkyl bridged dithiolate ligands were not investigated, but it is possible that 

larger ligands will be sterically bulky and force the apical carbonyl ligand to rotate into 

the bridging position between the iron centers.205 For our third series of examining the 

composition of the bridgehead group in the dithiolate ligand, we found that there was 

negligible difference between the possible groups. It must be emphasized that while the 

electronic structure is similar, the composition of the bridgehead group is still expected to 

be important. Using an amine group in the bridgehead position could potentially allow for 

the bridgehead to act as a base for proton relay. This can be an advantage in a biomimetic 

complex; however, protonating the amine group in a [6Fe] cluster such as the H-cluster 
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could lead to decomposition of the cluster due to a strong hydrogen bonding interaction 

between the bridgehead and cysteine residue.6  For the final series of the ligand 

substitution we found that the dithiolate ligand tunes electron donation accordingly to the 

increase or decrease of electron density from the substituted ligands.  

Information from these design features has allowed us to propose two new 

complexes shown in Figure 6.1.  The first feature to be recognized is that they resemble a 

flat bridging dithiolate structure as discussed in Chapter 5 for a transition state complex. 

The proposed structures will allow the largest orbital overlap between the bridging 

dithiolate ligand and the iron centers due to the π conjugation system. This will generate 

an extensive molecular orbital overlap that links the CO ligands with the Fe centers and 

down to the bridgehead group of the dithiolate ligand. This delocalization is expected to 

make the reduction of protons at the iron centers in a bridging position to occur at a lower 

reduction potential.  

 

 
Figure 6.1: Proposed biomimetic model complexes [Fe2(µ-S(CH)3S)(CO)6]1- and Fe2(µ-
S(CH)4S)(CO)6 with the in silico optimized (BP86/TZVP) bond and atomic distances.   
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The proposed complex, [Fe2(µ-S(CH)3S)(CO)6]-, is similar to the Fe2(pdt)(CO)6 

species. They both exhibit calculated S…S, Fe-Fe and Fe-CO distances of 3.10Å, 2.54Å 

and 1.79Å, respectively.  As expected, [Fe2(µ-S(CH)3S)(CO)6]- and Fe2(pdt)(CO)6 differ 

in the S-C distance of 1.86Å for the latter and 1.74Å for the former. The S-C distance 

shortens in order to increase the π overlap in the conjugation ring. Biomimetic model 

complexes like Fe2(pdt)(CO)6 reduce protons to dihydrogen.187, 201, 232, 233 In order to 

understand the possible reactivity of [Fe2(µ-S(CH)3S)(CO)6]- towards proton binding, 

various sites were protonated. Overall, we found that the proton will preferentially bind 

to one of the carbon atoms of the bridging ligand. Another potential protonation site is 

that of the bridging hydride, but at a cost of 22 kcal/mol compared to the protonation of 

bridging ligand. We also examined the effect of rotating a carbonyl ligand into the 

bridging position between the iron centers and observed that the rotated form is 7 

kcal/mol higher in energy than the all terminal carbonyl form. Upon rotation, though, the 

terminal hydride formation at the rotated iron site is preferred compared to the relative 

binding at the carbon bridge by 7 kcal/mol. This suggests that once a carbonyl ligand 

rotated into the bridging position, hydride formation on the iron site would allow for 

dihydrogen turnover. The terminal hydride formation with a mandatory rotation of a 

terminal CO to bridging position is 37 kcal/mol higher in energy than the reference 

protonation of the π-allyl complex at the carbon bridge. Thus the terminal hydride or 

bridging hydride is not likely for [Fe2(µ-S(CH)3S)(CO)6]-, however, using a bulkyl 

phosphine ligand instead of a carbonyl ligand could overcome the ~40 kcal/mol 

isomerization energy.  
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The next complex, Fe2(µ-S(CH)4S)(CO)6, also has a conjugated ring system like 

that of the first complex, but does not have a charged bridging dithiolate ligand. This 

allows for the hydride to be bonded to the iron centers much easier, since there will be no 

driving force to protonate any of the olefinic carbon atoms. As discussed in Chapter 4, 

the butanedithiol ligand donates less electron density to the metal centers than a 

propanedithiol ligand. For this reason, the dithiolate ligand in Fe2(µ-S(CH)4S)(CO)6 is 

expected to donate less electron density to the iron centers than [Fe2(µ-S(CH)3S)(CO)6]-, 

and the iron centers will be in a more oxidized state. The iron centers in Fe2(µ-

S(CH)4S)(CO)6 are expected to be more reduced than the iron centers in Fe2(bdt)(CO)6 

due to the π conjugation. Having an overall more oxidized center in Fe2(µ-

S(CH)4S)(CO)6 compared to [Fe2(µ-S(CH)3S)(CO)6]- will make the protonation more 

difficult. If needed, the substitution of the carbonyl ligands with abiotic ligands, such as 

cyanide or phosphine ligands, is expected to increase the electron density at the iron 

centers and lower the reduction potential for the complex. Unlike in [Fe2(µ-

S(CH)3S)(CO)6]-, the protonation sites around Fe2(µ-S(CH)4S)(CO)6  was evaluated, and 

the bridging hydride was found to have the lowest energy.  

 
Outlook 

 
 

As the demand of finding an alternative fuel source, dihydrogen as an energy 

carrier has the potential to replace fossil fuels.  In order for this to occur, a viable catalyst, 

that is earth-abundant, must be found that converts protons and electrons to dihydrogen at 

a reduced potential and acceptable rate. The research presented here provides a blueprint 
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of the electronic structure from the 2Fe-subcluster of the H-cluster, which has a low 

reduction potential (-421 mV versus SHE at pH 7) and a remarkable rate for H2 evolution 

(≈104 molecules per second per enzyme molecule2, 3). The H-cluster blueprint can assist 

the design of future catalytic biomimetic model complexes.  On the basis of XAS and 

DFT results, we propose two model complexes that have not been synthesized, but have 

potential to become the next generation for both H2 uptake and evolution catalysts.  

The blueprint of electronic structural features is built on multi-edge XAS 

measurements and calibrated electronic structure calculations. The use of XAS at 

multiple absorbing energies allows for the definition of the complete electronic structure 

for a transition metal complex. The method development provided here can be readily 

extended to any coordination complex with electron holes in their d-manifold. The 

complexes can have either para- or diamagnetic ground state and can be in solution, 

liquid, frozen solution, powder or crystalline phase. Calibrated electronic structure 

calculations can allow for the examination of transition states and reaction intermediates 

that may be difficult to access experimentally.  
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SUPPORTING INFORMATION FOR CHAPTER 2 
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Supporting Tables and Figures 
 
 

Table A.1: Fitting parameters for the user defined function in Peakfit for the free ligand 
spectrum (Na2pdt) 

 A E0, eV hhlw, eV m Peak distance from first peak, eV 
Peak 1 0.937 2472.3 1.081 1.00 0.00 
Peak 2 0.591 2473.3 3.247 1.00 1.03 
Peak 3 0.805 2474.3 2.310 1.00 1.96 
Peak 4 0.350 2476.9 2.259 0.00 4.61 
Edge Jump 1.155 2475.3  0.51 2.96 

 
 

 
Figure A.1: User defined function in Peakfit for the free ligand salt spectrum (Na2pdt) 

 
 
User defined function for Peakfit: 

Y=A0*(GLORSUM(0.94,A1,1.08,1.0)+GLORSUM(0.59,A1+1.0,3.25,1.0)+ 

+GLORSUM(0.81,A1+2.0,2.31,1.0)+GLORSUM(0.35,A1+4.6,2.26,0.0)+ 

+LORENTZCUM(1.16,A1+3.0,0.5)) 
 
where parameter A0 determines the amplitude of the user defined function and A1 

determines the first peak position in eV.  
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Figure A.2: Comparison of the results of various normalization methods for data set A 
with extended energy range (see Figure 2.6 for zoomed-in plot) 
 
 

 
Figure A.3: Spectral differences between all data sets A-J with extended energy range 
(see Figure 2.9 for zoomed-in plot) 
 
 

 
Figure A.4: Spectral differences between data collected at BL6-2 and BL4-3 for data sets 
F and G 
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Figure A.5: Variation of the S K-edge spectral features as a function of sample source for 
data sets B-D with extended energy range (see Figure 2.10 for zoomed-in plot) 
 
 

 
Figure A.6: (A) Effect of radiation damage in S K-edge data with the extended energy 
range (B) the comparison of linear and exponential extrapolated data to zero-exposure 
time, the average room temperature spectra without radiation damage correction and the 
data set F which was collected at cryo-temperature with the extended energy range (see 
Figure 2.11 for zoomed-in plot) 
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Figure A.7: Fe K-edge data of Fe2(pdt)(CO)6 collected at two different occasions with 
extended energy range (see Figure 2.13 for zoomed-in plot) 
 
 

 
Figure A.8: Comparison of LIII and LII edge-jump corrected data using the most 
reasonable parameters from Figure 2.17 
 
 

 
Figure A.9: Fe L-edge XANES spectrum of Fe(0) nanoparticle 
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APPENDIX B 
 
 

SUPPORTING INFORMATION FOR CHAPTER 3 
 

  



 
 

 

219 

Coordinates 
 

XYZ File for Fe2(pdt)(CO)6 with Cs symmetry from Ref 35: 
25 
Fe2(pdt)(CO)6 _Crystal 
Fe         1.29917648   -0.14869388    0.00000000 
C          2.72438980    0.95376949    0.00000000 
O          3.61270413    1.64922629    0.00000000 
C          1.77862023   -1.33586435   -1.25950411 
O          2.06826269   -2.11013594   -2.03852142 
C          1.77862023   -1.33586435    1.25950411 
O          2.06826269   -2.11013594    2.03852142 
Fe       -1.19769011   -0.41473756    0.00000000 
C         -2.82320823    0.36266727    0.00000000 
O         -3.83812076    0.85533330    0.00000000 
C         -1.41629507   -1.67628583   -1.25940952 
O         -1.53633364   -2.49420935   -2.03841470 
C         -1.41629507   -1.67628583    1.25940952 
O         -1.53633364   -2.49420935    2.03841470 
S         -0.06341819    0.79400337   -1.52634705 
C        -0.25451256    2.58753210   -1.25799630 
H        -0.81656547    2.92607084   -1.95935084 
H         0.60857501    2.99118274   -1.36799697 
C        -0.80179857    3.06173586    0.00000000 
H         -1.73755934    2.84931332    0.00000000 
H         -0.73576526    4.01819829    0.00000000 
C         -0.25451256    2.58753210    1.25799630 
H           0.60857501    2.99118274    1.36799697 
H          -0.81656547    2.92607084    1.95935084 
S           -0.06341819    0.79400337    1.52634705 
 

XYZ File for Fe2(pdt)(CO)6. Optimized at BP86/TZVP: 
25 
Fe2(pdt)(CO)6_Optimized 
Fe    1.299148   -0.199273    0.000000 
C     2.705968    0.895562    0.000000 
O     3.616421    1.614578    0.000000 
C     1.830152   -1.337645   -1.278011 
O     2.194445   -2.072313   -2.094735 
C     1.830152   -1.337645    1.278011 
O     2.194445   -2.072313    2.094735 
Fe   -1.233302   -0.437839    0.000000 
C    -2.875831    0.263049    0.000000 
O    -3.960679    0.673688    0.000000 
C    -1.486368   -1.665211   -1.275590 
O    -1.665959   -2.467156   -2.090461 
C    -1.486368   -1.665211    1.275590 
O    -1.665959   -2.467156    2.090461 
S    -0.064401    0.789031   -1.552352 
C    -0.193550    2.626673   -1.277275 
H    -0.741177    2.988279   -2.159838 
H     0.836652    3.009488   -1.337421 
C    -0.883647    3.079189    0.000000 
H    -1.929214    2.735944    0.000000 
H    -0.918939    4.184143    0.000000 
C    -0.193550    2.626673    1.277275 
H     0.836652    3.009488    1.337421 
H    -0.741177    2.988279    2.159838 
S    -0.064401    0.789031    1.552352  
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Multiplet Files 
 
All of the multiplet input files that were used for the simulation of the Fe L-edge 

are provided online at http://computational.chemistry.montana.edu/Multiplet 
 
 

Supporting Tables and Figures 
 
 
Table B.1: The molecular orbital composition comparison of the AIM population for 
MP4/TZVP for the first 17 LUMOs 

 

Sulfur 
Character 

Iron 
Character 

Carbonyl 
Character 

LUMO 12% 13% 74% 
LUMO+1 1% 1% 97% 
LUMO+2 1% 1% 98% 
LUMO+3 5% 1% 94% 
LUMO+4 2% 1% 97% 
LUMO+5 13% 19% 61% 
LUMO+6 46% 23% 14% 
LUMO+7 43% 8% 16% 
LUMO+8 20% 27% 52% 
LUMO+9 25% 48% 15% 
LUMO+10 27% 39% 21% 
LUMO+11 34% 31% 32% 
LUMO+12 18% 52% 26% 
LUMO+13 15% 62% 21% 
LUMO+14 14% 32% 32% 
LUMO+15 22% 21% 54% 
LUMO+16 3% 16% 79% 

 Total 15 
LUMOs 277% 357% 750% 
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Table B.2: The molecular orbital composition comparison of the NPA population for various valance sets for the first 17 LUMOs. 
Valence sets for the iron and sulfur atoms are as defined: NoS3d = Fe 3d4s4p and S 3s3p, S3d = Fe 3d4s4p and S 3s3p3d, NoFe4p= 
Fe 3d4s and S 3s3p, NoFe4sp = Fe 3d and S 3s3p.   

 
S Fe CO 

 
NoS3d S3d NoFe4p NoFe4sp NoS3d S3d NoFe4p NoFe4sp NoS3d S3d NoFe4p NoFe4sp 

LUMO 20% 20% 19% 18% 48% 49% 41% 42% 31% 31% 40% 39% 
LUMO+1 34% 34% 30% 30% 33% 33% 30% 30% 32% 32% 38% 38% 
LUMO+2 33% 33% 30% 31% 24% 24% 22% 23% 37% 37% 41% 40% 
LUMO+3 6% 6% 5% 4% 11% 11% 11% 11% 81% 81% 82% 82% 
LUMO+4 1% 2% 1% 1% 11% 11% 10% 10% 87% 87% 88% 88% 
LUMO+5 5% 4% 4% 3% 14% 14% 15% 15% 81% 81% 81% 81% 
LUMO+6 6% 6% 6% 6% 9% 9% 10% 10% 83% 83% 83% 82% 
LUMO+7 2% 2% 2% 1% 15% 15% 12% 13% 83% 83% 86% 85% 
LUMO+8 1% 1% 1% 2% 5% 5% 4% 4% 93% 93% 93% 93% 
LUMO+9 2% 2% 2% 2% 7% 7% 7% 7% 91% 91% 90% 90% 
LUMO+10 1% 1% 1% 1% 8% 8% 8% 8% 91% 91% 91% 91% 
LUMO+11 1% 1% 1% 1% 3% 3% 3% 3% 96% 96% 96% 96% 
LUMO+12 7% 7% 7% 7% 0% 0% 0% 0% 87% 87% 86% 86% 
LUMO+13 1% 1% 1% 1% 0% 0% 1% 1% 99% 99% 98% 98% 
LUMO+14 1% 1% 1% 1% 0% 0% 0% 0% 99% 100% 99% 99% 
LUMO+15 5% 5% 5% 3% 28% 28% 29% 30% 11% 11% 9% 6% 
LUMO+16 39% 39% 38% 38% 0% -1% 0% 0% 22% 22% 23% 23% 
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Table B.3: The basis set results for the BP86 functional with energy (a.u.), primitive 
Gaussians, and the sulfur and iron character composition for the first 15 LUMOs 

Basis Set Primitive Gaussians Energy (a.u.) Sulfur 
Character 

Iron 
Character 

LanL2DZ 527 -1065.229 92 333 

 
SDD 606 -1842.355 90 343 

DEF2-SV(P) 615 -4121.232 100 341 
DEF2-SVP 653 -4121.249 100 341 

6-31G 634 -4121.720 85 352 
6-31G(d) 756 -4122.078 98 348 

6-31+G(d) 850 -4122.177 106 335 
6-311G 642 -4122.205 86 347 

cc-pVDZ 1267 -4122.545 103 343 
6-311G(d) 764 -4122.551 99 343 

aug-cc-pVDZ 1461 -4122.603 105 340 
6-311+G(d) 858 -4122.620 104 339 

TZVP 839 -4122.753 104 339 
TZVP Fit 839 -4122.755 104 339 

DEF2-TZVP 1155 -4122.819 109 339 
DEF2-TZVPP 1265 -4122.824 109 340 

cc-pVTZ 1772 -4122.847 107 340 
aug-cc-pVTZ 2242 -4122.862 109 338 

cc-pVQZ 2863 -4122.932 108 339 
aug-cc-pVQZ 3690 -4122.937 106 333 
DEF2-QZVP 2216 -4122.952 110 339 

DEF2-QZVPP 2266 -4122.953 110 339 

 
 

 
Figure B.1: The comparison of BP86/TZVP C TD-DFT simulations of Fe2(pdt)(CO)6 to 
the experimental XAS pre-edge region. This is the C K-edge simulation with the -CH2- 
carbons. The solid colored lines signify the different line-widths used to broaden the 
oscillator strength intensity values. 
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Coordinates 
 

All the crystal structure and optimized Cartesian coordinates for all models are provided 
online at http://computational.chemistry.montana.edu/Biomimetic 
 
 

Supporting Tables and Figures 
 
 
Table C.1: The BP86/TZVP optimized bond and interatomic distances for all of the 
model complexes in Chapter 4 

Biomimetic model Fe-Fe Fe-Sa Fe-C (CO) a 
/Fe-C/Fe-P S…S S-Ca 

Fe2(μ-SMe)2(CO)6 2.54b 2.31 1.78 2.81 1.85 
Fe2(μ-SEt)2(CO)6 2.55  2.30 1.78  2.98 1.87 
Fe2(dtme)(CO)6 2.55 2.29 1.79  3.10 1.88 

Fe2(dtmma)(CO)6 2.53 2.31 1.79 3.10 1.92 
Fe2(edt)(CO)6 2.54 2.28 1.79 2.95 1.86 
Fe2(pdt)(CO)6 2.54 2.29 1.79  3.10 1.86 
Fe2(bdt)(CO)6 2.57 2.29 1.79 3.22 1.87 

[Fe2(pdt)(CO)4(CN)2]2- 2.60 2.31 1.75/1.92b  3.14 1.87 
Fe2(pdt)(CO)4(PPh3)2 2.60 2.30 1.77/2.28 3.06 1.87 
Fe2(pdt)(CO)5(PPh3) 2.55 2.31 1.78/2.27  3.10 1.87 
Fe2(SSMeS)(CO)5 2.54 2.29 1.78/2.26 3.13 1.86 
a. Average values 
b. The second number is the Fe-CN or Fe-P or Fe-S for the apical or basal ligand substitution 
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Table C.2: Fitting parameters for the Fe L-edge spectral fits of Fe2(pdt)(CO)6 and Fe2(µ-
SEt)2(CO)6. The conversion of total area to Fe 3d character was carried out using Eq. 
(4.2). 
   A Energy hhlw m Area Total 

Area 

Fe 3d 
Character 

(%) 

Fe2(pdt)(CO)6 

LIII 
Peak1 2.11 708.0 1.04 0.78 2.52 

7.59 286 Peak2 2.57 708.4 0.63 0.13 2.38 

LII 
Peak1 1.15 720.6 0.98 1.00 1.21 
Peak2 0.95 720.8 1.47 1.00 1.49 

LIII 
Peak3 2.88 709.9 1.01 1.00 3.10 

18.46 360 Peak4 4.74 710.6 1.21 0.20 8.22 

LII 
Peak3 1.62 722.6 1.38 1.00 2.38 
Peak4 1.28 723.3 2.36 0.00 4.76 

Fe2(µ-
SEt)2(CO)6 

LIII 
Peak1 0.64 707.1 0.93 1.00 0.64 

10.91 417 
Peak2 1.50 708.0 0.77 1.00 1.23 
Peak3 3.24 708.4 1.22 0.02 6.16 

LII 
Peak1 0.81 720.6 0.93 1.00 0.81 
Peak2 1.11 720.8 1.76 1.00 2.07 

LIII 
Peak4 2.37 709.9 1.01 1.00 2.55 

15.42 300 Peak5 3.75 710.6 1.21 0.20 6.51 

LII 
Peak3 1.23 722.6 1.38 1.00 1.80 
Peak4 1.23 722.3 2.36 0.00 4.56 

 
 
Table C.3: Fitting parameters for the Fe L-edge spectral fits of Fe2(pdt)(CO)6 and 
Fe2(edt)(CO)6. The conversion of total area to Fe 3d character was carried out using Eq. 
(4.2). 
 
 

  A Energy hhlw m Area Total 
Area 

Fe 3d 
Character 

(%) 

Fe2(pdt)(CO)6 

LIII 
Peak1 2.11 708.0 1.04 0.78 2.52 

7.59 47 Peak2 2.57 708.4 0.63 0.13 2.38 

LII 
Peak1 1.15 720.6 0.98 1.00 1.21 
Peak2 0.95 720.8 1.47 1.00 1.49 

LIII 
Peak3 2.88 709.9 1.01 1.00 3.10 

18.46 114 Peak4 4.74 710.6 1.21 0.20 8.22 

LII 
Peak3 1.62 722.6 1.38 1.00 2.38 
Peak4 1.28 723.3 2.36 0.00 4.76 

Fe2(edt)(CO)6 

LIII 
Peak1 2.20 708.0 1.08 0.77 2.72 

6.49 40 Peak2 2.00 708.3 0.64 0.72 1.51 

LII 
Peak1 1.03 720.5 0.97 1.00 1.07 
Peak2 1.12 720.9 1.00 1.00 1.19 

LIII 
Peak3 3.62 710.0 1.17 1.00 4.53 

17.45 108 Peak4 3.14 710.6 1.38 0.24 6.11 

LII 
Peak3 1.27 722.4 1.24 0.24 2.21 
Peak4 1.73 723.1 1.69 0.00 4.59 
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Table C.4: Fitting parameters for the Fe L-edge spectral fits of Fe2(pdt)(CO)6, 
Fe2(dtmma)(CO)6 and Fe2(dtme)(CO)6. The conversion of total area to Fe 3d character 
was carried out using Eq. (4.2). 
 
 

  A Energy hhlw m Area Total 
Area 

Fe 3d 
Character 

(%) 

Fe2(pdt)(CO)6 

LIII 
Peak1 2.11 708.0 1.04 0.78 2.52 

7.59 286 Peak2 2.57 708.4 0.63 0.13 2.38 

LII 
Peak1 1.15 720.6 0.98 1.00 1.21 
Peak2 0.95 720.8 1.47 1.00 1.49 

LIII 
Peak3 2.88 709.9 1.01 1.00 3.10 

18.46 360 Peak4 4.74 710.6 1.21 0.20 8.22 

LII 
Peak3 1.62 722.6 1.38 1.00 2.38 
Peak4 1.28 723.3 2.36 0.00 4.76 

Fe2(dtmma)(CO)6 

LIII 
Peak1 2.45 707.9 1.56 0.80 4.35 

10.49 401 Peak2 3.08 708.2 0.76 0.64 2.82 

LII 
Peak1 1.34 720.6 1.50 1.00 2.13 
Peak2 1.13 720.7 0.98 1.00 1.18 

LIII 
Peak3 3.73 709.9 1.13 1.00 4.48 

23.12 450 Peak4 4.97 710.5 1.33 0.10 9.87 

LII 
Peak3 1.82 722.6 1.54 1.00 3.00 
Peak4 1.41 723.3 2.60 0.00 5.78 

Fe2(dtme)(CO)6 

LIII 
Peak1 2.40 707.8 1.11 0.28 3.69 

9.55 365 Peak2 3.34 708.3 0.68 0.57 2.80 

LII 
Peak1 1.22 720.6 1.45 1.00 1.89 
Peak2 1.21 720.7 0.91 1.00 1.17 

LIII 
Peak3 4.31 710.0 1.13 1.00 5.16 

22.77 444 Peak4 4.48 710.6 1.31 0.16 8.56 

LII 
Peak3 1.71 722.6 1.49 0.56 3.17 
Peak4 1.60 723.1 2.33 0.00 5.87 
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Figure C.1: Free-ligand fit of the S K-edge spectra. The dotted spectra are the 
experimental spectra and the solid lines are the fitted peaks. The letter for each complex 
is as follows: Fe2(pdt)(CO)6 (A), Fe2(edt)(CO)6 (B), Fe2(dtme)(CO)6 (C), 
Fe2(dtmma)(CO)6 (D), Fe2(µ-SEt2)(CO)6 (E), Fe2(bdt)(CO)6 (F), Fe2(µ-SMe2)(CO)6 (G), 
Fe2(SSMeS)(CO)5 (H), Fe2(pdt)(CO)5(PPh3) (I), Fe2(pdt)(CO)4(PPh3)2 (J), 
[Fe2(pdt)(CO)4(CN)2]2- (K). The fitted spectrum for Fe2(SSMeS)(CO)5 (H) was 
multiplied by three and then fitted with Na2pdt free ligand scaled up to 2.  
 
 



 
 

 

228 

 
Figure C.2: Fe K-edge fit to the experimental spectra. The dotted spectra are the 
experimental spectra and the solid lines are the fitted peaks. 
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Figure C.3: Fe LIII and LII-edge fits to the experimental spectra. The dotted spectra are the 
experimental spectra and the solid lines are the fitted peaks. The letter for each complex 
is as follows: Fe2(pdt)(CO)6 (A), Fe2(edt)(CO)6 (B), Fe2(dtme)(CO)6 (C), 
Fe2(dtmma)(CO)6 (D), Fe2(µ-SEt2)(CO)6 (E), 
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Supporting Tables and Figures 
 
 

 
Figure D.1: Atomic spin density plot of the mixed-valence, phosphine coordinated 
[Fe2S3] model complex synthesized by Erdem et al.11 

 
 

Table D.1: Corresponding MPA atomic spin densities of selected atoms 
 MPA NPA AIM 
Fe 0.81 0.74 0.79 
S 0.17 0.21 0.19 
CH2

β 0.00 0.01 0.00 
N 0.00 0.00 0.00 



 

 

232 
Coordinates 

6 
GLN195 
H 18.9527 92.7544 75.6748 
C 19.6183 93.4158 75.1202 
O 20.1912 93.0331 74.1009 
N 19.8074 94.6634 75.5360 
H 20.4175 95.2723 75.0290 
H 19.3396 94.9935 76.3558 
6 
TRP303 
H 15.8614 84.2364 71.7557 
C 14.7921 84.1630 71.5571 
O 14.0125 83.8015 72.4378 
N 14.4026 84.4945 70.3167 
H 13.3960 84.3746 69.9741 
H 15.0818 84.8693 69.6856 
3 
W17 
O 22.4899 87.9962 72.7373 
H 22.3895 88.9310 72.2698 
H 22.4981 87.2755 72.0441 
6 
GLY418 
H 20.9699 91.1264 59.1646 
C 20.9895 91.4327 60.2105 
O 20.0324 91.1931 60.9460 
N 22.0822 92.0949 60.6099 
H 22.2292 92.4122 61.6212 
H 22.7906 92.3017 59.9351 

16 
CYS499 
H 14.8360 89.7086 70.8439 
C 15.2878 90.6212 71.2327 
O 14.7956 91.1721 72.2131 
N 16.3429 91.1389 70.5979 
C 16.8398 92.3053 71.1468 
C 16.3414 93.5358 70.4107 
O 16.4061 93.5758 69.1258 
C 18.3644 92.2043 70.9850 
S 19.0906 90.8093 71.8780 
H 16.7431 90.7140 69.7859 
H 16.5467 92.4011 72.0981 
H 18.5737 92.1016 70.0126 
H 18.7760 93.0487 71.3277 
N 16.1279 94.6215 71.1103 
H 15.8028 95.5490 70.6871 
H 16.2774 94.5817 72.0982 
9 
MET353 
H 27.6262 85.2044 67.7077 
C 27.4979 84.4011 66.9821 
S 26.4547 84.9197 65.6045 
C 27.3629 84.1792 64.2786 
H 28.3950 84.1355 66.6289 
H 27.0725 83.6179 67.4356 
H 26.9066 84.3757 63.4108 
H 27.4060 83.1895 64.4154 
H 28.2901 84.5533 64.2592 

23 
Ser357ThrCys355 
H 26.7770 89.6995 69.3523 
C 26.0899 89.3414 70.1190 
O 25.3551 90.1345 70.7086 
N 26.1305 88.0368 70.4144 
C 24.9253 87.3303 71.2050 
C 25.4816 86.2372 72.0636 
O 26.3502 85.4350 71.7274 
C 23.9375 86.8135 70.1806 
S 22.5145 85.8349 70.6585 
H 26.9237 87.4939 70.1386 
H 24.4492 87.9700 71.8085 
H 23.5797 87.6166 69.7043 
H 24.4630 86.2525 69.5409 
N 24.8023 86.1699 73.2127 
C 24.9917 85.0759 74.1501 
C 24.0704 83.8948 73.8367 
O 24.4474 82.7450 74.0659 
H 24.8157 85.4123 75.1718 
H 24.1463 86.8917 73.4332 
H 25.9389 84.7688 74.0574 
N 22.8723 84.1327 73.2699 
H 22.1872 83.3441 73.0382 
H 22.6150 85.0756 73.0588 
3 
W641 
O 18.8765 91.7563 63.5294 
H 19.5048 91.5907 62.7046 
H 17.9611 91.4082 63.3270
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12 
PHE417 
H 21.4208 89.3605 58.4293 
C 20.8439 88.6232 57.8711 
C 20.4901 88.8515 56.5382 
C 20.4566 87.4492 58.5157 
C 19.7429 87.8949 55.8601 
C 19.7083 86.4936 57.8291 
C 19.3530 86.7185 56.5029 
H 20.7711 89.6934 56.0776 
H 20.7151 87.2927 59.4690 
H 19.4834 88.0503 54.9069 
H 19.4283 85.6504 58.2879 
H 18.8164 86.0349 56.008 
26 
SER232 
H 26.8032 93.0259 64.0076 
C 26.1101 92.8351 64.8269 
O 24.7836 92.6920 64.3353 
H 24.6235 91.7316 64.1072 
H 26.3792 91.9940 65.2961 
H 26.1418 93.6006 65.4695 
8 
ALA230 
H 29.3595 87.4481 62.5977 
C 28.3406 87.7969 62.4297 
H 28.3072 88.7708 61.9414 
C 27.6239 87.9338 63.7467 
H 27.9040 87.1195 61.8376 
H 26.6901 88.2538 63.5869 
H 28.1076 88.5926 64.3230 

H 27.5974 87.0459 64.2062 
20 
PRO324GLU325 
C 23.1696 83.2522 59.2826 
C 23.0125 81.7710 59.3324 
H 20.3361 80.3044 60.9698 
C 21.2460 80.4126 60.3795 
O 21.8495 79.3913 60.0637 
N 21.7264 81.5969 60.0004 
C 24.1798 81.0494 59.9995 
O 24.9543 80.3906 59.3123 
C 21.7471 83.6910 59.0504 
C 20.9816 82.8431 60.0369 
H 21.4592 83.5024 58.1115 
H 21.6327 84.6651 59.2454 
H 20.9944 83.2479 60.9513 
H 20.0348 82.7098 59.7441 
N 24.2543 81.1030 61.3370 
H 25.0141 80.5887 61.8876 
H 23.5766 81.6420 61.8372 
H 23.0238 81.3484 58.4261 
H 23.5275 83.6115 60.1445 
H 23.7665 83.5320 58.5307 
8 
Lys358 
H 23.1480 82.9843 66.7676 
C 22.4096 83.5457 66.1952 
N 21.7020 82.6703 65.2760 
H 21.7528 83.9615 66.8243 
H 22.8732 84.2628 65.6747 
H 21.8872 81.6407 65.5007 

H 20.6485 82.8564 65.2963 
H 22.0477 82.8682 64.3588 
22 
Cys300Cys299 
H 16.1912 82.4838 62.9270 
C 17.2547 82.6980 63.0323 
C 17.7143 83.3244 64.3355 
O 18.9161 83.3254 64.6001 
C 17.6851 83.5783 61.8626 
S 16.6329 85.0289 61.5894 
H 17.6966 81.8010 63.0369 
H 18.6169 83.8964 62.0373 
H 17.6725 83.0220 61.0317 
N 16.8008 83.8646 65.1549 
C 17.0159 84.3642 66.5094 
C 16.8645 83.3608 67.5249 
O 15.6951 83.0579 67.7572 
C 16.2281 85.6549 66.7882 
S 16.2777 86.2601 68.5019 
H 15.8689 83.9328 64.7986 
H 17.9817 84.6187 66.5590 
H 16.5982 86.3731 66.1989 
H 15.2715 85.4875 66.5500 
N 17.8685 82.7636 68.1919 
H 17.6664 82.0725 68.8858 
H 18.8170 83.0108 67.9939 
3 
Wdistal 
O 19.9154 85.5622 61.0608 
H 19.2675 86.3236 61.0790 
H 19.4980 84.7597 61.4873 
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9 
MET497 
H 15.2150 90.8145 65.9445 
C 15.5748 90.7360 64.9186 
S 16.7159 89.3637 64.6461 
C 15.9663 88.6354 63.2137 
H 14.7855 90.6133 64.3169 
H 16.0444 91.5871 64.6838 
H 15.9464 89.3045 62.4707 
H 15.0322 88.3533 63.4327 
H 16.4969 87.8372 62.9287 
11 
dithiolate 
C 19.1444 86.6320 64.3782 
C 19.6149 88.7519 62.5994 
S 21.3102 88.4150 62.3440 
S 20.8247 86.1579 64.3478 
C 18.8967 87.4710 63.1075 
H 19.0058 86.8172 62.3587 
H 17.9365 87.7414 63.1774 
H 18.5579 85.8221 64.3758 
H 18.9555 87.1786 65.1940 
H 19.2009 89.0452 61.7376 
H 19.5194 89.4784 63.2799 
1 
4FeS1 
S 20.0388 86.4716 67.5604 
1 
4FeS2 
S 18.9621 87.1572 71.0019 

1 
4FeS3 
S 18.2273 89.6021 68.3765 
1 
4FeS5 
S 21.6325 89.1640 69.4783 
1 
4FeFe1 
Fe 19.4696 89.2887 70.2463 
1 
4FeFe2 
Fe 20.8252 87.0265 69.6403 
1 
4FeFe3 
Fe 20.2702 88.7190 67.6456 
1 
4FeFe4 
Fe 18.2701 87.3197 68.7940 
1 
2Feproximal 
Fe 22.4016 87.8575 64.3377 
1 
2Fedistal 
Fe 22.0232 86.2074 62.3419 
2 
CNdistal 
N 22.7808 83.3660 62.8770 
C 22.5122 84.4329 62.6309 
2 
COdistal 
O 23.5797 86.4799 59.8350 

C 22.9918 86.3739 60.7968 
2 
CNproximal 
N 24.3681 89.8783 63.6860 
C 23.5990 89.0913 63.9901 
2 
COproximal 
O 23.6476 86.9029 66.8675 
C 23.1844 87.2753 65.9176 
2 
CObridging 
O 24.8180 86.3071 63.2937 
C 23.7602 86.6054 63.3403 
16 
CYS503 
H 18.6275 93.6232 66.4491 
C 19.5715 93.3362 66.9124 
O 19.9333 93.7808 68.0080 
N 20.3093 92.4820 66.1963 
C 21.4283 91.9182 66.7319 
C 22.6790 92.9891 66.9140 
O 23.6078 92.6960 67.6691 
C 21.9471 90.8823 65.7524 
H 20.0381 92.2551 65.2609 
H 21.1630 91.5553 67.6251 
H 21.9964 91.3220 64.8556 
H 22.8672 90.6282 66.0506 
N 22.6338 94.1848 66.2974 
H 23.3595 94.9439 66.5025 
H 21.9076 94.3674 65.6347 
S 21.0224 89.3703 65.5483 



 

 

235 
10 
dtma_freeligand_relaxed 
S -0.0401 -0.3442  2.7385 
C -0.0268  0.6418  1.2079 
H  0.6722  1.4928  1.3206 
H -1.0457  1.1040  1.1056 
N  0.3408 -0.1050  0.0000 
H -0.1470 -1.0059  0.0000 
C -0.0268  0.6418 -1.2079 
H -1.0457  1.1040 -1.1056 
H  0.6722  1.4928 -1.3206 
S -0.0401 -0.3442 -2.7385 
 
9 
dtme_freeligand_relaxed 
S  7.8496  3.1199  0.6028 
C  6.5613  3.4063 -0.6231 
H  6.7893  2.8107 -1.5392 
H  6.5873  4.4770 -0.9376 
O  5.2347  3.0836 -0.1748 
C  4.3175  3.3592 -1.2462 
H  4.4157  4.4314 -1.5407 
H  4.6177  2.7652 -2.1423 
S  2.5940  3.0096 -0.8568 
 
11 
pdt_freeligand_relaxed 
S  8.1206  2.6065 -0.0874 
C  6.7578  3.5193 -0.8950 
H  7.0320  3.7714 -1.9344 
H  6.5630  4.4649 -0.3592 

C  5.4449  2.6923 -0.9218 
H  5.1497  2.4350  0.1067 
H  5.6155  1.7463 -1.4577 
C  4.2993  3.4811 -1.6102 
H  4.1492  4.4274 -1.0614 
H  4.6182  3.7339 -2.6366 
S  2.7427  2.5229 -1.6518 
 
 
24 
Fe2CO6dtma_relaxed 
Fe 0.2373 -1.3268  0.0000 
C -0.9176 -2.6901  0.0000 
O -1.6807 -3.5543  0.0000 
C  1.3095 -2.0095  1.3069 
O  1.9753 -2.4449  2.1342 
C  1.3095 -2.0095 -1.3069 
O  1.9753 -2.4449 -2.1342 
Fe 0.4263  1.3339  0.0000 
C -0.4747  2.8698  0.0000 
O -1.0766  3.8546  0.0000 
C  1.6051  1.8081  1.2981 
O  2.3491  2.1184  2.1157 
C  1.6051  1.8081 -1.2981 
O  2.3491  2.1184 -2.1157 
S -0.6612  0.0782  1.5426 
C -2.6109  0.1185  1.2201 
H -2.9934  0.6881  2.0734 
H -2.9015 -0.9362  1.2780 
N -2.9713  0.7094  0.0000 
H -3.0206  1.7288  0.0000 

C -2.6109  0.1185 -1.2201 
H -2.9015 -0.9362 -1.2780 
H -2.9934  0.6881 -2.0734 
S -0.6612  0.0782 -1.5426 
24 
Fe2CO6dtma_rotated1 
Fe 0.5341 -1.0118  0.0104 
C  2.2436 -0.4282  0.0192 
O  3.3829 -0.2415  0.0259 
C  0.8105 -2.2365  1.3251 
O  0.9852 -3.0186  2.1473 
C  0.8243 -2.2367 -1.3012 
O  1.0076 -3.0189 -2.1214 
Fe 0.4287  1.6021  0.0083 
C -0.6921  2.9796  0.0022 
O -1.4307  3.8646 -0.0018 
C  1.4917  2.2816  1.3199 
O  2.1494  2.7338  2.1434 
C  1.5039  2.2795 -1.2944 
O  2.1695  2.7305 -2.1124 
S -0.5441  0.2734  1.5826 
C -2.4585  0.0104  1.2112 
H -2.9347  0.4987  2.0688 
H -2.5946 -1.0765  1.2606 
N -2.9132  0.5469 -0.0060 
H -3.0805  1.5523 -0.0074 
C -2.4476  0.0087 -1.2182 
H -2.5831 -1.0783 -1.2672 
H -2.9162  0.4957 -2.0808 
S -0.5300  0.2715 -1.5730 



 

 

236 
24 
Fe2CO6dtma_rotated2 
Fe 0.2200 -1.6211  0.0040 
C -1.1252 -2.7818  0.0046 
O -2.0147 -3.5132  0.0051 
C  1.1431 -2.4754  1.3226 
O  1.7031 -3.0338  2.1531 
C  1.1445 -2.4794 -1.3110 
O  1.7048 -3.0405 -2.1394 
Fe 0.6659  0.9595  0.0018 
C  2.2260  0.0391  0.0023 
O  3.3292 -0.3057  0.0025 
C  1.2068  2.0779  1.3280 
O  1.5480  2.7896  2.1614 
C  1.2069  2.0789 -1.3235 
O  1.5475  2.7917 -2.1562 
S -0.5894 -0.1634  1.5738 
C -2.4814  0.2214  1.2138 
H -2.7690  0.8378  2.0722 
H -2.9435 -0.7718  1.2816 
N -2.7833  0.8605 -0.0028 
H -2.6538  1.8721 -0.0037 
C -2.4780  0.2188 -1.2173 
H -2.9401 -0.7744 -1.2844 
H -2.7633  0.8335 -2.0777 
S -0.5852 -0.1667 -1.5710 
 
 
 
 
 

23 
Fe2CO6dtme_relaxed 
Fe 0.4755 -1.3065  0.0000 
C -0.4993 -2.8069  0.0000 
O -1.1068 -3.7820  0.0000 
C  1.6181 -1.8514  1.3038 
O  2.3389 -2.2066  2.1229 
C  1.6181 -1.8514 -1.3038 
O  2.3389 -2.2066 -2.1229 
Fe 0.2438  1.4045  0.0000 
C -1.0119  2.6701  0.0000 
O -1.8371  3.4737  0.0000 
C  1.2466  2.1713  1.3164 
O  1.8664  2.6620  2.1476 
C  1.2466  2.1713 -1.3164 
O  1.8664  2.6620 -2.1476 
S -0.6370 -0.0448  1.5454 
C -2.5073 -0.2022  1.1834 
H -2.9138  0.8210  1.2102 
H -2.8928 -0.8092  2.0104 
O -2.7970 -0.8787  0.0000 
C -2.5073 -0.2022 -1.1834 
H -2.8928 -0.8092 -2.0104 
H -2.9138  0.8210 -1.2102 
S -0.6370 -0.0448 -1.5454 
 
 
 
 
 
 

23 
Fe2CO6dtme_rotated1 
Fe 0.4341 -1.4824 -0.0013 
C -0.6989 -2.8681 -0.0006 
O -1.4072 -3.7713  0.0011 
C  1.4938 -2.1765  1.3042 
O  2.1509 -2.6413  2.1208 
C  1.4927 -2.1762 -1.3079 
O  2.1492 -2.6408 -2.1250 
Fe 0.4471  1.1351 -0.0006 
C  2.1361  0.4680 -0.0014 
O  3.2819  0.3153 -0.0019 
C  0.8077  2.3321  1.3252 
O  1.0362  3.0907  2.1546 
C  0.8066  2.3329 -1.3260 
O  1.0337  3.0923 -2.1551 
S -0.5945 -0.1889  1.5795 
C -2.4517 -0.0899  1.1793 
H -2.7238  0.9787  1.1823 
H -2.9347 -0.6201  2.0088 
O -2.8146 -0.7414 -0.0004 
C -2.4522 -0.0894 -1.1800 
H -2.9356 -0.6193 -2.0095 
H -2.7244  0.9791 -1.1825 
S -0.5952 -0.1881 -1.5810 
 



 

 

237 
23 
Fe2CO6dtme_rotated2 
Fe 0.6294 -0.9598  0.0035 
C  2.1608  0.0251  0.0035 
O  3.2681  0.3584  0.0043 
C  1.2171 -2.0534  1.3355 
O  1.5901 -2.7444  2.1708 
C  1.2179 -2.0548 -1.3270 
O  1.5915 -2.7465 -2.1614 
Fe 0.1845  1.6249  0.0020 
C -1.1827  2.7647 -0.0004 
O -2.0832  3.4804 -0.0023 
C  1.1005  2.5025  1.3141 
O  1.6559  3.0789  2.1346 
C  1.1022  2.5006 -1.3102 
O  1.6584  3.0760 -2.1307 
S -0.6237  0.1838  1.5874 
C -2.3948 -0.3490  1.1833 
H -3.0078  0.5680  1.1828 
H -2.6770 -1.0053  2.0149 
O -2.5268 -1.0901  0.0033 
C -2.3946 -0.3500 -1.1773 
H -2.6770 -1.0069 -2.0084 
H -3.0074  0.5672 -1.1776 
S -0.6233  0.1821 -1.5820 
 
 
 
 
 
 

25 
Fe2CO6pdt_relaxed 
Fe 1.3183 -0.2786  0.0000 
C  2.5370  1.0288  0.0000 
O  3.3182  1.8746  0.0000 
C  2.1158 -1.2412 -1.3326 
O  2.6255 -1.8283 -2.1758 
C  2.1158 -1.2412  1.3326 
O  2.6255 -1.8283  2.1758 
Fe -1.3438 -0.4756 0.0000 
C -2.9312  0.3333  0.0000 
O -3.9622  0.8455  0.0000 
C -1.7781 -1.6740 -1.2961 
O -2.0590 -2.4373 -2.1061 
C -1.7781 -1.6740  1.2961 
O -2.0590 -2.4373  2.1061 
S -0.1317  0.6521 -1.5575 
C -0.1442  2.5060 -1.2899 
H -0.7011  2.8732 -2.1639 
H  0.8996  2.8337 -1.3963 
C -0.7822  2.9959  0.0000 
H -1.8564  2.7600  0.0000 
H -0.7103  4.0990  0.0000 
C -0.1442  2.5060  1.2899 
H  0.8996  2.8337  1.3963 
H -0.7011  2.8732  2.1639 
S -0.1317  0.6521  1.5575 
 
 
 
 

25 
Fe2CO6pdt_rotated1 
Fe 1.0356 -0.4191  0.0021 
C  0.4716 -2.1427  0.0003 
O  0.3556 -3.2923 -0.0016 
C  2.2500 -0.7053 -1.3253 
O  3.0191 -0.8887 -2.1568 
C  2.2479 -0.7063  1.3311 
O  3.0161 -0.8895  2.1635 
Fe -1.5795 -0.4762  0.0008 
C -3.0429  0.5389  0.0006 
O -4.0008  1.1760  0.0006 
C -2.2001 -1.5834 -1.3073 
O -2.6164 -2.2706 -2.1254 
C -2.2007 -1.5837  1.3084 
O -2.6179 -2.2708  2.1261 
S -0.3244  0.5834 -1.5802 
C -0.1083  2.4183 -1.2853 
H -0.5882  2.8706 -2.1652 
H  0.9737  2.6064 -1.3608 
C -0.6958  2.9776  0.0003 
H -1.7889  2.8612  0.0003 
H -0.5065  4.0661  0.0001 
C -0.1085  2.4188  1.2863 
H  0.9736  2.6063  1.3616 
H -0.5882  2.8721  2.1658 
S -0.3262  0.5842  1.5825 
 
 
 
 



 

 

238 
25 
Fe2CO6pdt_rotated1 
Fe 1.5938 -0.1746 -0.0083 
C  2.7404  1.1869 -0.0072 
O  3.4591  2.0852 -0.0064 
C  2.4583 -1.0895 -1.3302 
O  3.0283 -1.6423 -2.1573 
C  2.4683 -1.1011  1.2990 
O  3.0444 -1.6611  2.1169 
Fe -0.9862 -0.5770  0.0012 
C  0.0169 -2.0994 -0.0109 
O  0.3309 -3.2137 -0.0178 
C -2.0715 -1.1789 -1.3320 
O -2.7564 -1.5596 -2.1697 
C -2.0572 -1.1919  1.3401 
O -2.7331 -1.5809  2.1812 
S  0.1594  0.6722 -1.5808 
C -0.2596  2.4642 -1.2738 
H -0.8665  2.7284 -2.1516 
H  0.6909  3.0137 -1.3451 
C -1.0088  2.7728  0.0142 
H -1.9838  2.2564  0.0166 
H -1.2339  3.8540  0.0192 
C -0.2480  2.4545  1.2930 
H  0.7033  3.0031  1.3596 
H -0.8468  2.7124  2.1782 
S  0.1729  0.6600  1.5830 
 
 
 
 

24 
Fe2CO4CN2dtma_relaxed 
Fe 1.4941  6.1857  2.0011 
C  3.1187  7.0729  2.3853 
N  4.0697  7.7332  2.6092 
C  2.1997  5.0328  0.8612 
O  2.6763  4.2664  0.1246 
C  1.6091  5.0386  3.3416 
O  1.7018  4.2758  4.2174 
Fe -1.0948  6.8350  1.3847 
C -2.0615  8.4443  1.1491 
N -2.5823  9.4937  1.0222 
C -1.7303  6.0790 -0.0830 
O -2.1675  5.5948 -1.0483 
C -2.3251  6.0887  2.4138 
O -3.1515  5.6113  3.0818 
S  0.8001  7.4585  0.2245 
C  1.0739  9.3382  0.6494 
H  0.1128  9.8055  0.3993 
H  1.8663  9.6349 -0.0480 
N  1.4569  9.6191  1.9831 
H  2.3934  9.2560  2.2066 
C  0.5146  9.3446  3.0035 
H -0.4557  9.8117  2.7921 
H  0.9090  9.6459  3.9812 
S  0.0769  7.4666  3.2697 
 
 
 
 
 

24 
Fe2CO4CN2dtma_rotated 
Fe 1.4271  6.2549  1.9560 
C  0.4304  4.8435  1.4338 
O  0.0922  3.7695  1.1205 
C  3.2448  6.8796  1.7975 
N  4.3341  7.3166  1.6994 
C  1.9473  5.3325  3.3708 
O  2.3094  4.7309  4.2980 
Fe -1.0376  6.9104  1.4397 
C -2.0653  8.3085  1.2881 
O -2.7375  9.2578  1.1903 
C -1.8593  6.0109  0.1481 
O -2.4607  5.4595 -0.6793 
C -2.1511  6.0015  2.7193 
N -2.8477  5.4516  3.4896 
S  0.7682  7.4671  0.1126 
C  1.3257  9.2665  0.4341 
H  0.4617  9.8807  0.1410 
H  2.1489  9.4208 -0.2750 
N  1.7642  9.6127  1.7491 
H  2.6495  9.1420  1.9651 
C  0.8151  9.4645  2.8109 
H -0.0754 10.0784  2.6114 
H  1.2735  9.7920  3.7535 
S  0.1367  7.7245  3.2299 



 

 

239 
32 
[Fe2S3]_relaxed 
Fe 1.5555  7.9025  0.8638 
S -0.2224  6.8951 -0.2749 
C -0.1128  7.1213 -2.0987 
C  1.9826  8.9898 -0.4957 
O  2.2554  9.6841 -1.3770 
C  3.1869  7.1410  0.7016 
O  4.2038  6.6356  0.4895 
Fe 2.5319  8.3726  3.2033 
C  2.1003  8.7810  4.8822 
O  1.7928  9.0554  5.9595 
C  3.7811  9.6661  2.9701 
O  4.5768 10.4840  2.8317 
C  3.7958  7.1674  3.6771 
O  4.5986  6.4168  4.0144 
S  1.0272  9.7361  2.1447 
C -0.7641  9.4062  2.8656 
H -0.6286  9.6320  3.9320 
H -1.3674 10.1892  2.3908 
N -1.3361  8.1296  2.6762 
C -2.2006  7.8883  1.5160 
C -0.6861  7.0440  3.3118 
H -1.2333  6.1071  3.1561 
H -0.5590  7.2272  4.3878 
S  1.1128  6.6435  2.7235 
H -3.0580  8.5794  1.5853 
H -2.6096  6.8731  1.6190 
C -1.6073  8.0761  0.1114 
H -1.2491  9.1012 -0.0540 
H -2.3959  7.8609 -0.6255 

H -1.0144  6.6862 -2.5479 
H  0.7675  6.5588 -2.4324 
H -0.0101  8.1781 -2.3705 
32 
[Fe2S3]_rotated 
Fe 1.6367  7.7111  0.6179 
S -0.2984  6.9725 -0.3347 
C -0.3129  7.3189 -2.1421 
C  2.1807  8.7466 -0.7374 
O  2.5293  9.4131 -1.6127 
C  2.5298  6.2814 -0.0060 
O  3.1112  5.3736 -0.4142 
Fe 2.6191  8.4637  2.9023 
C  3.8942  8.2766  1.6304 
O  4.8943  8.2473  1.0468 
C  3.2633 10.0501  3.4988 
O  3.6744 11.0519  3.8851 
C  3.5318  7.5102  4.1445 
O  4.1137  6.9146  4.9371 
S  1.0258  9.6382  1.7164 
C -0.6006  9.4012  2.7712 
H -0.3140  9.6733  3.7946 
H -1.2796 10.1589  2.3612 
N -1.1638  8.1093  2.7086 
C -2.1206  7.8072  1.6366 
C -0.4509  7.0777  3.3565 
H -0.9977  6.1284  3.3218 
H -0.2159  7.3400  4.3960 
S  1.2909  6.5989  2.5940 
H -3.0268  8.4114  1.8157 
H -2.4184  6.7549  1.7456 

C -1.6823  8.0844  0.1933 
H -1.3835  9.1294  0.0321 
H -2.5276  7.8553 -0.4739 
H -1.2569  6.9366 -2.5511 
H  0.5236  6.7644 -2.5837 
H -0.2048  8.3911 -2.3436 
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