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ABSTRACT 

 

The transfer of electrons to and from a molecule is one of the more fundamental 

and important chemical processes. One such important example is the reduction-

oxidation (redox) cycles in catalysts and enzymes. In the hydrogenase enzymes, adding 

and removing electrons is one of the key processes for generating H2 from water 

molecules. Finding a direct free energy relation between the vertical ionization energies 

(IEV) measured spectroscopically by gas-phase photoelectron spectroscopy and the 

oxidation potentials (E1/2) measured thermodynamically in solution by cyclic 

voltammetry (CV) for molecules is an important aspect for developing effective catalysts. 

In this study, a series of organometallic compounds such as metallocenes were used for 

investigating the free energy relationships and catalysts inspired by the active sites of 

[FeFe]-hydrogenases enzymes were evaluated for their ability to produce H2 from 

electrocatalytic reduction of weak acids. 

The first part of the dissertation explores metallocenes of the form (η5
-C5H5)2M 

(M= Fe, Ru, Os, Co, Ni) as the model for developing the free energy relation between gas 

phase ionization energies (IEV) and solution oxidation potentials (E1/2). It was found that 

computing the electronic properties of Cp2Fe, Cp2Ru, and Cp2Os using VWN-Stoll and 

OPBE density functional theory (DFT) functional was successful with root mean square 

deviation (RMSD) of 0.02 eV between the experimental and calculated ionization 

energies. However, calculated ionization energies of Cp2Co and Cp2Ni were less 

successful with RMSD of 0.3 eV between the experimental and calculated ionization 

energies. Introduction of the B3LYP or M06 hybrid DFT functionals yielded much 
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improved results (0.1 eV) over the previous combinations of DFT functional for Cp2Co 

and Cp2Ni. The energy relation between the two experimental measurements was 

established and further computational studies revealed that the solvation energy was the 

largest energy contribution between IEV and E1/2 in the five studied metallocenes. The 

RMSD of the calculated oxidation potentials, after adjusting for the error in gas-phase 

ionization energies, was 0.09 V. 

The second part of the dissertation explores a series of catalysts inspired by the 

active sites of [FeFe]-hydrogenase enzymes; μ-(2,3-

pyrazinedithiolato)diironhexacarbonyl (PzDT-cat), Fe2(μ-X2C5H8O)(CO)6 (where X = S, 

Se, Te), and Fe2(μ-1,3-SC3H6X)(CO)6 (where X = Se and Te) for their ability to produce 

H2 from weak acids utilizing the computational techniques and knowledge gained from 

the metallocene study. Even though the overall electronic perturbation from μ-(1,2-

benzenedithiolato)diironhexacarbonyl (BDT-cat) to μ-(2,3-

pyridinedithiolato)diironhexacarbonyl (PyDT-cat) to PzDT-cat is found to be small, the 

reduction potential of PzDT-cat was found to be 0.15 V less negative than that of BDT-

cat resulting in less energy required for initiating electrocatalytic H2 production over the 

BDT-cat and PyDT-cat. Lower reorganization energy has been achieved by substitutions 

of larger chalcogens at the Fe2S2 core. However, the electrocatalytic production of H2 

from acetic acid in acetonitrile was found to be diminished upon going from analogous S 

to Se to Te species. This is ascribed to the increase in the Fe–Fe bond distance with a 

corresponding increase in the size of the chalcogen atoms from S to Se to Te, disfavoring 
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the formation of a carbonyl-bridged structure in the anion which is thought to be critical 

to the mechanism of H2 production. 
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CHAPTER 1 

INTRODUCTION 

 

The concepts of electronegativity, electron-richness, thermodynamic cycles, and 

electron transfer kinetics of molecules are important aspects for understanding chemical 

properties and reactivities. Many gas-phase measurements can be done with reasonable 

accuracy and detailed understanding of these measurements is possible. Also, gas-phase 

ionization energies have been central to the validation of computational models and 

demonstration of electronic structure and bonding. However, most chemical reactions 

take place in the solution thus it is imperative to translate these understandings to the 

solution phase. 

The energy relationship between gas-phase ionization energies and solution-based 

oxidation potentials was proposed and studied as early as the 1950’s,
1-13

 however it was 

not possible to measure or calculate energies such as the free energy of solvation (Gs), the 

free energy of translations, rotations, and vibrations (Gt,r,v), and oxidation (Eox) and 

reduction (Ered) potentials reliably until the development of many computational models 

simulating the effect of solvent
14-20

 using high power central processing units. With the 

advent of density functional theory (DFT) and the increase in computing power 

computational modeling of these energies is now possible.
21-29

 

Unsubstituted metallocenes (Fe, Ru, Os, Co, and Ni) will be used as the model 

system for understanding the energy relations between the gas-phase vertical ionization 

energies, IEV, measured spectroscopically by photoelectron spectroscopy and the solution 

oxidation potentials measured thermodynamically by cyclic voltammetry. By combining 
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experimental results and computational analysis, it is possible to validate the employed 

computational methods, develop an understanding of solute-solvent interactions and gain 

valuable insight into the reduction-oxidation (redox) process of molecules. 

The focus of the second half of this study is to understand the fundamental 

molecular properties of catalysts for the reduction of protons to molecular hydrogen 

inspired by the active site of the hydrogenase enzyme. The experimental observables and 

computational analysis of several 2Fe2S-type complexes will be compared to molecular 

properties of well-studied analogous compounds for their ability to produce H2 from 

weak acids. 

Gas-phase Photoelectron Spectroscopy 

 Gas-phase photoelectron spectroscopy is the most direct experimental probe for 

analyzing the electronic structures of molecules as there is an absence of intermolecular 

interactions from the surrounding environment. This technique is based on the 

photoelectric effect which was first reported by Hertz in 1887
30

 and defined by Einstein 

in 1905
31

 through the following relationship, eq 1.1, where hν is the energy of the 

incident photon, IEe is the ionization energy of the electron from a molecular orbital and 

KEe is the kinetic energy of the photoelectron.  

ee KEIEhv  (1.1) 

The ionization energy of the electron in a specific molecular orbital can be established by 

rearranging the above energy relationship with known hν and KEe. Photoelectron 

spectroscopy can not only establish the IEe for a specific electron from a molecular 

orbital but can also describe characteristics of the molecular orbital probed. Differences 
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in atomic cross-sectional response to variable photon energies can reveal the nature of the 

molecular orbital (e.g. metal or ligand based) from which the photoelectron originated.
32

 

Structural and vibrational information of the molecule and the ion can also be interpreted 

from the intensity distribution of the photoelectron band.
33

 

Electrochemical Measurements 

 Cyclic voltammetry (CV) is a type of electrochemical measurement which 

characterizes the redox behavior of the analyte molecule in the solution. The cyclic 

voltammogram is plotted with current (i) vs. the potential (E) using a three-electrode 

setup: reference electrode, working electrode, and counter electrode. The potential in 

volts (V) is measured between the reference electrode and the working electrode and the 

current in amperes (A) is measured between the working electrode and the counter 

electrode. The CV scan can be initiated with a potential where no redox reactions occur 

and scanned to a potential where reduction or oxidation of the analyte occurs and then 

reversed and returned to the initial potential. The information, Eox and Ered peak 

potentials, and possibly, if the redox reaction is reversible, E1/2, can be obtained. 

Furthermore, the free energy change (∆G) of reaction can be determined from the 

measured cell potentials (Ecell) using the following expression eq 1.2 where n is the 

number of the electrons transferred between the electrodes and F is the Faraday’s 

constant. The numerical value of the Faraday constant is 1 when the free energy is 

expressed in units of electron volts. 

cellnFEG  (1.2) 
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Energy Relationships of the Removal of an Electron from a Molecule in Two 

Different Experimental Measurements. 

 

The IEV and E1/2 values represent different ways of energy measurement in a 

molecule from M → M
+
 + e

-
 and they are important factors for assessing the chemical 

reactivity of molecules. The IEV is a well-defined fundamental thermodynamic quantity 

related to the heats of protonation,
34

 ionic and covalent bond energies
34

 and redox 

chemistry. The E1/2 is related to the overall electron transfer process, or redox reaction of 

molecules. However, methods of obtaining these energies differ in many ways. IEV 

values are spectroscopic-energy, determined very precisely by gas-phase photoelectron 

spectroscopy, which measures molecular ionizations devoid of intermolecular 

interactions and computed with reasonable accuracy. Conversely, E1/2 values are free 

energy, measured electrochemically in solution by CV where intermolecular 

(thermodynamic and kinetic) and environmental (solvent) effects may not be negligible 

and can be difficult to separate. Also, the timescales of the measurements differ 

significantly between the two methods. Ionizations in photoelectron spectroscopy happen 

on the femtosecond timescale and electrochemical redox processes happen on the second 

timescale. Therefore, IEV values (A to B in Figure 1.1) measured by photoelectron 

spectroscopy can be considered an instantaneous process, in which the molecules do not 

have enough time to reorganize (Franck-Condon principle
35,36

). On the other hand, 

adiabatic transitions (IEA) (A to C in Figure 1.1) during which an ionized molecule can 

relax its geometry to a more energetically stable configuration during the redox process, 

such as in electrochemical measurements, are slow processes and such energy relaxation 

is referred to as cation reorganization energy (∆Er). Overall, most chemical reactions take 
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place in the solution phase rather than the gas phase. However, finding correct 

thermodynamic energies for redox reactions in solution is harder than measuring the 

spectroscopic energies due to the above reasons. Relating the energies measured in two 

different environments will allow validation of the computational method utilized to 

simulate the two different experimental environments and will allow a detailed 

understanding of electronic structures and energy profiles in the gas phase to be related to 

the chemistry in the solution phase. Thus, the validated energy relationship can then be 

applied to important problems, such as understanding the catalysis of H2 production in 

catalysts inspired by the active sites of [FeFe]-hydrogenase enzymes. 
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Figure 1.1. Diagram illustrating the relationship among ionization energies (IEV and IEA) 

from photoelectron spectroscopy, the cation reorganization energy (∆Er), and 

electrochemical measurements for classical potential wells with unresolved vibrational 

structure. The black and red vertical arrows represent spectroscopic ionization energies 

(IEV and IEA) measured in the gas phase on the fast time scale of photoelectron 

spectroscopy, and the blue dashed line represents IEA measured in solution on the slower 

time scale of cyclic voltammetry. 
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Figure 1.2 shows a pictorial representation of the relationship between IEV 

measured in the gas phase and E1/2 measured in the solution phase with the energy 

relations (intermolecular and solvent effects). Stabilization from the surrounding solvent, 

∆Gs and thermodynamic contributions to free energy, ∆Gt,r,v are also influential, so the 

potential wells in solution are perturbed from those in the gas phase. The ∆Gs, which is 

the stabilizing interaction between the molecule and the surrounding solvent molecules, 

can be affected either sterically or electronically, which greatly affects the overall 

outcome of chemical reactions and reaction mechanisms.
37

 The solvent polarization of 

charged molecules is larger than that of neutral molecules, thus larger solvent 

stabilizations are observed for cations. Thermodynamic energy contributions such as 

translational, rotational, vibrational, and electronic components of the molecule are 

included since redox processes involve a relative thermodynamic equilibrium. However 

the effects of thermodynamic contributions to free energy are minimal compared to the 

contributions of ∆Er and ∆Gs due to little change in mass, shape, and total sum of 

vibrational energies upon removal of an electron from the neutral molecule.  

Equation 1.3 presents the relationship between the gas-phase IEV and the solution-

phase E1/2. The equation, including each term of energy corrections, was constructed 

from the pictorial representation show in Figure 1.2 and will be evaluated by DFT 

calculations. 

 vrtsrv GGEIEE ,,2/1   (1.3) 
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Figure 1.2. Pictorial representation of IEV, IEA, E1/2, ∆Er, ∆Gs and ∆Gt,r,v relative to the 

energy of the neutral molecule in the gas and solution phases. 
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Density Functional Theory 

  Continuous improvement of computational methods
38-54

 and the capability and 

affordability of high power computing has enabled more complex functions to be utilized 

with reduced computational time in recent years. This is especially so in the field of DFT, 

which is based on optimizing an interacting electron density (ρ) to solve the molecular 

electronic energy and optimize molecular structures. It is a cost-effective method of 

computing chemical properties and experimental observables over methods based on the 

molecular wave function (ψ) (i.e. ab initio, etc). DFT is based on approximations of the 

exchange-correlation (XC) functions that describe the effects of the Pauli principle and 

the Coulomb potential beyond a pure electrostatic interaction of the electrons. The XC 

functionals are semi-empirical and the two most common approximations are called local 

density approximation (LDA) and generalized gradient approximation (GGA). LDAs 

such as VWN
55

 and VWN-Stoll
56

 approximate the XC function of the uniform electron 

gas at every point in the system regardless of the homogeneity of the real charge density. 

There are many common functions available for the GGA, such as PW86,
57

 B88,
58

 and 

PBE,
59

 which approximate the XC function of the nonuniform electron charge densities 

by correcting charge density deviation of the system using the gradient of the atomic 

charge density. More recently, hybrid functionals such as BHandH,
60

 B3LYP,
61

 and 

M06,
62

 which incorporate a portion of exact exchange from Hartree-Fock theory with XC 

function from LDA, have been developed and demonstrating results closer to 

experimental results than traditional LDA or GGA functionals. 
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Theoretical models for molecules in the gas phase have been available for several 

decades with successful optimization of molecular geometries,
63-67

 and calculation of 

molecular energies such as activation energy,
68-72

 bond dissociation energies,
60,67

 

ionization potentials,
64

 and electron affinities
73,74

 over much more expensive correlated 

methods. In this study, IEV, IEA, E1/2, ∆Er, ∆Gs and ∆Gt,r,v were calculated for molecules 

in both the gas and solution phase. These are only possible because a reliable model for 

solution phase calculations was not available until the last decade.
75-79

 The model used in 

this experiment is the Conductor-like Screening Model (COSMO) developed by Klamt et 

al.
18,19,80-83

 which represents the solvent molecules as spheres with a dielectric continuum 

encapsulating the solute molecule.
78,79

 COSMO is utilized to calculate solvation energies, 

reduction potentials, and pKa values of a molecule in a variety of dielectric constants 

(solvents). A schematic of COSMO is shown in Figure 1.3, where the cavity of a solute 

molecule is defined by the sum of van der Waals radii of atoms in the solute molecule 

and the solvent as a green sphere with given dielectric continuum. Theoretical stretching 

frequencies were also calculated analytically and compared with infrared spectroscopy of 

the molecule for the accuracy of the optimized geometry. 
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Figure 1.3. Schematic of COSMO surface. 
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Infrared Spectroscopy 

 

Infrared (IR) spectroscopy is a widely known and fundamental spectroscopic 

method available in many fields of chemical research. When a molecule interacts with IR 

radiation, it absorbs and distributes energy of a certain wavelength over the molecule. 

Different radiation frequencies affect molecules by causing bonds to stretch or bend. 

Correct interpretation of the spectra provides structural information; shapes, symmetry, 

and the force constant of bonds of the molecule can be determined. IR spectroscopy is 

especially useful for analyzing organometallic compounds containing carbonyl (CO) 

ligands and has become an important contribution to the understanding of hydrogenase 

active sites and hydrogenase mimics.
84,85

 The C≡O stretching vibration of metal 

complexes appears in the 1700-2150 cm
-1

 range, a region that is usually free of other 

ligand vibrations. Also, the intensities of the normal mode absorptions are sensitive to the 

molecular geometry and CO coupling (terminal, 1850-2150 cm
-1

, and bridging, 1700-

1850 cm
-1

). Furthermore, CO stretching vibration is an energy measure sensitive to the 

electron distribution in the molecules. The CO ligand is a powerful π-acceptor capable of 

forming a π-backbond between the metal center and the CO ligand. As the electron 

density on the metal center increases, more π-backbonding takes place between the metal 

center and the CO ligand, further weakening the C≡O bond by pumping more electron 

density into the formally empty CO π* orbital. 
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Metallocenes 

Metallocenes consists of a transition metal sandwiched by two η5-

cyclopentadienyl (Cp
-
) ligands shown in Figure 1.4 and have been widely investigated 

both experimentally and theoretically since the discovery of ferrocene, (1a) in 1951 by 

Wilkinson, Woodward, and Fischer.
86-96

 The two Cp
-
 rings of the metallocenes can be 

oriented in either eclipsed (D5h) or staggered (D5d) conformations due to the small 

rotational energy barriers of the two Cp
-
 rings. The D5h conformation of Cp2Fe was found 

to be consistent with gas phase and low temperature studies of the molecule.
97-99

 The D5d 

symmetry designation of the molecule is more common in the literature due to the 

simplicity of electronic structure description in the molecular orbital (MO) diagram 

shown in Figure 1.5.  

The MO diagram of metallocenes shares a similarity of d orbital splitting patterns 

with an octahedral complex, and the interactions are primarily between metal d orbitals 

and the π orbitals of the Cp
-
 ligand. The metallocenes, with 15 to 20 valence electrons (Cr 

though Ni, respectively), are known to be relatively stable complexes, especially, the 18 

electron complexes. For example, Cp2Fe is the most stable member of the metallocenes. 

It is unreactive toward iodine and rarely interacts in Cp
-
 ligand substitution reactions. 

This, however, does not mean that 1a is chemically inert. It can undergo a one-electron 

oxidation to give a stable cation called ferrocenium (Fc
+
), and ferrocenium salts are good 

oxidizing agents. Also, the Fc
+
/Fc couple is a common internal standard for calibrating 

reduction and oxidation potentials designated by IUPAC in non-aqueous electrochemical 

measurements. Furthermore, metallocenes with fewer than 15 valence electrons exist  
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Figure 1.4. Metallocenes used in this study. 
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Figure 1.5. Molecular orbital diagram of Cp2Fe. 
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with the two Cp
-
 ligands bent back away from the metal center. The bending back of Cp

-
 

rings rehybridizes the metal d orbitals and creates open sites for additional ligand 

coordination. 

Early theoretical studies using semiempirical methods in the 1970’s
40-42

 gave 

molecular orbital descriptions of Cp2Fe, and more reliable ab initio methods of first-row 

transition metal metallocenes have been published in the past two decades.
43-49,51-54

 The 

modified coupled pair functional (MCPF) approach by Almlof et al.
47

 predicted Fe–Cp 

distances of 1.65 to 1.67 Å in Cp2Fe in 1991. Pireloot et al.
48

 performed calculations 

using the complete active space (CAS) self consistent field (SCF) method followed by 

second order perturbation theory (CASPT2) to predict an Fe–Cp distance of 1.643 Å in 

1995. Helger et al.
49

 calculated an Fe–Cp distance of 1.660 Å by using the coupled 

cluster [CCSD(T)] method in 1996. These computational methods are in excellent 

agreement with the crystallographically determined distance (1.660 Å) however they are 

computationally demanding. The good performance of DFT for the prediction of 

geometries and molecular properties gained popularity for investigating transition metal 

complexes. Ziegler et al.
50,51

 used the LDA method to study the geometry of Cp2Fe in 

1991. Mayor-Lopez et al.
52

 optimized four metallocene (V, Mn, Fe, and Ni) structures 

with the BPW91 method in 1997. These less demanding DFT studies showed reasonable 

agreement with experimental results. (Fe–Cp distance of 1.648 Å for LDA and 1.661 Å 

for BPW91) 

Chapter 3 of this dissertation utilizes the series of metallocenes shown in Figure 

1.3 as a model system for developing energy relations between IEV and E1/2. 
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Metallocene’s readily available experimental and theoretical information and ferrocene’s 

use as a common internal standard for calibrating reduction and oxidation potentials 

makes them an ideal molecular system for investigating the relation of energies between 

IEV and E1/2.  

Catalysts Inspired by the Active Sites of [FeFe]-Hydrogenases Enzymes 

  Hydrogenase enzymes were first discovered in colon bacteria by Stephenson and 

Stickland in 1931.
100,101

 The unique ability of the hydrogenase enzyme to produce 

molecular hydrogen from protons and electrons is an ideal source of renewable fuel, 

especially the [FeFe]-hydrogenase enzyme, which produces the highest amount of 

hydrogen
102,103

 among all types of hydrogenase enzymes. ([FeFe], [NiFe],
104,105

 

[NiFeSe],
106,107

 and [Fe]-only
108-112

) The current structure of the [FeFe]-hydrogenase 

enzyme shown in Figure 1.6 was generated through various X-ray crystallographic 

studies.
113-115

 However, details of the structures were unclear until recent improvements 

in X-ray crystallographic methods The heteroatom located at the disulfide bridge was 

thought to be C, N, or O atom due to the limitation of X-ray diffraction which cannot 

differentiate electron density among the three proposed atoms. Detailed structural 

analysis done by Pandey et al.
116

 in 2008 proposed that an O atom was located at the 

disulfide bridge. However, recent electron paramagnetic resonance (EPR) study of 

hydrogenase enzyme conducted by Silakov et al.
117

 proposed a N atom was the atom 

located at the disulfide bridgehead. The remaining ligands coordinated at the [FeFe] 

center are CO and CN ligands at basal positions, a cysteinyl S atom connects the active 

site to a [4Fe4S] cluster which acts as an electron transport chain to the [FeFe]-
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hydrogenase active site shown in Figure 1.7, and an open site at the apical position of the 

distal Fe atom indicated by L for ligand coordination. The [FeFe]-hydrogenase enzymes 

are sensitive to O2 and are thermally unstable. Harvesting them from living organisms is 

complicated and expensive. Consequently synthetically accessible analogous molecules 

that mimic the catalytic activity of the hydrogenase enzymes are needed.  

Several analogous molecules of the active sites of [FeFe]-hydrogenase enzymes 

have been synthesized, including attempts to synthesize exact models of the [FeFe]-

hydrogenase active site.
118

 The common structural features among the active site catalysts 

for hydrogen production are a Fe2S2 core with six CO ligands shown in Figure 1.8. A 

well-studied example is the μ-(1,3-Propanedithiolato)diironhexacarbonyl (PDT-cat), 2 in 

Figure 1.8. PDT-cat is a close synthetic structural model of the [FeFe]-hydrogenase 

active site and has been shown to catalyze the production of H2 by electrochemical 

reduction of protons. Similarities of the structure begin with the overlapping of the 

μ-1,3-propanedithiolato moiety of PDT-cat to the hydrogenase enzyme, a similar Fe–Fe 

distance of the Fe2S2 core within 0.1 Å,
119

 and continue with the synthetic model that has 

a similar sized coordination sphere around the Fe2S2 core compared to the hydrogenase 

enzyme. The initial reduction potential of PDT-cat was reported with an average of -1.67 

V vs. Fc
+
/Fc in acetonitrile

120
 with moderate reversibility whereas the reduction potential 

of the hydrogenase enzyme was reported to be very close to the thermodynamic potential 

for reduction of H2 with -0.4 V vs. Fc
+
/Fc.

121
 The second reduction potential of PDT-cat 

was measured at -2.35 V, and the increase in the peak height with addition of acetic acid 

suggested production of H2 via electrocatalysis.
123,124

 



 

 

42 

 

 

 

 

 

 

 

 

 
Figure 1.6. Active site of [FeFe]-hydrogenase where X=CH2,NH,or O and L=H2O, OH

-
, 

or H. 
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Figure 1.7. [FeFe] active site and [4Fe4S] cluster chains of hydrogenase enzyme.

122
  

 

 

 

 

 

 

 



 

 

44 

The close relationship of the geometries and electrocatalytic activity of PDT-cat may 

serve as a foundation for the development of an efficient synthetic model of the [FeFe]-

hydrogenase active site. 

Many structural modifications have been made to the dithiolato moiety of PDT-

cat without further success in finding ideal catalysts which match catalytic activities of 

hydrogenase enzymes
125-127

 with a few exceptions, including a modification to include 

conjugation in the dithiolato moiety, such as the μ-(1,2-

Benzenedithiolato)diironhexacarbonyl (BDT-cat), 3 in Figure 1.8. Studies of 

benzenedithiolato bound to molybdo-enzyme mimics
128-130

 indicated that the 

benzenedithiolato moiety has a lowering effect on the second reduction potentials, and 

BDT-cat was observed to have 0.02 V less negative overall reduction potential (averaged 

between 1
st
 and 2

nd
 reduction potential) compared to PDT-cat.

123
 The shift of the 

reduction to less negative potential lowers the energy required for reduction and it is 

facilitated via an orbital interaction of the metal center with the benzene π-orbitals 

through the S p π-orbitals located at the dithiolato bridge of the catalyst. Interaction of 

these orbitals creates a buffering of electron density at the metal center which is 

important for stabilizing the metal orbitals upon redox reactions thus second reduction 

potential of BDT-cat is less negative compared to PDT-cat due to the extended 

delocalization of electron density from the metal center to the benzene ring of the 

catalyst.  
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Diiron core PDT-cat (2) BDT-cat (3) 

Figure 1.8. Structure of [FeFe] active site catalysts for hydrogen production. 
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  Designing efficient synthetic models of the [FeFe]-hydrogenase active site is 

technically challenging in many ways. Therefore, further understanding of the 

catalytically active molecular geometries and electronic properties of the synthetic model 

are the crucial steps toward developing better active site catalysts. The goal of the 

synthetic model is to possess all the advantages of the [FeFe]-hydrogenase active site 

without the previously described disadvantages of protein isolation. Thus, a highly, basic 

Fe2S2 core which protonates easily by weak acids is one of the most important criteria for 

designing an efficient catalyst. Secondly, robustness of the molecule under multiple 

electrocatalytic cycles is indicated by the reversibility of the catalyst reduction and 

oxidation peaks.  

Synthetic molecules discussed here are proposed from a combination of 

information obtained from previous studies of active site catalysts and current chemical 

knowledge of organic and organometallic molecules. Manipulation of electron density at 

the Fe2S2 core was explored through the substitution of ligands attached to the dithiolato 

moiety in the active site catalysts.  

Chapters 4 through 6 of this dissertation focus on analyzing and comparing 

electronic structures of several proposed active site catalysts with an emphasis on the 

computational and spectroscopic methods discussed in Chapter 3. This study is a part of 

the Collaborative Research in Chemistry (CRC) project between three research groups at 

The University of Arizona: Professor Dennis L. Lichtenberger, Professor Dennis H. 

Evans and Professor Richard S. Glass, and at the Institut für Anorganische Chemie und 

Analytische Chemie der Friedrich-Schiller-Universität in Jena Germany: Professor 
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Wolfgang Weigand. The final goal of this collaborative research project is to understand, 

improve, and design effective H2 producing catalysts inspired by the active sites of 

[FeFe]-hydrogenases enzymes.  

Heterocyclic analogous molecules of active site catalysts shown in Figure 1.9, μ-

(2,3-Pyridinedithiolato)diironhexacarbonyl (PyDT-cat), 4a and µ-(2,3-

Pyrazinedithiolato)diironhexacarbonyl (PzDT-cat), 4b provided by the Glass research 

group will be analyzed and compared in Chapter 4 for the electronic and geometric 

perturbations caused by increasing the electron-withdrawing properties of the aromatic 

ligands, from benzene to pyridine to pyrazine, attached to the Fe2S2 core of the 

catalysts.
131

 

Diiron compounds containing heavier chalcogen atoms have shown slightly 

increased catalytic activities
132,133

 and substantially lowered ΔEr compared to analogous 

compounds containing S atoms.
132,133

 However, comprehensive studies aimed toward 

designing effective active site catalysts have not been conducted until a few years 

ago.
132,133

 The focus of Chapters 5 and 6 is to deepen the understanding of the roles of 

chalcogens in the active site catalysts and examine how the chalcogen atoms affect the 

geometries and electronic properties of these catalysts. The chalcogen substitutions also 

aim to lower ΔEr and increase catalytic activities compared to S-containing analogous 

molecules. Several mixed dichalcogen compounds provided by the Weigand research 

group, shown in Figure 1.10, Fe2(μ-S2C5H8O)(CO)6 (5a), Fe2(μ-Se2C5H8O)(CO)6 (5b), 

Fe2(μ-Te2C5H8O)(CO)6 (5c), Fe2(μ-SC3H6Se)(CO)6 (6a), and Fe2(μ-SC3H6Te)(CO)6 (6b), 
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are compared to the analogous molecules containing only S atoms located at the Fe2S2 

core of the compounds. 

This dissertation reports several significant findings on the analysis of the 

electronic and geometric perturbations of metallocenes and catalysts inspired by the 

active sites of [FeFe]-hydrogenases enzymes in the gas and solution phases. The results 

offer insight into how these molecules interact with different surrounding mediums and 

the effect of structural modification to the electronic and geometric properties of the 

molecules, thus improving understandings of molecular behavior in the gas and solution 

phases as well as contributing to the development of efficient active site catalysts. 
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PyDT-cat  (4a) PzDT-cat (4b) 

Figure 1.9. Heterocyclic [FeFe] active site catalysts. 
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X=S (5a), Se (5b), Te (5c) X=Se (6a), Te (6b) 

Figure 1.10. Mixed dichalcogen [FeFe] active site catalysts. 
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CHAPTER 2 

EXPERIMENTAL 

 

 This chapter introduces the experimental and computational methods used for the 

investigation of the compounds presented in this dissertation. The information here 

includes the source of compounds, spectroscopic characterization by infrared (IR) and 

gas-phase ultraviolet photoelectron spectroscopy, single-crystal X-ray diffraction, cyclic 

voltammetry (CV), and computational methods. Table 2.1 lists the source of all of the 

compounds and Table 2.2 lists all of the experimental conditions of compounds analyzed by 

photoelectron spectroscopy. 

Preparation of Compounds 

 

Compounds utilized in this dissertation were obtained from multiple sources. Bis-

cyclopentadienyl metallocene compounds; Cp2Fe (1a), Cp2Co (1d), and Cp2Ni (1e) were 

purchased from Strem Chemical and Aldrich, and were analyzed without further 

purification. Compounds 1d and 1e were handled under an inert atmosphere (dry box) 

during experiments. µ-(2,3-Pyrazinedithiolato)diironhexacarbonyl (PzDT-cat) (4b) was 

synthesized and provided by Dr. Charles Mebi from Professor Richard S. Glass’s lab at 

The University of Arizona. Fe2(μ-S2C5H8O)(CO)6 (5a), Fe2(μ-Se2C5H8O)(CO)6 (5b), and 

Fe2(μ-Te2C5H8O)(CO)6 (5c), Fe2(μ-SC3H6Se)(CO)6 (6a), and Fe2(μ-SC3H6Te)(CO)6 (6b) 

were synthesized and provided by Professor Wolfgang Weigand from the Institut für 

Anorganische Chemie und Analytische Chemie der Friedrich-Schiller-Universität in 

Jena, Germany.  
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Infrared Spectroscopy 

 

IR data were collected on a Thermo Nicolet Avatar ESP 380 FT-IR 

spectrophotometer utilizing the OMNIC version 6.1 software. Samples were suspended in 

Nujol (paraffin oil) then placed between two NaCl plates for data collection. Samples 

were scanned in the 2200-1600 cm
-1

 energy region with 1 cm
-1

 resolution. 

Gas-Phase Ultraviolet Photoelectron Spectroscopy  

Photoelectron spectra were collected using a photoelectron spectrometer equipped 

with a 360 mm radius hemispherical analyzer with an 80 mm gap (McPherson 

Instrument), a custom designed aluminum sample cell, excitation source, and detection 

and control electronics that have been described elsewhere.
134-136

 The excitation source is 

a quartz capillary discharge lamp with the ability to produce He I (21.21 eV), or He II 

(40.8 eV) photons depending on operating conditions.  The argon 
3
P3/2 ionization at 

15.759 eV was used as an internal calibration lock of the energy scale. The instrument 

resolution was 18-20 meV, measured at full width and half maximum of the argon 
3
P3/2 

ionization peak. The intensity of the spectra was corrected with an experimentally 

determined instrument analyzer sensitivity function.  

The aluminum sample cell was disassembled and cleaned prior to the experiment. 

2-propanol was used to remove the graphite (DAG 154, Acheson™) coating and any 

residual sample from previous use. Once the sample cell was cleaned, DAG™ was 

reapplied to the surface of the sample cell and baked to 220 ºC to remove any trace 

amounts of compounds (previous sample that may remain or glycols from the DAG™ 

coating), water, and 2-propanol. After the cell had cooled to room temperature, air stable 
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compounds were loaded into the sample cell on the bench top. Air sensitive samples were 

loaded into the sample cell inside a glove box, and transferred to the instrument under 

nitrogen atmosphere using double-layered Ziplock
©

 bags and positive flow of nitrogen at 

the sample chamber. Sublimation temperatures (in °C, at 10
-5

 torr) are monitored using a 

"K" type thermocouple passed through a vacuum feedthrough and attached directly to the 

sample cell. The sample cell was slowly heated during the experiment (5-10 °C/Hr). 

Decomposition of 1c was observed at sublimation temperatures around 38°C with 

diminishing peak intensity of photoelectron spectra. Collection of spectra was initiated as 

the ionization features of the sample developed and continued until all the sample had 

sublimed or a sufficient number of electron counts had been obtained (≥ 3000 He I full, ≥ 

4000 He I close, ≥ 1000 He II full, ≥ 2000 He II close). The experimental conditions such 

as sublimation temperatures and energy regions of samples are listed in Table 2.2. 

Photoelectron spectra were analyzed using the program WinFp v22.09 written by 

Prof. Dennis L. Lichtenberger. All of the spectra were corrected due to the discharge 

sources not being monochromatic.
137

 The He I spectra were corrected for the He Iβ line 

(1.8666 eV higher in energy, and 3% the intensity of the He Iα line), the He II spectra 

were corrected for the He IIβ line (7.5578 eV higher in energy, and 12% the intensity of 

the He IIα line).  

The valence ionization bands are represented analytically with the best fit of 

asymmetric Gaussian peaks. The bands are defined with the position, amplitude, half-

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

energy side of the peak. The peak positions and half width are reproducible to about 
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±0.02 eV (≈3ζ level). The He I spectrum of each compound was fit with a number of 

Gaussians based on the features of the band profile and the number of peaks necessary 

for the statistically good fit. Confidence limits for the relative integrated peak areas are 

about 5%, with the primary source of the uncertainty being the determination of the 

baseline, which is caused by electron scattering and taken to be linear over the small 

energy range of these spectra. The total area under a series of overlapping peaks is known 

with the same confidence, but the individual peak areas are more uncertain. The fitting 

procedures used are described in more detail elsewhere.
134

 

The He I data points in the figures of the photoelectron spectra are represented by 

the solid line from the analytical representation of the He I data. The dashed line is a 

similar representation of the contour of ionization intensity obtained with the He II 

photon source, scaled to match the low ionization energy intensity in the He I spectrum. 

This allows for visual comparison of the change in relative intensity at higher ionization 

energies. 

Single-crystal X-ray Diffraction 

 The X-ray crystallographic data were collected by Dr. Gary S. Nichol in the 

Department of Chemistry and Biochemistry X-ray Diffraction Facility at The University 

of Arizona using a Bruker Kappa DUO APEXII diffractometer with graphite-

monochromated Mo K radiation. APEXII was used for diffractometer control and data 

collection; SAINT was used for data reduction; SADABS was used to correct for 

absorption; refinement was by SHELXTL.
138

 Single-crystal X-ray diffraction data are 

discussed in the respective data chapters. 
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Electrochemical Analysis 

 Electrochemical data were collected in the laboratory of Prof. Dennis Evans at 

The University of Arizona. CV scans were collected by Dr. Noriko Okumura, Dr. Greg 

A. N. Felton, or Dr. Shihua Wang. Typical experimental conditions include the use of a 

glassy-carbon working electrode, Ag/AgNO3 reference electrode, and a platinum counter 

electrode. All solutions were in acetonitrile, with roughly 1 mM of sample, and 0.1 M 

NBu4PF6 as supporting electrolyte. The ferrocenium/ferrocene (Fc
+
/Fc) couple was used 

for internal calibration of CV potentials. Further details of electrochemical analysis are 

explained elsewhere.
125,139

 

Computational Methodology 

 

Density functional theory calculations were carried out with the Amsterdam 

Density Functional (ADF2006.01d for 1a-1e, 2, 3, BDT, 4a, 4b, 5a-5c, ADF2009.01 for 

1a, 1d, 1e, PDT, 6a, 6b)
140-143

 package. Calculations utilized a double or triple–ζ Slater-

type orbital (STO) basis set with one polarization function (DZP, TZP) for H, C, Fe, Co, 

Ni, Ru, and Os or without a polarization function (DZ) in Chapter 3, with one 

polarization function (TZP) for H, C, O, Fe, S, and Se and two polarization function 

(TZ2P) for Te in Chapter 4, 5, and 6. Relativistic effects using the zero-order regular 

approximation (ZORA)
141,144

 were also applied during all calculations. Spin-orbit 

coupling was applied for 1b and 1c. Both frozen (1a-1e, 2, 3, BDT, 4a, 4b, 5a-5c, PDT, 

6a, 6b) and non-frozen (1a, 1d, 1e) core approximations were used. The frozen core 

approximation was used for the inner core of all atoms except hydrogen. The C, N, and O 

1s, S 1s-2p, Fe, Co, and Ni 1s-3p, Ru 1s-3d, Os 1s-4d, Se 1s-3d, and Te 1s-3d cores were 
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frozen. Several combinations of DFT functional (VWN, VWN-Stoll, OPBE, PBE, PW91, 

Becke-Perdew, B3LYP, M06 in Chapter 3, VWN-Stoll and OPBE in Chapter 4, 5, and 6) 

were used with an integration parameter of 6.0 and optimized gradient of 0.0001 

Hartree/Å.  

Results from the vibrational frequency calculations with analytical second 

derivatives were used to evaluate true geometry minima. Also, calculated gas-phase CO 

stretching frequencies (CO) were obtained from vibrational frequency calculations. The 

calculated gas-phase CO were scaled along the energy axis for comparison to the 

experimental solution-phase CO. The scaling varied for each molecule studied, but this 

scaling of CO from calculated to experiment was no larger than a factor of 0.02. For 

visual comparison of the simulated IR spectra with the experimental IR spectra, the 

calculated absorptions were broadened with a Gaussian function as in a previous study.
121

 

The broadening of the computed bands, to nominally approximate the broadening that is 

observed in the experimental spectra, never exceeded 10 cm
-1

.  

Zero-point-energy (ZPE) corrections and entropy corrections (qtransitional, qrotational, 

and qvibratinal)
145

 calculated for the gas phase at standard temperature and pressure were 

applied. COSMO, implemented as part of the ADF program, was used to model solvent 

effects for each complex. Solvation energy was computed with the optimized gas-phase 

geometries, utilizing the dielectric constant of acetonitrile (ε = 37.5), dimethylformamide 

(ε=36.7), and dichloromethane (ε= 9.1). Calculated oxidation potentials are shown as 

absolute half-cell potential of reactions and compared to the experimental half-cell 

potentials. Experimental potentials shown are converted from reported half-cell potentials 
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by adding the absolute potentials of the standard reference electrode as described in each 

experimental condition. Orbital plots were created using the visualization program 

MOLEKEL
146

 with a surface cutoff value of 0.05. 
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Table 2.1. Summary of Compounds.
 

Compound Source 

Cp2Fe (1a) Aldrich 

Cp2Co (1d) Strem Chemical 

Cp2Ni (1e) Strem Chemical 

µ-(2,3-Pyrazinedithiolato) diironhexacarbonyl (4b) Dr. Charles Mebi 

Fe2(μ-S2C5H8O)(CO)6 (5a) Prof. Weigand 

Fe2(μ-Se2C5H8O)(CO)6 (5b) Prof. Weigand 

Fe2(μ-Te2C5H8O)(CO)6 (5c) Prof. Weigand 

Fe2(μ-SC3H6Se-μ)(CO)6 (6a) Prof. Weigand 

Fe2(μ-SC3H6Te-μ)(CO)6 (6b) Prof. Weigand 
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Table 2.2. Photoelectron Spectroscopy Data Collection Summary. 

Sample Tsub (ºC) Photon 

Source
a
 

File name
b
 Energy 

Range (eV) 

Cell
c
 Date 

Collected 

Notebook
d
 

page number 

Cp2Fe 23-25 He I TSO02.f* 15.5-5.0 Al 03.01.07 4 

   TSO02.a* 10.5-5.0    

Cp2Co 31-39 He I TSO01.f* 15.5-5.0 Al 01.22.07 3 

   TSO01.a* 10.5-5.0    

Cp2Ni 25-31 He I TSO03.f* 15.5-5.0 Al 03.06.07 6 

   TSO03.a* 10.5-5.0    

µ-(2,3-Pyrazinedithiolato) 

diironhexacarbonyl 

59-65 He I TSO09.f* 15.5-5.0 Al 01.14.09 16 

   TSO09.a* 11.6-6.6    

  He II TSO09.x* 20.0-5.0    

   TSO09.y*     

Fe2(μ-S2C5H8O)(CO)6 90-110 He I TSO06.f* 15.5-5.0 Al 10.27.08 10, 13 

   TSO06.a* 11.6-6.6    

  He II TSO06.x* 20.0-5.0    

   TSO06.y* 11.6-6.6    

Fe2(μ-Se2C5H8O)(CO)6 100-110 He I TSO08.f* 15.5-5.0 Al 12.08.08 12 

   TSO08.a* 11.6-6.6    

  He II TSO08.x* 20.0-5.0    

   TSO08.y* 11.6-6.6    

Fe2(μ-Te2C5H8O)(CO)6 110-120 He I TSO07.f* 15.5-5.0 Al 11.19.08 11, 13, 15 

   TSO07.a* 11.6-6.6    

  He II TSO07.x* 20.0-5.0    

   TSO07.y* 11.6-6.6    

Fe2(μ-SC3H6Se)(CO)6 37-39 He I TSO11. f* 15.5-5.0 Al 07.01.09 18 

   TSO11.a* 11.6-6.6    
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Sample Tsub (ºC) Photon 

Source
a
 

File name
b
 Energy 

Range (eV) 

Cell
c
 Date 

Collected 

Notebook
d
 

page number 

Fe2(μ-SC3H6Te)(CO)6 40-44 He I TSO14. f* 15.5-5.0 Al 07.14.09 21 

   TSO14.a* 11.6-6.6    

a: He I: 21.21 eV; He II: 40.8 eV; b: f*: He I full; a*: He I close-up; x*: He II full; y*: He II close-up; c: Al: Aluminium cell; 

d: PES Notebook. 
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CHAPTER 3 

FROM GAS-PHASE IONIZATION ENERGIES TO SOLUTION OXIDATION 

POTENTIALS: THE PHOTOELECTRON SPECTROSCOPY, 

ELECTROCHEMISTRY, AND COMPUTATIONAL MODELING OF THE 

METALLOCENE SERIES (η5-C5H5)2M WITH M= Fe, Ru, Os, Co, AND Ni 

 

Introduction 

Gas-phase ionization energies and solution oxidation potentials are important 

factors for assessing the chemical reactivity of molecules. Gas-phase ionization energies 

provide information on the electronic structure of a compound and can be measured with 

reasonable accuracy by photoelectron spectroscopy. Solution oxidation potentials can be 

measured electrochemically by cyclic voltammetry and used to characterize the oxidation 

behavior of the analyte molecule in solution. These techniques represent different energy 

measurements of the process in which an electron (e
-
) is removed from the neutral 

molecule (M) to produce a molecular cation (M
+
). This chapter strives to understand the 

relationships between these two different energy measures in two different chemical 

environments.  

M → M
+
 + e

-
 

The ideal molecular system for this study is metallocenes. For one reason, a wide 

array of experimental and theoretical data are readily available.
86-96

 Physical
147,148

 and 

chemical properties
149-154

 are well known. Furthermore, the Fc
+
/Fc couple was designated 

by IUPAC in 1984
155

 as a common internal standard for calibrating reduction and 

oxidation potentials in non-aqueous electrochemical measurements.  
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In this study, the metallocenes Cp2Fe, Cp2Ru, Cp2Os, Cp2Co, and Cp2Ni shown in 

Figure 3.1 were investigated. Density functional theory (DFT) calculations, which have 

gained popularity for investigating transition metal complexes,
50-52

 were used due to good 

agreement with many experimental results with less demanding computational times. 

Combinations of experiment and calculation will not only give valuable insight into the 

redox process of molecules and solute-solvent interactions, but also serve as a test for the 

validation of different computational models.  

Experimental Methods 

Photoelectron spectra of Cp2Ru and Cp2Os have been reported in Dr. Ann 

Copenhaver’s Ph.D. dissertation and previous Lichtenberger research group 

publications.
156,157

 All photoelectron spectra were collected by sublimation of commercial 

samples without further purification. Photoelectron spectra of the samples were obtained 

and analyzed with the methods described in Chapter 2. Table 2.2 lists the experimental 

conditions for the photoelectron spectroscopy such as the sublimation temperatures, 

scanned region, and corresponding lab notebook pages. All calculations were performed 

according to the procedures described in Chapter 2. 
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Figure 3.1. Metallocene molecules, 1a-1e, in this study. 
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Results and Discussion 

Photoelectron Spectroscopy. The close-up He I photoelectron spectra of the first 

ionization bands of Cp2Fe, Cp2Co, and Cp2Ni are shown in Figure 3.2. The electronic 

structures of the metallocenes will be presented as if they have D5d symmetries in order to 

take advantage of the higher symmetry labels for the description of electronic structure. 

The displayed spectra mainly consist of the contributions from the Fe, Co, and Ni-based 

metal d-orbital ionizations. The two lowest ionization energies of Cp2Fe shown in figure 

3.2 are due to the 
2
E2g and 

2
A1g ion states resulting from the removal of electrons from the 

e2g (bonding) and a1g (nonbonding) orbitals. The sharpness and lack of extensive 

vibrational structure in the a1g ionization are consistent with the nonbonding character of 

the orbital. Furthermore, an EPR study of ferricenium agrees with the photoelectron 

spectroscopy assignment of the 
2
E2g state as the ground state and the 

2
A1g as an excited 

state configuration of the cation.
158

 It should be noted that the ground 
2
E2g ion state 

undergoes further distortion to C2v symmetry due to Jahn-Teller distortion of the 

degenerate electronic state. In the case of Cp2Ru and Cp2Os, spin-orbit coupling becomes 

an important aspect of assigning spectra. Spin-orbit interactions splits the 
2
E2g ion states 

into the 
2
E2(5/2) and 

2
E2(3/2) ion states and this effect becomes more dominant in the third 

row metallocenes. The spin-orbit coupling parameters for these metals are 0.11 eV for Ru 

and 0.33 eV for Os for the 
2
E2g ionizations.

156,159
 

Assignment of open-shell metallocenes is more difficult since the open shell 

nature of the ground state produces multiple spin states upon photoionization of the 

molecule. The ion states of Cp2Co and Cp2Ni are also more difficult to assign since 
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removal of some of the d electrons overlaps with those resulting from the removal of 

ligand electrons. From variable photon energy studies of metallocenes, the lowest 

ionizations of Cp2Co and Cp2Ni shown in figure 3.2 are assigned to the 
1
A1g for Cp2Co 

and 
2
E1g for Cp2Ni ion states resulting from the removal of electrons from the e

*
1g (anti-

bonding) orbital.
160,161

  

The vertical (IEV) and adiabatic (IEA) ionization energies of metallocenes 

presented in Table 3.1 are consistent with previous photoelectron spectroscopic 

studies.
156,157,160,162,163

 The reorganization energies (ΔEr) of these metallocenes can be 

estimated from the energy near the maximum intensity of the ionization band (IEV) to the 

energy of the onset of the ionization band (IEA) shown in Figure 3.3. The ΔEr of Cp2Co 

and Cp2Ni are greater than Cp2Fe since structural change of Cp2Co and Cp2Ni is large 

when an electron is removed from the e
*
1g (xz, yz) orbital which has interactions directed 

toward the ligand, while the electron ionized from Cp2Fe comes from the e2g (xy, x
2
-y

2
) 

orbital which has indirect (δ symmetry) interactions toward the ligand. 
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Figure 3.2. He I photoelectron spectra of the first ionization bands of Cp2Fe, Cp2Co, and 

Cp2Ni.  
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Table 3.1. Experimental Ionization Energies of Metallocenes.
a
 

 IEV
b
 IEA

c
 ∆Er 

Cp2Fe (1a) 6.86 6.65 0.21 

Cp2Ru (1b) 7.39
d
 7.21

d
 0.18 

Cp2Os (1c) 7.15
d
 6.99

d
 0.16 

Cp2Co (1d) 5.57 5.33 0.24 

Cp2Ni (1e) 6.51 6.23 0.28 
a 
Energies, eV.  

b 
Defined as center of most intense Gaussian in analysis. (±0.02 eV) 

c 
Defined as IEV  - 90% of low binding energy side at half-maximum of Gaussian peak. 

(±0.05 eV) 
d 

References 
157

 and 
156

. 

See experimental section for discussion of uncertainties. 
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Figure 3.3. First ionization bands aligned to their integrated center of ionization intensity 

for molecules Cp2Fe (6.86 eV), Cp2Co (5.57 eV), and Cp2Ni (6.51 eV). The arrows 

represent the approximate adiabatic ionization (IEA) energies relative to peak centers, 

taking into account the instrument resolution. 
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Gas-phase DFT Calculations. DFT calculations of metallocenes, Cp2Fe, Cp2Ru, 

Cp2Os, Cp2Co, and Cp2Ni, were performed with ADF 2006.01b and ADF 2009.01 

computational packages. The well known sandwich structure of metallocenes can be 

described in either eclipsed (D5h) or staggered (D5d) conformations. The staggered 

configuration of Cp2Fe was originally surmised from the crystal structure at room 

temperature.
89,91,164

 Later the room temperature structure of Cp2Fe was found to be 

distorted and it was determined that the structure was in the eclipsed configuration.
99, 165

 

The energy separation between the two structures is fairly small. The rotation barrier of 

Cp2Fe (0.9±0.3 kcal/mol between eclipsed and staggered conformations) was reported by 

Haaland and Nilsson.
98

 The rotation barrier of Cp2Ru is calculated to be 0.5 kcal/mol 

greater than that of Cp2Fe.
166

 Furthermore, Schaefer and co-workers reported that the 

total energies of the eclipsed configurations are uniformly lower than their corresponding 

staggered conformations from the computational studies of the first row metallocenes.
167

  

The first set of calculations was performed with ADF 2006.01b utilizing several 

combinations of computational parameters involving different exchange functions 

(OPBE, VWN, VWN-Stoll, PBE, PW91, or Becke-Perdew), basis set (DZ, DZP, TZP, or 

TZ2P), frozen core approximations (no frozen core or frozen inner core), relativistic 

effect (no relativistic effect or ZORA) and spin-orbit coupling. The neutral geometries of 

metallocenes were optimized with D5h structures except Cp2Co (C2v) due to the distortion 

of geometry caused by the Jahn-Teller effect. Spin-orbit coupling was calculated for the 

cations of Cp2Ru and Cp2Os. Spin-orbit coupling is especially important for the third row 
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transition metals which split the metal e set much larger than the second row transition 

metals as described above.
168,169

  

The combination of computational parameters using VWN-Stoll for geometry and 

OPBE function for electronic structure, TZP basis set, frozen inner core, ZORA, and 

spin-orbit (applied only to Cp2Ru and Cp2Os) yield better overall performance over the 

other combinations of computational parameters. The DFT calculations exhibit RMSD of 

M–Cp distances (0.01 Å) between crystal structures and optimized neutral geometries of 

metallocenes. The chosen functional are fair for predicting the molecular geometries of 

metallocenes. The calculations showed RMSD of 0.02 eV between the experimental and 

calculated IEV and IEA of the Fe, Ru, and Os metallocenes. The good agreement between 

the experimental and calculated ionization energies can be seen in Figure 3.4. However, 

the DFT calculations were considerably less accurate for Cp2Co and Cp2Ni with RMSD 

of 0.3 eV for IEV and IEA, which is a magnitude higher in ionization energy difference 

than for the Fe, Ru, and Os metallocenes. The OPBE functional, which was developed for 

Fe-containing heme complexes to address molecular properties such as nuclear magnetic 

constant and spin states,
170,171

 was not able to properly account for the ionization energies 

of Cp2Co and Cp2Ni. 
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Figure 3.4. The correlation diagram of experimental vs calculated IEV and IEA of 

metallocenes. The straight line represents perfect correlation of measurements. 
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The reorganization energy ∆Er for each metallocene was calculated as the energy 

difference between the optimized cation structures and the cation structures “frozen” in 

the structure of the optimized neutral. The calcurated ∆Er values are shown in Table 3.2 

and found to be around 0.20 eV which agrees with the range of experimental ∆Er 

obtained from the photoelectron spectra. The optimization of cation structures was 

initiated from the optimized structure of the neutral molecule. The optimized cation 

structures of Fe, Ru, and Os metallocenes were slightly distorted from neutral structures 

as expected from the change in experimental ∆Er. The distortion resulted from a slight 

break in symmetry of the C–C bond distances to C2v symmetry and bending of the Cp
-
 

rings orientation in the eclipsed conformation as shown in Figure 3.5.  However, more 

advanced hybrid functionals presented later indicate this slight bending is likely an 

artifact of the basic LDA and GGA functional models. 

A second set of calculations was performed with ADF 2009.01 utilizing a newly 

implemented feature of DFT, the use of hybrid functionals, B3LYP
61

 and M06,
62

 for 

computing geometries and electronic structures, which was not available in ADF 

2006.01b. The input geometries of Fe, Co, and Ni metallocenes were carried out from the 

optimized geometries of these from ADF 2006.01d calculations. Unfortunately, the 

metallocenes Cp2Ru and Cp2Os were not investigated with B3LYP and M06 hybrid 

functional due to the incompatibility of spin-orbit calculations between ADF 2009.01 and 

the current computational hardware. Also, geometry optimizations of metallocenes 

utilizing the M06 hybrid functional (Fe–Cp distance 1.659 Å) were omitted from the 

study due to unreasonable computational time. (21 Hrs for M06, 72 Min for B3LYP  
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Table 3.2. Calculated Ionization Energies of Metallocenes.
a
 

 IEV
 

IEA
 

∆Er 

Cp2Fe (1a) 6.90 6.63 0.27 

Cp2Ru (1b) 7.38 7.20 0.18 

Cp2Os (1c) 7.11 6.98 0.13 

Cp2Co (1d) 5.19 4.95 0.24 

Cp2Ni (1e) 6.16 5.96 0.20 
a 
Energies, eV. by ADF 2006.01b, OPBE/TZP 
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Figure 3.5. Optimized neutral and cation structures of Cp2Fe in the gas phase. 
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hybrid functional, and 2 Min for LDA and GGA functionals for the geometry 

optimization of the Cp2Fe) For the comparison, geometry optimizations of Cp2Fe were 

conducted with the Gaussian 09 computational package with the combination of M06 

with a 6-31g* basis set. The Fe–Cp distance was calculated to be 1.660 Å for M06 which 

is excellent agreement with the crystallographically determined distance (1.660 Å) in 12 

minutes. This may question the implementation of DFT hybrid functionals, at least M06, 

in the ADF 2009.01 computational package. The geometry optimization of the bent 

Cp2Fe cation was also performed in ADF 2009.01 and Gaussian 09. The optimization of 

the cation in ADF was computed with VWN-Stoll/TZP as conducted in the previous 

ADF 2006.01d calculation. The bent orientation of the Cp
-
 ring was found after four 

cycles of optimization from initial bent structure. The optimization in Gaussian 09 was 

conducted with M06/6-31g*. The optimized cation structure has eclipsed and parallel Cp 

rings with slight distortion of the C–C bond length symmetry to remove the degenerate 

electronic state due to Jahn-Teller distortion after four cycles of geometry optimization. 

The slightly bent metallocene structure in the ADF calculations may be because the 

chosen functional insufficiently accounted for the dispersion forces between the Cp rings. 

The errors in ionization energies of Fe, Co, and Ni metallocenes are presented in 

Table 3.2. The overall performance of the hybrid functional for calculating electronic 

properties based on the various geometric optimizations of Fe, Co, and Ni metallocenes 

was much better than the LDA and GGA functionals. The RMSD of ionization energies 

were improved from 0.3 eV to 0.1 eV. However, the average computational time for the 

B3LYP hybrid functional was 99 minutes which is 50 times longer than the LDA and 
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GGA functionals. Interestingly, a combination of LDA or GGA functionals (geometry 

optimization) with hybrid functional, B3LYP and M06, (calculating electronic properties) 

produced equally better results in much less time (average 6 min) than the hybrid 

functional alone. Furthermore, the results show an accurate electronic structure involving 

open-shell systems is rather difficult for LDA and GGA functionals. No further attempt 

was made to model metallocenes utilizing the ADF 2009.01 computational package. 
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Table 3.3. Errors in Ionization Energies of Metallocenes.
a
 

       Electronic 

Geometry 

VWN OPBE B3LYP M06 

IEV IEA IEV IEA IEV IEA IEV IEA 

 Cp2Fe (1a) 

VWN 0.57 0.91 0.19 0.47 0.24 0.29 0.09 0.24 

VWN-Stoll 0.53 0.91 0.15 0.47 0.21 0.31 0.06 0.25 

OPBE 0.56 0.62 0.18 0.12 0.23 -0.44 0.08 -0.04 

B3LYP 0.44 0.53 0.04 0.02 0.17 -0.39 -0.02 0.01 

 Cp2Co (1d) 

VWN -0.28 -0.39 -0.38 -0.43 -0.19 0.00 -0.06 0.01 

VWN-Stoll -0.25 -0.33 -0.35 -0.34 -0.15 0.06 -0.02 0.09 

OPBE -0.27 -0.34 -0.37 -0.35 -0.17 0.06 -0.04 0.09 

B3LYP -0.06 -0.47 -0.15 -0.42 0.09 0.10 0.23 0.07 

 Cp2Ni (1e) 

VWN -0.31 -0.42 -0.35 -0.35 -0.09 0.12 0.05 0.08 

VWN-Stoll -0.26 -0.42 -0.30 -0.34 -0.04 0.14 0.11 0.08 

OPBE -0.22 -0.34 -0.26 -0.26 -0.01 0.25 0.14 0.22 

B3LYP -0.02 -0.49 -0.07 -0.37 0.18 0.16 0.33 0.06 
a
 Energies, eV. by ADF 2009.01, TZP. 

b 
Energies were computed with combination of functionals (X=Electronic, 

Y=Geometry) 
c 
Errors were calculated Calc. value – Exp. value  

d 
M06 geometry optimization was omitted for unreasonable computational 

time 
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Solution-phase DFT Calculations. The DFT calculations were continued with 

ADF 2006.01b utilizing the COSMO solvation model
18,19,80-83

 to simulate the solution 

environment. The solution-phase calculations were conducted with the corresponding 

experimental solvent conditions, acetonitrile (MeCN) for Cp2Fe, Cp2Ni, Cp2Co, and 

dichloromethane (DCM) for Cp2Ru and Cp2Os. The experimental E1/2 values are reported 

on an absolute scale. These values were the sum of the absolute potential of the reported 

standard and the difference between the reported standard and the individual metallocene. 

The experimental and calculated E1/2 values are shown in Table 3.4 and Figure 3.6. The 

RMSD between the experimental and calculated E1/2 for Fe, Ru, and Os metallocenes was 

0.03 V. The good agreement between the experimental and calculated E1/2 can be seen in 

Figure 3.7. However, the RMSD between the experimental and calculated E1/2 for Cp2Ni 

and Cp2Co was 0.3 V. These numbsers are similar to the RMSD observed in the gas-

phase ionization calculations and prompted a correction of the calculated E1/2 values 

based on the errors observed in the gas-phase calculations. The new correlation plot 

shown in Figure 3.8 was generated based on the calculated E1/2 adjusted by errors 

observed in the gas-phase ionization calculations. There is much improvement in the 

RMSD between the experimental and calculated E1/2 values (0.09 V). This result strongly 

indicates that calculating gas-phase ionization energies accurately by choosing best DFT 

functionals was the largest factor in calculating E1/2 close to the experimental value.  
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Table 3.4. Experimental and Calculated Oxidation Potential of Metallocenes.
a
 

 Exp. E1/2
b,c

 Cal. E1/2
b
  Solvent

d 

Cp2Fe (1a) 5.05
e
 5.04 MeCN 

Cp2Ru (1b) 5.61
e
  5.57 DCM 

Cp2Os (1c) 5.40
e
  5.36 DCM 

Cp2Co (1d) 3.72
e
 3.47 MeCN 

Cp2Ni (1e) 4.47
e
 4.21 MeCN 

a
 Energies, V. by ADF 2006.01b, OPBE/TZP 

b
 Values were reported in ABS scale. 

c
 Values were converted by adding ABS E1/2 of reported standard to the reported 

potentials from the standard.  
d
 MeCN, Acetonitrile; DCM, Dichloromethane.   

e
 References

172-174
. 
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Figure 3.6. Experimental (blue) and calculated (red) E1/2 values of Cp2Fe by ADF 

2006.01b, OPBE/TZP. 
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Figure 3.7. The correlation diagram of experimental vs calculated oxidation potentials of 

metallocenes. The straight line represents perfect correlation of measurements. Errors 

±0.12V based on calculated oxidation potentials vs. experimental oxidation potentials. 
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Figure 3.8. The correlation diagram of experimental vs calculated oxidation potentials of 

metallocenes with energy correction. The straight line represents perfect correlation of 

measurements. Errors ±0.08V based on corrected oxidation potentials vs. experimental 

oxidation potentials. 
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Defining experimental solvation energies ∆Gs for organometallic molecules used 

to be difficult and unreliable. Effective solvation models were previously unavailable for 

computing ∆Gs values. Recent advances in computational power enable us to utilize 

effective methods of computing ∆Gs, and our recent studies
175,176

 have been showing 

promising ∆Gs in using the COSMO solvation model. The ∆Gs and ∆Gt,r,v of 

metallocenes are reported in Table 3.5. Computed energies show an average of 1.71 ± 

0.02 eV for ∆Gs between the neutral and cation complexes. The ∆Gs values were fairly 

constant among the studied metallocenes. This observation may be explained by the high-

valent cationic metal center is buried inside the solute geometry (Figure 3.9 illustrates the 

space filling models of the metallocene cation, using the van der Waal radius of each 

atom), preventing effective interaction between the charged metal center and the 

surrounding solvent molecules. Also, the molecules are all similar in size. 

The effects of thermodynamic contributions to free energy are minimal (0.05 ± 

0.03 eV) compared to the contributions of ∆Er and ∆Gs due to little change in mass, 

shape, and total sum of vibrational energies upon removal of an electron from the neutral 

molecule. Also, the highly symmetric geometries of the metallocenes give rise to less 

thermodynamic (∆Gt,r,v) contributions. The ∆Gt,r,v for Cp2Co was calculated to be 0.24 eV 

which is much higher than other metallocenes listed in Table 3.5. This is another attribute 

of computational errors associated with ADF 2006.01b as observed from electronic 

calculations. Later the ∆Gt,r,v of Cp2Co was recalculated to be 0.04 eV by ADF 2009.01 

which is in good agreement with the range of metallocenes studied. This stresses the care 

that must be taken in validating and applying commercial computational packages. 
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Figure 3.9. Space filling model of the metallocene cation illustrating how the high valent 

cation metal center is buried inside the molecule and screened from the solvent. 
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Table 3.5. Calculated ∆Gs and ∆Gt,r,v of Metallocenes.
a
 

 ∆Gs
c
  ∆Gr,t,v

c
  

Cp2Fe (1a) 1.72 0.02 

Cp2Ru (1b) 1.73 0.07 

Cp2Os (1c) 1.69 0.03 

Cp2Co (1d) 1.72 0.24 

Cp2Ni (1e) 1.69 0.07 
a 
Energies, eV. by ADF 2006.01b, OPBE/TZP 
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The relationship of free energy measurements in two different experimental 

conditions are shown in equations 3.1 (where n is the number of the electrons transferred 

between the electrodes and F is the Faraday’s constant, and the free energy is expressed 

in units of electron volts) and 3.2. Calculations revealed that ∆Gs was the biggest 

contribution to the relation between IEV and E1/2 values.
2-4,29,177

 Contributions from ∆Er 

and ∆Gt,r,v for these systems are minimal by comparison. Therefore equation 3.2 can be 

simplified to equation 3.3 by neglecting the ∆Er and ∆Gt,r,v terms, and further rearranged 

to equation 3.4 where the slope can be used to measure the linearity of ∆Gs. A slope of 

unity would indicate a group of molecules that has equivalent ∆Gs.  

2/1nFEG                                                         (3.1) 

 vrtsrv GGEIEE ,,2/1                      (3.2) 

sv GIEE 2/1                                                    (3.3) 

v

v

s IE
IE

G
E 







 
 12/1                                              (3.4) 

The linearity of ∆Gs was established from the slope of correlation diagrams show in 

Figure 3.10. The slope of unity in Figure 3.10b is consistent with calculations in Table 

3.5, and therefore validates the rearrangement and analysis of equation 3.3. Furthermore 

the slope from the experimental energy relation diagram shown in Figure 3.9a indicates 

the presence of a constant ∆Gs among the five metallocenes investigated.  
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(a)Experimental 

 
(b)Calculated 

Figure 3.10. The correlation diagram of experimental and calculated IEV vs. E1/2 of 

metallocenes. The straight line represents perfect correlation of measurements. 
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Conclusions 

This study demonstrates the direct energy relation between IEV and E1/2 by 

resolving energies or geometric changes in each step of the free energy relationship using 

DFT calculations. Metallocenes Cp2Fe, Cp2Ru, and Cp2Os showed excellent agreement 

of energy relations with RMSD of 0.03 eV between the experimental and calculated IEV 

and IEA with combination of VWN-Stoll and OPBE
 
functions. However for Cp2Ni and 

Cp2Co the calculations performed poorly for both geometric and electronic properties. 

The introduction of hybrid DFT functionals, B3LYP and M06, demonstrated 

improvement (0.3 eV to 0.1 eV) in calculating electronic properties over the combination 

of LDA and GGA functionals with considerable increase in computing time. However, 

the longer computing time but was shortened considerably with the combination of LDA 

or GGA functional for geometry and hybrid functional for electronic energy without 

losing computing accuracy.  

Calculating ∆Gs using the COSMO solvation model yielded constant solvation 

energies on average of 1.71±0.02 eV among the five metallocenes investigated, which 

turns out to be the primary energy contribution to the correlation of gas-phase ionization 

energies and solution oxidation potentials. Also, calculating the correct gas-phase 

ionization energy was the largest factor in calculating a solution oxidation potential close 

to the experimental value. Furthermore, measuring accurate ionization energies will assist 

the validation of computational methods and can be used to correct computational errors. 

Finally the direct energy relationship between IEV and E1/2 were established with the help 

of DFT computations and this study provides valuable information regarding solute-
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solvent interactions and redox processes of metallocenes in two different experimental 

conditions. 
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CHAPTER 4 

μ-(2,3-PYRAZINEDITHIOLATO)DIIRONHEXACARBONYL: ANALYSIS OF 

ELECTRONIC AND GEOMETRIC PERTURBATIONS THROUGH USE OF 

COMPUTATIONAL AND EXPERIMENTAL RESULTS 

 

Introduction  

 The μ-(1,2-Benzenedithiolato)diironhexacarbonyl (BDT-cat) molecule in Figure 

4.1 was shown to have favorable catalytic activity of H2 production from acetic acid. 

Detailed studies of BDT-cat have been carried out by Felton et al.
175

 The 

benzenedithiolato moiety of the catalyst has been shown to help lower the reduction and 

oxidation potentials of the diiron core by stabilizing the successive metal oxidation states. 

The BDT-cat achieves this lowering of successive reduction and oxidation potentials by 

undergoing large reorganizations of the geometry during the redox processes, such as 

forming a semi-bridging carbonyl from a terminal carbonyl upon oxidation. Reduction of 

BDT-cat forms a fully bridging carbonyl and causes an Fe–S bond to cleave. Further 

analysis of the molecule revealed that the lowering of the second reduction potential is 

facilitated via an orbital interaction of the Fe2S2 centers with the benzene π-orbitals 

through the sulfur p π-orbitals located at the dithiolato bridge of the catalyst.
175

 

Interaction of these orbitals creates a buffering of electron density at the Fe2S2 center 

which is important for stabilizing the metal orbitals upon redox reactions. Electron 

delocalization into the benzenedithiolato moiety, however, also has adverse effects on 

catalytic hydrogen production. The delocalization of electron density caused by the 

benzenedithiolato moiety lowers the basicity of the Fe2S2 core, reducing the rate of 

protonation, and thus decreasing the rate of hydrogen-producing catalytic activity.  
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Figure 4.1. μ-(1,2-Benzenedithiolato)diironhexacarbonyl (BDT-cat). 
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Previously, Schwartz et al.
178

 reported a milder reduction potential with decreased 

diiron core electron density and higher carbonyl stretching frequencies CO) when a 

bridging arenedithiolate ligand was modified with increased electron-withdrawing 

character (toluene-3,4-dithiolato ≤ BDT-cat < 3,6-dichloro-1,2-benzenedithiolato < 

quinoxaline-2,3-dithiolato) whose structures are shown in Figure 4.2. Also, Petro et al.
131

 

have reported higher ionization energies and CO when the arenedithiolate ligand was 

replaced with an electronegative heterocyclic analog of benzene, pyridine, in which one 

of the carbon atoms in the ring has been replaced by nitrogen. The μ-(2,3-

Pyridinedithiolato)diironhexacarbonyl (PyDT-cat), 4a, shown in Figure 4.4 is similar to 

the BDT-cat complex in its π-electron system, however, there is a lone pair in the plane 

of the ring perpendicular to the aromatic π-system in the case of PyDT-cat, and the 

electron withdrawing nitrogen atom in pyridine enables three additional resonance 

structures not observed with the benzene shown in Figure 4.3. The electron-withdrawing 

pyridine also reduces the electron density at the Fe2S2 core even more than the BDT-cat, 

which results in positive shift of the reduction potential of a catalyst. This positive shift 

leads to less energy required for initiating catalytic H2 production cycle and may 

outweigh the benefit of having a more basic Fe2S2 core. 

In this chapter, the two previous studies
131,175,178

 have been extended to investigate 

the μ-(2,3-Pyrazinedithiolato)diironhexacarbonyl (PzDT-cat) molecule, 4b shown in 

Figure 4.4. The electronic and geometric perturbations of PzDT-cat are compared with 

the analogous BDT-cat and PyDT-cat using experimental and theoretical methods such as 

cyclic voltammetry, photoelectron spectroscopy, IR spectroscopy, and DFT calculations. 
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toluene-3,4-dithiolato 

diironhexacarbonyl 

3.6-dichloro-1,2-

benzenedithiolato 

diironhexacarbonyl 

quinoxaline-2,3-

dithiolato 

diironhexacarbonyl 

Figure 4.2. Arenedithiolate [FeFe] active site catalysts. 
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Figure 4.3. Resonance structures of pyridine. 
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PyDT-cat (4a) PzDT-cat (4b) 

Figure 4.4. Heterocyclic [FeFe] active site catalysts. 
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Experimental Methods 

 

PzDT-cat was synthesized and provided by Dr. Charles Mebi from Professor 

Richard S. Glass’s lab at The University of Arizona. Electrochemical analysis of BDT-cat 

through PzDT-cat was performed by Dr. Noriko Okumura, Dr. Greg A. N. Felton, or Dr. 

Shihua Wang in Professor Evans’s research lab. The X-ray structures were determined by 

by Dr. Gary S. Nichol in the Department of Chemistry and Biochemistry X-ray 

Diffraction Facility at The University of Arizona. Photoelectron spectra, IR spectra, and 

electrochemical measurements of samples were obtained and analyzed with the methods 

described in Chapter 2. Table 2.2 lists experimental conditions for photoelectron 

spectroscopy such as the sublimation temperatures and regions scanned. All calculations 

were performed according to the procedure described in Chapter 2 including simulation 

of an acetonitrile solvated environment. The theoretical carbonyl stretching frequencies 

and IR absorption intensities for all species were calculated analytically with the same 

computing method as described in Chapter 2, and scaled by a factor of 1.003. 

Results and Discussion 

 Photoelectron Spectroscopy. The He I and He II photoelectron spectra of PzDT-

cat are shown in Figure 4.5. The general assignment of the ionizations is based on 

previously reported analogous compounds, BDT-cat
175

 and PyDT-cat
131

 shown in Figure 

4.5. The displayed spectra mainly contain the contributions from the Fe-based metal 3d-

orbitals and S-based valence p-orbital ionizations. The compounds PyDT-cat and PzDT-

cat also contain the N in-plane lone pair ionizations. The leading broad ionization band 

includes the Fe d-based ionizations starting around 7.5 eV and extending to around 9.0 



97 

 

 

eV. The leading ionization typically represents a formal metal-metal bond of the Fe2S2 

center and three occupied d orbitals of each Fe metal center. The highest peak in the first 

ionization band does not indicate the vertical ionization (IEV) energy of the molecule due 

to extensive overlap of six Fe 3d-orbitals, therefore, exact determination of an 

experimental IEV value is unavailable. The experimental adiabatic ionization (IEA) energy 

is typically qualitatively approximated from the onset of first ionization band.
29,34

 In 

addition, the long sloping onset of the first ionization band suggests substantial 

reorganization of molecular geometries upon ionization of the neutral molecule to the 

cation.
179

 The energy required for this reorganization is the cation reorganization (∆Er) 

energy and is defined by the energy difference between the IEV and IEA values. The 

second ionization band, primarily composed of S-based valence p-orbital character, is 

observed in the region from roughly 9.8 to 10.8 eV, with substantially decreased intensity 

relative to those based on Fe d-based ionizations in He II mode. When higher energy He 

II excitation is used, the probability of ionization from a S p-orbital is a factor of 10 less, 

while the probability of Fe d-orbital ionization is almost a factor of 2 higher based on 

theoretical partial photoionization cross-sections of the atoms.
180

 The relative intensity 

changes in the observed photoelectron spectra, however, do not change by a factor of 20, 

thus suggesting a mixing of orbitals. Also, the shape of the spectra in the S region 

suggests a different mixing pattern of orbitals for PyDT-cat compared to BDT-cat. It was 

found from studies on BDT-cat
175

 and PyDT-cat
131

 that C p-character from the 

delocalized benzene ring and N p-character from the delocalized pyridine ring also 

contribute to the displayed ionization regions, with a probability of ionization factor of 1 
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less for C and factor of 2 less for N when higher energy He II excitation is used. By 

comparison of the spectra shown in Figure 4.5, energies of these ionizations visibly 

increase with substitution from benzene, to pyridine, to pyrazine as expected from the 

increasing electron-withdrawing property of the arenedithiolate ligand.   
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Figure 4.5. Photoelectron spectra of BDT-cat, PyDT-cat, and PzDT-cat. He I (solid line) 

and He II (dashed line). The arrow at lower ionization energy indicates the calculated 

IEA. The arrow at the higher ionization energy indicates the calculated IEV. 
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Computational Results. DFT calculations of PzDT-cat have been carried out 

using the computational methods described in Chapter 2. The computations examined 

how the electronic structure and properties of the molecule are altered from BDT-cat and 

PyDT-cat by substituting the arenedithiolato moiety of the molecule with an electron-

withdrawing heterocyclic analog, pyrazine. The crystal structure of PzDT-cat is shown in 

Figure 4.6 and key structural parameters are shown in Table 4.1 and compared to the 

DFT calculated structure. Good agreement between the optimized geometry and the 

crystal structure was observed. The calculated Fe–Fe and Fe–S bond distances for PzDT-

cat are both found to be within 0.015 Å of the experimentally determined bond lengths. 

Angles agree well within a degree, except for the averaged angles of basal C-Fe-basal C 

of those in the crystal structure. The calculated Fe–Fe bond distance (2.478±0.004 Å) is 

rather constant from BDT-cat to PyDT-cat to PzDT-cat. Schwartz et al.
178

 have also 

reported constant experimental Fe–Fe bond distances from toluene-3,4-dithiolato 

diironhexacarbonyl to 3,6-dichloro-1,2-benzenedithiolato diironhexacarbonyl, thus the 

Fe–Fe bond is not sensitive to the electronic modulations at the arenedithiolate ligand. 

Agreement between the experimental and optimized structures does not 

necessarily mean that the computations are obtaining sufficiently reasonable electron 

distributions and energies. The carbonyl stretching frequencies are an energy measure 

that is sensitive to the electron distribution in the molecules, and the intensities of the 

normal mode absorptions are sensitive to the molecular geometry. The frequencies are 

obtained computationally from the multi-dimensional potential well about the 

equilibrium geometry of the molecule, and thus reflect the energy of small geometric 
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Figure 4.6. The molecular structure of PzDT-cat with anisotropic displacement ellipsoids 

at the 50% probability level. 
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Table 4.1. Comparison of Computed Structure of PzDT-cat to Crystallographic Data.
a
   

Bond/Angle X-Ray DFT 

Fe–Fe 2.465 2.480 

Fe–S
 

2.275 2.291 

S…S
 

2.973 3.011 

S–C 1.782 1.799 

Fe–C
b 

1.802 1.782 

C–O
b 

1.134 1.155 

S–Fe–S 81.7 81.2 

Fe–S–Fe 65.7 65.5 

S–Fe–Ca 101.7 102.5 

Ca–Fe–Cb 99.6 99.3 

Cb–Fe–Cb 92.5 90.8 
a
 Bond lengths: Å; angles: degrees. 

b
 Averaged over all COs. 

Ca refers to the apical COs in the local square-based pyramid geometry of each Fe, and 

Cb refers to the basal COs.
 

ADF2006.01d, VWN-Stoll/TZP 
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distortions. Furthermore, the electronic coupling and interaction force constants between 

the CO vibrations is reflected in both the splitting and intensities of the IR absorptions. 

As noted before, simulations of CO have become an important contribution to the 

understanding of [FeFe]-hydrogenase active sites and hydrogenase mimics.
84,85

 The 

average difference in the calculated and experimental frequencies of PzDT-cat shown in 

Figure 4.7 is less than 0.2 percent and the relative absorption intensities are in good 

agreement. Hence, the calculations are modeling the electronic structure of PzDT-cat at 

the Fe2S2 core very well. 

The experimental IR spectra of complexes BDT-cat, PyDT-cat, and PzDT-cat in 

the carbonyl stretching regions are shown in Figure 4.8. The CO of complexes BDT-cat 

through PzDT-cat exhibit absorption with nujol, 2078 (s), 2043 (vs), 2004 (vs) for BDT-

cat, 2080 (s), 2045 (vs), 2007 (vs) for PyDT-cat, and 2083 (s), 2049 (vs), 2012 (vs) for 

PzDT-cat. The CO are shifted by ∆CO= ~ +2 cm
-1

 from BDT-cat to PyDT-cat and 

∆CO= ~ +4 cm
-1

 from PyDT-cat to PzDT-cat. The similar trend of CO shift were 

reported earlier from BDT-cat to 3.6-dichloro-1,2-benzenedithiolato diironhexacarbonyl 

for ∆CO= ~ +6 cm
-1

 and to quinoxaline-2,3-dithiolato diironhexacarbonyl for ∆CO= ~ +9 

cm
-1

.
178

 The high-energy shift of CO indicates a decrease of electron density at the Fe2S2 

core results in less π-backbonding between the metal center and the CO ligands. This is 

as expected considering the increasing electron-withdrawal by the arene moiety on going 

from benzene to pyridine to pyrazine.   

Further indication that the calculations are agreeing the electronic structure of the 

catalysts studied here comes from the photoelectron spectra analysis.  The arrows in the 
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stack plot of photoelectron spectra (Figure 4.5) indicate the IEV and IEA energies 

calculated by a ΔSCF method. The computed values are listed in Table 4.2 and agree 

with the observed photoelectron spectra. The calculated IEv, in which the structures of the 

positive ions are constrained to the optimized structures of the neutral molecules, and IEA 

which is the structure of the geometry optimized positive ions, are able to properly 

account for the electronic structure of the catalyst in the gas phase. Calculated IEA 

energies, indicated by arrows at the lowest ionization energy, were found to be close to 

the experimental onset energy of the ionization band. 
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Figure 4.7. Comparison of the experimental IR spectra in the carbonyl stretching region 

(solid lines) with calculated frequencies (dashed lines) for PzDT-cat. 
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Figure 4.8. Comparison of the experimental IR spectra in the carbonyl stretching region 

of BDT-cat to PzDT-cat. 
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Table 4.2. Calculated IEV, IEA, and ∆Er of BDT-cat to PzDT-cat.
a
 

 Calc. IEV
b
 Calc. IEA

b
 Calc. ∆Er 

BDT-cat 8.12 7.48 0.64 

PyDT-cat 8.24 7.61 0.63 

PzDT-cat 8.26 7.75 0.51 
a 
Energies, eV.  

b
 ADF2006.01d, VWN-Stoll/TZP  
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The calculated IEA using geometry-optimized semi-bridged cationic structures 

shown in Figure 4.9 correspond well to the experimental IEA indicated by the arrow at 

low ionization energy in Figure 4.5. The ∆Er was calculated as the gas-phase energy 

difference of the non-bridged structure to the semi-bridged structure of the cation which 

resulted in a larger calculated ∆Er value, 0.51 eV, which agrees with the long sloping 

onset of initial ionization. This semi-bridging structure can be viewed as an approximate 

60° rotation of one Fe(CO)3 group with a vacant axial coordination site on the iron 

center.
114,115,181-183

 This structure has been termed the “rotated” structure and the subject 

of much attention.
126,131,184-188

 

Adoption of the bridged structure upon oxidation and reduction of the molecule 

has been reported
131,175

 for both BDT-cat and PyDT-cat. The dianionic structure of BDT-

cat, with complete cleavage of an Fe–S bond was suggested by McKennis et al.
189

 from 

sodium reduction of BDT-cat. The calculated ∆Er value for the PzDT-cat (0.55 eV) is the 

smallest among the three compounds (Er = 0.64 eV for BDT-cat
175

 and 0.63 eV for 

PyDT-cat
131

). This smaller ∆Er is suggested by the slightly sharper rise and the slightly 

more defined shoulder of the first ionization band in the photoelectron spectrum of 

PzDT-cat. This could be caused by the large C–S bonding interaction between the 

pyrazine ring and the Fe2S2 core observed at the HOMO of PzDT-cat shown in Figure 

4.10 (this interaction is absent in BDT-cat and PyDT-cat) and electron delocalization of 

the pyrazine ring (ζ-effect involving lone pair orbitals) further stabilizes the cation during 

electronic transition from the neutral molecule to the cation. 
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The Kohn–Sham (KS) orbital plot of the HOMO for PzDT-cat is shown in Figure 

4.9 and mainly consists of the metal–metal bonding interaction of Fe dZ
2
 orbitals with 

delocalization of electron density into the pyrazine ring through the S atoms. 

Concentration of electron density is also observed at the N atom due to the N lone pairs 

of the pyrazine ring. Further analysis of KS orbitals found that the electron density in the 

leading broad ionization band starting from around 7.5 to 9.0 eV (HOMO to HOMO-6 

shown in Figure 4.11) was mainly composed of ionizations from the two Fe centers. In 

addition to the above findings, the second ionization band from 9.0 to 11.0 eV was found 

to contain substantially more S and N valence p-orbital character (HOMO-7 to HOMO-

12 in Figure 4.11) compared to BDT-cat and PyDT-cat, which is in agreement with the 

comparison of the He I and He II photoelectron spectra. Overall, the analysis of the 

HOMOs are consistent with photoelectron spectra and the differences in relative 

ionization cross section of the atoms.  
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 Neutral Cation 

 

 

 

 

 

 

PzDT-

cat 

  
Figure 4.9. Geometry optimized structures of the neutral and the “rotated” 

cation of PzDT-cat. 
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 HOMO LUMO 

 

 

 

 

 

 

BDT-

cat 

  
6.04 eV 3.51 eV 

 

 

 

 

 

 

PyDT-

cat 

  
6.21 eV 3.66 eV 

 

 

 

 

 

 

PzDT-

cat 

  
6.26 eV 3.84 eV 

Figure 4.10. Highest occupied and lowest unoccupied orbital of BDT-cat, 

PyDT-cat and PzDT-cat. 
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HOMO-1, 8.44 eV. HOMO-2, 8.51 eV. 

  
HOMO-3, 8.68 eV. HOMO-4, 8.70 eV. 

  
HOMO-5, 8.78 eV. HOMO-6, 9.00 eV. 
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HOMO-7, 9.35 eV. HOMO-8, 9.44 eV. 

  
HOMO-9, 9.95 eV. HOMO-10, 10.24 eV. 

  
HOMO-11, 10.28 eV. HOMO-12, 10.97 eV. 

Figure 4.11. HOMO -1 to HOMO -12 of PzDT-cat. 
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Based on the analysis of KS orbitals, geometric reorganization to the semi-

bridged “rotated” structure is favored upon removal of an electron from the HOMO. 

Removing electron density from the metal–metal bonding interaction leads to a slight 

elongation of the Fe–Fe bond, ~0.06 Å, from the neutral compound, as is listed in Table 

4.3. The formation of a semi-bridging carbonyl between the two Fe centers to stabilize 

the electron density in the Fe2S2 region results in elongation of the Fe–Fe bond. The gas-

phase electronic energy of the semi-bridged structure is also found to be 0.2 eV less than 

that of the non-bridged structure.  

Similar to the removal of an electron from the HOMO (oxidation), adding an 

electron into the LUMO (reduction) also initiates a geometric change. The LUMO shown 

in the Figure 4.10 mainly consists of the metal–metal antibonding interaction with π 

bonding interaction between the S p-orbital and delocalization into the conjugated π-

system of the pyrazine ring. Addition of an electron to the anti-bonding LUMO promotes 

elongation of the Fe–Fe bond and cleavage of the Fe–S bond, leading to formation of an 

open coordination site for catalytic activity. The structure of the bridged anion is shown 

in Figure 4.12 with the Fe–Fe bond elongated by ~0.12 Å from the neutral compound. 
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Table 4.3. Comparison of Computed Neutral and Cation Structures of PzDT-

cat.
a 

Bond/Angle Neutral Cation 

Fe–Fe 2.480 2.540 

Fe–S
 

2.291 2.298 

S…S
 

3.011 3.094 

S–C 1.799 1.805 

Fe–C
b 

1.782 1.799 

C–O
b 

1.155 1.150 

S–Fe–S 81.2 83.7 

Fe–S–Fe 65.5 67.1 

S–Fe–Ca 102.5 95.6 

Ca–Fe–Cb 99.3 95.0 

Cb–Fe–Cb 90.8 91.5 
a
 Bond length, Å; angles, degrees. 

b
 Averaged over all COs. 

Ca refers to the apical COs in the local square-based pyramid geometry of each 

Fe, and Cb refers to the basal COs.
 

ADF2006.01d, VWN-Stoll/TZP 
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Figure 4.12. Geometry optimized structure of the PzDT-cat

 
anion. 
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Electrochemical Analysis and Catalytic Cycle Development. Various cation and anion 

structures of PzDT-cat were explored. The experimental and calculated oxidation and 

reduction potentials of PzDT-cat are listed with BDT-cat and PyDT-cat for comparison. 

Pictorial representations of the oxidation and reduction cycles of PzDT-cat are presented 

in Figure 4.13 and 4.14 respectively. The experimental and computed oxidation and 

reduction potentials of BDT-cat, PyDT-cat, and PzDT-cat are listed in Table 4.4. All 

three catalysts exhibited reversible two electron reduction processes in the absence of 

added acid. The oxidation potential of PzDT-cat was calculated as 0.86 V for the semi-

bridged structure and 1.33 V for non-bridged cation. The calculated oxidation potential of 

the semi-bridged structure is in closer agreement to the experimental value of 0.93 V. 

Calculated oxidation potential trends, comparison of gas-phase electronic energy, and 

observations made from analysis of KS orbitals suggest the semi-bridged cation is the 

favored structure. The calculated reduction potential was also explored with bridged and 

non-bridged structures. Interestingly, the gas-phase electronic energy of the bridged anion 

is calculated to be similar (within 0.008 eV) to the non-bridged anion. Because the 

LUMO shown in the Figure 4.9 contains both Fe–S and Fe–Fe antibonding character, 

cleavage of either bond will be likely in the anionic structure shown in the Figure 4.14. 

Also a Boltzmann distribution analysis of the anion indicates that the probability of 

forming both bridged (58%) and non-bridged (42%) structures is possible at room 

temperature. Further analysis of the anion was conducted with reduction of the anion into 

the dianion. In the dianionic structure, the gas-phase electronic energy of the bridged 

dianion is found to be 1.09 eV more stable (only the bridged dianion was observed in 
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BDT-cat
175

 and PyDT-cat
131

) than the non-bridged dianion. This bridged dianion results 

in potential inversion upon second reduction of the catalyst and overall two electron 

reduction processes as discussed below.  

Potential inversion is the process in which a second electrochemical process 

occurs more favorably than the first electrochemical process and the reduction potential is 

defined by the average potential of the two separate reduction processes. Typically, this 

potential inversion is associated with a significant structural change, which is the cause 

for the ease at which the second reduction event occurs. The calculations show that the 

first reduction, E1
o
, occurs at -1.33 V and the second reduction, E2

o
, occurs at -0.95 V 

which corresponds to a 380 mV potential inversion. The average of the calculated 

reductions is -1.14 V based on the reduction potentials of forming the CO species, 

which is in excellent agreement with the experimentally obtained reduction potential of -

1.15 V.  

Experimental and calculated reduction potentials shift positively as the electron-

withdrawing properties of arenedithiolate ligand is increased and this agrees with the 

previously observed experimental trend.
175,178

 The dianionic structure in Figure 4.14 

shows complete cleavage of the Fe–S bond to produce an open coordination site. This 

assessment agrees with the LUMO of the bridged anion, Fe–S antibonding interaction 

with delocalization of electron density due to π back bonding of the carbonyl ligands, 

shown in the Figure 4.15. 
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Figure 4.13. Calculated neutral and cation structures of PzDT-cat. The cation structure 

without a bridging carbonyl is at lower right, and the “rotated” cation structure with a 

semi-bridging carbonyl is at upper right. The numbers in black are the gas-phase 

electronic energies, and the numbers in red are the calculated solution oxidation 

potentials. 
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Figure 4.14. Calculated anion and dianion structures of PzDT-cat with gas-phase 

electronic energies (black) and calculated solution reduction potentials (red). 
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Table 4.4. Experimental and Calculated Oxidation and Reduction Potentials of 

BDT-cat to PzDT-cat.
a
 

 Exp. Eox
b
 Calc. Eox

b
  Exp. E1/2

b
 Calc. E1/2

b,c
  

BDT-cat 0.86 0.70 -1.32 -1.29 

PyDT-cat 0.90 0.76 -1.24 -1.27 

PzDT-cat 0.93 0.86 -1.15 -1.14 
a 
Potentials, V vs. ferrocenium/ferrocene.   

b
 Oxidation potential, Eox, Reduction potential, E1/2. 

c
 Averaged between E1/2 of anion and dianion due to overall two electron 

reductions. 

0.35 mM Cat in 0.10 M Bu4NPF6/CH3CN at 0.100 V/s 

ADF2006.01d, VWN-Stoll/TZP 
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Figure 4.15. Lowest unoccuppied orbital of PzDT-cat anion. 
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The catalytic mechanism for reduction of acetic acid to produce H2 using PyDT-

cat or PzDT-cat as catalysts has not been reported previously. This catalytic cycle of 

PzDT-cat was simulated using the ECEC mechanism (E=electrochemical and 

C=chemical) suggested for BDT-cat, based on the many similar oxidation and reduction 

processes observed for the three catalysts.
175

  

The protonation sites in the PzDT-cat, shown in Scheme 4.1, by acetic acid (pKa 

=22.3 in CH3CN) are chosen based on the pKa values of BDT-cat.
175

 The pKa values are 

reported 22.9 at μ-bridged hydride between two Fe atom, 17.6 at terminal hydride of Fe 

atom, and 18.1 at sulfur hydride.
175

  

Protonation of PzDT
2-

 to form a μ-bridged hydride (PzDTH
-
), or protonation at a 

N atom (PzDTNH
-
) in the pyrazine ring to yield –NH were simulated and shown in 

Figure 4.16. The calculated pKa value of PzDTH
-
 is 22.9, while the calculated pKa value 

of PzDTNH
-
 is 21.6. The differences in pKa values results in PzDTNH

-
 being less stable 

than PzDTH
-
 by Gibbs Free Energy of 1.8 kcal/mol in CH3CN solution. Interestingly, the 

calculated pKa value of PzDTH
-
 is found to be the same value reported from 

thermodynamically stable μ-bridged hydride structure of BDT-cat H
-
.
175

 Furthermore, 

multiple reduction peaks are observed near -1.55 and -1.91 V in the voltammograms of 

PzDT-cat, shown in the Figure 4.17. These peaks are proposed to be the catalytic 

reduction of acetic acid to produce H2 and correspond with the calculated values for the 

reduction of PzDTH
-
 and PzDTNH

-
, -1.85 and -2.23 V respectively. The overpotential 

(Eoverpot)  for the catalytic production of H2 from acetic acid based on two catalytic 
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pathways were determined to be -0.53 V for PzDTH
2-

 and -0.76 V for PzDTNH
2-

 which 

is lower than that for BDT-cat
175

 and arenedithiolate compound.
178

 

After PzDTH
-
 is reduced to form PzDTH

2-
, the catalyst can react directly with 

acetic acid to produce H2. This process was found to be the favorable pathway in the 

BDT-cat catalytic cycle with the equilibrium constant of 4900 M.
175

 The equilibrium 

constant for H2 production from PzDTH
2-

 and acetic acid, however, was calculated to be 

0.04 M at room temperature. Also, catalytic cycle based on the PzDTNH
-
 was simulated 

and the equilibrium constant was calculated to be 0.05 M. Although this is a small 

equilibrium constant value, which doesn’t favor H2 production, still a small amount of H2 

will be produced. The resulting anion of the catalyst (PzDT
-
) will then be reduced and 

removed from the equilibrium, driving the equilibrium towards further H2 production. 

Various protonation sites of PzDTH
2-

 and PzDTNH
2-

 were investigated to further 

understand the catalytic cycle of PzDT-cat. The free energy required to protonate in 

PzDTH
2-

 and PzDTNH
2-

 at the N atom in the heterocyclic ring, the S atom in the 

dithiolato bridge, or the terminal Fe atom in the Fe2S2 center by acetic acid in CH3CN 

solution were calculated to be 4.3 to 29.8 kcal/mol. Even though the equilibrium constant 

of the PzDT-cat
 
is much less than that of the BDT-cat, the direct protonation of PzDTH

2-
 

and PzDTNH
2-

 with acetic acid will still take a place. The free energy of direct 

protonation was calculated to be 1.8 to 1.9 kcal/mol, which is energetically favorable 

pathway over protonating various sites in PzDTH
2-

 and PzDTNH
2-

. 
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Scheme 4.1. The ECEC mechanism for catalytic reduction of protons to H2 starting from 

neutral PzDT-cat proposed from the catalytic cycle of BDT-cat.  
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Figure 4.16. Calculated structures of the possible protonation sites. PzDTH

-
 with the μ-

hydride is calculated to be the thermodynamically favored protonation site. 
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Figure 4.17. Voltammograms of  ~1 mM PzDT-cat in 0.10 M Bu4NPF6/CH3CN at 0.100 

V/s in the absence of acetic acid and in the presence of concentrations of acetic acid. 
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Conclusions 

 The DFT computational studies in conjunction with experimental observations 

were able to describe the electronic structure and geometry of the PzDT-cat. The effects 

of the increasing electron-withdrawing property of arenedithiolate moiety (benzene < 

pyridine < pyrazene) is observed spectroscopically, electrochemically and in geometric 

differences through many parts of the analysis including higher ionization energies and 

higher CO values, more positive reduction potentials as the electron-withdrawing 

property of the arenedithiolate increased. Despite the observed differences, the overall 

electronic perturbation from benzene to pyridine to pyrazine on the Fe2S2 core is still 

small as the amount of change in Fe–Fe bond distances, and electron density in the 

vicinity of the Fe2S2 core are minimal. Furthermore, the calculated pKa value of the first 

protonation site for PzDT-cat is found to be same as the value reported from the first 

diiron protonation site of BDT-cat.
175

  

Cations and anions of the PzDT-cat favorably adopted the rotated structures with 

a bridging carbonyl ligand over the non-bridged structure.  The rotated bridging structure 

creates an open coordination site for protonation to occur. The rotation also leads to a 

potential inversion during the reduction process resulting in an overall two-electron 

reduction similar to the observed two-electron reduction for BDT-cat
175

 and 

arenedithiolato compounds.
178

  

 The catalytic cycle for H2 production of acetic acid with PzDT-cat was proposed 

based on the many similarities found between PzDT-cat and BDT-cat. Detailed 

experimental and computational analysis of the proposed catalytic cycle revealed possible 
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multiple catalytic pathways which were not seen in the BDT-cat. The equilibrium 

constant for the direct reduction of PzDTH
2-

 and PzDTNH
2-

 with acetic acid to produce 

H2 was six orders of magnitude smaller than with BDT-cat however this process is 

favorable for generating dihydride species by protonating various sites in PzDTH
2-

 and 

PzDTNH
2-

. Overall, the PzDT-cat catalyst was able to reduce protons from acetic acid to 

produce H2. Furthermore, the reduction potential of PzDT-cat without acetic acid and the 

Eoverpot based on direct reduction of acid with PzDTH
2-

 was found to be less than that of 

BDT
175

 due to electron-withdrawing pyrazine ligand resulting in less energy required for 

initiating proposed catalytic cycle than the catalytic cycle of BDT-cat. 
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CHAPTER 5 

CHALCOGEN-CONTAINING HYDROGENASE-INSPIRED ACTIVE SITE CATALYSTS: 

MINIMIZING REORGANIZATION ENERGY OF OXETANE-CONTAINING DIIRON 

CATALYSTS WITH SUBSTITUTION OF THE CHALCOGEN ATOMS FROM SULFUR TO 

SELENIUM TO TELLURIUM 

 

Introduction  

The [NiFe]-hydrogenases are known to have high O2 tolerance, however, they also have 

lower activity towards H2 production compared to the [FeFe]-hydrogenases.
190,191

 A third 

classification of hydrogenase enzymes, the [NiFeSe]-hydrogenases, has a selenocystenie instead 

of one of the terminal cysteine ligands attached to the Ni atom in the [NiFe]-hydrogenase. 

Reisner et al.
192

 have reported that [NiFeSe]-hydrogenases attached on the surface of a TiO2 

electrode showed higher H2 production and greater O2 tolerance compared to [NiFe]-

hydrogenase attached to the same surface. Furthermore, the catalytic activity was diminished 

only 20% when the [NiFeSe]-hydrogenases attached electrode was stored in a buffer solution at 

room temperature after 48 hours demonstrating stability of the [NiFeSe]-hydrogenases enzyme 

in the aqueous solution.
193

 Although the Fe atom is not directly bound to the Se atom in the 

active site of [NiFeSe]-hydrogenase, substitution of larger Se atom in hydrogenase inspired 

catalysts may show improved electronic and geometric perturbations relative to the S atom 

catalysts.  

Several diiron compounds containing the Se atom have been synthesized as early as 

1958.
194

 However, comprehensive studies (spectroscopic, electrochemical, and computational) 

towards designing efficient [FeFe]-hydrogenase-inspired catalysts containing Se atoms and 

which catalyze protons to produce H2 had not been performed until 2008.
132,133

 Gao et al.
132

 

reported a series of aza diselenato diiron catalysts (G1-G3), shown in Figure 5.1, which were 
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able to produce H2 from electrochemical reduction of protons in the presence of strong acid with 

increased catalytic activity over analogous molecules of aza dithiolato diiron catalysts. 

Mohammad et al.
133

 also reported catalytic production of H2 in the presence of weak acids with 

the diselenato diiron catalysts (PDSe-cat and mPDSe-cat) shown in Figure 5.1. Furthermore, 

cation reorganization energy (∆Er) of the diselenato diiron catalysts was found to be substantially 

lower than that of analogous molecules of dithiolato diiron catalysts.  

Although substitution of the chalcogen atoms in cyclic organic molecules is not directly 

related to the [FeFe]-hydrogenase active site catalysts, Glass et al.
195

 have reported substantial 

reduction of ionization energy from decreasing lone-pair orbital overlap energy going from S to 

Se to Te atoms. The details have not been investigated but these effects may lead to smaller 

intramolecular (inner-sphere) and intermolecular (outer-sphere) reorganization of the diiron 

compounds. Hence, faster electron transfer rates
196-199

 according to Marcus theory
200

 and 

increased catalytic activities of [FeFe] active site catalysts may be achieved for catalysts 

containing heavier chalcogen atoms. 

In this chapter, photoelectron spectroscopy, cyclic voltammetry (CV), IR spectroscopy, 

and DFT calculations were utilized to investigate the catalytic production of H2 from weak acids 

using catalysts containing heavier chalcogen atoms.  The geometric and electronic perturbations 

of oxetane-containing diiron compounds shown in Figure 5.2, Fe2(μ-S2C5H8O)(CO)6 (5a), Fe2(μ-

Se2C5H8O)(CO)6 (5b), and Fe2(μ-Te2C5H8O)(CO)6 (5c) were examined.  
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Figure 5.1. Diiron diselenolato [FeFe] active site catalysts (G1- mPDSe-cat). 
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Figure 5.2. Structure of oxetane containing [FeFe] active site catalysts. 
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Experimental Methods 

 

[FeFe] active site catalysts 5a-5c
201

 were synthesized and the X-ray structures were 

determined by Professor Wolfgang Weigand from the Institut für Anorganische Chemie und 

Analytische Chemie der Friedrich-Schiller-Universität in Jena, Germany. Photoelectron spectra, 

IR spectra, and CV measurements of samples were obtained and analyzed with the methods 

described in Chapter 2. Table 2.2 lists experimental conditions of photoelectron spectroscopy 

such as the sublimation temperatures and regions scanned. All calculations were performed 

according to the procedure described in Chapter 2 with an acetonitrile solvated environment. The 

theoretical stretching frequencies and IR absorption intensities for all species were calculated 

analytically with the same computing method as described in Chapter 2, and scaled by a factor of 

1.002. 

Results and Discussion 

Electrochemistry Measurements. Electrochemical analysis of 5a-5c was performed by 

Dr. Greg Felton in Professor Evans’s research lab. Details of experimental conditions are listed 

in Chapter 2. The calculated oxidation and reduction potentials are displayed with the observed 

CV scan in Figure 5.3 and values are listed in Table 5.1. All three catalysts exhibited similar 

reduction and oxidation processes. Strong irreversible oxidation peaks for the compound 

catalysts were observed between 0.70 and 0.80 V vs. Fc
+
/Fc. Also, small oxidation peaks were 

observed for 5a and 5b at 0.60 V during a return sweep only after an initial scan in the cathodic 

direction occurred. The irreversible oxidation of the aza diselenato diiron catalysts (G1-G3) are 

reported between 0.66 and 0.57 V which is 0.08 V less positive than analogous molecules of aza 

dithiolato diiron catalysts.
132

 The diselenato diiron catalyst (mPDSe-cat) also reported 

irreversible oxidation at 0.76 V.
133
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Initial one-electron reduction peaks were observed around -1.55 V for 5a-5c. A second 

set of irreversible reduction peaks occurred around -2.10 V. The first one-electron quasi-

reversible reductions of the aza catalysts (G1-G3) are reported between -1.40 and -1.50 V and 

were followed with second irreversible reductions between -1.71 and -2.02 V.
132

 The one-

electron irreversible reduction of diselenato diiron catalyst (mPDSe-cat) was reported at -1.62 

V.
133

  

Catalytic reduction of acetic acid with 5a-5c was observed in the range of -2.00 to -2.30 

V, shown in Figure 5.4. The primary reduction peak observed around -1.50 V did not grow in 

height with consecutive additions of acetic acid and hence did not show catalytic activity. 

Catalytic reduction of toluenesulfonic acid with the aza catalysts (G3 and analogous molecules 

of aza dithiolato) is reported in the range of -1.34 to -1.37 V with a linear increase in the peak 

height with increase in the acid concentrations.
132

 Similar results were reported for the diselenato 

diiron catalyst (mPDSe-cat) with acetic acid in the range of -2.10 to -2.20 V.
133

 

Overall, the catalytic reduction of acetic acid with 5a-5c was broad and not well defined. 

Also, it is difficult to evaluate the catalytic efficiency of these complexes due to considerable 

direct reduction of acetic acid at the surface of working electrode. However, the overpotential 

(Eoverpot) of these compounds is roughly estimated to be at least 0.5 V vs. the standard reduction 

potential of acetic acid (-1.46 V vs. Fc
+
/Fc) in acetonitrile. This Eoverpot is similar to previously 

reported catalysts containing benzene dithiolate
175

 and pyrazine dithiolate moieties, which were 

discussed in Chapter 4. Despite these small changes in potentials the catalytic reduction peak 

height of acetic acid to H2 is found to be substantially diminished from S to Se to Te. This is 

opposed to the results from the catalytic reduction of toluenesulfonic acid with the aza diselenato 

diiron catalyst (G3) reported by Gao et al.
132

 Furthermore, much greater catalytic activity was  
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Figure 5.3. Background-corrected voltammograms of 1.01 mM 5a (blue), 1.00 mM 5b (red) and 

1.00 mM 5c (green) in acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate at 

glassy carbon (0.10 V/s; scan segments: −0.9 to −2.7 V; −2.7 to +1.1 V; +1.1 to −0.9 V; argon 

purged). The bars on the zero current axis represent oxidation and reduction potentials obtained 

from DFT computations. The colored bars are the calculated oxidation potential for each 

respective molecule, the black bar is the range of calculated first reduction potential for all three 

molecules, and the grey bar represents the range of calculated second reduction potential for a 

variety of final geometries. 
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Table 5.1. Experimental and Calculated Oxidation and Reduction Potentials of 5a-5c.
a
 

 Exp. Eox
b
 Exp. Ered

b
 Calc. Eox

b
 bg Calc. Ered

b
 bg Calc. Eox

b
 

nbg 

Calc. Ered
b
 

nbg 

5a 0.81 -1.60 0.59 -1.64 0.87 -1.65 

5b 0.78 -1.55 0.51 -1.77 0.78 -1.68 

5c 0.71 -1.54 0.67 -1.87 0.66 -1.67 
a 
Potentials, V vs. ferrocenium/ferrocene. 

b
 Oxidation potential, Eox, Reduction potential, Ered. 

b
 bg refers to the bridged COs in the 

geometry, and nbg refers to the non-bridged COs. 

ADF2006.01d, VWN-Stoll/TZP 
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Figure 5.4. Background-corrected voltammograms of 1.01 mM 5a (blue), 1.00 mM 5b (red) and 

1.00 mM 5c (green) in the presence of 50 mM acetic acid, and 50 mM acetic acid only (black) in 

acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate at glassy carbon (0.10 V/s; 

scan segments: −0.9 to −2.5 V and return to −0.9 V; argon purged).   
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achieved by benzenedithiolato
175

 and pyrazenedithiolato catalysts with less than 20 mM of acetic 

acid in acetonitrile solution. 

Photoelectron Spectroscopy. The He I and He II gas-phase photoelectron spectra of 5a-

5c are shown in Figure 5.5. The general assignment of the ionizations is based on previously 

reported analogous catalysts.
133

 The displayed spectra contain the contribution from the Fe-based 

metal 3d-orbitals, chalcogen-based valence p-orbitals, and O-based 2p-orbital ionizations. The 

chalcogen-based and O-based valence p-orbital ionizations are also expected to be observed in 

the high ionization energy side of this region based on previously reported photoelectron spectra 

of chalcogen
202-204

 and oxetane
205,206

 containing organometallic compounds.  

The first broad ionization profile, shown in more detail in Figure 5.6, contains the 

predominantly Fe d-based ionizations with extensive overlap of six Fe 3d-orbitals and ranges up 

to about 9 eV for the S- and Se-containing catalyst and up to about 8.7 eV for the Te-containing 

catalyst. This band has a weak shoulder on the low ionization energy side corresponding to 

ionization from the HOMO of the molecule. The HOMO was calculated to be predominantly the 

Fe–Fe ζ bond, with an adiabatic ionization (IEA) energy approximately in the region indicated by 

the onset of ionization intensity around 7.5 eV. The estimated shift of the IEA from molecule 5a 

to molecule 5c based on these spectra is 0.1 eV, which is the same as the observed shift in 

oxidation potentials reported
201

 and presented in Table 5.1. 

The second and third ionizations bands shown in Figure 5.5, ranging from 9.0 to 9.5 eV, 

are chalcogen based, and those from 10.0 eV and above are O p-based ionizations. The 

additional identifiable band in this region of the spectrum of 5c is most likely the consequence of 

spin-orbit effects, splitting Te 5p-ionization into 
5
P1/2 and 

5
P3/2, for the heavy Te atom. Compared 

to the ionizations observed in the He I spectra, these chalcogen-based ionizations exhibit  
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Figure 5.5.  Photoelectron spectra of oxetane catalysts, 5a-5c. He I (solid line) and He II (dashed 

line). The arrow at lowest ionization energy indicates the calculated IEA. The arrow at the highest 

ionization energy indicates the calculated IEV.  
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Figure 5.6. First ionization bands of catalysts 5a-5c in the He I photoelectron spectra. The 

brackets indicate the region of onset of ionization intensity, which approximates the IEA for the 

molecules. 
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substantially decreased intensity relative to the Fe d-based ionizations when the higher energy 

He II excitation was used. The probability of ionization from a chalcogen p-orbital falls by an 

average factor of 10 from He I to He II excitation, while the probability of O p-orbital and Fe d-

orbital ionizations increases by almost a factor of 2 based on theoretical partial photoionization 

cross-sections of the atoms.
180

 However, the relative intensity changes observed in the 

photoelectron spectra are much lower in magnitude than the theoretical values predicted for pure 

atomic orbital ionizations. This suggests substantial mixing of chalcogen character with Fe d-

orbital and O p-orbital character. The energies of these ionizations visibly decrease with 

substitution from S to Se to Te as expected from the decreasing electronegativity of the atoms 

and the decreasing inherent stability of the atomic orbitals. 

Electronic Structure. DFT calculations of 5a-5c have been carried out using the 

computational methods described in Chapter 2 to provide further information on how the 

electronic structure and properties of the molecule are altered as the chalcogen is changed from S 

to Se to Te. The comparison of optimized geometries and the crystal structures are shown in 

Figures 5.7, 5.8 and 5.9 and listed in Table 5.2. The calculated Fe–Fe bond distances of 5a and 

5b are within 0.025 Å and the average Fe-chalcogen bond distances were calculated within 

0.040Å of those obtained from crystal structures. For the Te-containing molecule, 5c, the 

optimized Fe–Fe distance is 0.05 Å shorter than the crystal structure distance, and the Fe–Te 

distance is about 0.07 Å longer than the crystal structure distance. There was some concern about 

additional relativistic effects or other limitations of the basis set or model for the heavy Te 

atoms, but this was not found to be an issue for the electron distribution or the spectroscopic and 

thermodynamic properties of the molecule, as evidenced by agreement with the carbonyl 

stretching frequenciesCO), ionization energy, and oxidation and reduction potentials. It was 
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noted that geometry optimization was much more difficult for the Te-containing molecule 

because of a fairly flat potential energy surface, perhaps due to the larger and softer Te atoms, 

leading to larger differences in the calculated distances from experiment, but not to significantly 

larger differences in the calculated energy quantities. 

Although the structural properties are similar in 5a-5c, elongation of the Fe–Fe and Fe–

chalcogen bond distances in both the crystal and geometry optimized structures are observed as 

the size of chalcogen atom increased from S to Se to Te. The similar trend in the elongation of 

Fe–Fe bond distances, ~ 0.05 Å elongation when S atom was replaced with Se atom, were also 

reported by Gao et al.
132

 and  Mohammad et al.
133

  

The CO stretching frequencies (CO) are measured to evaluate the electron distribution 

in the molecules and the fact that the calculated frequencies of molecules resulted in no negative 

frequencies indicated that the true energy minima of optimized geometries were obtained. The 

calculated and observed CO are shown in Figure 5.10. The CO of catalysts 5a-5c exhibit 

absorption with nujol, 2077 (s), 2036 (vs), 2008 (s), 1993 (s), 1982 (m) for 5a, 2070 (s), 2029 

(vs), 2000 (s), 1989 (s), 1977 (m) for 5b, and 2058 (s), 2020 (vs), 1990 (s), 1982 (s), 1969 (m) 

for 5c. The average difference in the calculated and experimental frequencies is less than 0.2 

percent and the relative absorption intensities are in good agreement. The CO of 5a-5c shown 

in Figure 5.10 indicate an increase of electron richness at the diiron core as νCO shifts to lower 

energies from 5a to 5c. The CO are shifted by ∆CO= ~ 7 cm
-1

 from 5a to 5b and ∆CO= ~ 9 cm
-1

 

from 5b to 5c. The similar CO shift to lower energies from S to Se were reported for the aza 

diselenato diiron catalysts
132

 (G1-G3) with ∆CO= ~ 9 cm
-1

 and the diselenato diiron catalysts
133

 

(PDSe-cat and mPDSe-cat) with ∆CO= ~ 9 cm
-1

. This trend is expected considering the  
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Figure 5.7. The molecular structure of 5a with anisotropic displacement ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. 
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Figure 5.8. The molecular structure of 5b with anisotropic displacement ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. 
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Figure 5.9. The molecular structure of 5c with anisotropic displacement ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. 
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Table 5.2. Comparison of the Computed Structures of 5a-5c to the 

Crystallographic Data.
a
   

 5a 5b 5c 
Bond/Angle X-Ray

b
 DFT

c
 X-Ray

b
 DFT

c
 X-Ray

b
 DFT

c
 

Fe–Fe 2.492 2.513 2.537 2.547 2.632 2.589 

Fe–X
d 

2.262 2.275 2.380 2.416 2.532 2.603 

X
d
…X

d 
3.043 3.077 3.237 3.329 3.493 3.632 

X
d
–C 1.829 1.837 1.979 2.017 2.164 2.228 

Fe–C
e 

1.800 1.779 1.791 1.775 1.786 1.771 

C–O
e 

1.137 1.158 1.145 1.158 1.147 1.159 

X
d
–Fe–X

d
 84.3 84.9 85.6 87.0 87.1 88.5 

Fe–X
d
–Fe 66.8 67.1 64.3 63.6 62.5 59.6 

C–C–C 113.7 113.6 113.5 113.9 113.5 114.1 

X
d
–Fe–Ca 111.5 107.9 110.2 106.2 104.1 104.3 

Ca–Fe–Cb 95.8 97.7 96.2 98.3 101.4 98.9 

Cb–Fe–Cb 90.4 91.3 90.4 90.8 89.5 90.8 
a
 Bond lengths: Å; angles: degrees. 

b
 Ca refers to the apical COs in the local square-based pyramid geometry of each 

Fe, and Cb refers to the basal COs.
 

c
 See experimental section and Chapter 2 for details of the DFT method. 

d
 X is S, Se, or Te 

e
 Averaged over all COs. 

ADF2006.01d, VWN-Stoll/TZP 
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electronegativity of S to Se to Te. The increasing σ donor ability from S to Se to Te is evidenced 

by the increasing positive charge on these atoms. Voronoi deformation densities
207

 were used to 

assess the electron density in the vicinity of the chalcogens. The electron density of the 

chalcogens decreases by 0.06 e
–
 from S to Se and another 0.09 e

–
 from Se to Te confirming 

increased donor ability of the atom. The corresponding increases in electron density in the 

vicinity of the Fe atoms are 0.02 and 0.04 e
–
 suggesting much of the charge around the diiron 

core is transferred to the CO ligands. These observations agree with the lengthening of the C≡O 

bonds (1.137 to 1.147 Å) and shortening of the Fe–CCO bonds (1.800 to 1.786 Å) due to more π-

backbonding between the metal center and the CO ligands and lower CO as ordered from S to 

Se to Te. 

The agreement of the calculations with the experimental ionization energy was also good. 

The arrows in Figure 5.5 indicate the vertical ionization (IEV) energy and IEA as calculated by 

ΔSCF energy between the neutral and the positive ion and computed values are listed in Table 

5.3. The calculated IEv are able to properly account for the shift of the primary ionization band 

intensity to lower energy from S to Se to Te. The calculated IEA values, indicated by arrows in 

the lowest ionization energy near 7.5 eV, were found to be close to the experimental onset 

energy of the ionization band indicating a geometry optimized cation structure with a semi-

bridging CO ligand as shown in Figure 5.11. This general arrangement of the bridged “rotated” 

structure is analogous molecule to the active site of [FeFe]-hydrogenase.
113-115,182,183

 This has 

been the subject of much attention
126,131,184-188

 and thought to be critical for the H2 production.
131
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Figure 5.10. Comparison of the experimental IR spectra (in Nujol) in the carbonyl stretching 

region (solid lines) with calculated frequencies (dashed lines) for each of the oxetane catalysts. 
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Table 5.3. Calculated IEV, IEA, and ∆Er of 5a-5c.
a
 

 Calc. IEV
b
 Calc. IEA

b
 Calc. ∆Er 

5a (S,S) 8.12 7.53 0.59 

5b (Se,Se) 7.99 7.46 0.53 

5c (Te,Te) 7.88 7.56 0.42 
a 
Energies, eV.  

b
 ADF2006.01d, OPBE/TZP 
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 Neutral Cation 

 

 

 

 

 

5a 

  
 

 

 

 

 

 

5b 

 
 

 

 

 

 

 

 

 

5c 

  
Figure 5.11. Gas-phase geometry optimized structures of neutral and 

cation, 5a-5c. 
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The ∆Er values for each catalyst were calculated as the gas-phase energy difference 

between the geometry optimized structures of the non-bridged neutral and the semi-bridged 

structure of the cation shown in Figure 5.11. The ∆Er values were calculated to be 0.59 eV for 

5a, 0.53 eV for 5b, and 0.42 eV for 5c. Substantial reduction of ∆Er was calculated with 

increasing atomic radii of the chalcogen, favoring increasing electron transfer rates going from 

S- to Te-containing catalysts. The decrease in the ∆Er was not as large as observed from S to Se 

in the diselenolato diiron catalyst (mPDSe-cat), where the ΔEr decreased from 0.65 to 0.45 eV.
133

 

Interestingly, although the IEv shifted significantly to lower energy with the heavier chalcogens 

reflecting their greater donor ability, the ∆Er also decreased down the series, and the 

consequence of the combination of these effects is that there is little shift, only about 0.1 eV 

overall, in IEA. 

 The trends in ionization energy and ΔEr values show that as the bridging atoms change 

from S to Se to Te, the cations gain less stabilization in forming the “rotated” structures with 

bridging COs. The decrease in stabilization may be related to both the increasing Fe–Fe distance 

and the greater electron richness at the metal centers as the size and donor ability of the 

chalcogen atom increases down the series. The formation of rotated structures becomes 

geometrically less favorable and the need for the rotated structure to stabilize the ionized metal 

centers diminishes. 

From the Kohn–Sham (KS) orbitals of the HOMO and LUMO, shown in the Figure 5.12, 

the HOMO mainly consists of the metal–metal bonding interaction of Fe dZ
2
 orbitals with 

delocalization of electron density due to π backbonding of the CO ligands. The tilting of the 

oxetaane imparts some symmetry to the HOMO. The LUMO mainly consists of the metal–metal 
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antibonding interaction of Fe dZ
2
 orbitals with the metal–chalcogen antibonding interaction of 

chalcogen p orbitals.  

Further analysis of KS orbitals corresponding to the ionizations above 9.0 eV were found 

to contain substantial chalcogen p-orbital character (HOMO-8 to HOMO-10) shown in Figures 

5.13-5.15. This is in agreement with the relative intensity of the ionizations observed in He I/He 

II photoelectron spectra. Also, the orbital (HOMO-11) above 9.9 eV is calculated to contain the 

oxetane O 2p character of ring with lone pairs directed outward from the molecule, based upon 

the DFT calculations. In addition to the above, analysis of KS orbitals agrees with the splitting of 

Te 5p-ionization and mixing of chalcogen orbital characters with Fe and O orbital characters 

suggested by the He I/He II photoelectron data. 
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 HOMO LUMO 

 

 

 

 

 

5a 

  
-8.12 eV -5.55 eV 

 

 

 

 

 

 

5b 

  

-7.99 eV -5.52 eV 
 

 

 

 

 

 

 

5c 

 
 

-7.88 eV -5.44 eV 

Figure 5.12. Highest occupied and lowest unoccupied orbitals 5a-5c. 
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HOMO, -8.12 eV HOMO-1, -8.27 eV HOMO-2, -8.38 eV 

 
 

 

HOMO-3, -8.45 eV HOMO-4, -8.60 eV HOMO-5, -8.64 eV 

 
  

HOMO-6, -8.86 eV. HOMO-7, -8.89 eV. HOMO-8, -9.45 eV. 

 
  

HOMO-9, -9.67 eV. HOMO-10, -10.00 eV. HOMO-11, -10.14 eV. 

  
 

Figure 5.13. HOMO to HOMO-11 of 5a. 
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HOMO, -7.99 eV HOMO-1, -8.24 eV HOMO-2, -8.36 eV 

 
 

 

HOMO-3, -8.45 eV HOMO-4, -8.50 eV HOMO-5, -8.62 eV 

 
  

HOMO-6, -8.77 eV. HOMO-7, -8.80 eV. HOMO-8, -9.35 eV. 

 
  

HOMO-9, -9.48 eV. HOMO-10, -9.64 eV. HOMO-11, -9.99 eV. 

  
 

Figure 5.14. HOMO to HOMO-11 of 5b. 
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HOMO, -7.88 eV HOMO-1, -8.06 eV HOMO-2, -8.12 eV 

   
HOMO-3, -8.17 eV HOMO-4, -8.39 eV HOMO-5, -8.48 eV 

   
HOMO-6, -8.63 eV HOMO-7, -8.67 eV HOMO-8, -9.16 eV 

   
HOMO-9, -9.22 eV HOMO-10, -9.61 eV HOMO-11, -9.91 eV 

   

Figure 5.15. HOMO to HOMO-11 of 5c. 
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The calculated oxidation and reduction potentials are displayed with the observed 

CV in Figure 5.3. The calculated oxidation potentials that are shown correspond to cation 

structures without a bridging CO ligand, similar to the neutral molecule shown in Figure 

5.16 to 5.18. The good agreement between the calculated and observed oxidation 

potentials and the trends suggests that the structures without bridging CO ligands are 

favored in acetonitrile solution on the time scale of these experiments. Calculated 

oxidation potentials with a bridging CO ligand in the cation structure gave oxidation 

potentials in the range of 0.51 – 0.67 V, which agreed less well with experiment, 

although such structures cannot be ruled out with confidence on this basis. 

Various anion structures were also explored for these catalysts obtained by 

reduction. For the S-containing catalyst 5a the gas-phase electronic energy of the 

structure with the rotated Fe center and bridging CO shown in Figure 5.19 is calculated to 

be the same (within 0.01 eV) as the gas-phase electronic energy of the structure with the 

unrotated Fe center. For the Se containing molecule 5b shown in Figure 5.20 and for the 

Te containing catalyst 5c shown in Figure 5.21 the difference in the gas-phase electronic 

energy between unrotated and rotated structures increases again to 0.2 eV. The global 

minimum structure has a bridging CO, along with one broken Fe-chalcogen bond, as 

found in the study of corresponding benzenedithiolato
175

 and ethanedithiolato
208

 catalysts. 

The decreasing favorability of the rotated structures in the anions from S to Se to Te 

parallels the observed decrease in the rate of reduction of protons to H2 observed down 

this series. Previously, the rate of rotation of the Fe(CO)3 unit has been correlated with 

the rate of cyanide substitution for CO by an associative mechanism.
209,210

 Similarly, 
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these observations strongly indicate that the catalytic reduction of protons by these 

molecules is promoted by transformation to the rotated structure with the bridging CO to 

open up the site for protonation and subsequent production of H2. 
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Figure 5.16. Calculated neutral and cation structures of catalyst 5a. The cation structure 

without a bridging carbonyl is at lower right, and the “rotated” cation structure with a 

semi-bridging carbonyl is at upper right. The numbers in black are the gas-phase 

electronic energies, and the numbers in red are the calculated solution oxidation 

potentials. 
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Figure 5.17. Calculated neutral and cation structures of catalyst 5b. The cation structure 

without a bridging carbonyl is at lower right, and the “rotated” cation structure with a 

semi-bridging carbonyl is at upper right. The numbers in black are the gas-phase 

electronic energies, and the numbers in red are the calculated solution oxidation 

potentials. 
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Figure 5.18. Calculated neutral and cation structures of catalyst 5c. The cation structure 

without a bridging carbonyl is at lower right, and the “rotated” cation structure with a 

semi-bridging carbonyl is at upper right. The numbers in black are the gas-phase 

electronic energies, and the numbers in red are the calculated solution oxidation 

potentials. 

 

 

 



163 

 

 

 

 

 

 

 

 

 
Figure 5.19. Calculated anion and dianion structures of catalyst 5a with gas-phase 

electronic energies (black) and calculated solution reduction potentials (red). 
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Figure 5.20. Calculated anion and dianion structures of catalyst 5b with gas-phase 

electronic energies (black) and calculated solution reduction potentials (red). 
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Figure 5.21. Calculated anion and dianion structures of catalyst 5c with gas-phase 

electronic energies (black) and calculated solution reduction potentials (red). 
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Conclusions  

Diiron dithiolato, diselenolato, and ditellurolato catalysts containing an oxetane 

ring have been investigated both experimentally and computationally. The electronic 

perturbations from substitution of chalcogens, from S to Se to Te, are found to be small 

overall. The increasing donor ability of these bridge atoms, as reflected in both the 

decreasing CO and the decreasing IEV, is compensated by the decreasing ∆Er values 

such that the IEA and the electrochemical oxidation potential occur within narrow energy 

ranges. The first reduction potential occurs in a similarly small range. However, despite 

these small changes in potentials, the rate of catalytic reduction of protons to H2 is 

substantially diminished from S to Se to Te. Also the catalytic efficiency based on the 

catalytic current peak height of oxetane catalysts is found to be much lower than the 

arenedithiolato catalysts studied in the Chapter 4. Furthermore, the favorability of the 

anions to adopt the rotated structures with a bridging CO ligand, which creates an open 

coordination site on Fe atom for protonation, is calculated to be diminished. The 

increasing size of the chalcogen atoms and the corresponding increase in Fe–Fe bond 

distances are likely factors in disfavoring the bridging CO structures thus less catalytic 

reduction of protons to produce H2. 
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CHAPTER 6 

SELECTIVE CHALCOGEN SUBSTITUTIONS IN HYDROGENASE-INSPIRED ACTIVE 

SITE CATAYSTS: CONTROLLING THE REORGANIZATION ENERGY OF PROPANE-

1,3- DITHIOLATO DIIRON CATALYST ANALOGUES 

 

Introduction  

A series of oxetane-containing [FeFe]-hydrogenase active site catalysts
201

 discussed in 

Chapter 5 of this dissertation exhibited lower ionization and reorganization (∆Er) energies upon 

substitution of the S atoms located in the Fe2S2 core of the molecule to heavier and larger Se or 

Te atoms. The vertical ionization (IEV) energies shifted significantly to lower energies with the 

heavier chalcogens reflecting greater donor ability of chalcogens down the periodic table.
201

 The 

∆Er of the oxetane-containing active site catalysts decreased as the atomic radii of chalcogen 

increased.
201

 However, despite these changes, the rate of catalytic reduction of protons to H2 is 

substantially diminished as the size of chalcogen increased
201

 which was the opposite of one 

previous finding.
132

 Hence, further study on complexes containing heavier chalcogens rather than 

a S atom is warranted. 

The μ-(1,3-Propanedithiolato)diironhexacarbonyl (PDT-cat) catalyst shown in Figure 6.1 

is one of the closest synthetic structural models of the H2 producing [FeFe]-hydrogenase active 

site, based on X-ray crystal structures. Similarities of the structure begin with the similarity of 

the μ-1,3-propanedithiolato moiety of PDT-cat to the bridging dithiol of the hydrogenase 

enzyme, continues with similar Fe–Fe distances of the Fe2S2 core to those of the hydrogenase 

enzyme (within 0.1 Å
119

), and includes the synthetic model which has similar size of 

coordination spheres around the Fe2S2 core. Additionally, electrocatalytic activity of the PDT-cat 

was reported with production of H2 from addition of acetic acid in acetonitrile 

solution.
120,121,123,124

 A combination of well-known molecular properties of PDT-cat with 
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selective chalcogen substitution in the Fe2S2 core may lead to a further understanding of the 

influence of heavier chalcogens to the electrocatalytic reduction of protons to produce H2 in 

[FeFe] active site catalysts containing heavier chalcogens. 

As a continuation to the studies
133,201

 in the area of [FeFe] active site catalysts containing 

heavier chalcogens, a series of PDT-cat like active site catalysts: Fe2(μ-SC3H6Se)(CO)6 (6a) and 

Fe2(μ-SC3H6Te)(CO)6 (6b) shown in Figure 6.1 were analyzed for the ability to produce H2 from 

electrocatalytic reduction of weak acids in the acetonitrile solution utilizing photoelectron and IR 

spectroscopy, cyclic voltammetry (CV), and DFT calculations.  

Experimental Methods 

 

[FeFe] active site catalysts 6a and 6b were synthesized and X-ray structure of catalysts 

was provided by Professor Wolfgang Weigand from the Institut für Anorganische Chemie und 

Analytische Chemie der Friedrich-Schiller-Universität in Jena, Germany. Photoelectron and IR 

spectra and CV measurements of samples were obtained and analyzed with the methods 

described in Chapter 2. Table 2.2 lists experimental conditions of photoelectron spectroscopy 

experiments such as the sublimation temperatures, scanned region, and corresponding lab 

notebook page number 18 and 21. All calculations were performed according to the procedure 

described in Chapter 2 with an acetonitrile solvated environment. The theoretical stretching 

frequencies and IR absorption intensities for all species were calculated analytically with the 

same computing method as described in Chapter 2, and scaled by a factor of 1.002. 
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X=S (PDT-cat), Se (6a), Te (6b) 

Figure 6.1.  PDT-cat like [FeFe] active site catalysts. 
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Results and Discussion 

Electrochemical Measurements. Electrochemical analyses of PDT-cat, 6a, and 6b were 

performed by Dr. Greg Felton in Professor Evans’s research lab. Details of experimental 

conditions were listed in Chapter 2. Voltammograms of the [FeFe] active site catalysts are shown 

in Figure 6.2 and important experimental values are listed in Table 6.1. The catalysts showed 

first reduction peaks around -1.6 V vs. Fc
+
/Fc, (-1.65 V for PDT, -1.62 V for 6a, and -1.59 V for 

6b), second irreversible reduction peaks past -2.0 V, and strong irreversible oxidation peaks 

around 0.8 V, (0.773 V for PDT-cat, 0.802 V for 6a, and 0.791 V for 6b). The first reduction of 

PDT-cat showed some reversibility at a slow scan rate (0.1 V/s) but the first reductions of 6a and 

6b were observed to be irreversible at slower scan rates; however, the first reductions of 6a and 

6b showed some reversibility at faster scan rates (1-5 V/s). The single substitution of a S atom in 

the Fe2S2 core has small effect on the oxidation potentials and the values of all three catalysts are 

similar in the range with oxetane-containing [FeFe] active site catalysts
201

 discussed in Chapter 

5. 

The voltammograms of PDT-cat through 6b indicate that the first reduction event 

corresponds to slightly more than an overall one-electron reduction based on the comparison of 

first reduction peak height and the peak height of previously studied [FeFe] active site 

catalysts.
133,201

 Furthermore, the first reduction peak potential was moved (~67 mV) to less 

negative potential from S to Se to Te. This is similar to the reduction potential shift of analogous 

molecules of oxetane active site catalysts,
201

 in which both chalcogens in the Fe2S2 core were 

replaced.  
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Figure 6.2. Voltammograms of 1 mM PDT-cat through 6b obtained in acetonitrile containing 

0.10 M tetra-n-butylammonium hexafluorophosphate using a glassy carbon working electrode.  

0.100 V/s. The blue bars represent the range of calculated oxidation and reduction potentials. 
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Table 6.1. Experimental and Calculated Oxidation and Reduction Potentials of PDT-cat through 

6b.
a
 

 Exp. Eox
b
 Exp. Ered

b
 Calc. Eox

b
 bg Calc. Ered

b
 bg Calc. Eox

b
 

nbg 

Calc. Ered
b
 

nbg 

PDT-

cat 

0.773 -1.65 0.53 -2.00 0.82 -1.73 

6a 0.802 -1.62 0.50 -1.94 0.77 -1.73 

6b 0.791 -1.59 0.47 -1.92 0.69 -1.75 
a 
Potentials, V vs. ferrocenium/ferrocene. 

b
 Oxidation potential, Eox, Reduction potential, Ered. 

b
 bg refers to the bridged COs in the 

geometry, and nbg refers to the non-bridged COs. 

ADF2009.01, OPBE/TZP 
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Catalytic reduction of acetic acid with PDT-cat through 6b was observed in the range of -

1.8 to -2.5 V, which grows in peak height linearly with acid concentration, shown in Figure 6.3. 

The electrochemical behavior was similar to the oxetane active site catalysts
201

 which exhibited 

the primary reduction peak around -1.5 V and the range of catalytic reduction between -2.0 and -

2.3 V.  

Determination of the catalytic efficiency of these catalysts is difficult due to considerable 

direct reduction of acetic acid at the surface of working electrode. However, the values of 

overpotential (Eoverpot) for each catalyst are determined by the difference between the half 

maximum value of the catalytic current and the standard reduction potential of acetic acid in 

acetonitrile solution (-1.46 V).
211

 The Eoverpot values range from 0.69 to 0.77 V which are at the 

lower end of the Eoverpot values reported (0.4 to 1.4 V) for the typical [FeFe] active site 

catalysts.
120

 Furthermore, the Eoverpot values of PDT-cat through 6b are found to be higher than 

oxetane
201

 and arenedithiolato
175

 catalysts discussed in previous chapters. 
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Figure 6.3. Voltammograms of 1 mM PDT-cat through 6b in the presence of 50 mM acetic acid.  

Other conditions as in Figure 6.2. Return scans omitted for clarity. Overpotential, Eoverpot, is the 

difference between the potential where the catalytic current is half its maximum value and the 

standard potential for reduction of acetic acid, 1.46 V. 
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Photoelectron Spectroscopy. The He I gas-phase photoelectron spectra of PDT-cat, 6a, 

and 6b are shown in Figure 6.4. The general assignment of the ionizations is based on previously 

reported [FeFe] active site catalysts.
131,133,201

 The displayed spectra contain ionizations from the 

Fe-based metal 3d-orbitals and chalcogen-based valence p-orbitals. The first broad ionization 

profile of each molecule, from about 7.5 to 8.8 eV, arises predominantly from combinations of 

the Fe d-based orbitals with a weak shoulder on the low ionization energy side corresponding to 

ionization from the HOMO of the molecule. The chalcogen-based valence p-orbital ionizations, 

S through Te, are expected to be observed in the higher energy ionization side of this region 

based on previously reported photoelectron spectra of chalcogen containing [FeFe] active site 

catalysts.
202-204

 The second and third distinct ionization bands, shown in Figure 6.4 above 9.0 eV, 

are assigned as a mixture of chalcogen character with Fe d-orbitals from previous studies.
202-204

 

These ionization energies decrease substantially with substitution from S to Se to Te as expected 

from the decreasing electronegativity of the atoms and the decreasing inherent stability of the 

atomic orbitals. 

The details of the first ionization band of these molecules are shown in Figure 6.5. The Fe 

d-based ionizations with extensive overlap of six Fe 3d-orbitals range up to about 9 eV for the S-

containing molecules and up to about 8.6 eV for the Se- and Te-containing molecules. The 

leading ionization band changes very little with chalcogen substitution, however, other than the 

difference in the instrument’s baseline scatter for the different data collections. Also, the 

estimated shift of the adiabatic ionization (IEA) energy based on the close up of the first 

ionization band of PDT-cat (~7.5 eV) to 6b (~7.4 eV) is 0.1 eV. The onset of the ionization band 

typically approximates the IEA for removal of an electron from the HOMO, in which the 

molecule has relaxed to the optimum geometry of the cation. The spectra suggest that 
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Figure 6.4. He I (black solid line) photoelectron spectra of PDT-cat through 6b. The arrows 

around 7.5 eV indicate the calculated adiabatic ionization (IEA) for each molecule. The arrows 

around 8 eV indicate the calculated vertical ionization (IEV) for each molecule. 
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Figure 6.5. First ionization bands of molecules PDT-cat through 6b in the He I photoelectron 

spectra. The brackets indicate the region of onset of ionization intensity, which approximates the 

adiabatic ionization (IEA) for the molecules, range from about 7.4 eV for 6b to about 7.5 eV for 

PDT. 
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the expected lowering of the IEA due to the increased electron richness at the metals from PDT-

cat to 6a to 6b, as evidenced by the decrease in CO, is being counterbalanced somewhat by a 

decrease in the molecular ∆Er. This suggestion is consistent with previous studies
131,133,201

 and is 

examined further in the following section. 

Electronic Structure. DFT calculations of PDT-cat 6a, and 6b have been carried out to 

further understand how the electronic structures and properties of the molecules are varied from 

the selective substitution of chalcogen atoms, S, Se, and Te. The optimized geometries from the 

computations agree very well with the crystal structure determinations. Crystal structures of the 

catalysts are shown in Figures 6.6 and 6.7 and comparison of the geometric parameters between 

optimized geometries and crystal structures are listed in listed in the Table 6.2.  

For the S-containing catalyst, PDT-cat, the largest deviations in bond distances are about 

0.02 Å and angles are well within a degree, except for the averaged angles in the experimental 

structure of the propane linkage between the S atoms, which is 50% disordered between two 

conformations in the crystal. Most important is the calculated Fe–Fe distance which agrees with 

the experimental value within 0.01 Å. For the Se-containing catalyst, 6a, there is evidence of 

additional disorder through interchange of the S and Se atoms in the crystal. However, this 

disorder does not seriously affect the determination of the Fe–Fe distance, which the 

computations match the experiment within 0.001 Å for 6a. For the Te-containing molecule, 6b, 

the similar disorder may be present and a relatively flat potential energy surface for bonding to 

Te has been noted from the previously studied molecule, 5c, but the disorder did not affect much 

and the calculated Fe–Fe distance agrees with the experimental value within 0.02 Å. Both the 

experiment and computations show an increasing Fe–Fe distance from S to Se to Te.  
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Figure 6.6. The molecular structure of 6a with anisotropic displacement ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. 
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Figure 6.7. The molecular structure of 6b with anisotropic displacement ellipsoids at the 50% 

probability level. Hydrogen atoms are omitted for clarity. 
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Table 6.2. Comparison of Computed Structures of PDT-cat through 6b to Crystallographic 

Data.
a
 

 PDT-cat (X = S) 6a (X = Se) 6b (X = Te) 

Bond/Angle X-ray DFT X-ray DFT X-ray DFT 

Fe–Fe 2.510 2.520 2.537 2.537 2.574 2.557 

Fe–X 2.249 2.266 2.356 2.418 2.510 2.609 

Fe–S 2.254 2.276 2.346 2.267 2.284 2.264 

X…S 3.050 3.086 3.253 3.216 3.285 3.379 

X–C 1.824 1.838 1.845 2.012 2.156 2.216 

S–C 1.818 1.838 1.937 1.839 1.923 1.843 

Fe–C
c
 1.801 1.779 1.797 1.778 1.792 1.776 

C–O
c
 1.136 1.157 1.138 1.158 1.139 1.158 

X–Fe–S 85.3 85.4 86.3 86.8 85.7 87.6 

Fe–X–Fe 67.8 67.4 62.3 63.3 61.6 58.7 

Fe–S–Fe 67.7 67.4 69.0 68.1 69.5 68.8 

C–C–C 120.4 113.6 120.3 113.8 119.6 114.2 

X–Fe–Ca 104.0 105.2 100.7 103.2 101.5 101.6 

S–Fe–Ca 101.8 104.9 105.3 105.5 105.2 105.4 

Ca–Fe–Cb 98.0 98.8 98.5 99.0 98.6 100.0 

Cb–Fe–Cb 91.0 91.1 91.1 91.1 91.2 91.0 
a
Bond length, Å; angles, degrees. 

c
Averaged over all COs. 

ADF2009.01, VWN-Stoll/TZP 

 

 

 

 

 

 

 



182 

 

 

The elongation of Fe–Fe distance agrees well with the [FeFe] catalysts containing heavier 

chalcogens
132,133,201

 discussed in previous Chapter 5. 

The CO stretching frequencies (CO) of the catalysts are sensitive to the electron 

richness at the metal center and the calculated and observed CO of these molecules are shown 

in Figure 6.8. The CO of complexes PDT-cat, 6a, and 6b exhibit absorption with nujol, 2074 (s), 

2034 (vs), 2004 (s), 1990 (s), 1980 (m) for PDT-cat, 2071 (s), 2031 (vs), 2000 (s), 1988 (s), 1977 

(m) for 6a, and 2065 (s), 2026 (vs), 1996 (s), 1983 (s), 1971 (m) for 6b. The average difference 

in the calculated and experimental frequencies is less than 0.2 percent and the relative absorption 

intensities are in good agreement. The increased electron richness at the diiron core of the 

catalysts from a single chalcogen substitution, from S to Se or Te, is indicated by a decrease in 

CO as shown in Figure 6.8. The CO are shifted by ∆CO= ~ 3 cm
-1

 from PDT-cat to 6a and 

∆CO= ~ 5 cm
-1

 from 6a to 6b. The frequency shift was not as large as the shift observed for the 

aza diselenolato
132

 and diselenolato
133

 catalysts (3 vs. 9 cm
-1

 at maximum peak intensity from S 

to Se), and the oxetane-containing
201

 catalysts (3 vs. 7 cm
-1

 at maximum peak intensity from S to 

Se and 5 vs. 10 cm
-1

 at maximum peak intensity from Se to Te), discussed in Chapter 5. These 

observations also agree with the change in C≡O and Fe–CCO bond length which influenced by 

amount of π-backbonding between the metal center and the CO ligands. The C≡O bonds are 

lengthened from 1.136 to 1.139 Å and Fe–CCO bonds are shortened from 1.801 to 1.792 Å as π-

backbonding increased from S to Se to Te. These changes are expected to be less than changes 

observed in the oxetane active site catalysts
201

 considering only one of the chalcogens located at 

the Fe2S2 core of molecule were replaced. 

The increased electron donor ability of chalcogens is also analyzed by calculating the 

Voronoi deformation densities.
207

 The densities in the vicinity of the chalcogens decreased by 
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0.06 e
–
 from S to Se and by 0.10 e

–
 from Se to Te confirming the increased donor ability of the 

chalcogen atom. Most of the electron density donated by the chalcogens to the diiron core was 

transferred to the CO ligands, and catalysts with the small charge difference (0.02 e
–
) in the 

vicinity of the Fe atoms. Overall the electron distribution patterns in the vicinity of chalcogens in 

the diiron core of the molecule are similar to those found in [FeFe]-oxetane catalysts
201

 discussed 

in Chapter 5. 

The computations also agree with the observed photoelectron spectra. The Kohn-Sham 

(KS) orbitals of the HOMO and LUMO are shown in Figure 6.9. The HOMO is calculated to be 

predominantly the Fe–Fe σ bond with delocalization of electron density to the CO ligands. This 

HOMO is followed closely by six orbitals comprised predominantly of the 3d
6
 electrons of the 

two Fe centers with some mixing of chalcogen p character shown in Figures 6.10 through 6.12, 

all clustered within an energy range of less than 1 eV. The orbitals with primary chalcogen 

character are found after a gap of approximately half an eV, similar to the pattern observed in the 

photoelectron ionizations. The IEV and IEA indicated by the arrows in Figure 6.4 were calculated 

by the ΔSCF energy between the neutral molecule and the cation and values are listed in Table 

6.3. The IEV are difficult to define experimentally because of the large number of broad 

overlapping ionizations in this region, but the calculated IEA, for which the structures of the 

cation were optimized to their global minima, were close to the experimental onset energies of 

the first ionization bands (indicated by the arrows near 7.5 eV) and were able to account for the 

shift of the primary ionization band intensity to lower energy from S to Se to Te substitution. The 

agreement between the calculated IEA and the shifting trend of ionization band intensity 

illustrates the success of the computational model for these catalysts. 
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Figure 6.8. Comparison of the experimental IR spectra in the carbonyl stretching region (solid 

lines) with calculated IR spectra (dashed lines) for each of PDT-cat, 6a, and 6b. 
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 HOMO LUMO 

 

 

 

 

 

PDT 

  

-8.08 eV -5.49 eV 

 

 

 

 

 

6a 

  

-8.02 eV -5.48 eV 

 

 

 

 

 

6b 

  
-7.97 eV -5.48 eV 

Figure 6.9. Highest occupied and lowest unoccupied orbitals of PDT-cat, 6a and 6b. 
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HOMO, -8.08 eV HOMO-1, -8.31 eV HOMO-2, -8.32 eV 

   

HOMO-3, -8.54 eV HOMO-4, -8.56 eV HOMO-5, -8.77 eV 

   

HOMO-6, -8.82 eV. HOMO-7, -9.35 eV. HOMO-8, -9.69 eV. 

   

HOMO-9, -9.95 eV.   

 

  

Figure 6.10. HOMO to HOMO-9 of PDT-cat. 
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HOMO, -8.02 eV HOMO-1, -8.25 eV HOMO-2, -8.27 eV 

   

HOMO-3, -8.50 eV HOMO-4, -8.58 eV HOMO-5, -8.73 eV 

   

HOMO-6, -8.77 eV. HOMO-7, -9.31 eV. HOMO-8, -9.52 eV. 

   

HOMO-9, -9.82 eV.   

 

  

Figure 6.11. HOMO to HOMO-9 of 6a. 
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HOMO, -7.97 eV HOMO-1, -8.14 eV HOMO-2, -8.16 eV 

   

HOMO-3, -8.43 eV HOMO-4, -8.57 eV HOMO-5, -8.69 eV 

   

HOMO-6, -8.72 eV HOMO-7, -9.19 eV HOMO-8, -9.27 eV 

  
 

HOMO-9, -9.75 eV   

 

  

Figure 6.12. HOMO to HOMO-9 of 6b. 
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Table 6.3. Calculated IEV and IEA of PDT-cat, 6a and 6b.
a
 

 IEV
 b
 IEA

b
 

PDT-cat 8.08 7.48 

6a 8.02 7.44 

6b 7.97 7.40 
a 
Energies, eV.  

b
 ADF2009.01, OPBE/TZP 
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Based on the Fe–Fe bonding character in the HOMO of the neutral molecule it 

was expected that the primary geometry relaxation in the cation would be a lengthening 

of the Fe–Fe distance, and indeed this is found when a computational search for the 

lowest energy geometry of the cation begins with the structure of the neutral molecule. 

However, a wider search of the potential energy surface finds a structure with a semi-

bridging carbonyl to be the global minimum. The optimized structure of the cation in the 

gas phase shown in Figure 6.13 may be viewed as an approximate 60° rotation of one 

Fe(CO)3 group that creates a vacant axial coordination site on the iron center.
114,115,181-183

 

This structure has been observed before and has been termed the “rotated” 

structure.
126,131,184-188

 The stabilization energy from the non-bridged “unrotated” cation 

structure to the rotated cation structure is 0.28 eV for PDT-cat, 0.25 eV for 6a, and 0.21 

eV for 6b. The decrease in stabilization energy to the semi-bridged structure through the 

series may be related to both the increasing Fe–Fe distance and the greater electron 

richness at the metal centers. 

The total ΔEr for each catalyst was calculated as the energy difference of the IEV 

from the IEA. The calculated ΔEr values of PDT-cat to 6b are listed in Table 6.4 with 

analogous chalcogen active site catalysts. The decrease in ΔEr is visually apparent in 

photoelectron spectra shown in Figure 6.4 where the energy separation between the IEV 

and IEA arrows decreases down the series. The similar trend in reduction of ΔEr is 

observed from [FeFe] active site catalysts containing heavier chalcogen listed in Table 

6.3. Overall the magnitude of reduction in ionization energies is influenced by the heavier 

chalcogens, reflecting their greater donor ability as well as the number of chalcogen 
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substituted and variations of ligands attached to the diiron core of the catalyst. Also, the 

group of [FeFe] active site catalysts shown in Table 6.3 and ΔEr is significantly lower 

than in previously reported dithiolato complexes (~0.74 eV).
175,176
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 Neutral Cation 

 

 

 

 

 

PDT-

cat 

  

 

 

 

 

 

6a 

  
 

 

 

 

 

6b 

  

Figure 6.13. Gas-phase geometry optimized structures of neutral and cation of PDT-cat, 

6a and 6b. 
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Table 6.4. The ΔEr of Chalcogen Containing Active Site Catalysts.
a
 

            

             Ligand 

 

     X, Y 

 

 

 

  
S, S 0.60

b
 (PDT-cat) 0.65

c
 (mPDT-

cat) 

0.59
d
 (5a) 

S, Se 0.58 (6a)   

S, Te 0.57 (6b)   

Se, Se  0.45
c
 (mPDSe-

cat) 

0.53
d
 (5b) 

Te, Te   0.42
d
 (5b) 

a
Energy, eV. b.

131
 c.

133
 d.

201
 

ADF2006.01d, OPBE/TZP 
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Based on the analysis of the KS orbitals, geometric reorganization to the semi-

bridged “rotated” structure is favored in the gas-phase upon removal of an electron from 

the HOMO. Removing electron density from the metal–metal bonding interaction leads 

to the formation of a semi-bridged CO between the two Fe centers to stabilize the 

electron density in the diiron regions. Although exact determination from the CV of the 

standard oxidation potential is not possible because the process is irreversible and the rate 

of transformation to the rotated structure (with the lower oxidation potential) is not 

known, the calculated oxidation potentials in the acetonitrile solution that are shown in 

Figure 6.14 through Figure 6.16 agree well with the cation structures without a bridging 

CO ligand similar to the neutral molecule. Interestingly, the stabilization energy of the 

rotated structure from the unrotated structure of the cation is directly reflected in the 

difference in oxidation potentials of the two structures. 

The good agreement between calculated and observed oxidation potentials and the 

trends suggests that the structures without the bridging CO ligand are favored in 

acetonitrile solution. Multiple environmental factors surround the diiron core of the 

catalyst may become more effective at stabilizing the catalyst without bridging CO 

ligands. These factors include larger solution stabilization of the cation and an increase in 

the Fe–Fe distance creating unfavorable conditions for the formation of bridging CO 

ligand as the chalcogen atoms become larger down the series.  
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Figure 6.14. Calculated neutral and cation structures of PDT-cat. The cation structure 

without a bridging carbonyl is at upper right, and the “rotated” cation structure with a 

semi-bridging carbonyl is at lower right. The numbers in black are the gas-phase 

electronic energies, and the numbers in red are the calculated solution oxidation 

potentials. 
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Figure 6.15. Calculated neutral and cation structures of 6a. The cation structure without a 

bridging carbonyl is at upper right, and the “rotated” cation structure with a semi-

bridging carbonyl is at lower right. The numbers in black are the gas-phase electronic 

energies, and the numbers in red are the calculated solution oxidation potentials. 
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Figure 6.16. Calculated neutral and cation structures of 6b. The cation structure without 

a bridging carbonyl is at upper right, and the “rotated” cation structure with a semi-

bridging carbonyl is at lower right. The numbers in black are the gas-phase electronic 

energies, and the numbers in red are the calculated solution oxidation potentials. 
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The LUMO for accepting the electron consists mainly of the metal–metal 

antibonding interaction with some metal–chalcogen antibonding interaction of the 

chalcogen p-orbitals as shown in Figure 6.9. Similar to the removal of an electron from 

the HOMO, adding an electron into the Fe–Fe antibonding orbital (LUMO) promotes 

elongation of the Fe–Fe bond. Various structures were explored for the anions of these 

molecules obtained by reduction shown in Figures 6.17 through 6.19 and the results 

suggest a complex thermodynamic and kinetic combination of reduction events. 

Reduction to the unrotated structure with an elongated metal-metal bond is favored 

initially, with reduction to the rotated structure occurring at a more negative potential 

(more negative by 0.27 V for PDT-cat, 0.21 V for 6a, and 0.18 V for 6b). The trend does 

not change if the conformation of the propane linker between the two chalcogens is 

changed from bending over the rotated iron, as shown in Figure 6.17-6.19, to bending 

over the unrotated iron. Reduction of the unrotated anion to the dianion at potentials more 

negative than -2 V leads directly to a structure with an extremely elongated metal-metal 

distance. However, the global minimum structure of the dianion has a bridging CO ligand 

with one broken Fe–chalcogen bond, and reduction to this structure requires less negative 

potential than the first reduction of the neutral molecule to the anion. This is termed 

potential inversion, and is similar to the process observed for the related molecule with 

arenedithiolato catalysts discussed in Chapter 4.  

Formation of the bridging CO structure requires a substantial structural 

rearrangement of the non-bridging anion, such that kinetic factors become relevant on the 

CV time scale. Previously, PDT-cat exhibited a greater than a one-electron reduction 
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under slow CV scan rates.
212

 Furthermore, -(1,2-Ethanedithiolato)diironhexacarbonyl 

(EDT-cat) showed formation of the bridging dianion from a non-bridging anion through 

an energetically stable intermediate structure, becoming a two-electron reduction 

processes with decreased CV scan rates.
208

 The reductions are irreversible, and the 

calculations indicate potential inversion with the second reduction, so it is difficult to 

compare directly the calculated potentials with the observed CVs. However, as Figure 

6.17-6.19 shows, the calculated reduction potentials are in the region of reduction events, 

perhaps slightly too negative, and agree that there is little shift in potential between the 

catalysts. This occurs again because of the decreasing ΔEr with change in charge. 

Because of the complexity of these reduction processes, no further attempt was made to 

model the reductions in the presence of acids in this contribution. Overall, these 

observations may suggest PDT-cat, 6a and 6b are also capable of exhibiting two-electron 

reductions through energetically stable intermediate structure with slow CV scan rates 

which may agree with the energetically preferred bridging dianions obtained from DFT 

calculations. 

 

 

 

 

 

 

 



200 

 

 

 

 

 

 

 

 

 
Figure 6.17. Calculated anion and dianion structures of PDT-cat with gas-phase 

electronic energies (black) and calculated solution reduction potentials (red). 
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Figure 6.18. Calculated anion and dianion structures of 6a with gas-phase electronic 

energies (black) and calculated solution reduction potentials (red). 
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Figure 6.19. Calculated anion and dianion structures of 6b with gas-phase electronic 

energies (black) and calculated solution reduction potentials (red). 
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Conclusions  

Combinations of experimental and computational analyses have provided useful 

insight into the electronic perturbations resulting from single chalcogen substitutions at 

the diiron core of [FeFe] catalysts. The crystal structures show that there are slight 

increases in the Fe–Fe distances with increasing size of the chalcogen atoms. The 

increasing donor ability of chalcogens down the group also corresponds to greater 

electron richness at the Fe centers in the molecules, which is evidenced spectroscopically 

by the lower CO and lower ionization energies for the molecules with heavier 

chalcogens. The influence of these electronic perturbations is muted, however, during 

thermodynamic processes that involve a gain or loss of electrons from the molecules. The 

IEA and initial oxidation and reduction potentials vary only slightly with chalcogen 

substitution. The reason is that the ΔEr values also decreases with substitution down the 

series, which counterbalances the influence of increasing electron richness at the metals. 

The longer Fe–Fe distances in the neutral molecules and the decreasing stabilization 

energies from the unrotated structure to the rotated structure with a semi-bridging CO 

ligand in the ions are important factors in these trends. The computations agree well with 

these observations.  

Reduction processes both with and without weak acid present were studied. 

Computations found that a number of structural transformations were possible for the 

anions and dianions that were formed. A dianion structure with a bridging CO and broken 

Fe–chalcogen bond was found to be most stable in solution, suggesting possible potential 

inversion and the possibility for a greater than one-electron transfer in the first reduction 



204 

 

 

peak, depending on the rate of transformation to the rotated structure with the broken Fe-

chalcogen bond. A slightly greater than one-electron process is observed in the first 

reduction peak for PDT-cat at the scan rate of this study, where the kinetic transformation 

may be favored over the heavier chalcogens by the shorter Fe–Fe distance and the greater 

ΔEr. The thermodynamic and kinetic complexity of the reductions obviates a detailed 

structural and mechanistic modelling of the reduction of protons to H2. Experimentally, 

the catalytic efficiency for the reduction of protons is found to be similar for the three 

[FeFe] active site catalysts, with overall similar Eoverpot and catalytic peak currents. This 

similarity was consistent with the balance of electronic structure and energy factors 

discussed above. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 Photoelectron spectroscopy is the most direct experimental probe for analyzing 

electronic structures of molecules in the gas phase. On the other hand, cyclic 

voltammetry (CV) is a type of electrochemical measurement which characterizes the 

reduction-oxidation (redox) processes of an analyte molecule in solution. The goals of 

this study were to understand free energy relations between the gas-phase vertical 

ionization energies (IEV) and the solution-phase oxidation potentials (E1/2), understand 

solute-solvent interactions, gain valuable insight into the redox process of molecules, and 

assess the ability of the hydrogenase-inspired [FeFe] active site catalysts to produce H2 

from weak acids. These objectives were accomplished by combining experimental and 

theoretical analyses such as the gas-phase photoelectron spectroscopy, cyclic 

voltammetry, infrared (IR) spectroscopy, and density functional theory (DFT) 

calculations. 

 DFT calculations are one of the most efficient methods for computing chemical 

properties and experimental observables of organometallic compounds. Hence, it is 

imperative to develop a computational methodology that can properly account for the 

geometric and electronic properties, energies, and catalytic mechanisms linking two 

different experimental environments. Combination of the VWN-Stoll (geometric 

properties) and the OPBE (electronic properties) functionals was able to properly account 

for the energy relations between IEV and E1/2 of Cp2Fe with great accuracy since the 
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OPBE functional was developed for Fe complexes to address molecular properties such 

as nuclear magnetic constants and spin states.
170,171

 Also, the OPBE functional was able 

to extend its accuracy to other d
6
 metallocenes such as Cp2Ru and Cp2Os. Computing 

electronic properties of Cp2Co and Cp2Ni were less successful since the OPBE functional 

was not able to account as well for the electronic structures in the open-shell system. 

However, introduction of hybrid functionals (B3LYP and M06) yielded much improved 

results for compounds Cp2Co and Cp2Ni. A detailed study of energy corrections 

involved in the free energy relationships between gas-phase ionization energies and 

oxidation potentials in solution found that the free energy of solvation (∆Gs) was the 

largest energy contribution between IEV and E1/2. Also, calculating the correct gas-phase 

ionization energy was the largest factor in calculating a solution oxidation potential close 

to the experimental value and will assist the validation of computational methods. This 

study was able to fulfill the idea of a direct energy relationship between IEV and E1/2 

proposed as early as the 1970’s
4,5

 with the help of the DFT calculations, and gave an 

accurate view of the geometric reorganization and energy corrections measured in the 

two different environments that experimental results alone fail to resolve. 

 The combination of DFT calculations and experimental analysis of the [FeFe] 

active site catalysts discussed in Chapter 4, 5, and 6 were also successful. The DFT 

calculations were able to give valuable insight into the geometric reorganizations, 

electronic perturbations, and electrocatalytic mechanisms of H2 production in the [FeFe] 

active site catalysts. 
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The increased electron-withdrawing character of the arenedithiolate ligand in the 

μ-(2,3-Pyrazinedithiolato)diironhexacarbonyl (PzDT-cat) was compared to the μ-(1,2-

Benzenedithiolato)diironhexacarbonyl (BDT-cat) and µ-(2,3-

Pyridinedithiolato)diironhexacarbonyl (PyDT-cat), reported in Chapter 4. The 

characteristics of the electronegative pyrazine were observed with a shifting of the 

ionization energy and carbonyl stretching frequencies (CO) to higher energies, lower 

reduction potentials, and longer Fe–CCO and shorter C≡O bonds as there is less -

backbonding to the CO ligands with less electron density at the Fe2S2 core. However, the 

overall electronic perturbation from benzene to pyridine to pyrazine at the Fe2S2 core was 

found to be small as the amount of change in Fe–Fe bond distances, and electron density 

in the vicinity of the Fe2S2 core was minimal. The catalytic cycle for producing H2 by 

electro-reduction of protons from acetic acid of PzDT-cat was proposed and it was found 

that multiple catalytic pathways, which were not seen in the case of BDT-cat, may exist. 

The reduction potential of PzDT-cat was found to be less negative than that of BDT-cat 

due to electron-withdrawing pyrazine ligand resulting in less energy required for 

initiating electrocatalytic H2 production over the BDT-cat and PyDT-cat. 

Previous studies have shown that the [FeFe] active site catalysts containing 

heavier chalcogen atoms in the place of S atoms at the Fe2S2 core were able to produce 

H2 in the presence of strong and weak acids. Also these active site catalysts showed 

increased catalytic activities and substantially lowered ionization energies than that of 

analogous molecules of dithiolato diiron catalysts. Hence, understanding the roles and 

effects of chalcogen in these active site catalysts are important factors for developing 
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efficient H2 producing active site catalysts. Compounds such as Fe2(μ-X2C5H8O)(CO)6 

(where X=S, Se, Te), oxetane catalysts, and unsymmetrical Fe2(μ-SC3H6X)(CO)6, (where 

X= Se, Te), PDT-cat like catalysts, were chosen for examining the details of molecular 

properties in Chapter 5 and 6. 

The effects of chalcogen substitution in these studies to both geometric and 

electronic properties, from S to Se to Te, were found to be small overall. The crystal 

structures showed that a slight increase in the Fe–Fe bond distances with increasing size 

of the chalcogen atoms. The electronic perturbation, evidenced spectroscopically by the 

lower CO and lower ionization energies, is varied only slightly with chalcogen 

substitution. The ΔEr values decreased with electron transfer with substitution down the 

series, which counterbalanced the influence of increasing electron richness at the metal 

centers. However, despite these small changes, the rate of catalytic reduction of protons 

to H2 is substantially diminished from S to Se to Te. Also the catalytic efficiency based 

on the catalytic current peak height of these catalysts is found to be much lower than that 

of the arenedithiolato catalysts studied in the Chapter 4. The longer Fe–Fe distances 

disfavored the anions to adopt the bridging CO structure which was the likely factor for 

the diminished catalytic activity for the reduction of protons to produce H2 in these 

[FeFe] active site catalysts containing heavier chalcogen atom. 

Future Directions 

 

The DFT calculations were able to help understand the energy relations between 

measurements in two different experimental environments, gas phase and solution phase. 

Metallocenes were able to contribute to the development of computational methodology 
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used to understand free energy relations. However, unsubstituted metallocenes did not 

give much variation of molecular properties except different metal centers. In the future 

studies in the metallocene series, expanding the library of metallocenes series needs to be 

implemented. Simple substitutions to one of the Cp
-
 rings will disrupt the highly 

symmetric nature of the geometry and electronic structure of unsubstitued metallocenes, 

and may introduce larger reorganizations of the molecule, wider ranges of the solvent 

cavity size, and dynamic interactions of the high valent cation metal center to the 

surrounding environment. Also, a series of organometallic compounds with readily 

available theoretical and experimental results needs to be included to demonstrate the 

flexibility of the computational method utilized in this study. It will not only test the 

capability and strength of the chosen DFT functional, but also provide necessary 

information for further improvements and better combinations of the DFT functional. 

The analysis of several [FeFe] active site catalysts gave valuable insight into the 

geometric reorganization, electronic perturbation, and electrocatalytic production of H2 

from weak acids, although development of effective catalysts is far from complete at this 

point. A significant reduction of ∆Er, which lead to increased electron transfer rates and 

initiating faster catalytic cycles, was observed when the S atom located at the Fe2S2 core 

of molecule was selectively substituted to heavier chalcogen atom. However, the 

decreased electrocatalytic activity as the size of chalcogen increased from S to Se to Te 

was unattractive and the idea can be developed in favor of improving catalytic 

efficiencies by controlling electron density at the Fe2S2 core and reorganization of 

molecule through manipulating the ligand directly attached to the Fe2S2 core. 
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The electron density at the Fe2S2 core can be controlled by replacing the CO 

ligand to the less electron withdrawing CN, trimethylphosphine (PMe3) or l,3,5-triaza-7-

phosphaadamantane (PTA), or through the bridging ligand between two S atoms, as was 

seen from arenedithiolate active site catalysts discussed in Chapter 4. The known redox 

mediators: methyl viologen or p-benzoquinone, are examples. Reorganization of the 

molecule to form a bridging CO “rotated” structure, which is thought to be critical to the 

mechanism of electrocatalytic H2 production, can be controlled by introducing steric bulk 

at the dithiolato moiety which may facilitate the formation of the rotated strucutre. 

Finally, implementations of the proposed future work will not only strengthen the 

presented computational methodology, but also contribute to the development of efficient 

[FeFe] active site catalysts and improved general understanding of organometallic 

compounds. 
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APPENDIX A 

 

PERTINENT INPUT FILES AND OUTPUT COORDINATES AND ENERGIES 

 

Optimized neutral geometry of Cp2Fe (Cartesian coordinates in Angstroms) 1a 

 1.Fe        0.000000    0.000000    0.000000 

 2.C         1.219516    0.000000    1.639187 

 3.C         0.376851    1.159829    1.639187 

 4.C         0.376851   -1.159829    1.639187 

 5.C        -0.986609    0.716814    1.639187 

 6.C        -0.986609   -0.716814    1.639187 

 7.H         2.317736    0.000000    1.622042 

 8.H         0.716220    2.204298    1.622042 

 9.H         0.716220   -2.204298    1.622042 

10.H        -1.875088    1.362331    1.622042 

11.H        -1.875088   -1.362331    1.622042 

12.C         1.219516    0.000000   -1.639187 

13.C         0.376851   -1.159829   -1.639187 

14.C         0.376851    1.159829   -1.639187 

15.C        -0.986609   -0.716814   -1.639187 

16.C        -0.986609    0.716814   -1.639187 

17.H         2.317736    0.000000   -1.622042 

18.H         0.716220   -2.204298   -1.622042 

19.H         0.716220    2.204298   -1.622042 

20.H        -1.875088   -1.362331   -1.622042 

21.H        -1.875088    1.362331   -1.622042 
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Optimized cation geometry of Cp2Fe (Cartesian coordinates in Angstroms) 1a
+
 

 1.Fe        0.000000    0.000000   -0.030477  

 2.C         1.608391    0.000000    1.193660  

 3.C         1.656367   -1.158558    0.346395  

 4.C         1.656367    1.158558    0.346395  

 5.C         1.741411   -0.709976   -1.005124  

 6.C         1.741411    0.709976   -1.005124  

 7.H         1.559042    0.000000    2.291080  

 8.H         1.628052   -2.206236    0.676513  

 9.H         1.628052    2.206236    0.676513  

10.H         1.753381   -1.351750   -1.897751  

11.H         1.753381    1.351750   -1.897751  

12.C        -1.608391    0.000000    1.193660  

13.C        -1.656367    1.158558    0.346395  

14.C        -1.656367   -1.158558    0.346395  

15.C        -1.741411    0.709976   -1.005124  

16.C        -1.741411   -0.709976   -1.005124  

17.H        -1.559042    0.000000    2.291080  

18.H        -1.628052    2.206236    0.676513  

19.H        -1.628052   -2.206236    0.676513  

20.H        -1.753381    1.351750   -1.897751  

21.H        -1.753381   -1.351750   -1.897751 
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Optimized neutral geometry of Cp2Ru (Cartesian coordinates in Angstroms) 1b 

 1.Ru        0.000000    0.000000    0.000000 

 2.C         1.218715    0.000000    1.834221 

 3.C         0.376604    1.159067    1.834221 

 4.C         0.376604   -1.159067    1.834221 

 5.C        -0.985961    0.716343    1.834221 

 6.C        -0.985961   -0.716343    1.834221 

 7.H         2.316785    0.000000    1.854974 

 8.H         0.715926    2.203393    1.854974 

 9.H         0.715926   -2.203393    1.854974 

10.H        -1.874318    1.361772    1.854974 

11.H        -1.874318   -1.361772    1.854974 

12.C         1.218715    0.000000   -1.834221 

13.C         0.376604   -1.159067   -1.834221 

14.C         0.376604    1.159067   -1.834221 

15.C        -0.985961   -0.716343   -1.834221 

16.C        -0.985961    0.716343   -1.834221 

17.H         2.316785    0.000000   -1.854974 

18.H         0.715926   -2.203393   -1.854974 

19.H         0.715926    2.203393   -1.854974 

20.H        -1.874318   -1.361772   -1.854974 

21.H        -1.874318    1.361772   -1.854974 
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Optimized cation geometry of Cp2Ru (Cartesian coordinates in Angstroms)  1b
+
 

 1.Ru        0.000000    0.000000   -0.190178  

 2.C         1.596953    0.000000    1.293017  

 3.C         1.750806   -1.167911    0.467376  

 4.C         1.750806    1.167911    0.467376  

 5.C         1.974296   -0.721774   -0.865104  

 6.C         1.974296    0.721774   -0.865104  

 7.H         1.421382    0.000000    2.377425  

 8.H         1.712295   -2.212584    0.804847  

 9.H         1.712295    2.212584    0.804847  

10.H         2.113784   -1.367533   -1.743822  

11.H         2.113784    1.367533   -1.743822  

12.C        -1.596953    0.000000    1.293017  

13.C        -1.750806    1.167911    0.467376  

14.C        -1.750806   -1.167911    0.467376  

15.C        -1.974296    0.721774   -0.865104  

16.C        -1.974296   -0.721774   -0.865104  

17.H        -1.421382    0.000000    2.377425  

18.H        -1.712295    2.212584    0.804847  

19.H        -1.712295   -2.212584    0.804847  

20.H        -2.113784    1.367533   -1.743822  

21.H        -2.113784   -1.367533   -1.743822 
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Optimized neutral geometry of Cp2Os (Cartesian coordinates in Angstroms) 1c 

 1.Os        0.000000    0.000000    0.000000   

 2.C         1.223757    0.000000    1.815167   

 3.C         0.378162    1.163862    1.815167   

 4.C         0.378162   -1.163862    1.815167   

 5.C        -0.990040    0.719306    1.815167   

 6.C        -0.990040   -0.719306    1.815167   

 7.H         2.320588    0.000000    1.831781   

 8.H         0.717101    2.207011    1.831781   

 9.H         0.717101   -2.207011    1.831781   

10.H        -1.877395    1.364008    1.831781   

11.H        -1.877395   -1.364008    1.831781   

12.C         1.223757    0.000000   -1.815167   

13.C         0.378162   -1.163862   -1.815167   

14.C         0.378162    1.163862   -1.815167   

15.C        -0.990040   -0.719306   -1.815167   

16.C        -0.990040    0.719306   -1.815167   

17.H         2.320588    0.000000   -1.831781   

18.H         0.717101   -2.207011   -1.831781   

19.H         0.717101    2.207011   -1.831781   

20.H        -1.877395   -1.364008   -1.831781   

21.H        -1.877395    1.364008   -1.831781 
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Optimized cation geometry of Cp2Os (Cartesian coordinates in Angstroms)  1c
+
 

 1.Os        0.000000    0.000000   -0.178546 

 2.C         1.621368    0.000000    1.283452 

 3.C         1.756707   -1.171256    0.452898 

 4.C         1.756707    1.171256    0.452898 

 5.C         1.955520   -0.723652   -0.888828 

 6.C         1.955520    0.723652   -0.888828 

 7.H         1.466751    0.000000    2.370371 

 8.H         1.727942   -2.214747    0.790772 

 9.H         1.727942    2.214747    0.790772 

10.H         2.074089   -1.371857   -1.768297 

11.H         2.074089    1.371857   -1.768297 

12.C        -1.621368    0.000000    1.283452 

13.C        -1.756707    1.171256    0.452898 

14.C        -1.756707   -1.171256    0.452898 

15.C        -1.955520    0.723652   -0.888828 

16.C        -1.955520   -0.723652   -0.888828 

17.H        -1.466751    0.000000    2.370371 

18.H        -1.727942    2.214747    0.790772 

19.H        -1.727942   -2.214747    0.790772 

20.H        -2.074089    1.371857   -1.768297 

21.H        -2.074089   -1.371857   -1.768297 
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Optimized neutral geometry of Cp2Co (Cartesian coordinates in Angstroms) 1d 

 1.Co        0.000000    0.000000   -0.000871   

 2.C         1.742927    1.169306   -0.370597   

 3.C         1.699196    0.724461    0.973219   

 4.C         1.699196   -0.724461    0.973219   

 5.C         1.677592    0.000000   -1.203315   

 6.C         1.742927   -1.169306   -0.370597   

 7.H         1.737521    2.211463   -0.715279   

 8.H         1.682544    1.361949    1.867523   

 9.H         1.682544   -1.361949    1.867523   

10.H         1.655595    0.000000   -2.301972   

11.H         1.737521   -2.211463   -0.715279   

12.C        -1.742927    1.169306   -0.370597   

13.C        -1.699196    0.724461    0.973219   

14.C        -1.699196   -0.724461    0.973219   

15.C        -1.677592    0.000000   -1.203315   

16.C        -1.742927   -1.169306   -0.370597   

17.H        -1.737521    2.211463   -0.715279   

18.H        -1.682544    1.361949    1.867523   

19.H        -1.682544   -1.361949    1.867523   

20.H        -1.655595    0.000000   -2.301972   

21.H        -1.737521   -2.211463   -0.715279 
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Optimized cation geometry of Cp2Co (Cartesian coordinates in Angstroms) 1d
+
 

 1.Co        0.000161   -0.003462    0.001306 

 2.C         2.020366   -0.029008   -0.057011 

 3.C         1.530737    1.316207   -0.034211 

 4.C         1.538644   -0.695025    1.115174 

 5.C         0.746303    1.481545    1.151946 

 6.C         0.751403    0.238575    1.862426 

 7.H         2.631604   -0.480397   -0.850588 

 8.H         1.700916    2.078353   -0.807052 

 9.H         1.715885   -1.746747    1.378939 

10.H         0.209475    2.392889    1.449163 

11.H         0.218629    0.028605    2.800075 

12.C        -0.612284   -0.976745   -1.660373 

13.C        -1.104937   -1.624768   -0.482556 

14.C        -1.092672    0.371958   -1.657087 

15.C        -1.889639   -0.676482    0.248704 

16.C        -1.882196    0.557414   -0.477288 

17.H         0.044416   -1.426326   -2.417815 

18.H        -0.892272   -2.658665   -0.177727 

19.H        -0.868796    1.138975   -2.411216 

20.H        -2.385131   -0.855147    1.212893 

21.H        -2.370240    1.491750   -0.167448 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



219 

 

 

Optimized neutral geometry of Cp2Ni (Cartesian coordinates in Angstroms) 1e 

 1.Ni        0.000000    0.000000   -0.000518   

 2.C         1.812705    1.154649   -0.374827   

 3.C         1.811564    0.713552    0.982206   

 4.C         1.811564   -0.713552    0.982206   

 5.C         1.812734    0.000000   -1.213566   

 6.C         1.812705   -1.154649   -0.374827   

 7.H         1.803957    2.198853   -0.714362   

 8.H         1.801817    1.358675    1.870626   

 9.H         1.801817   -1.358675    1.870626   

10.H         1.804128    0.000000   -2.311482   

11.H         1.803957   -2.198853   -0.714362   

12.C        -1.812705    1.154649   -0.374827   

13.C        -1.811564    0.713552    0.982206   

14.C        -1.811564   -0.713552    0.982206   

15.C        -1.812734    0.000000   -1.213566   

16.C        -1.812705   -1.154649   -0.374827   

17.H        -1.803957    2.198853   -0.714362   

18.H        -1.801817    1.358675    1.870626   

19.H        -1.801817   -1.358675    1.870626   

20.H        -1.804128    0.000000   -2.311482   

21.H        -1.803957   -2.198853   -0.714362 
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Optimized cation geometry of planar Cp2Ni (Cartesian coordinates in Angstroms) 1e
+
 

 1.Ni        0.002447   -0.004854   -0.001445 

 2.C         2.120539   -0.007366   -0.001093 

 3.C         1.586221    1.312595   -0.006820 

 4.C         1.582371   -0.667431    1.141046 

 5.C         0.820154    1.508973    1.208224 

 6.C         0.818986    0.291089    1.915053 

 7.H         2.751156   -0.459100   -0.778264 

 8.H         1.759897    2.075376   -0.779071 

 9.H         1.753101   -1.717205    1.418956 

10.H         0.305531    2.435106    1.498319 

11.H         0.302805    0.083979    2.862345 

12.C        -0.701593   -1.005843   -1.730077 

13.C        -1.143396   -1.632368   -0.529227 

14.C        -1.142169    0.347315   -1.677699 

15.C        -1.973662   -0.697895    0.204306 

16.C        -1.971985    0.520518   -0.501632 

17.H        -0.063767   -1.454617   -2.503068 

18.H        -0.931662   -2.667769   -0.226719 

19.H        -0.929534    1.124278   -2.425687 

20.H        -2.477467   -0.901127    1.159060 

21.H        -2.474888    1.450654   -0.203941 
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Optimized neutral geometry of BDT (Cartesian coordinates in Angstroms) 3 

 1.Fe        0.536489    0.527838    1.472159 

 2.Fe       -0.491070   -1.401350    0.297763 

 3.S         0.865644    0.110525   -0.751016 

 4.S        -1.640377    0.516157    0.774044 

 5.C        -0.338200    1.211026   -1.498966 

 6.C        -2.322287    2.870949   -2.498820 

 7.C        -1.518976    1.397952   -0.784051 

 8.C        -0.134316    1.848275   -2.712368 

 9.C        -1.142778    2.686620   -3.210898 

10.C        -2.520379    2.223076   -1.270245 

11.H         0.803794    1.695529   -3.270258 

12.H        -0.993821    3.199606   -4.173953 

13.H        -3.451841    2.363941   -0.698273 

14.H        -3.109939    3.529621   -2.897034 

15.C         0.911216    2.267838    1.582860 

16.O         1.176849    3.388285    1.678711 

17.C        -0.000399    0.239626    3.143125 

18.O        -0.350559    0.043346    4.227459 

19.C         2.144539   -0.138192    1.836612 

20.O         3.186536   -0.579429    2.074265 

21.C        -1.286755   -2.218658    1.661960 

22.O        -1.797097   -2.747124    2.554822 

23.C        -1.444814   -2.082927   -1.046232 

24.O        -2.064854   -2.553716   -1.900075 

25.C         0.845084   -2.574810    0.329211 

26.O         1.717308   -3.333352    0.356663 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



222 

 

 

Optimized cation geometry of bridged BDT (Cartesian coordinates in Angstroms) 3
+
 

 1.Fe        0.358665    0.440707    1.645535 

 2.Fe       -0.540739   -1.285837    0.009611 

 3.S         1.156224    0.221269   -0.463384 

 4.S        -1.661940    0.641554    0.641287 

 5.C         0.018233    1.176885   -1.450359 

 6.C        -1.876909    2.563432   -2.933477 

 7.C        -1.280133    1.372791   -0.940294 

 8.C         0.369032    1.667889   -2.702710 

 9.C        -0.590617    2.368850   -3.439264 

10.C        -2.235440    2.061398   -1.678736 

11.H         1.385533    1.511465   -3.098604 

12.H        -0.322324    2.775516   -4.426915 

13.H        -3.250223    2.211401   -1.276109 

14.H        -2.619527    3.123027   -3.523578 

15.C         0.674318    2.191119    1.768983 

16.O         0.879112    3.317171    1.837920 

17.C        -0.429151    0.294974    3.266182 

18.O        -0.916540    0.221727    4.300536 

19.C         1.948975   -0.075590    2.333878 

20.O         2.956111   -0.385815    2.783618 

21.C        -0.049013   -1.964558    1.593174 

22.O         0.161035   -2.704040    2.459579 

23.C        -2.096396   -2.181851   -0.066533 

24.O        -3.083456   -2.765797   -0.105454 

25.C         0.300211   -2.546193   -0.955047 

26.O         0.835917   -3.361546   -1.559077 
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Optimized anion geometry of bridged BDT (Cartesian coordinates in Angstroms) 3
-
 

 1.Fe        0.255535    0.798212    1.580789 

 2.Fe        0.012598   -1.482089    0.345521 

 3.S         0.828244    0.522204   -0.593346 

 4.S        -1.834851    1.224805    0.896117 

 5.C        -0.521235    1.209573   -1.513970 

 6.C        -2.700790    2.199013   -2.937312 

 7.C        -1.726454    1.472370   -0.837824 

 8.C        -0.406221    1.447887   -2.884098 

 9.C        -1.492532    1.951512   -3.598604 

10.C        -2.820971    1.951438   -1.572707 

11.H         0.551010    1.230407   -3.386806 

12.H        -1.397576    2.148797   -4.678544 

13.H        -3.769867    2.143967   -1.044847 

14.H        -3.565081    2.594573   -3.496239 

15.C         1.665658    1.780373    1.902324 

16.O         2.593172    2.455879    2.120838 

17.C        -0.297823    0.910682    3.240882 

18.O        -0.645500    0.993321    4.351590 

19.C         1.093692   -0.859463    1.924280 

20.O         1.832690   -1.354671    2.712566 

21.C        -0.749832   -2.595808    1.485840 

22.O        -1.227334   -3.371893    2.211996 

23.C        -1.278202   -1.693553   -0.903505 

24.O        -2.082144   -1.960049   -1.699503 

25.C         1.262057   -2.588159   -0.242725 

26.O         2.045750   -3.369560   -0.610431 
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Optimized dianion geometry of bridged BDT (Cartesian coordinates in Angstroms) 3
2-

 

 1.Fe        0.222512    0.696104    1.556582 

 2.Fe        0.116324   -1.603126    0.322028 

 3.S         0.742410    0.448250   -0.624004 

 4.S        -1.795563    1.671811    0.909379 

 5.C        -0.583120    1.220664   -1.519249 

 6.C        -2.643031    2.432146   -2.974620 

 7.C        -1.707968    1.734421   -0.821976 

 8.C        -0.494503    1.341353   -2.909751 

 9.C        -1.511686    1.944191   -3.649760 

10.C        -2.737189    2.322780   -1.593374 

11.H         0.402870    0.937082   -3.410974 

12.H        -1.429675    2.028295   -4.746930 

13.H        -3.623052    2.707313   -1.057583 

14.H        -3.464730    2.906702   -3.541157 

15.C         1.394447    1.910776    1.928319 

16.O         2.217778    2.705636    2.219080 

17.C        -0.356878    0.562396    3.198666 

18.O        -0.719357    0.508773    4.316553 

19.C         1.282672   -0.866720    1.787073 

20.O         2.150380   -1.276764    2.505970 

21.C        -0.735002   -2.422474    1.615322 

22.O        -1.294137   -3.047146    2.442631 

23.C        -1.221204   -1.866094   -0.840213 

24.O        -2.069174   -2.174755   -1.591606 

25.C         1.332526   -2.743773   -0.230948 

26.O         2.078933   -3.605085   -0.539692 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



225 

 

 

Optimized neutral geometry of PyDT (Cartesian coordinates in Angstroms) 4a 

 1.Fe        0.004932   -0.019747    0.033730 

 2.Fe        2.486279   -0.026481    0.030117 

 3.S         1.250790    1.898735    0.056549 

 4.S         1.241773   -0.392199   -1.854641 

 5.C         1.249700    2.327819   -1.677325 

 6.C         1.248919    2.652031   -4.378658 

 7.C         1.245997    1.265621   -2.585076 

 8.C         1.252725    3.619662   -2.174139 

 9.C         1.252305    3.778254   -3.567226 

10.H         1.255454    4.487890   -1.495152 

11.H         1.254744    4.783449   -4.016736 

12.H         1.248836    2.746438   -5.477529 

13.C        -0.345930   -1.760201    0.132221 

14.O        -0.568078   -2.892133    0.202303 

15.C        -0.327880    0.175543    1.770359 

16.O        -0.535927    0.298639    2.900883 

17.C         2.821575   -1.769860    0.131054 

18.O         3.033030   -2.903700    0.203339 

19.C         2.833208    0.169113    1.763970 

20.O         3.052127    0.290906    2.892581 

21.C         4.038599    0.535217   -0.646185 

22.C        -1.546739    0.554781   -0.633279 

23.O        -2.561328    0.920398   -1.047368 

24.O         5.053491    0.892115   -1.067053 

25.N         1.245615    1.394782   -3.892029 
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Optimized cation geometry of bridged PyDT (Cartesian coordinates in Angstroms) 4a
+
 

 1.Fe        0.078172    0.089549    0.271482 

 2.Fe        2.565152    0.092004   -0.255421 

 3.S         1.251107    1.997268   -0.118751 

 4.S         0.906220   -0.603912   -1.721652 

 5.C         1.256011    2.122391   -1.895018 

 6.C         1.294911    2.029661   -4.621034 

 7.C         1.098488    0.940820   -2.642900 

 8.C         1.445270    3.315600   -2.585329 

 9.C         1.452461    3.259524   -3.980600 

10.H         1.578602    4.268230   -2.047174 

11.H         1.586819    4.176406   -4.575634 

12.H         1.309868    1.956828   -5.721325 

13.C        -0.535080   -1.576212    0.613707 

14.O        -0.946331   -2.622780    0.830582 

15.C        -0.254834    0.607524    1.973621 

16.O        -0.488728    0.935581    3.045883 

17.C         3.647027   -1.212399   -0.859756 

18.O         4.339279   -2.048926   -1.227524 

19.C         2.111825   -0.779808    1.247465 

20.O         2.187549   -1.396366    2.224970 

21.C         3.942683    0.963487    0.503406 

22.C        -1.462645    0.698399   -0.388093 

23.O        -2.444732    1.099164   -0.822759 

24.O         4.820675    1.508742    1.000971 

25.N         1.123771    0.877188   -3.952029 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



227 

 

 

Optimized anion geometry of bridged PyDT (Cartesian coordinates in Angstroms) 4a
-
 

 1.Fe       -0.000185   -0.037925    0.052744 

 2.Fe        2.498339   -0.037261    0.037689 

 3.S         1.269468    1.957926    0.001880 

 4.S         1.256133   -0.345536   -1.912495 

 5.C         1.267162    2.355625   -1.700713 

 6.C         1.234331    2.673669   -4.418898 

 7.C         1.259855    1.275496   -2.618973 

 8.C         1.255870    3.648324   -2.215566 

 9.C         1.241962    3.812342   -3.601904 

10.H         1.258634    4.514784   -1.532616 

11.H         1.236269    4.818385   -4.051842 

12.H         1.221169    2.774964   -5.519047 

13.C        -0.328516   -1.791309    0.113431 

14.O        -0.580154   -2.923099    0.230777 

15.C        -0.312496    0.201391    1.792352 

16.O        -0.549048    0.280374    2.931283 

17.C         2.798044   -1.793815    0.100203 

18.O         3.011044   -2.934948    0.192951 

19.C         2.801770    0.195842    1.777932 

20.O         3.008900    0.298658    2.919887 

21.C         4.055695    0.504128   -0.598528 

22.C        -1.554797    0.515178   -0.574246 

23.O        -2.597865    0.863837   -0.959915 

24.O         5.099356    0.843389   -0.989069 

25.N         1.241237    1.423710   -3.939551 
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Optimized dianion geometry of bridged PyDT (Cartesian coordinates in Angstroms) 4a
2-

 

 1.Fe        0.125634   -0.636778   -0.056242 

 2.Fe        2.532184    0.321264    0.135502 

 3.S         2.109672    2.586816   -0.232878 

 4.S         1.550417   -0.140700   -1.847699 

 5.C         1.371308    2.632683   -1.791183 

 6.C         0.331927    2.609887   -4.363272 

 7.C         1.146915    1.445961   -2.557489 

 8.C         0.974881    3.838309   -2.403306 

 9.C         0.459018    3.831973   -3.692561 

10.H         1.096426    4.778135   -1.836254 

11.H         0.153152    4.772631   -4.185639 

12.H        -0.062839    2.569620   -5.396323 

13.C        -0.556361   -2.206978   -0.459318 

14.O        -1.087550   -3.248534   -0.616589 

15.C        -0.261029   -0.406393    1.634755 

16.O        -0.585885   -0.295171    2.761322 

17.C         1.863899   -1.387609    0.626811 

18.O         2.235039   -2.391298    1.166818 

19.C         2.957920    0.649350    1.798004 

20.O         3.290135    0.859891    2.906954 

21.C         4.146807   -0.089725   -0.329227 

22.C        -1.140938    0.514721   -0.587666 

23.O        -2.054960    1.192858   -0.874653 

24.O         5.249244   -0.409696   -0.605012 

25.N         0.668390    1.442963   -3.802013 
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Optimized neutral geometry of PzDT (Cartesian coordinates in Angstroms) 4b 

 1.Fe        0.532371    0.538098    1.456928  

 2.Fe       -0.498976   -1.388810    0.285955  

 3.S         0.885395    0.103732   -0.764967  

 4.S        -1.659172    0.521818    0.789317  

 5.C        -0.333993    1.203927   -1.499992  

 6.C        -2.268897    2.782492   -2.390736  

 7.C        -1.519972    1.398691   -0.775729  

 8.N        -0.111748    1.787621   -2.654959  

 9.C        -1.097533    2.590201   -3.106092  

10.N        -2.486076    2.177386   -1.204953  

11.H        -0.930536    3.090225   -4.074714  

12.H        -3.068345    3.441128   -2.769182  

13.C         0.892390    2.283479    1.561119  

14.O         1.140164    3.408248    1.644842  

15.C         0.009729    0.252209    3.132799  

16.O        -0.326749    0.058370    4.220956  

17.C         2.146900   -0.110463    1.824968  

18.O         3.192584   -0.538004    2.067259  

19.C        -1.306485   -2.214790    1.638309  

20.O        -1.825398   -2.748605    2.521883  

21.C        -1.446815   -2.059624   -1.069940  

22.O        -2.061448   -2.513382   -1.935868  

23.C         0.827641   -2.573016    0.321316  

24.O         1.690502   -3.340747    0.352006 
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Optimized cation geometry of bridged PzDT (Cartesian coordinates in Angstroms)  4b
+
 

 1.Fe        0.749003    0.443298    1.008721  

 2.Fe       -0.229590   -1.596103   -0.147371  

 3.S         1.095680   -0.087967   -1.222189  

 4.S        -1.489342    0.204314    0.452005  

 5.C        -0.095005    1.172215   -1.722297  

 6.C        -1.940761    2.992448   -2.300426  

 7.C        -1.268738    1.306338   -0.959983  

 8.N         0.159153    1.944497   -2.752124  

 9.C        -0.775404    2.858339   -3.058330  

10.N        -2.177337    2.212611   -1.233614  

11.H        -0.575225    3.513079   -3.922961  

12.H        -2.697075    3.757797   -2.542478  

13.C         2.443640    1.041140    1.144365  

14.O         3.522227    1.414309    1.245982  

15.C         0.285599    1.236534    2.558207  

16.O         0.001642    1.730512    3.552339  

17.C         1.102481   -1.142979    1.782986  

18.O         1.518300   -1.925352    2.528965  

19.C        -1.158881   -2.647781    0.995112  

20.O        -1.756097   -3.324942    1.699012  

21.C        -1.214865   -2.012029   -1.575586  

22.O        -1.850218   -2.261428   -2.496079  

23.C         0.994746   -2.899032   -0.425241  

24.O         1.749443   -3.737471   -0.620381 
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Optimized cation geometry of non-bridged PzDT (Cartesian coordinates in Angstroms)  

4b
+
 

 1.Fe        0.555950    0.564192    1.518748 

 2.Fe       -0.499186   -1.458876    0.275705 

 3.S         0.934812    0.033302   -0.670625 

 4.S        -1.624269    0.435668    0.876507 

 5.C        -0.295510    1.147127   -1.426307 

 6.C        -2.246655    2.731312   -2.331921 

 7.C        -1.490228    1.334334   -0.704550 

 8.N        -0.107363    1.742618   -2.561659 

 9.C        -1.064196    2.544178   -3.047940 

10.N        -2.425018    2.107393   -1.160047 

11.H        -0.888554    3.042966   -4.015530 

12.H        -3.051434    3.386402   -2.704942 

13.C         0.848918    2.318188    1.454228 

14.O         1.029320    3.451272    1.401260 

15.C         0.072668    0.528437    3.255423 

16.O        -0.232795    0.514883    4.360792 

17.C         2.248779    0.103803    1.934346 

18.O         3.327786   -0.185268    2.194493 

19.C        -1.420333   -2.407420    1.501336 

20.O        -2.009924   -3.011050    2.278163 

21.C        -1.478221   -1.957619   -1.123783 

22.O        -2.108255   -2.266595   -2.033090 

23.C         0.723563   -2.773815    0.114629 

24.O         1.495385   -3.615070    0.005406 
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Optimized anion geometry of bridged PzDT (Cartesian coordinates in Angstroms)  4b
-
 

 1.Fe        0.729650    0.463163    1.185286  

 2.Fe       -0.047805   -1.652469   -0.127640  

 3.S         1.140835    0.195237   -1.030867  

 4.S        -1.353490    1.155678    0.654447  

 5.C        -0.147632    1.122456   -1.822706  

 6.C        -2.198563    2.390119   -2.943212  

 7.C        -1.294468    1.487031   -1.059557  

 8.N        -0.027535    1.419654   -3.105525  

 9.C        -1.054556    2.076023   -3.668273  

10.N        -2.328749    2.093557   -1.645157  

11.H        -0.960357    2.345033   -4.734915  

12.H        -3.051687    2.899118   -3.427985  

13.C         2.367616    1.029380    1.430681  

14.O         3.447709    1.437237    1.600876  

15.C         0.318932    0.771444    2.862287  

16.O         0.067778    0.986182    3.980617  

17.C         1.105280   -1.333224    1.518351  

18.O         1.668535   -2.020491    2.305120  

19.C        -1.090845   -2.585113    0.958991  

20.O        -1.761548   -3.253253    1.635989  

21.C        -1.240523   -1.671344   -1.475005  

22.O        -1.999875   -1.797514   -2.345832  

23.C         1.004504   -2.978855   -0.662979  

24.O         1.627906   -3.906903   -0.988351 
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Optimized anion geometry of non-bridged PzDT (Cartesian coordinates in Angstroms)  

4b
-
 

 1.Fe        0.541923    0.533244    1.473578  

 2.Fe       -0.496317   -1.405774    0.295355  

 3.S         0.861969    0.150483   -0.822560  

 4.S        -1.686589    0.570146    0.734747  

 5.C        -0.334440    1.222494   -1.531515  

 6.C        -2.287982    2.808768   -2.419737  

 7.C        -1.540985    1.420801   -0.794718  

 8.N        -0.123078    1.818263   -2.696909  

 9.C        -1.106322    2.614929   -3.141119  

10.N        -2.508712    2.209801   -1.240186  

11.H        -0.946113    3.119123   -4.110759  

12.H        -3.084563    3.469702   -2.805338  

13.C         0.917104    2.254876    1.610650  

14.O         1.183464    3.382195    1.731160  

15.C        -0.028957    0.237710    3.137032  

16.O        -0.331265    0.026812    4.241831  

17.C         2.163734   -0.133983    1.794702  

18.O         3.204995   -0.575345    2.072908  

19.C        -1.325099   -2.191086    1.665046  

20.O        -1.816133   -2.757507    2.556359  

21.C        -1.431757   -2.104128   -1.031532  

22.O        -2.053325   -2.594537   -1.885595  

23.C         0.866378   -2.555838    0.317851  

24.O         1.721054   -3.344400    0.381667 
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Optimized dianion geometry of bridged PzDT (Cartesian coordinates in Angstroms)  4b
2-

 

 1.Fe        0.634503    0.359183    1.166385 

 2.Fe        0.056383   -1.806600   -0.151193 

 3.S         1.048426    0.105662   -1.042043 

 4.S        -1.208330    1.684410    0.634517 

 5.C        -0.169318    1.117234   -1.850968 

 6.C        -2.039353    2.591324   -3.052427 

 7.C        -1.202058    1.769485   -1.081301 

 8.N        -0.058056    1.274828   -3.161756 

 9.C        -0.994746    2.020742   -3.772920 

10.N        -2.155467    2.477825   -1.729623 

11.H        -0.909595    2.155190   -4.867596 

12.H        -2.825147    3.173140   -3.576734 

13.C         2.026546    1.324409    1.518572 

14.O         2.993401    1.941902    1.794052 

15.C         0.108201    0.291052    2.830753 

16.O        -0.205396    0.273695    3.963748 

17.C         1.390521   -1.374164    1.308273 

18.O         2.176365   -1.978450    1.980602 

19.C        -0.952700   -2.413099    1.145110 

20.O        -1.635912   -2.897183    1.972351 

21.C        -1.307849   -1.810260   -1.307843 

22.O        -2.201469   -1.951694   -2.056313 

23.C         1.012903   -3.169569   -0.715158 

24.O         1.567173   -4.162578   -1.027079 
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Optimized dianion geometry of non-bridged PzDT (Cartesian coordinates in Angstroms)  

4b
2-

 

 1.Fe        0.563570    0.534009    1.510835 

 2.Fe       -0.499918   -1.436867    0.299065 

 3.S         0.839086    0.185883   -0.873031 

 4.S        -1.714288    0.606559    0.686283 

 5.C        -0.339964    1.233884   -1.569085 

 6.C        -2.308551    2.838267   -2.451484 

 7.C        -1.569582    1.435873   -0.819007 

 8.N        -0.135229    1.847785   -2.738258 

 9.C        -1.116116    2.643455   -3.177911 

10.N        -2.533448    2.240258   -1.276491 

11.H        -0.958888    3.155628   -4.147698 

12.H        -3.102042    3.505356   -2.842414 

13.C         0.958200    2.231711    1.688684 

14.O         1.253787    3.356910    1.860490 

15.C        -0.064752    0.265324    3.151886 

16.O        -0.313666    0.086332    4.288306 

17.C         2.197464   -0.119487    1.762248 

18.O         3.251937   -0.526075    2.090673 

19.C        -1.363865   -2.177214    1.665549 

20.O        -1.854540   -2.793411    2.538831 

21.C        -1.421995   -2.172002   -0.999113 

22.O        -2.031703   -2.724425   -1.838606 

23.C         0.882437   -2.555138    0.278872 

24.O         1.703980   -3.394267    0.342813 
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Optimized neutral geometry of Fe2(μ-S2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms) 5a 

 1.Fe       -0.751003    0.595612    0.804280 

 2.Fe       -0.450675   -1.888562    0.575649 

 3.S        -2.296708   -0.933450    1.484950 

 4.S        -0.828035   -0.508995   -1.185252 

 5.C         0.014612   -2.399084    2.223455 

 6.O         0.319773   -2.734817    3.286336 

 7.C        -1.145033   -3.394772   -0.045833 

 8.O        -1.641289   -4.352296   -0.471375 

 9.C         1.235089   -2.046699    0.005383 

10.O         2.326771   -2.155060   -0.357990 

11.C        -0.333283    0.768070    2.526579 

12.O        -0.053471    0.871042    3.643000 

13.C         0.874153    1.134022    0.316013 

14.O         1.934140    1.478625    0.011253 

15.C        -1.578844    2.156766    0.603502 

16.O        -2.054717    3.208844    0.513151 

17.C        -3.728181   -1.118627    0.349034 

18.H        -4.601429   -0.770089    0.945109 

19.H        -3.841424   -2.216037    0.189131 

20.C        -3.695980   -0.391128   -0.970904 

21.C        -2.523989   -0.768934   -1.840488 

22.H        -2.551163   -0.174211   -2.781169 

23.H        -2.573833   -1.847400   -2.118233 

24.C        -5.040666   -0.499706   -1.727473 

25.H        -5.823894   -1.099045   -1.206233 

26.H        -4.954849   -0.840975   -2.786071 

27.C        -4.033270    1.115585   -0.914418 

28.H        -3.337103    1.781805   -1.472649 

29.H        -4.200397    1.529782    0.105613 

30.O        -5.276161    0.915854   -1.625901 
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Optimized cation geometry of bridged Fe2(μ-S2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5a
+
 

 1.Fe       -0.775017    0.644844    0.795407 

 2.Fe       -0.390535   -1.847926    0.621752 

 3.S        -2.263552   -0.877040    1.528234 

 4.S        -0.784648   -0.456087   -1.166852 

 5.C        -0.011649   -2.577579    2.238854 

 6.O         0.211906   -3.051181    3.258963 

 7.C        -1.227890   -3.253266   -0.065386 

 8.O        -1.822382   -4.123266   -0.532125 

 9.C         1.256880   -2.201096   -0.051660 

10.O         2.289191   -2.434738   -0.492672 

11.C        -0.335342    0.863330    2.528212 

12.O        -0.035560    0.988668    3.629291 

13.C         0.851799    1.244527    0.307746 

14.O         1.898459    1.610797    0.010854 

15.C        -1.608208    2.215832    0.622475 

16.O        -2.126567    3.239010    0.524768 

17.C        -3.672361   -1.178224    0.383599 

18.H        -4.557864   -0.849126    0.973382 

19.H        -3.748418   -2.282551    0.256658 

20.C        -3.646216   -0.475801   -0.953177 

21.C        -2.462413   -0.836894   -1.819488 

22.H        -2.499750   -0.268265   -2.776506 

23.H        -2.466671   -1.921047   -2.076191 

24.C        -4.984996   -0.629085   -1.719062 

25.H        -5.782854   -1.201195   -1.189550 

26.H        -4.910795   -0.997976   -2.768695 

27.C        -4.018513    1.023184   -0.932814 

28.H        -3.342710    1.713610   -1.488909 

29.H        -4.242352    1.463569    0.066856 

30.O        -5.232684    0.785161   -1.672598 

 

 

 

 

 

 

 

 

 

 

 

 



238 

 

 

Optimized cation geometry of non-bridged Fe2(μ-S2C5H8O)(CO)6 (Cartesian coordinates 

in Angstroms)  5a
+
 

 1.Fe       -0.593408    1.549774    0.218116 

 2.Fe       -0.518047   -0.960620    0.013807 

 3.C        -2.016404   -1.179179    0.989597 

 4.O        -2.983803   -1.301385    1.595756 

 5.C         0.088640   -2.621410    0.289494 

 6.O         0.444233   -3.703796    0.447525 

 7.C        -1.427794   -1.360070   -1.488767 

 8.O        -2.017313   -1.608907   -2.441398 

 9.C        -1.683719    2.349133    1.422703 

10.O        -2.349232    2.882627    2.188675 

11.C        -1.617257    2.033895   -1.206421 

12.O        -2.251720    2.330657   -2.113804 

13.C         0.578289    2.882205    0.226825 

14.O         1.383066    3.706332    0.239857 

15.S         0.289472    0.193309    1.789402 

16.S         0.759141    0.355747   -1.268249 

17.C         2.496473    0.531454   -0.680357 

18.C         2.876429   -0.121665    0.619365 

19.C         2.118569    0.398277    1.823002 

20.H         2.440148   -0.146405    2.739204 

21.H         2.307107    1.484216    1.982589 

22.H         2.722387    1.622356   -0.668194 

23.H         3.074464    0.087712   -1.521978 

24.C         3.080524   -1.652187    0.647221 

25.H         2.421601   -2.250380    1.314637 

26.H         3.127107   -2.132183   -0.358796 

27.C         4.398312   -0.094443    0.937581 

28.H         4.738996    0.512051    1.805660 

29.H         5.022876    0.145060    0.043566 

30.O         4.393862   -1.499645    1.223735 
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Optimized anion geometry of bridged Fe2(μ-S2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5a
-
 

 1.Fe       -0.830538    1.410983    0.175809 

 2.Fe       -0.586697   -1.189943    0.042897 

 3.C        -2.150845   -0.215280    0.114468 

 4.O        -3.331438   -0.312379    0.156612 

 5.C        -1.097588   -2.367527    1.233778 

 6.O        -1.442950   -3.173863    2.005131 

 7.C        -1.038325   -2.264000   -1.256549 

 8.O        -1.334436   -3.002131   -2.115169 

 9.C        -1.633454    1.812580    1.703338 

10.O        -2.181635    2.137055    2.678611 

11.C        -1.882016    2.354707   -0.903875 

12.O        -2.566830    3.067367   -1.523095 

13.C         0.537898    2.511972    0.425729 

14.O         1.418736    3.273355    0.548546 

15.S         0.854199   -0.484899    1.697375 

16.S         0.264077    0.235601   -1.514469 

17.C         2.096396    0.392448   -1.407900 

18.C         2.806403   -0.444341   -0.365915 

19.C         2.511515   -0.022784    1.051078 

20.H         3.230628   -0.524590    1.737141 

21.H         2.648518    1.078391    1.157735 

22.H         2.344713    1.469514   -1.265321 

23.H         2.452751    0.083935   -2.417152 

24.C         2.769821   -1.956140   -0.663668 

25.H         2.699550   -2.585548    0.254065 

26.H         2.019037   -2.298650   -1.408243 

27.C         4.306220   -0.579587   -0.715119 

28.H         4.973776   -0.547509    0.181869 

29.H         4.697096    0.109560   -1.499583 

30.O         4.124895   -1.921278   -1.205241 

 

 

 

 

 

 

 

 

 

 

 

 



240 

 

 

Optimized anion geometry of non-bridged Fe2(μ-S2C5H8O)(CO)6 (Cartesian coordinates 

in Angstroms)  5a
-
 

 1.Fe       -0.149872    1.360554    0.001793 

 2.Fe       -0.461959   -1.366470    0.000926 

 3.C        -1.703279   -1.533849    1.239222 

 4.O        -2.525126   -1.670097    2.056202 

 5.C         0.188058   -3.034090    0.006822 

 6.O         0.336726   -4.196645    0.009179 

 7.C        -1.693893   -1.546766   -1.244526 

 8.O        -2.510175   -1.692613   -2.065294 

 9.C        -1.266259    1.914155    1.250742 

10.O        -1.993809    2.310934    2.073103 

11.C        -1.263541    1.914224   -1.249478 

12.O        -1.988970    2.311465   -2.073466 

13.C         1.075902    2.655187    0.001885 

14.O         1.719015    3.635766    0.000229 

15.S         0.700384   -0.113097    1.565681 

16.S         0.705393   -0.111559   -1.560942 

17.C         2.517077   -0.150420   -1.264423 

18.C         3.027618   -0.795805    0.004430 

19.C         2.512846   -0.158132    1.275197 

20.H         2.948726   -0.695596    2.148831 

21.H         2.846599    0.906648    1.314615 

22.H         2.846931    0.915812   -1.295093 

23.H         2.959009   -0.680904   -2.139336 

24.C         3.069876   -2.338427   -0.006638 

25.H         2.663388   -2.830505    0.904497 

26.H         2.635801   -2.821333   -0.909401 

27.C         4.568763   -0.911012    0.003022 

28.H         5.063698   -0.521922    0.925744 

29.H         5.068958   -0.481386   -0.898211 

30.O         4.526362   -2.349678   -0.028788 
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Optimized dianion geometry of bridged Fe2(μ-S2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5a
2-

 

 1.Fe       -0.149872    1.360554    0.001793 

 2.Fe       -0.461959   -1.366470    0.000926 

 3.C        -1.703279   -1.533849    1.239222 

 4.O        -2.525126   -1.670097    2.056202 

 5.C         0.188058   -3.034090    0.006822 

 6.O         0.336726   -4.196645    0.009179 

 7.C        -1.693893   -1.546766   -1.244526 

 8.O        -2.510175   -1.692613   -2.065294 

 9.C        -1.266259    1.914155    1.250742 

10.O        -1.993809    2.310934    2.073103 

11.C        -1.263541    1.914224   -1.249478 

12.O        -1.988970    2.311465   -2.073466 

13.C         1.075902    2.655187    0.001885 

14.O         1.719015    3.635766    0.000229 

15.S         0.700384   -0.113097    1.565681 

16.S         0.705393   -0.111559   -1.560942 

17.C         2.517077   -0.150420   -1.264423 

18.C         3.027618   -0.795805    0.004430 

19.C         2.512846   -0.158132    1.275197 

20.H         2.948726   -0.695596    2.148831 

21.H         2.846599    0.906648    1.314615 

22.H         2.846931    0.915812   -1.295093 

23.H         2.959009   -0.680904   -2.139336 

24.C         3.069876   -2.338427   -0.006638 

25.H         2.663388   -2.830505    0.904497 

26.H         2.635801   -2.821333   -0.909401 

27.C         4.568763   -0.911012    0.003022 

28.H         5.063698   -0.521922    0.925744 

29.H         5.068958   -0.481386   -0.898211 

30.O         4.526362   -2.349678   -0.028788 
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Optimized dianion geometry of non-bridged Fe2(μ-S2C5H8O)(CO)6 (Cartesian 

coordinates in Angstroms)  5a
2-

 

 1.Fe       -0.061410    1.610588   -0.001116 

 2.Fe       -0.490560   -1.652925   -0.001396 

 3.C        -1.721600   -1.890460    1.210636 

 4.O        -2.547080   -2.103901    2.027463 

 5.C         0.352278   -3.209531    0.003654 

 6.O         0.537368   -4.384923    0.008347 

 7.C        -1.716818   -1.896562   -1.217389 

 8.O        -2.543393   -2.112396   -2.032455 

 9.C        -1.119526    2.269397    1.223726 

10.O        -1.813574    2.752684    2.048259 

11.C        -1.121500    2.271279   -1.223422 

12.O        -1.825636    2.758786   -2.036894 

13.C         1.322900    2.718935    0.001227 

14.O         1.964984    3.720612    0.001723 

15.S         0.486756   -0.109765    1.498887 

16.S         0.491150   -0.109071   -1.500720 

17.C         2.316534   -0.196510   -1.284373 

18.C         2.876407   -0.783237    0.001904 

19.C         2.312736   -0.198329    1.287264 

20.H         2.723356   -0.790712    2.141697 

21.H         2.656564    0.859735    1.379573 

22.H         2.659958    0.861895   -1.373959 

23.H         2.730297   -0.787415   -2.138326 

24.C         3.072685   -2.314704   -0.000483 

25.H         2.707511   -2.843127    0.905584 

26.H         2.702360   -2.841702   -0.905163 

27.C         4.420765   -0.744929    0.003351 

28.H         4.869362   -0.286680    0.920176 

29.H         4.871735   -0.276589   -0.907073 

30.O         4.536090   -2.180302   -0.004390 
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Optimized neutral geometry of Fe2(μ-Se2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms) 5b  

 1.Fe       -0.711994    0.609539    0.830326 

 2.Fe       -0.398425   -1.907812    0.600781 

 3.Se       -2.395116   -0.960017    1.572464 

 4.Se       -0.806291   -0.498590   -1.316765 

 5.C         0.075436   -2.384341    2.246898 

 6.O         0.404182   -2.710160    3.307398 

 7.C        -1.062419   -3.433886   -0.007474 

 8.O        -1.521996   -4.416690   -0.417285 

 9.C         1.285521   -2.034616    0.044619 

10.O         2.385670   -2.138126   -0.298654 

11.C        -0.285234    0.768202    2.544649 

12.O         0.017580    0.883939    3.655278 

13.C         0.916192    1.123731    0.350285 

14.O         1.983328    1.465749    0.062465 

15.C        -1.541865    2.167579    0.627478 

16.O        -2.026958    3.215333    0.532149 

17.C        -3.897984   -1.170324    0.244207 

18.H        -4.784495   -0.858377    0.835957 

19.H        -3.954094   -2.265131    0.058156 

20.C        -3.822409   -0.396100   -1.040376 

21.C        -2.697117   -0.819706   -1.940162 

22.H        -2.731001   -0.258025   -2.897656 

23.H        -2.737146   -1.909298   -2.158261 

24.C        -5.183475   -0.389615   -1.788462 

25.H        -5.999772   -0.952261   -1.276422 

26.H        -5.129656   -0.702462   -2.858156 

27.C        -4.063563    1.124993   -0.929403 

28.H        -3.326109    1.763636   -1.466809 

29.H        -4.196454    1.510230    0.107205 

30.O        -5.320224    1.033435   -1.639037 
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Optimized cation geometry of bridged Fe2(μ-Se2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5b
+
 

 1.Fe       -0.394986    1.151403    0.219995 

 2.Fe       -0.113583   -1.430867   -0.113978 

 3.C        -1.737553   -0.612868    0.172943 

 4.O        -2.894243   -0.665455    0.293214 

 5.C        -0.471757   -2.712366    1.091669 

 6.O        -0.723918   -3.540615    1.846014 

 7.C        -0.782419   -2.374768   -1.484646 

 8.O        -1.240806   -2.989259   -2.339473 

 9.C        -1.347793    1.664864    1.660896 

10.O        -1.953561    2.026384    2.564459 

11.C        -1.566539    1.928584   -0.908496 

12.O        -2.311919    2.452649   -1.604238 

13.C         0.763999    2.502616    0.262305 

14.O         1.544627    3.347395    0.288993 

15.Se        0.989875   -0.186128    1.705288 

16.Se        0.707296    0.189580   -1.724479 

17.C         2.691765    0.031542   -1.415799 

18.C         3.140773   -0.716768   -0.184574 

19.C         2.911406    0.015279    1.101102 

20.H         3.466477   -0.441062    1.947122 

21.H         3.127634    1.103390    1.059197 

22.H         3.098184    1.064976   -1.451992 

23.H         3.001987   -0.513437   -2.333844 

24.C         2.714610   -2.188227   -0.193149 

25.H         2.665522   -2.661673    0.816611 

26.H         1.743481   -2.430431   -0.747540 

27.C         4.534824   -1.339140   -0.503105 

28.H         5.160228   -1.491896    0.407531 

29.H         5.131651   -0.879684   -1.318498 

30.O         3.895525   -2.576014   -0.904205 
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Optimized cation geometry of non-bridged Fe2(μ-Se2C5H8O)(CO)6 (Cartesian coordinates 

in Angstroms)  5b
+
 

 1.Fe       -0.589944    1.594757    0.174477 

 2.Fe       -0.492721   -0.970993   -0.044263 

 3.C        -1.995603   -1.224809    0.903991 

 4.O        -2.972853   -1.388567    1.486292 

 5.C         0.140351   -2.619965    0.195529 

 6.O         0.525504   -3.696038    0.330339 

 7.C        -1.378072   -1.348874   -1.559064 

 8.O        -1.967722   -1.597380   -2.513340 

 9.C        -1.698296    2.372589    1.365035 

10.O        -2.380857    2.905847    2.117672 

11.C        -1.564035    2.112639   -1.259996 

12.O        -2.177692    2.447986   -2.169935 

13.C         0.594361    2.912942    0.221192 

14.O         1.402839    3.733749    0.267453 

15.Se        0.313809    0.180278    1.906805 

16.Se        0.903054    0.389233   -1.397347 

17.C         2.755163    0.624999   -0.615373 

18.C         3.052962   -0.080694    0.670513 

19.C         2.321197    0.459490    1.868560 

20.H         2.639116   -0.059789    2.797709 

21.H         2.465311    1.554207    1.992209 

22.H         2.910063    1.723116   -0.541845 

23.H         3.377698    0.234452   -1.448103 

24.C         3.182125   -1.617680    0.663329 

25.H         2.468658   -2.193493    1.293163 

26.H         3.231295   -2.070705   -0.355663 

27.C         4.577455   -0.146084    1.022717 

28.H         4.932018    0.429023    1.906615 

29.H         5.225555    0.074323    0.140417 

30.O         4.483092   -1.550848    1.282762 
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Optimized anion geometry of bridged Fe2(μ-Se2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5b
-
 

 1.Fe       -0.554076    1.231205    0.405813 

 2.Fe       -0.309471   -1.349579   -0.126562 

 3.C        -1.843156   -0.426448    0.303614 

 4.O        -3.012205   -0.548282    0.458507 

 5.C        -0.553121   -2.704930    0.939189 

 6.O        -0.737755   -3.632601    1.629520 

 7.C        -1.020257   -2.233826   -1.452606 

 8.O        -1.507923   -2.862285   -2.309728 

 9.C        -1.361921    1.844161    1.869139 

10.O        -1.911474    2.375863    2.750341 

11.C        -1.633029    1.973595   -0.778995 

12.O        -2.362753    2.525998   -1.501099 

13.C         0.777079    2.383976    0.179574 

14.O         1.654355    3.150956    0.070771 

15.Se        0.947040   -0.308296    1.649250 

16.Se        0.841407   -0.101783   -1.890125 

17.C         2.799799    0.076542   -1.444163 

18.C         3.283697   -0.634967   -0.204231 

19.C         2.858624    0.026140    1.077848 

20.H         3.433410   -0.383462    1.935676 

21.H         2.997041    1.128129    1.035294 

22.H         3.009995    1.167094   -1.373117 

23.H         3.309020   -0.338047   -2.339846 

24.C         3.164389   -2.170165   -0.293699 

25.H         2.952658   -2.659631    0.686444 

26.H         2.467648   -2.560931   -1.066717 

27.C         4.804091   -0.925622   -0.309543 

28.H         5.338014   -0.839833    0.670447 

29.H         5.362422   -0.365757   -1.095346 

30.O         4.567082   -2.297316   -0.671724 

 

 

 

 

 

 

 

 

 

 

 

 



247 

 

 

Optimized anion geometry of non-bridged Fe2(μ-Se2C5H8O)(CO)6 (Cartesian coordinates 

in Angstroms)  5b
-
 

 1.Fe       -0.191543    1.407207    0.064388 

 2.Fe       -0.490027   -1.402272   -0.019433 

 3.C        -1.906831   -1.276288    1.023881 

 4.O        -2.853188   -1.272009    1.708616 

 5.C         0.168710   -3.025140    0.294382 

 6.O         0.390304   -4.146740    0.552785 

 7.C        -1.517556   -1.861124   -1.364796 

 8.O        -2.206284   -2.200925   -2.245068 

 9.C        -1.262245    1.973166    1.339873 

10.O        -1.960895    2.404044    2.171595 

11.C        -1.349247    1.937920   -1.149226 

12.O        -2.102772    2.344677   -1.944305 

13.C         1.045981    2.685596    0.042098 

14.O         1.720228    3.644729    0.014849 

15.Se        0.725932   -0.171848    1.705678 

16.Se        0.745036   -0.054238   -1.675950 

17.C         2.711799   -0.037544   -1.233890 

18.C         3.157405   -0.805600   -0.014272 

19.C         2.700893   -0.221947    1.295893 

20.H         3.135981   -0.796862    2.141673 

21.H         3.017706    0.842699    1.372886 

22.H         2.973992    1.039957   -1.140196 

23.H         3.197642   -0.464440   -2.138160 

24.C         3.091433   -2.335625   -0.204646 

25.H         2.845673   -2.900084    0.724683 

26.H         2.456053   -2.700351   -1.039554 

27.C         4.688188   -1.042975   -0.075580 

28.H         5.182377   -0.986455    0.927262 

29.H         5.252825   -0.423025   -0.810652 

30.O         4.513391   -2.401373   -0.515155 
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Optimized dianion geometry of bridged Fe2(μ-Se2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5b
2-

 

 1.Fe       -0.626034    1.335020    0.728553 

 2.Fe       -0.530621   -1.100353   -0.247662 

 3.C        -1.849028   -0.329483    0.828792 

 4.O        -2.930408   -0.552743    1.294821 

 5.C        -0.642517   -2.747843    0.266033 

 6.O        -0.792390   -3.863340    0.622626 

 7.C        -1.665219   -1.268106   -1.557856 

 8.O        -2.451777   -1.432977   -2.415831 

 9.C        -1.433571    2.049032    2.115155 

10.O        -2.017060    2.609074    2.974281 

11.C        -1.585383    1.791381   -0.664805 

12.O        -2.244037    2.192240   -1.554163 

13.C         0.674142    2.497682    0.416677 

14.O         1.487846    3.344707    0.274953 

15.Se        0.932613   -0.368899    1.546550 

16.Se        1.199050   -1.163618   -2.115993 

17.C         2.606643    0.135751   -1.520095 

18.C         3.374730   -0.340965   -0.303395 

19.C         2.818747    0.162985    1.010260 

20.H         3.446755   -0.219774    1.845749 

21.H         2.823812    1.273765    1.025364 

22.H         2.100198    1.105902   -1.324628 

23.H         3.289517    0.246061   -2.391607 

24.C         3.762438   -1.829128   -0.247337 

25.H         3.260507   -2.444150    0.531410 

26.H         3.678331   -2.325358   -1.242046 

27.C         4.911586   -0.132033   -0.294305 

28.H         5.317232    0.601397    0.443733 

29.H         5.319549    0.085181   -1.316890 

30.O         5.152082   -1.497474    0.099676 
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Optimized dianion geometry of non-bridged Fe2(μ-Se2C5H8O)(CO)6 (Cartesian 

coordinates in Angstroms)  5b
2-

 

 1.Fe       -0.010539    1.819374    0.193757 

 2.Fe       -0.418671   -1.806000    0.112663 

 3.C        -2.116719   -1.530690    0.553048 

 4.O        -3.256102   -1.634570    0.843176 

 5.C         0.262564   -3.069252    1.097418 

 6.O         0.675664   -3.955760    1.770323 

 7.C        -0.542321   -2.927610   -1.212311 

 8.O        -0.621135   -3.697284   -2.107889 

 9.C        -1.409933    2.116320    1.220962 

10.O        -2.283680    2.493630    1.922598 

11.C        -0.559748    2.919506   -1.039361 

12.O        -0.928800    3.666042   -1.876896 

13.C         1.428781    2.746023    0.561665 

14.O         2.304088    3.493985    0.858587 

15.Se        0.664908   -0.120499    1.552085 

16.Se        0.117949    0.003894   -1.538871 

17.C         2.149033   -0.043968   -1.585503 

18.C         2.821637   -0.825566   -0.474659 

19.C         2.583318   -0.323119    0.933932 

20.H         3.059220   -1.024950    1.655902 

21.H         3.020340    0.694105    1.055047 

22.H         2.444604    1.027315   -1.546634 

23.H         2.440982   -0.491053   -2.563299 

24.C         2.786803   -2.352741   -0.707583 

25.H         2.676460   -2.959280    0.218458 

26.H         2.071532   -2.713316   -1.475431 

27.C         4.331456   -0.982979   -0.784315 

28.H         4.981037   -0.882068    0.124206 

29.H         4.724341   -0.330427   -1.602115 

30.O         4.178062   -2.353368   -1.192415 
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Optimized neutral geometry of Fe2(μ-Te2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms) 5c 

 1.Fe       -0.637938    0.623272    0.878053 

 2.Fe       -0.313174   -1.934354    0.638930 

 3.Te       -2.507485   -0.999966    1.682119 

 4.Te       -0.782182   -0.486908   -1.472857 

 5.C         0.181248   -2.342356    2.290238 

 6.O         0.537368   -2.631787    3.353920 

 7.C        -0.901232   -3.507823    0.076338 

 8.O        -1.282118   -4.540573   -0.290520 

 9.C         1.367294   -2.010741    0.084995 

10.O         2.473325   -2.092139   -0.250017 

11.C        -0.212138    0.767112    2.588741 

12.O         0.095533    0.888434    3.698861 

13.C         0.996260    1.107998    0.405869 

14.O         2.070441    1.445875    0.134290 

15.C        -1.467956    2.176966    0.668960 

16.O        -1.969325    3.216444    0.557929 

17.C        -4.106413   -1.179073    0.140455 

18.H        -5.001817   -0.879739    0.723904 

19.H        -4.160994   -2.267500   -0.077221 

20.C        -3.986087   -0.363801   -1.115048 

21.C        -2.907582   -0.831973   -2.050354 

22.H        -2.958882   -0.288472   -3.016777 

23.H        -2.970568   -1.924698   -2.242138 

24.C        -5.351250   -0.228329   -1.851657 

25.H        -6.207941   -0.713274   -1.326152 

26.H        -5.341612   -0.542950   -2.921397 

27.C        -4.112600    1.167726   -0.957206 

28.H        -3.313656    1.767135   -1.449939 

29.H        -4.240631    1.523786    0.091283 

30.O        -5.352339    1.200418   -1.699142 
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Optimized cation geometry of bridged Fe2(μ-Te2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5c
+
 

 1.Fe       -0.444645    1.187503    0.228916 

 2.Fe       -0.199180   -1.442833   -0.104299 

 3.C        -1.817189   -0.651502    0.172816 

 4.O        -2.973771   -0.647489    0.299619 

 5.C        -0.516690   -2.739752    1.095273 

 6.O        -0.755440   -3.588494    1.833645 

 7.C        -0.822595   -2.400605   -1.486776 

 8.O        -1.261969   -3.030739   -2.342555 

 9.C        -1.420977    1.669438    1.663464 

10.O        -2.044140    2.025084    2.559638 

11.C        -1.632685    1.944358   -0.893991 

12.O        -2.389060    2.470647   -1.578925 

13.C         0.699884    2.540844    0.283523 

14.O         1.457119    3.409389    0.326523 

15.Te        1.032555   -0.181462    1.812266 

16.Te        0.723488    0.218932   -1.838529 

17.C         2.851672   -0.033504   -1.458051 

18.C         3.270792   -0.774801   -0.210293 

19.C         3.076577   -0.002554    1.061935 

20.H         3.666450   -0.430329    1.901453 

21.H         3.299500    1.083327    0.976867 

22.H         3.305786    0.980635   -1.514567 

23.H         3.153593   -0.606260   -2.363905 

24.C         2.805950   -2.236688   -0.197614 

25.H         2.737575   -2.687910    0.822388 

26.H         1.835799   -2.459221   -0.750912 

27.C         4.651704   -1.443167   -0.508683 

28.H         5.265294   -1.590630    0.411450 

29.H         5.266288   -1.015021   -1.328218 

30.O         3.984882   -2.668940   -0.888497 
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Optimized cation geometry of non-bridged Fe2(μ-Te2C5H8O)(CO)6 (Cartesian coordinates 

in Angstroms)  5c
+
 

 1.Fe       -0.409455    1.268245    0.130017 

 2.Fe       -0.488199   -1.349245   -0.098232 

 3.C        -1.974089   -1.085257    0.870035 

 4.O        -2.953029   -0.963820    1.466424 

 5.C        -0.091546   -2.976766    0.537102 

 6.O         0.165830   -4.023285    0.940929 

 7.C        -1.461567   -1.901219   -1.498780 

 8.O        -2.110345   -2.279628   -2.370248 

 9.C        -1.270189    2.079504    1.485699 

10.O        -1.805371    2.642946    2.332212 

11.C        -1.587921    1.846067   -1.110305 

12.O        -2.331575    2.243582   -1.890544 

13.C         0.833428    2.508941   -0.039829 

14.O         1.669922    3.297769   -0.147424 

15.Te        0.800863   -0.229738    1.801299 

16.Te        0.816117    0.000924   -1.788131 

17.C         2.921046    0.038442   -1.205348 

18.C         3.328982   -0.750925    0.010639 

19.C         2.927431   -0.127033    1.312396 

20.H         3.382123   -0.653786    2.179163 

21.H         3.187697    0.953149    1.371084 

22.H         3.206277    1.111304   -1.127674 

23.H         3.385583   -0.384657   -2.124747 

24.C         3.169182   -2.275364   -0.151646 

25.H         3.002890   -2.820984    0.809567 

26.H         2.435040   -2.633849   -0.910900 

27.C         4.854208   -1.103407   -0.113484 

28.H         5.351554   -1.150605    0.885184 

29.H         5.469991   -0.512295   -0.825515 

30.O         4.529927   -2.408343   -0.609650 
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Optimized anion geometry of bridged Fe2(μ-Te2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5c
-
 

 1.Fe       -0.668314    1.271262    0.425215 

 2.Fe       -0.411033   -1.341168   -0.090021 

 3.C        -1.959668   -0.426546    0.190224 

 4.O        -3.139229   -0.505790    0.262572 

 5.C        -0.730273   -2.640519    1.023458 

 6.O        -0.974460   -3.540766    1.732034 

 7.C        -0.978907   -2.320221   -1.415490 

 8.O        -1.395338   -3.016447   -2.259005 

 9.C        -1.596708    1.785105    1.859302 

10.O        -2.229497    2.273917    2.708652 

11.C        -1.691303    2.011543   -0.806095 

12.O        -2.391336    2.571307   -1.552373 

13.C         0.578172    2.527556    0.372520 

14.O         1.371942    3.387186    0.367059 

15.Te        1.041470   -0.269995    1.777181 

16.Te        0.849885   -0.005145   -1.995352 

17.C         3.040796   -0.275934   -1.611041 

18.C         3.438543   -0.762698   -0.241601 

19.C         3.040360    0.172246    0.872656 

20.H         3.710891    0.064581    1.750702 

21.H         3.014795    1.234558    0.550689 

22.H         3.483288    0.723919   -1.811213 

23.H         3.376073   -0.993255   -2.388925 

24.C         3.201909   -2.278526   -0.057386 

25.H         2.996234   -2.568342    1.000766 

26.H         2.445517   -2.747179   -0.724288 

27.C         4.930127   -1.195657   -0.272538 

28.H         5.455421   -1.014792    0.699604 

29.H         5.544163   -0.808198   -1.117916 

30.O         4.574165   -2.579261   -0.437782 
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Optimized anion geometry of non-bridged Fe2(μ-Te2C5H8O)(CO)6 (Cartesian coordinates 

in Angstroms)  5c
-
 

 1.Fe       -0.263018    1.457390    0.008018 

 2.Fe       -0.572846   -1.415769   -0.004168 

 3.C        -1.835876   -1.528058    1.208682 

 4.O        -2.687107   -1.666682    1.997666 

 5.C         0.118169   -3.058704    0.028142 

 6.O         0.357583   -4.205216    0.049755 

 7.C        -1.791512   -1.596326   -1.251870 

 8.O        -2.614700   -1.775421   -2.062284 

 9.C        -1.386046    1.971874    1.253736 

10.O        -2.123237    2.384190    2.062708 

11.C        -1.405613    1.954686   -1.227830 

12.O        -2.156804    2.355000   -2.029882 

13.C         0.950430    2.754175    0.003182 

14.O         1.631806    3.708725   -0.002683 

15.Te        0.786599   -0.119583    1.846018 

16.Te        0.792081   -0.103203   -1.839823 

17.C         2.948119   -0.095911   -1.261747 

18.C         3.354437   -0.808110    0.003499 

19.C         2.943400   -0.104906    1.271498 

20.H         3.433366   -0.572668    2.151373 

21.H         3.204626    0.975621    1.230554 

22.H         3.213398    0.983394   -1.214760 

23.H         3.438549   -0.561635   -2.142602 

24.C         3.182777   -2.343796   -0.013414 

25.H         2.722674   -2.775091    0.904015 

26.H         2.664323   -2.754601   -0.907924 

27.C         4.872225   -1.147933   -0.003425 

28.H         5.413990   -0.851248    0.927396 

29.H         5.430245   -0.778136   -0.896933 

30.O         4.620267   -2.561802   -0.061789 
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Optimized dianion geometry of bridged Fe2(μ-Te2C5H8O)(CO)6 (Cartesian coordinates in 

Angstroms)  5c
2-

 

 1.Fe       -0.918189    1.355518    0.820137 

 2.Fe       -0.522980   -1.026032   -0.214112 

 3.C        -1.894339   -0.451285    0.921787 

 4.O        -2.910495   -0.838151    1.425029 

 5.C        -0.345748   -2.690533    0.218708 

 6.O        -0.296750   -3.831354    0.522743 

 7.C        -1.650541   -1.389437   -1.485388 

 8.O        -2.433186   -1.704467   -2.304774 

 9.C        -1.763834    2.020461    2.211170 

10.O        -2.391095    2.547982    3.060089 

11.C        -1.950404    1.690313   -0.547068 

12.O        -2.670994    1.999356   -1.424397 

13.C         0.269116    2.608491    0.393038 

14.O         1.014585    3.483119    0.136315 

15.Te        1.012595   -0.179859    1.706256 

16.Te        1.188162   -0.366928   -2.269190 

17.C         3.306784   -0.673717   -1.604075 

18.C         3.514262   -0.831996   -0.116243 

19.C         2.940073    0.327008    0.679531 

20.H         3.613354    0.635374    1.508021 

21.H         2.693763    1.193204    0.028749 

22.H         3.836039    0.239129   -1.957520 

23.H         3.709281   -1.560770   -2.137730 

24.C         3.256668   -2.291245    0.334327 

25.H         2.886727   -2.380426    1.382350 

26.H         2.625386   -2.904275   -0.344705 

27.C         4.989699   -1.208853    0.170243 

28.H         5.359599   -0.812510    1.152521 

29.H         5.723395   -0.975678   -0.638852 

30.O         4.681210   -2.612747    0.247188 
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Optimized dianion geometry of non-bridged Fe2(μ-Te2C5H8O)(CO)6 (Cartesian 

coordinates in Angstroms)  5c
2-

 

 1.Fe        0.022908    1.957098    0.164935 

 2.Fe       -0.412662   -1.940670    0.120022 

 3.C        -2.114139   -1.721315    0.558970 

 4.O        -3.251695   -1.839890    0.851940 

 5.C         0.325187   -3.170086    1.106509 

 6.O         0.773998   -4.043026    1.773135 

 7.C        -0.492847   -3.053941   -1.214477 

 8.O        -0.550085   -3.827886   -2.107414 

 9.C        -1.388469    2.312475    1.153990 

10.O        -2.267580    2.727625    1.827412 

11.C        -0.431284    3.046494   -1.112815 

12.O        -0.732218    3.798283   -1.973127 

13.C         1.494888    2.809498    0.570853 

14.O         2.416626    3.490320    0.885175 

15.Te        0.686592   -0.109498    1.674384 

16.Te        0.157864   -0.012831   -1.655596 

17.C         2.412441   -0.053438   -1.571884 

18.C         3.031608   -0.844226   -0.438597 

19.C         2.806573   -0.296295    0.952713 

20.H         3.312436   -0.946477    1.700125 

21.H         3.194977    0.744040    1.028955 

22.H         2.675191    1.023885   -1.498352 

23.H         2.748278   -0.474777   -2.545214 

24.C         2.933519   -2.375722   -0.639442 

25.H         2.792752   -2.956254    0.298871 

26.H         2.204297   -2.723679   -1.399711 

27.C         4.538428   -1.080409   -0.729131 

28.H         5.179709   -0.997626    0.186696 

29.H         4.971020   -0.461019   -1.552105 

30.O         4.321435   -2.447516   -1.116860 
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Optimized neutral geometry of PDT (Cartesian coordinates in Angstroms) 2  

 1.Fe       -0.906030    1.355899   -0.001349 

 2.Fe       -1.075243   -1.158603    0.001375 

 3.C        -2.292526   -1.424172    1.274002 

 4.O        -3.093838   -1.597856    2.088712 

 5.C        -0.331294   -2.771006   -0.003665 

 6.O         0.123716   -3.837172   -0.006957 

 7.C        -2.300067   -1.407125   -1.268011 

 8.O        -3.107480   -1.565076   -2.079967 

 9.C        -2.058983    1.843838    1.272695 

10.O        -2.810190    2.162596    2.091361 

11.C        -2.057126    1.839687   -1.278718 

12.O        -2.807709    2.155999   -2.098910 

13.C         0.186966    2.750901   -0.002911 

14.O         0.937127    3.634781   -0.005052 

15.S         0.095547    0.035719    1.544455 

16.S         0.099250    0.031760   -1.541913 

17.C         1.912161   -0.067105   -1.259564 

18.C         2.360393   -0.756440    0.005656 

19.C         1.909330   -0.059988    1.265889 

20.H         1.992417   -1.806925    0.008409 

21.H         3.473908   -0.810691    0.006878 

22.H         2.289901   -0.588156    2.165711 

23.H         2.276258    0.990167    1.306429 

24.H         2.281622    0.981906   -1.306379 

25.H         2.292716   -0.601926   -2.155480 
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Optimized cation geometry of bridged PDT (Cartesian coordinates in Angstroms) 2
+
 

 1.Fe        0.057250   -0.008894    0.017581 

 2.Fe        2.618521    0.027654   -0.026021 

 3.S         1.296277    1.904303    0.117040 

 4.S         1.300385   -0.628888   -1.792116 

 5.C        -0.668460   -1.671927    0.046372 

 6.O        -1.151975   -2.709719    0.059253 

 7.C        -0.672594    0.412108    1.624673 

 8.O        -1.159009    0.679493    2.626113 

 9.C         3.728608   -1.351272   -0.400444 

10.O         4.432714   -2.227513   -0.624578 

11.C         1.751919   -0.932801    1.257678 

12.O         1.662732   -1.625137    2.184817 

13.C         3.728471    0.777094    1.191155 

14.C        -1.230205    0.729396   -0.954857 

15.O        -2.022673    1.234476   -1.616792 

16.O         4.430721    1.241957    1.968652 

17.C         1.386188    2.740004   -1.515344 

18.H         1.920160    3.685669   -1.280952 

19.H         0.341772    3.007996   -1.792914 

20.C         1.390632    0.710728   -3.044691 

21.H         1.928086    0.226147   -3.887724 

22.H         0.346593    0.900901   -3.381526 

23.C         2.091535    1.977810   -2.613009 

24.H         2.174535    2.646528   -3.500189 

25.H         3.138525    1.746218   -2.302516 
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Optimized cation geometry of non-bridged PDT (Cartesian coordinates in Angstroms) 2
+
 

 1.Fe       -1.039779    1.351783    0.000000 

 2.Fe       -1.069450   -1.224974    0.000000 

 3.C        -2.274726   -1.646958    1.277937 

 4.O        -3.054118   -1.910756    2.077158 

 5.C        -0.237291   -2.792385    0.000000 

 6.O         0.313952   -3.802075    0.000000 

 7.C        -2.274726   -1.646958   -1.277937 

 8.O        -3.054118   -1.910756   -2.077158 

 9.C        -1.999314    2.129809    1.339117 

10.O        -2.575145    2.633103    2.191624 

11.C        -1.999314    2.129809   -1.339117 

12.O        -2.575145    2.633103   -2.191624 

13.C         0.261542    2.555343    0.000000 

14.O         1.134991    3.305184    0.000000 

15.S        -0.024582   -0.011018    1.565757 

16.S        -0.024582   -0.011018   -1.565757 

17.C         1.792337    0.102876   -1.278571 

18.C         2.297823   -0.521120    0.000000 

19.C         1.792337    0.102876    1.278571 

20.H         2.069636   -1.610355    0.000000 

21.H         3.409809   -0.434531    0.000000 

22.H         2.210115   -0.419574    2.166127 

23.H         2.067582    1.176922    1.369722 

24.H         2.067582    1.176922   -1.369722 

25.H         2.210115   -0.419574   -2.166127 
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Optimized anion geometry of bridged PDT (Cartesian coordinates in Angstroms) 2
-
 

 1.Fe       -0.021609    0.010272    0.242884 

 2.Fe        2.584090   -0.020237   -0.018342 

 3.S         1.367091    1.896372    0.144658 

 4.S         1.629731   -0.596826   -2.046363 

 5.C        -0.653322   -1.641931    0.148541 

 6.O        -1.135877   -2.702533    0.125866 

 7.C        -0.812006    0.476574    1.767708 

 8.O        -1.453603    0.717165    2.713141 

 9.C         3.650259   -1.369712   -0.345094 

10.O         4.386843   -2.253885   -0.552214 

11.C         1.598020   -0.865981    1.280740 

12.O         1.665083   -1.563392    2.235494 

13.C         3.760338    0.707868    1.046005 

14.C        -1.130155    0.666912   -0.975451 

15.O        -1.881008    1.127282   -1.743749 

16.O         4.564248    1.181315    1.752176 

17.C         1.242044    2.772960   -1.473281 

18.H         1.631179    3.789727   -1.250877 

19.H         0.162171    2.866627   -1.727750 

20.C         1.409962    0.867970   -3.136618 

21.H         1.879377    0.583875   -4.102653 

22.H         0.317422    1.000591   -3.315256 

23.C         2.009533    2.158814   -2.623624 

24.H         2.031592    2.900200   -3.459258 

25.H         3.063416    1.974386   -2.307366 
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Optimized anion geometry of non-bridged PDT (Cartesian coordinates in Angstroms) 2
-
 

 1.Fe       -0.198093   -0.039567   -0.173945 

 2.Fe        2.539597   -0.104246    0.269504 

 3.S         1.129805    1.711272    0.533921 

 4.S         1.444564   -0.403247   -1.756047 

 5.C        -0.643534   -1.735965   -0.365373 

 6.O        -0.974174   -2.848004   -0.500467 

 7.C        -0.931844   -0.023225    1.430762 

 8.O        -1.451747   -0.008431    2.476544 

 9.C         3.044332   -1.782369    0.102702 

10.O         3.409042   -2.886171   -0.006609 

11.C         2.473863   -0.288273    2.022570 

12.O         2.471160   -0.415620    3.183253 

13.C         4.122072    0.677605    0.006511 

14.C        -1.443575    0.790059   -1.143604 

15.O        -2.395671    1.206615   -1.687280 

16.O         5.230232    1.062214    0.006275 

17.C         1.321848    2.852391   -0.898154 

18.H         1.778154    3.775615   -0.478833 

19.H         0.283331    3.088854   -1.228805 

20.C         1.553886    1.138926   -2.756211 

21.H         2.165623    0.869222   -3.644584 

22.H         0.512533    1.352040   -3.093919 

23.C         2.147737    2.341437   -2.058010 

24.H         2.268025    3.166537   -2.801792 

25.H         3.166175    2.078479   -1.690422 
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Optimized dianion geometry of bridged PDT (Cartesian coordinates in Angstroms) 2
2-

 

 1.Fe       -0.117656    0.099932    0.422079 

 2.Fe        2.462415   -0.099452   -0.036883 

 3.S         1.312184    1.882477    0.092358 

 4.S         2.772474   -0.199829   -2.428837 

 5.C        -0.266171   -1.613400    0.059514 

 6.O        -0.469908   -2.752739   -0.158615 

 7.C        -1.030425    0.373730    1.895495 

 8.O        -1.709951    0.469055    2.857436 

 9.C         2.964413   -1.767348   -0.145358 

10.O         3.354233   -2.875031   -0.198312 

11.C         1.540381   -0.443862    1.552622 

12.O         1.695181   -0.874076    2.660636 

13.C         3.955481    0.476251    0.614971 

14.C        -1.273850    0.623301   -0.812741 

15.O        -2.132769    0.977382   -1.547396 

16.O         4.968926    0.824841    1.113353 

17.C         0.941643    2.790718   -1.483391 

18.H         1.196070    3.851601   -1.260077 

19.H        -0.159455    2.727987   -1.621057 

20.C         1.464853    0.875855   -3.104500 

21.H         1.477755    0.744435   -4.210181 

22.H         0.475102    0.519567   -2.728538 

23.C         1.655078    2.348689   -2.748605 

24.H         1.275412    2.997759   -3.581725 

25.H         2.750941    2.534228   -2.658116 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



263 

 

 

Optimized dianion geometry of non-bridged PDT (Cartesian coordinates in Angstroms) 

2
2-

 

 1.Fe       -0.826257    1.744198    0.063358 

 2.Fe       -1.074126   -1.594929    0.022423 

 3.C        -2.423134   -1.712383    1.129749 

 4.O        -3.316405   -1.915125    1.877292 

 5.C        -0.066576   -3.035168    0.204870 

 6.O         0.313375   -4.156697    0.331378 

 7.C        -2.092038   -2.178638   -1.267922 

 8.O        -2.786028   -2.572733   -2.137947 

 9.C        -1.897394    2.305677    1.326055 

10.O        -2.602191    2.740737    2.169959 

11.C        -1.916218    2.427969   -1.118304 

12.O        -2.637786    2.917039   -1.916542 

13.C         0.522339    2.894696    0.054680 

14.O         1.136190    3.914736    0.070894 

15.S        -0.131118    0.001049    1.471080 

16.S        -0.314912    0.068514   -1.511337 

17.C         1.534365    0.031926   -1.407001 

18.C         2.100827   -0.650486   -0.178119 

19.C         1.690528   -0.051689    1.152899 

20.H         1.754255   -1.711404   -0.190235 

21.H         3.219595   -0.655579   -0.244378 

22.H         2.142307   -0.649529    1.979507 

23.H         2.018427    1.010145    1.237805 

24.H         1.841356    1.102657   -1.452104 

25.H         1.896856   -0.498250   -2.319405 
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Optimized neutral geometry of Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates in 

Angstroms) 6a  

 1.Fe       -0.927062    1.366374    0.017014 

 2.Fe       -1.098776   -1.165002    0.022074 

 3.C        -2.301153   -1.414491    1.303598 

 4.O        -3.095100   -1.580571    2.127875 

 5.C        -0.360408   -2.779720    0.014440 

 6.O         0.090801   -3.847718    0.014670 

 7.C        -2.340087   -1.395656   -1.233943 

 8.O        -3.163911   -1.545803   -2.031992 

 9.C        -2.067365    1.837250    1.297608 

10.O        -2.815152    2.153818    2.121119 

11.C        -2.098010    1.838344   -1.245452 

12.O        -2.866554    2.152309   -2.050870 

13.C         0.151576    2.772624    0.016901 

14.O         0.882977    3.672245    0.023155 

15.S         0.084562    0.034052    1.542718 

16.Se        0.157106    0.025402   -1.672144 

17.C         2.110165   -0.066631   -1.196592 

18.C         2.418609   -0.788569    0.085784 

19.C         1.906337   -0.085086    1.319660 

20.H         2.013874   -1.825057    0.048304 

21.H         3.526180   -0.888136    0.177901 

22.H         2.241722   -0.613175    2.237225 

23.H         2.283019    0.961055    1.374647 

24.H         2.449659    0.990631   -1.178548 

25.H         2.553586   -0.574099   -2.076191 
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Optimized cation geometry of bridged Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates in 

Angstroms)  6a
+
 

 1.Fe        0.057378   -0.011438    0.055194 

 2.Fe        2.637077    0.031211   -0.001902 

 3.S         1.311413    1.896751    0.121993 

 4.Se        1.305279   -0.696871   -1.914566 

 5.C        -0.676057   -1.668389    0.109941 

 6.O        -1.168435   -2.702156    0.146248 

 7.C        -0.664136    0.440391    1.647588 

 8.O        -1.152862    0.723884    2.644122 

 9.C         3.740352   -1.361045   -0.339106 

10.O         4.448584   -2.242216   -0.532394 

11.C         1.735610   -0.921205    1.272479 

12.O         1.657706   -1.613186    2.202561 

13.C         3.717580    0.773332    1.236659 

14.C        -1.222159    0.723979   -0.930833 

15.O        -2.015050    1.230007   -1.592460 

16.O         4.400670    1.229601    2.036737 

17.C         1.366216    2.786835   -1.485082 

18.H         1.891256    3.728672   -1.217802 

19.H         0.312869    3.053841   -1.728203 

20.C         1.344383    0.880057   -3.166061 

21.H         1.853693    0.450141   -4.051802 

22.H         0.282448    1.076698   -3.426000 

23.C         2.056219    2.097079   -2.639376 

24.H         2.126069    2.833473   -3.474399 

25.H         3.107816    1.846851   -2.365607 
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Optimized cation geometry of non-bridged Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates 

in Angstroms)  6a
+
 

 1.Fe       -1.045417    1.324633    0.139571 

 2.Fe       -1.080215   -1.225174   -0.091409 

 3.C        -2.424661   -1.434970    1.086935 

 4.O        -3.299971   -1.566793    1.818097 

 5.C        -0.333804   -2.823328    0.192738 

 6.O         0.158287   -3.844534    0.382503 

 7.C        -2.191183   -1.709887   -1.427849 

 8.O        -2.912945   -2.034087   -2.259446 

 9.C        -1.820362    2.224509    1.500263 

10.O        -2.285580    2.825400    2.358412 

11.C        -2.280341    1.862218   -1.086433 

12.O        -3.053521    2.197231   -1.863715 

13.C         0.191164    2.579888   -0.083372 

14.O         1.024991    3.364383   -0.207532 

15.S         0.005504   -0.094652    1.536145 

16.Se        0.073246    0.072285   -1.701371 

17.C         2.021889    0.166850   -1.183703 

18.C         2.392524   -0.591789    0.057507 

19.C         1.836954   -0.031368    1.347005 

20.H         2.113670   -1.664451   -0.044112 

21.H         3.505346   -0.568972    0.145373 

22.H         2.202197   -0.610098    2.221316 

23.H         2.121971    1.032955    1.501584 

24.H         2.275829    1.246608   -1.135891 

25.H         2.493833   -0.263828   -2.091280 
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Optimized anion geometry of bridged Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates in 

Angstroms)  6a
-
 

 1.Fe       -0.055181    0.004460    0.311195 

 2.Fe        2.543310   -0.061209    0.010814 

 3.S         1.336658    1.862268    0.200408 

 4.Se        1.588939   -0.640868   -2.172145 

 5.C        -0.654041   -1.661572    0.270413 

 6.O        -1.105096   -2.736306    0.276548 

 7.C        -0.880768    0.510094    1.800381 

 8.O        -1.526090    0.794065    2.730284 

 9.C         3.519679   -1.490547   -0.251140 

10.O         4.205356   -2.426609   -0.396024 

11.C         1.580572   -0.788728    1.395216 

12.O         1.653655   -1.415907    2.398388 

13.C         3.815697    0.684767    0.936642 

14.C        -1.141049    0.606907   -0.959469 

15.O        -1.885758    1.042408   -1.750398 

16.O         4.676398    1.165081    1.569659 

17.C         1.173833    2.808552   -1.376298 

18.H         1.538887    3.821793   -1.103739 

19.H         0.088612    2.888119   -1.610869 

20.C         1.331149    1.063834   -3.213084 

21.H         1.797930    0.844558   -4.194206 

22.H         0.234746    1.186293   -3.352798 

23.C         1.940566    2.286434   -2.573823 

24.H         1.975050    3.104956   -3.334653 

25.H         2.992950    2.069622   -2.273789 
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Optimized anion geometry of non-bridged Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates 

in Angstroms)  6a
-
 

 1.Fe       -0.898389    1.491548    0.026524 

 2.Fe       -1.096438   -1.315235    0.029935 

 3.C        -2.320712   -1.532817    1.273755 

 4.O        -3.129416   -1.732418    2.092560 

 5.C        -0.237059   -2.877273    0.081415 

 6.O         0.117309   -3.993777    0.143165 

 7.C        -2.294804   -1.666040   -1.212053 

 8.O        -3.093778   -1.932442   -2.021606 

 9.C        -2.031991    1.972668    1.284225 

10.O        -2.767650    2.347361    2.111224 

11.C        -2.023067    2.060373   -1.207092 

12.O        -2.760055    2.475830   -2.013136 

13.C         0.304135    2.804925    0.052362 

14.O         0.945780    3.785704    0.097043 

15.S         0.009210    0.021370    1.539187 

16.Se        0.025177    0.022104   -1.724188 

17.C         1.987369    0.006604   -1.256909 

18.C         2.322334   -0.738127    0.009924 

19.C         1.831119   -0.067647    1.275053 

20.H         1.900327   -1.768643   -0.042572 

21.H         3.432973   -0.845519    0.081582 

22.H         2.218662   -0.606915    2.166674 

23.H         2.186291    0.988261    1.321884 

24.H         2.268724    1.080855   -1.190026 

25.H         2.475873   -0.452788   -2.140414 
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Optimized dianion geometry of bridged Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates in 

Angstroms)  6a
2-

 

 1.Fe       -0.225409    0.145834    0.593125 

 2.Fe        2.299623   -0.182548    0.002449 

 3.S         1.244986    1.852964    0.100183 

 4.Se        2.487888   -0.455950   -2.543770 

 5.C        -0.440623   -1.575478    0.310044 

 6.O        -0.686595   -2.715900    0.152086 

 7.C        -1.052216    0.507348    2.098594 

 8.O        -1.675231    0.658593    3.090720 

 9.C         2.719122   -1.877368   -0.040509 

10.O         3.051522   -3.005146   -0.035462 

11.C         1.474198   -0.394962    1.660539 

12.O         1.685088   -0.758320    2.782940 

13.C         3.864659    0.355256    0.500929 

14.C        -1.429027    0.649381   -0.603752 

15.O        -2.309053    0.995052   -1.316166 

16.O         4.926974    0.683191    0.901009 

17.C         0.807285    2.742817   -1.470781 

18.H         1.094791    3.799861   -1.271864 

19.H        -0.300748    2.701308   -1.550465 

20.C         1.107225    0.850022   -3.164854 

21.H         1.065173    0.733014   -4.268246 

22.H         0.133434    0.532784   -2.729376 

23.C         1.440831    2.281393   -2.770285 

24.H         1.088486    2.987667   -3.568625 

25.H         2.549961    2.382948   -2.714070 
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Optimized dianion geometry of non-bridged Fe2(μ-SC3H6Se)(CO)6 (Cartesian coordinates 

in Angstroms)  6a
2-

 

 1.Fe       -0.744047    1.847589    0.129139 

 2.Fe       -1.026213   -1.692603    0.057510 

 3.C        -2.600205   -1.501559    0.842517 

 4.O        -3.646796   -1.627941    1.374862 

 5.C        -0.049859   -2.951515    0.769552 

 6.O         0.517386   -3.859768    1.286396 

 7.C        -1.524859   -2.766513   -1.226762 

 8.O        -1.861318   -3.487871   -2.100847 

 9.C        -2.058463    2.077028    1.278545 

10.O        -2.880134    2.413744    2.059978 

11.C        -1.448822    2.949731   -1.027837 

12.O        -1.920909    3.688848   -1.819476 

13.C         0.672032    2.842000    0.398436 

14.O         1.512254    3.648271    0.644959 

15.S         0.059380   -0.016820    1.271668 

16.Se       -0.695618    0.103537   -1.688195 

17.C         1.339314    0.099438   -1.835732 

18.C         1.988535   -0.702954   -0.732943 

19.C         1.805356   -0.179480    0.682844 

20.H         1.557869   -1.735263   -0.758885 

21.H         3.088475   -0.788702   -0.932797 

22.H         2.294366   -0.890555    1.388712 

23.H         2.256767    0.831004    0.805302 

24.H         1.608777    1.176510   -1.801796 

25.H         1.582273   -0.333912   -2.831032 
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Optimized neutral geometry of Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates in 

Angstroms) 6b 

 1.Fe       -0.961243    1.381710    0.054553 

 2.Fe       -1.138743   -1.169601    0.060701 

 3.C        -2.325913   -1.392868    1.355803 

 4.O        -3.111897   -1.550866    2.189472 

 5.C        -0.409119   -2.787105    0.063131 

 6.O         0.037611   -3.857453    0.072197 

 7.C        -2.397200   -1.398778   -1.175218 

 8.O        -3.238567   -1.557546   -1.954635 

 9.C        -2.088905    1.820833    1.350893 

10.O        -2.827267    2.126898    2.187263 

11.C        -2.154764    1.849235   -1.185204 

12.O        -2.945036    2.166478   -1.969462 

13.C         0.093561    2.805115    0.072956 

14.O         0.798753    3.725400    0.102887 

15.S         0.067241    0.035827    1.553460 

16.Te        0.228885    0.020797   -1.821146 

17.C         2.323226   -0.110312   -1.107710 

18.C         2.477690   -0.830461    0.203843 

19.C         1.898632   -0.090597    1.387291 

20.H         2.034686   -1.850894    0.145821 

21.H         3.567752   -0.976193    0.397354 

22.H         2.193547   -0.589401    2.334534 

23.H         2.273052    0.956994    1.428782 

24.H         2.675225    0.941475   -1.059217 

25.H         2.835773   -0.630016   -1.940568 
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Optimized cation geometry of bridged Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates in 

Angstroms)  6b
+
 

 1.Fe        0.054172    0.004320    0.122221 

 2.Fe        2.653730    0.042219    0.070897 

 3.S         1.325780    1.900645    0.163100 

 4.Te        1.305583   -0.761955   -2.054424 

 5.C        -0.687150   -1.643627    0.221819 

 6.O        -1.191337   -2.670757    0.297713 

 7.C        -0.651775    0.495745    1.704269 

 8.O        -1.137179    0.804634    2.695418 

 9.C         3.754308   -1.356398   -0.233618 

10.O         4.471882   -2.237083   -0.400997 

11.C         1.722610   -0.893928    1.337228 

12.O         1.636469   -1.577841    2.273844 

13.C         3.712269    0.787675    1.321761 

14.C        -1.230345    0.719058   -0.871840 

15.O        -2.044733    1.205970   -1.523272 

16.O         4.382373    1.240748    2.135002 

17.C         1.361228    2.857453   -1.409650 

18.H         1.873853    3.791342   -1.095100 

19.H         0.301442    3.122408   -1.625381 

20.C         1.324952    1.104529   -3.259558 

21.H         1.816841    0.764848   -4.192097 

22.H         0.256951    1.322266   -3.472214 

23.C         2.046676    2.257742   -2.616218 

24.H         2.120451    3.068740   -3.380174 

25.H         3.097446    1.982981   -2.366203 
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Optimized cation geometry of non-bridged Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates 

in Angstroms)  6b
+
 

 1.Fe       -0.433938    1.308421    0.174764 

 2.Fe       -0.581997   -1.294564    0.042556 

 3.C        -1.780375   -1.932686    1.224733 

 4.O        -2.536702   -2.376341    1.963085 

 5.C         0.433089   -2.745677    0.070951 

 6.O         1.069221   -3.704518    0.097903 

 7.C        -1.588235   -1.838990   -1.355300 

 8.O        -2.238206   -2.216374   -2.222083 

 9.C        -0.929474    2.395246    1.521359 

10.O        -1.272856    3.091267    2.366478 

11.C        -2.081997    0.613472   -0.019707 

12.O        -3.232702    0.528451   -0.131489 

13.C        -0.718898    2.561898   -1.092918 

14.O        -0.925255    3.381666   -1.870673 

15.S         0.367568   -0.143918    1.747962 

16.Te        0.909609   -0.018122   -1.671697 

17.C         2.903968    0.088390   -0.678742 

18.C         2.997335   -0.646805    0.627960 

19.C         2.213267   -0.052488    1.774095 

20.H         2.753195   -1.724663    0.503698 

21.H         4.071005   -0.620725    0.937386 

22.H         2.458248   -0.570115    2.726174 

23.H         2.452233    1.025522    1.916626 

24.H         3.115051    1.173877   -0.583891 

25.H         3.563934   -0.341957   -1.457763 
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Optimized anion geometry of bridged Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates in 

Angstroms)  6b
-
 

 1.Fe       -0.068715    0.017756    0.361712 

 2.Fe        2.526678   -0.084320    0.078422 

 3.S         1.329428    1.849103    0.258867 

 4.Te        1.641309   -0.690763   -2.333849 

 5.C        -0.639320   -1.657206    0.336211 

 6.O        -1.063644   -2.741958    0.346623 

 7.C        -0.917832    0.522618    1.834675 

 8.O        -1.564835    0.809214    2.761236 

 9.C         3.459054   -1.553519   -0.108427 

10.O         4.121429   -2.514719   -0.190267 

11.C         1.571461   -0.725181    1.504097 

12.O         1.620405   -1.293703    2.542390 

13.C         3.855069    0.688606    0.895906 

14.C        -1.157863    0.603046   -0.918120 

15.O        -1.924307    1.030274   -1.693203 

16.O         4.744938    1.184704    1.472250 

17.C         1.131505    2.870017   -1.269417 

18.H         1.486104    3.870823   -0.942988 

19.H         0.040005    2.946288   -1.473177 

20.C         1.250902    1.290799   -3.261060 

21.H         1.673122    1.177180   -4.278287 

22.H         0.147217    1.392781   -3.328547 

23.C         1.875963    2.447788   -2.520315 

24.H         1.896865    3.333817   -3.202824 

25.H         2.935336    2.214268   -2.260777 
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Optimized anion geometry of non-bridged Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates 

in Angstroms)  6b
-
 

 1.Fe       -0.936056    1.507761    0.081299 

 2.Fe       -1.136451   -1.327742    0.079245 

 3.C        -2.377980   -1.468726    1.318131 

 4.O        -3.194611   -1.638173    2.135768 

 5.C        -0.253944   -2.868907    0.183499 

 6.O         0.146701   -3.965139    0.299959 

 7.C        -2.311632   -1.760465   -1.157298 

 8.O        -3.100057   -2.082338   -1.958215 

 9.C        -2.077756    1.931557    1.352390 

10.O        -2.809511    2.286958    2.191156 

11.C        -2.047893    2.137544   -1.133429 

12.O        -2.777889    2.597383   -1.922454 

13.C         0.285741    2.795656    0.134556 

14.O         0.978023    3.739066    0.213260 

15.S        -0.007746    0.016557    1.541453 

16.Te        0.063027    0.024695   -1.897978 

17.C         2.172428    0.027923   -1.192572 

18.C         2.377889   -0.753429    0.080857 

19.C         1.823078   -0.090991    1.325426 

20.H         1.932440   -1.771245   -0.017674 

21.H         3.475797   -0.899612    0.239065 

22.H         2.167092   -0.640274    2.228572 

23.H         2.184671    0.960828    1.401118 

24.H         2.424568    1.103351   -1.067583 

25.H         2.745899   -0.397523   -2.040004 
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Optimized dianion geometry of bridged Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates in 

Angstroms)  6b
2-

 

 1.Fe       -0.226870    0.144798    0.628466 

 2.Fe        2.294684   -0.179040    0.067423 

 3.S         1.239426    1.857614    0.153635 

 4.Te        2.499582   -0.517141   -2.671218 

 5.C        -0.424363   -1.577026    0.332731 

 6.O        -0.657118   -2.717558    0.163417 

 7.C        -1.089993    0.497447    2.116730 

 8.O        -1.733442    0.642910    3.095906 

 9.C         2.734416   -1.869493    0.066157 

10.O         3.084832   -2.991273    0.114393 

11.C         1.453380   -0.372292    1.719703 

12.O         1.664748   -0.713746    2.848506 

13.C         3.854189    0.377770    0.566703 

14.C        -1.406695    0.644611   -0.593548 

15.O        -2.262675    0.995659   -1.330839 

16.O         4.905994    0.721192    0.979225 

17.C         0.793675    2.801950   -1.386116 

18.H         1.059806    3.852206   -1.131121 

19.H        -0.312891    2.744299   -1.476331 

20.C         1.051621    1.059456   -3.239179 

21.H         1.026705    1.035500   -4.346900 

22.H         0.067217    0.733594   -2.842209 

23.C         1.439915    2.429253   -2.707509 

24.H         1.127428    3.216278   -3.444476 

25.H         2.549991    2.496312   -2.622396 
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Optimized dianion geometry of non-bridged Fe2(μ-SC3H6Te)(CO)6 (Cartesian coordinates 

in Angstroms)  6b
2-

 

 1.Fe       -0.708067    1.896646    0.137996 

 2.Fe       -1.001758   -1.745206    0.086681 

 3.C        -2.579162   -1.577541    0.864955 

 4.O        -3.621878   -1.703780    1.404450 

 5.C         0.019151   -2.958454    0.815694 

 6.O         0.606646   -3.845172    1.346032 

 7.C        -1.495409   -2.852172   -1.171297 

 8.O        -1.829525   -3.605478   -2.018765 

 9.C        -2.100681    2.116424    1.194946 

10.O        -2.971243    2.452714    1.920768 

11.C        -1.289940    3.047900   -1.038755 

12.O        -1.675924    3.831519   -1.834815 

13.C         0.710884    2.842092    0.527997 

14.O         1.564167    3.605001    0.852369 

15.S        -0.007196   -0.006116    1.302861 

16.Te       -0.551278    0.083186   -1.842252 

17.C         1.699966    0.096242   -1.654315 

18.C         2.147931   -0.728808   -0.473838 

19.C         1.791765   -0.190221    0.903302 

20.H         1.692001   -1.748272   -0.553662 

21.H         3.261350   -0.859444   -0.509092 

22.H         2.186799   -0.897191    1.668978 

23.H         2.235773    0.817285    1.069373 

24.H         1.930669    1.176689   -1.546147 

25.H         2.099827   -0.304453   -2.609806 
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Optimized neutral geometry of Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian coordinates in 

Angstroms) 6c  

 1.Fe       -0.956835    1.403747   -0.005660 

 2.Fe       -1.114752   -1.152207    0.004311 

 3.C        -2.321097   -1.451078    1.268506 

 4.O        -3.126217   -1.662854    2.072313 

 5.C        -0.330614   -2.753961   -0.014549 

 6.O         0.106248   -3.824588   -0.033025 

 7.C        -2.341792   -1.411788   -1.249026 

 8.O        -3.163637   -1.594131   -2.043076 

 9.C        -2.122537    1.866820    1.253090 

10.O        -2.891569    2.187555    2.055851 

11.C        -2.111668    1.863675   -1.275690 

12.O        -2.874785    2.181674   -2.085169 

13.C         0.108837    2.821441   -0.005273 

14.O         0.821936    3.735760   -0.004239 

15.Se        0.098983    0.059128    1.701939 

16.Se        0.110259    0.045211   -1.695538 

17.C         2.106697   -0.056728   -1.330990 

18.S         2.653994   -1.080968    0.017532 

19.C         2.097788   -0.041278    1.350337 

20.H         2.502794   -0.453935    2.294495 

21.H         2.439192    1.005824    1.218564 

22.H         2.449708    0.991200   -1.210196 

23.H         2.516061   -0.481909   -2.267707 
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Optimized cation geometry of bridged Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian coordinates 

in Angstroms)  6c
+
 

 1.Fe       -0.040253   -0.015499    0.023501 

 2.Fe        2.613314    0.144845   -0.171248 

 3.Se        1.119916    2.098614    0.327699 

 4.Se        1.126812   -0.888377   -1.921414 

 5.C        -0.730611   -1.673687    0.127098 

 6.O        -1.218972   -2.708505    0.214263 

 7.C        -0.736037    0.331779    1.645442 

 8.O        -1.229094    0.520196    2.664437 

 9.C         3.783247   -1.120652   -0.619847 

10.O         4.552656   -1.939443   -0.861863 

11.C         1.840615   -0.852257    1.157188 

12.O         1.817876   -1.547600    2.086447 

13.C         3.790203    0.924180    0.914063 

14.C        -1.365188    0.718161   -0.937433 

15.O        -2.203950    1.205719   -1.554460 

16.O         4.564674    1.381130    1.629849 

17.C         1.683641    2.828081   -1.456094 

18.H         2.222209    3.772587   -1.242158 

19.H         0.830291    3.020895   -2.134797 

20.C         1.693379    0.623876   -3.114668 

21.H         2.238836    0.156871   -3.958700 

22.H         0.840291    1.218730   -3.494595 

23.S         2.845752    1.639740   -2.164185 
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Optimized cation geometry of non-bridged Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian 

coordinates in Angstroms)  6c
+
 

 1.Fe       -0.661021    1.282594    0.088590 

 2.Fe       -0.673577   -1.324426    0.050229 

 3.C        -1.722762   -1.997908    1.348352 

 4.O        -2.394606   -2.462147    2.153779 

 5.C         0.410195   -2.734427   -0.001055 

 6.O         1.059715   -3.681279   -0.034714 

 7.C        -1.786011   -1.952258   -1.217978 

 8.O        -2.496973   -2.387760   -2.005674 

 9.C        -0.978327    2.469475    1.403396 

10.O        -1.202622    3.245237    2.219892 

11.C        -2.306688    0.572643    0.129963 

12.O        -3.452646    0.414143    0.163980 

13.C        -1.060430    2.492207   -1.182097 

14.O        -1.336489    3.281805   -1.968954 

15.Se        0.438264   -0.071755    1.777636 

16.Se        0.360195   -0.020318   -1.687853 

17.C         2.383463    0.208912   -1.338586 

18.S         3.048954   -0.767116   -0.025325 

19.C         2.445170    0.163492    1.349419 

20.H         2.928152   -0.214662    2.272449 

21.H         2.614391    1.252328    1.243618 

22.H         2.554323    1.293997   -1.201690 

23.H         2.826571   -0.134295   -2.294685 
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Optimized anion geometry of bridged Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian coordinates 

in Angstroms)  6c
-
 

 1.Fe       -0.078451   -0.284918    0.115987 

 2.Fe        2.561752   -0.003986    0.086528 

 3.Se        1.541310    2.222434    0.155839 

 4.Se        1.357203   -0.743772   -1.869283 

 5.C        -0.852282   -1.887959    0.071655 

 6.O        -1.487165   -2.866175    0.102801 

 7.C        -0.743346    0.257090    1.661011 

 8.O        -1.258931    0.559362    2.661919 

 9.C         3.731757   -1.241980   -0.279621 

10.O         4.540078   -2.061976   -0.487904 

11.C         1.541445   -1.006012    1.244549 

12.O         1.610507   -1.725193    2.184354 

13.C         3.620727    0.661525    1.304058 

14.C        -1.161562    0.693023   -0.889330 

15.O        -1.878146    1.316349   -1.574430 

16.O         4.361984    1.068220    2.111621 

17.C         1.327617    3.005333   -1.702818 

18.H         1.736671    4.031335   -1.627132 

19.H         0.238217    3.045690   -1.913099 

20.C         1.123624    0.766685   -3.222860 

21.H         1.374884    0.283971   -4.187052 

22.H         0.054212    1.061000   -3.211052 

23.S         2.171800    2.202762   -3.061097 
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Optimized anion geometry of non-bridged Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian 

coordinates in Angstroms)  6c
-
 

 1.Fe       -0.899814    1.548469   -0.004262 

 2.Fe       -1.102774   -1.312757    0.002262 

 3.C        -2.283145   -1.699468    1.242956 

 4.O        -3.069464   -2.014521    2.048117 

 5.C        -0.134053   -2.818635   -0.023010 

 6.O         0.284937   -3.909329   -0.048857 

 7.C        -2.313751   -1.644954   -1.226360 

 8.O        -3.120843   -1.926262   -2.023466 

 9.C        -2.011506    2.117578    1.232303 

10.O        -2.736702    2.551809    2.039657 

11.C        -2.022846    2.085743   -1.245414 

12.O        -2.756032    2.499746   -2.056204 

13.C         0.347235    2.818294   -0.018299 

14.O         1.021193    3.778485   -0.039001 

15.Se       -0.021752    0.042788    1.728908 

16.Se       -0.002273    0.034004   -1.716310 

17.C         1.995394    0.007432   -1.339799 

18.S         2.578496   -0.990775    0.023916 

19.C         1.979555    0.018545    1.372668 

20.H         2.436927   -0.371491    2.302800 

21.H         2.262023    1.081081    1.213467 

22.H         2.278832    1.070783   -1.187791 

23.H         2.460917   -0.392126   -2.261817 
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Optimized dianion geometry of bridged Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian 

coordinates in Angstroms)  6c
2-

 

 1.Fe       -0.231924   -0.607152    0.038703 

 2.Fe        2.302020    0.035631    0.274702 

 3.Se        2.567356    2.548194   -0.173622 

 4.Se        1.328760   -0.702607   -1.839359 

 5.C        -1.106704   -2.125570    0.142434 

 6.O        -1.761853   -3.095920    0.289078 

 7.C        -0.456105    0.186995    1.586385 

 8.O        -0.714815    0.679768    2.623192 

 9.C         3.875368   -0.613025   -0.039413 

10.O         4.939511   -1.101283   -0.185546 

11.C         1.432732   -1.489857    0.903236 

12.O         1.614983   -2.470163    1.568104 

13.C         2.672055    0.527508    1.902253 

14.C        -1.391111    0.409424   -0.832835 

15.O        -2.245038    1.008631   -1.391739 

16.O         2.977424    0.817901    2.999871 

17.C         1.201469    2.908935   -1.565776 

18.H         1.072068    4.006080   -1.641980 

19.H         0.243731    2.435526   -1.256137 

20.C         0.756920    0.716963   -3.203725 

21.H         0.945938    0.237593   -4.184958 

22.H        -0.332008    0.847694   -3.048863 

23.S         1.588732    2.306824   -3.249302 
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Optimized dianion geometry of non-bridged Fe2(μ-SeCH2SCH2Se)(CO)6 (Cartesian 

coordinates in Angstroms)  6c
2-

 

 1.Fe       -0.745213    1.928345   -0.141650 

 2.Fe       -1.025366   -1.727321   -0.086987 

 3.C        -1.417459   -2.809816    1.217921 

 4.O        -1.683607   -3.548283    2.101468 

 5.C         0.031222   -2.935543   -0.779135 

 6.O         0.663065   -3.803492   -1.282151 

 7.C        -2.625777   -1.631219   -0.830695 

 8.O        -3.683573   -1.817170   -1.324102 

 9.C        -1.404227    2.996939    1.064663 

10.O        -1.846838    3.722938    1.884389 

11.C        -2.060309    2.249516   -1.265976 

12.O        -2.880732    2.637128   -2.024763 

13.C         0.709971    2.873655   -0.380866 

14.O         1.584286    3.650653   -0.598471 

15.Se       -0.713788    0.102789    1.595535 

16.Se        0.014293    0.005699   -1.491499 

17.C         1.964466   -0.099913   -0.870507 

18.S         2.278612   -0.891453    0.710734 

19.C         1.326625    0.129736    1.838056 

20.H         1.547632   -0.263383    2.851849 

21.H         1.599982    1.200762    1.743926 

22.H         2.323616    0.949706   -0.881768 

23.H         2.499813   -0.721460   -1.617554 
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Sample ADF input file. 

Xc 

Lda vwn stoll 

Gga opbe 

End 

 

Basis 

Type TZP 

End 

 

Charge 0 0 

 

Restricted/Unrestricted 

 

Relativistic ZORA 

 

Integration 6.0 6.0 

 

SCF 

Iteration 100 

End 

 

Geometry 

Converge E=0.0005 

Converge grad=0.001 

converge Rad=0.001 

Converge Angle=0.1 

Iterations 300 

End 

 

Analyticalfreq 

End 

 

Solvation 

Solve name=acetonitrile 

Charged conv=1e-10 iter=1000 

End 

 

Atoms cartesian 

H 0.0000 0.0000 0.0000 

H 0.0000 0.0000 0.9000 

End 

End input 

Eor 
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