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ABSTRACT 
 

 Paddlewheel complexes are molecules in which two interacting metal atoms are 

bridged by four chelating ligands.  This class of complexes has a large range of electronic 

variability while keeping a rigid geometric structure.  This variability has led to their use 

as catalysts, strong reductants, anti-tumor agents, and electron transfer agents.  This 

dissertation examines the effects of changing both the dimetal core and the surrounding 

ligands on the electronic structure properties of the paddlewheel complexes. 

 Examination of Bi2(O2CCF3)4, a p-orbital dimetal paddlewheel complex, provided 

a way to probe the orbitals that are important in metal-ligand σ bonding.  The b1g and b2u 

ligand orbitals of Bi2(O2CCF3)4 have no dimetal orbital counterpart, unlike the case of the 

more familiar d-orbital dimetal paddlewheel complexes such as Mo2(O2CCF3)4.  This had 

the effect of destabilizing these ligand orbitals compared to d-orbital paddlewheel 

complexes.  The ligand a1g orbital in Bi2(O2CCF3)4 was also destabilized due to nodal 

differences in the dimetal σ orbital.  The unusual coincidence of Mo-Mo σ and π 

ionization bands is due to a greater amount of ligand character in the Mo-Mo σ orbital 

compared to its ditungsten analogue, which has separate ionization bands for the σ and π 

bonds. 

 A series of p-substituted dimolybdenum tetrabenzoate complexes was synthesized 

and studied by photoelectron spectroscopy in order to further examine the delocalization 

of electron density from the metals to the ligands in these complexes.  A 0.89 eV shift in 

the δ ionization band was observed from Mo2(O2CPh-p-OMe)4 and Mo2(O2CPh-p-CF3)4.  

Overlap effects are the major factor causing the shift in the δ bond ionization, as the 
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calculated charges on the molybdenum and oxygen atoms did not vary significantly on 

change of substituent. 

 Molybdenum and tungsten guanidinate paddlewheel complexes have promise as 

good reducing agents due to their extremely low ionization energies.  The solubility of 

the complexes poses a problem for their widespread adoption for use as reducing agents.  

Alkyl substituents were added to the complexes to increase their solubility.  W2(TEhpp)4 

was observed to have the lowest ionization energy at 3.71 eV (vertical ionization) and 

3.40 eV (onset ionization) of any molecule yet prepared. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1: Historical Perspectives 

 Paddlewheel complexes have been of great interest since their discovery in the 

1960s by Cotton.1  Paddlewheel complexes allow for a high degree of electronic structure 

variability while keeping a rigid geometric framework. The general structure of this 

framework is shown below and can be seen for a typical molecule in Figure 1.1.   This 

variability arises out of the many different types of interactions between the two metal 

centers or between the dimetal core and the bridging ligands.  The electron richness of a 

paddlewheel complex is defined by both the two interacting metals and the ligands that 

surround the dimetal core.  The electron richness of the dimetal core increases from left 

to right across the d-block because of the increasing number of metal d electrons in the 

metal-metal electron configuration.  The electron richness of the ligands corresponds to 

their Lewis basicity.  The ligands that are more Lewis basic will be more electron rich.  

This ability to tune the electronic properties of paddlewheel complexes to a specific need 

has lead to their many different uses in chemistry.  There are examples of paddlewheel 

complexes being used as catalysts,2 anti-tumor drugs,3-5 strong reductants6,7 and electron 

transfer agents.8,9  



 

Figure 1.1: A Drawing of W

 
 
 
 
 
 

Figure 1.1: A Drawing of W2(O2CCF3)4 
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 While there are other minor forms of paddlewheel complexes, the most prevalent 

paddlewheel complex form is M2L4, where L is a bridging ligand between the two metal 

centers.  The first known complex of this type was Cr2(O2CCH3)4.
10,11  Since the 

discovery of Cr2(O2CCH3)4 as a molecule of this type, the study of paddlewheel 

complexes has been going on continuously since the 1960s.4  This has led to a multitude 

of examples of paddlewheel complexes across the d block.  While the first paddlewheel 

complexes studied utilized carboxylates as the bridging ligands between the two metal 

centers, other types of bridging ligands have also been used to make paddlewheel 

complexes.12  Carboxyamides, carboxyamidinates, and guanidinates are the most 

prevalent classes.  Structures of these bridging ligands can be seen on Figure 1.2. 

 The ligands mentioned above all have a formal 1- charge; therefore the metals in 

the complex will have a formal 2+ charge.  This will help determine the bond order of the 

metal-metal bond in the complex.    Transition metal paddlewheel complexes use their d 

orbitals to create multiple bonds between the metal centers that are not seen in organic or 

other p-block metal systems.  Paddlewheel complexes can have up to four bonds between 

the metal atoms.  The dx2-y2 orbital is used for metal-ligand σ bonding and the remaining 

metal d orbitals are left to make metal-metal bonds.  The metal-metal σ bond is formed 

from the dz2 orbitals.  The dxz and dyz orbitals form the metal-metal π bonds.  The fourth 

metal-metal bond is the δ bond, which is formed by the dxy orbitals.  The bonding and 

antibonding combinations of the orbitals form the metal-metal bonding manifold.  The 

metal-metal bonding manifold can be seen in Figure 1.3.  The number of bonds between 

the two metals can be determined by subtracting the number of electrons in antibonding  



 

 

Figure 1.2: Common Types of Bridging Ligands

 
 

 
 
 
 
 
 
 
 
 

Figure 1.2: Common Types of Bridging Ligands 
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Figure 1.3: d-Block Metal-Metal Bonding Manifold for Paddlewheel Complexes. 

Symmetries refer to the D∞h and D4h point groups. 
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orbitals from the number of electrons in bonding orbitals and dividing that number by 

two.  The dimetal core and ligand atoms directly bonded to the metals in paddlewheel 

complexes correspond to D4h molecular symmetry.  This information will help determine 

which metal-metal and ligand orbitals are important in forming the metal-ligand σ 

bonding interactions.  This will be discussed in greater detail in Chapter 3. 

There are two ways that the electronic structures of the paddlewheel complexes can be 

tuned.  The first way is by changing the metals that comprise the dimetal bridge.  There 

are charge and overlap effects to consider, as well as the electron configurations in the 

orbitals.  The effective nuclear charge of the metal atoms increases from left to right 

across the d-block.  This greater effective nuclear charge will make the complexes harder 

to ionize.  The overlap effects between the filled dimetal core orbitals and the filled 

ligand orbitals not involved in bonding to the metals tend to destabilize the highest 

valence orbitals of the complex from left to right across the d-block.  There are more 

opportunities for filled-filled overlap interactions between the dimetal core and the 

ligands from left to right across the d-block, because more of the metal-metal bonding 

manifold will be filled.  This increases the chance that there is an appropriate ligand 

based orbital for the metal-metal bond orbital to interact with. As a general rule, overlap 

effects are more important than charge effects.13-15 

 The other way to tune the electronic structure properties of the paddlewheel 

complexes is to alter the ligands used to bridge the dimetal core.  The major types of 

ligands that are used in paddlewheel complexes were mentioned briefly before.  As the 

Lewis basicity of the bridging ligands increases, the electronic energy levels of the 
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paddlewheel complexes made with those ligands will be destabilized.  The ligands that 

have a greater Lewis basicity are more electron rich, which has the effect of donating 

more electron density into the dimetal core.  This filled-filled orbital interaction between 

the ligands and the dimetal core destabilizes the highest valence orbitals of the molecule, 

making it easier to ionize. 

 Most of the research in understanding the electronic structure of paddlewheel 

complexes has focused on the interactions of the dimetal core.  This research has allowed 

us to have a very good understanding of the metal-metal interactions occurring in 

paddlewheel complexes.  One of the outstanding questions about the metal-metal bonding 

interaction involves the discrepancy in the σ bond ionization between molybdenum and 

tungsten carboxylates. In the photoelectron spectra of ditungsten tetracarboxylate 

complexes, all three metal-metal bond ionization bands are observed.  The W-W σ bond 

ionization band was very sharp indicating only a small amount of bonding character.  In 

the photoelectron spectra of dimolybdenum tetracarboxylate complexes, only two of the 

three ionization bands are observed.  The σ and π bonds ionizations appear under the 

same ionization band.  This indicates that the metal-metal σ bond is a much weaker bond 

than originally presumed. 

The interaction between the dimetal core and the ligands has received little 

attention comparatively.  The discovery of Bi2(O2CCF3)4
16 provided a new opportunity to 

probe the metal-ligand σ bonding of the paddlewheel complexes.  The differences in 

symmetry combinations of d-orbitals versus p-orbitals in a D4h field allowed for 

determination of which ligand symmetry combinations are important in metal-ligand σ 
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bonding for both d-block and p-block paddlewheel complexes.  A possible explanation 

for the aforementioned discrepancies seen in the d-block dimetal tetracarboxylate 

complexes was formulated after gaining insights from the comparison of the electronic 

structure features of the p-block and d-block paddlewheel complexes.  This will be 

explained in further detail in Chapter 3. 

1.2:  Electron Transfer and Communication.   

Electronic communication is concerned with electron flow through intermolecular 

and intramolecular pathways.  Chemists have been studying electron communication for 

nearly half a century.  One of the first molecules observed to exhibit this phenomenon is 

the Cruetz-Taube ion, [(H3N)5Ru(NC6H4N)Ru(NH3)5]
5+.17,18  Rather than having one 

ruthenium center possess a 3+ charge and the other having a 2+ charge, the ruthenium 

centers in the Cruetz-Taube ion both possess a 2.5+ charge.  This indicates that there is 

electronic communication between the two ruthenium centers that is mediated by the π-

conjugated bridging ligand.  While there are many examples of ligand-mediated 

electronic communication between metal centers,18 electronic communication is not 

limited to systems with metal centers.  Organic examples include diamines,19-21 

oligoacenes,22,23 oligothiophenes,24,25 and sulfur and nitrogen-substituted oligoacences.26-

28 

 Robin and Day 29  classified systems into three classes. Class I indicates little or 

no interaction between the two centers, Class III indicates the maximum amount of 

interaction between the two centers and complete delocalization, Class II is between 

Classes I and III.  In the Robin and Day scheme, the Cruetz-Taube ion is Class III. 
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 Research involving paddlewheel complexes and electronic communication has 

been focused on using π-conjugated ligands to bridge two paddlewheel complexes 

together to test the limits of electronic communication, both in terms of length and the 

efficacy of the communication.  The π-conjugated bridging ligand between the two 

paddlewheel complexes gives a through-bond pathway for the electrons to flow from one 

paddlewheel complex to the other.  The goal of these studies is to be able to synthesize a 

long chain of paddlewheel complexes that are bridged together via π-conjugated ligands 

in an effort to make a “molecular wire”.  There are two different types of ligands, one 

type that has the dimetal cores parallel to the π-conjugated chain and the other has the 

dimetal core perpendicular to the π-conjugated chain.  Cotton and Chisholm have made 

many examples of these types of compounds.8,30-43 Electrochemical studies of these 

complexes indicate that the complexes are Class II in the Robin and Day scheme.29 

 We can use a similar scheme to take a look at the effect of placing different 

substituents on the carboxylate ligands of Mo2(O2CR)4.  The electron donating and 

withdrawing substituents will affect the position of the first ionization of the complex.  

For most dimolybdenum tetracarboxylate complexes containing aliphatic alkyl groups in 

the place of R, there is a significant shift in the position of first ionization when 

comparing complexes with electron donating groups and those with electron withdrawing 

groups.  There is an approximate 2 eV shift in the first ionization position comparing 

pivalate (O2C(CH3)3) and trifluoroacetate (O2CCF3) complexes.14,44  The distance 

between the R group and the dimolybdenum core in these complexes is about 4 Å.  The 

distance between the substituent and the dimolybdenum center will be increased by using 
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a p-substituted benzoate ligand to approximately 9 Å. The effect on the communication 

between the substituent and the dimolybdenum core is unknown.  The approximately 9 Å 

distance could be a potential road block for significant communication between the 

substituent and the dimolybdenum core.  The results of this study will be described in 

Chapter 4. 

1.3:  Paddlewheel Complexes With Guanidinate Ligands. 

For about 10 years, paddlewheel complexes with guanidinate ligands such as the 

hpp ligand have been receiving a lot of attention.  Cotton noticed extremely low 

oxidation potentials for Mo2(hpp)4, where hpp is the anion of 1,3,4,6,7,8-hexahydro-2H-

pyrimido[1,2a]pyrimidine.45  To determine if these low solution oxidation potentials were 

reflected in low gas-phase ionization energies, the photoelectron spectra of the three 

Group 6 paddlewheel hpp complexes with M2 equals Cr2, Mo2, and W2 were collected.  It 

was observed that all three Group 6 paddlewheel hpp complexes had very low ionization 

energies.  W2(hpp)4 had the lowest recorded ionization energy at 3.76 eV for the vertical 

ionization energy and 3.51 eV for the onset energy.7  The structure of the hpp ligand can 

be seen Figure 1.4.  The key to the extremely low ionization energies seen in W2(hpp)4 is 

the combination of having ligands that have a high Lewis basicity and a fourth atom in 

the (NC(N)N) pπ system  This places greater electron density in the filled-filled 

interaction between the ditungsten core and the ligand orbitals.15  For the guanidinate 

ligands to have the fourth atom in the pπ system, the guanidinate core should be fused in 

a bicyclic ring system.  This allows for the N pπ orbital to be in the same plane as the 

other pπ orbitals.  The triphenylguanidinate (tpg) ligand which does not have the  
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Figure 1.4: A Drawing of the hpp Ligand 
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guanidinate core fused in a bicyclic ring system does not exhibit the same extreme low 

ionization energies as the paddlewheel complexes with bicyclic guanidinate 

ligands.36,46,47   The discovery of W2(hpp)4 as the molecule with the lowest ionization 

energy was met with great interest.  The Cotton group wanted to test the effect of varying 

the bite angle of the ligands, and the effect of adding electron-donating alkyl groups to 

the rings of the guanidinate rings.  The alkyl ligands were added in an attempt to make 

the complex more soluble in common organic solvents, a requirement for its use as a 

reducing agent.  A collaboration of the Cotton group and a previous member of the 

Lichtenberger group started this project.7,15  The ligands chosen for the study can be seen 

in Figure 1.5.  The hypothesis was made that the ionization energies of the 

dimolybdenum complexes would be predicted solely on the ionization energies of the 

ligands comprising the complex.  This hypothesis was made after the collection of the 

photoelectron spectrum of only of the dimolybdenum tetra(bicyclic guanidinate) 

complexes, Mo2(tbo)4.  Upon collection of all of the dimolybdenum guanidinate 

complexes, the hypothesis proved to be not totally correct.  There were additional factors 

that were needed to explain the electronic structure of the dimolybdenum guanidinate 

complexes.  This will be explained in further detail in Chapter 5. 

 Upon the successful synthesis of the dimolybdenum guanidinate complexes and 

the results that were reported in Chapter 5, our collaborators in the Cotton group 

synthesized the ditungsten analogues to determine if they would have a lower ionization 

energy than W2(hpp)4.  The collection of the photoelectron spectra of W2(TMhpp)4 and 

W2(TMhpp)4 led to the development of techniques to collect samples with extreme air-  
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Figure 1.5: Bicyclic Guanidinate Anions 
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and water sensitivity.  These methods will be described in greater detail in Chapter 6.  

The results of the photoelectron spectra of the two analogues gave evidence that shows 

the alkylation of the ligands donated enough electron density to make both ditungsten 

complexes have a lower first ionization energy than W2(hpp)4. 

 The additional electron-donating effect of adding additional methylene groups to 

an alkyl chain substituent lessens as more methylene groups are added.  This led to a 

comparison of other systems to determine where the point of adding more methylene 

groups is no longer beneficial to lowering the ionization energy.  These results were than 

used to determine the length of the alkyl chains substituted on the bicyclic guanidinate 

ligands, which would produce the compound with the new lowest ionization energy.  

This will be further explored in Chapter 6. 
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CHAPTER 2 
 

EXPERIMENTAL 
 
 The sources of all samples, general synthetic procedures, gas-phase photoelectron 

spectroscopy experiments, and computational methods are described in this chapter.  

Data reduction and analysis are also discussed in this chapter.  The molecules studied in 

this research and their sources are given with appropriate references in Table 2.1. The 

data collected for the compounds under study are listed with their sublimation 

temperature, energy region, file name, and notebook pages in Table. 2.2. 

2.1:  Preparation of compounds 

 General methods. All compounds discussed in this dissertation were either 

prepared with the appropriate starting materials or were received from collaborators. The 

collaborators that I had during my time of study were the F. Albert Cotton research group 

at Texas A&M University, the Evgeny Dikarev research group at the University at 

Albany (State University of New York at Albany), and Dr. Allen Siedle at 3M 

Laboratories.  The synthetic procedures performed in this lab were carried out under an 

argon atmosphere using standard Schlenk techniques and the details are given in the 

subsequent chapters with reference to the published synthesis. 

2.2:  Photoelectron Spectroscopy. 

 The gas-phase photoelectron spectroscopy procedures used for this research were 

developed and documented by John Hubbard,48 Glen Kellogg,49 Mark Jatcko,50 and 

Nadine Gruhn.51  Photoelectron spectra were recorded using an instrument that features a 

36-cm hemispherical analyzer52 and custom designed photon source, sample cells and 
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detection and control electronics.53  The excitation source is a quartz capillary discharge 

lamp with the ability, depending on operating conditions, to produce He I (21.218 eV), or 

He II  (40.814 eV) photons. 

 Calibration.   The ionization energy scale was calibrated using the 2P3/2 ionization 

of argon (15.769 eV) and the 2E1/2 ionization of methyl iodide (9.538 eV).  The Ar 2P3/2 

ionization was also used as an internal calibration lock of the absolute ionization energy 

to control spectrometer drift throughout data collection.  During He I and He II data 

collection, the instrument resolution was measured using the full-width-at-half-maximum 

of the Ar 2P3/2 peak. 

 Sample Handling.  Sublimation of solid samples was achieved under vacuum by 

heating the sample cell via a cartridge heater attached directly to the cell.  Temperatures 

were measured using a “K” type thermocouple passed through a vacuum feedthrough 

attached directly to the ionization cell.  The solid samples, depending on their 

sublimation temperature, were run using either a custom designed aluminum cell 

(sublimation range up to 220˚C) or a custom designed stainless steel cell (sublimation 

range up to 500˚C). 

 Solid Samples.  The sample cell was cleaned and prepped prior to data collection.  

For the aluminum cell, the cell was dissembled, cleaned, and sonicated with 2-propanol.  

After cleaning, a graphite-based coating (DAG® 154, Acheson) was used to coat the cell.  

The cell was then baked in the photoelectron spectroscopy instrument up to 220˚C.  For 

the stainless steel cell, the cell was dissembled, cleaned, and sonicated with 

dichloromethane.  After sonication, the cell was reassembled and baked in the 
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photoelectron spectroscopy instrument up to 450˚C.  For either cell, the sample was 

loaded after the cell had cooled to room temperature.  Air sensitive samples were handled 

with extra caution as to not expose them to air.   Air sensitive samples were loaded into 

the sample cell inside of a glove box and transferred to the instrument in double-layered 

Ziploc® bags.  Then the sample cell was loaded into the instrument under a positive 

pressure of nitrogen. 

 Liquid Samples.  The liquid samples such as the MeI calibrant and the 

substituted benzenes were run from a Young’s Tube™ attached to the instrument via a T-

connection Swagelok™ valve.  The Young’s Tube™ was connected to the stainless steel 

Swagelok™ T-connection using Teflon® ferrules and a ring of Apezion® Q sealing 

compound to ensure tight vacuum.  A needle valve connecting the sample chamber to the 

Swagelok™ valve was used to control the sample pressure in order to maintain a running 

pressure lower than 5⋅10-5 Torr. 

 Data Analysis.  Data analysis was done using the computer program WinFp 

(version 0.19.8) written by Dr. D.L. Lichtenberger.  All of the spectra were corrected for 

the presence of ionization caused by other lines from the discharge source.54  The He I 

spectra were corrected for the He Iβ line (1.866 eV higher in energy and 3% the intensity 

of the He Iα line), and the He II spectra were corrected for the He IIβ line (7.568 eV 

higher in energy and 12% the intensity of the He IIα line).  All data were also corrected 

with an experimentally determined instrument analyzer sensitivity functions that assumes 

a linear dependence of analyzer transmission (intensity) to the kinetic energy of the 
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electrons within the energy region of these experiments.  In the figures of the data, the 

vertical length of each data mark represents the experimental variance of that point.55 

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

asymmetric Gaussian peaks, as described in more details elsewhere.55  The Gaussians are 

defined with the position, amplitude, half-width for the high binding energy side of the 

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

and half-widths are reproducible to about ± 0.02 eV (≈3σ level).  The parameters 

describing an individual ionization are less certain when two or more peaks are close in 

energy and are overlapping.  If the combined band contour does not contain sufficient 

information for an independent determination of the individual peak parameters, the 

numbers of peaks and/or independent parameters in the analytical representation are 

appropriately reduced.  These situations are evident in the tables, where the half-widths 

for similar peaks are occasionally constrained to be the same.  When a region of broad 

ionization intensity spans numerous overlapping ionization bands, the individual 

parameters of the Gaussian peaks used to model the total ionization energy are not 

characteristic of individual ionization states.  In order to avoid misinterpretation, only the 

total analytical fit is displayed in these regions and the individual peak parameters are not 

listed in the tables or displayed in the figures. 

 Confidence limits for the relative integrated peak areas are about 5%, with the 

primary source of uncertainty being the determination of the baseline under the peaks.  

The baseline is caused by electron scattering and taken to be linear over a small energy 

range of these spectra.  The total area under a series of overlapping peaks is known to the 
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same confidence, but the individual peak areas corresponding to a particular ionization 

event are less certain. 

2.3:  Computational Methods. 

 Computations were performed using the ADF 2006.01 computational package.56  

The specific details pertinent to each compound can be found in the corresponding 

chapters.  Crystal structure geometries, if available, were used as the starting point for the 

geometry optimization calculations.  The Molekel visualization program57 was used to 

generate the orbital plots from the output of the calculation. 

  



 36

Table 2.1: List of Compounds Studied. 

Molecule Synthetic Origin 

Bi2(O2CCF3)4 
University at Albany, 

Albany, NY16 

Mo2(O2CCF3)4 This work 

W2(O2CCF3)4 This work 

benzene EMD 

toluene EMD 

anisole Aldrich 

bromobenzene Aldrich 

chlorobenzene Alfa Aesar 

α, α, α-trifluorotoluene Aldrich 

benzoic acid Aldrich 

p-toluic acid Aldrich 

p-anisic acid Aldrich 

p-bromobenzoic acid Aldrich 

p-chlorobenzoic acid Aldrich 

α, α, α-trifluoro-p-toluic acid Aldrich 

Mo2(O2CPh)4 This work 

Mo2(O2CPh-p-Me)4 This work 

Mo2(O2CPh-p-OMe)4 This work 

Mo2(O2CPh-p-Br)4 This work 

Mo2(O2CPh-p-Cl)4 This work 

Mo2(O2CPh-p-CF3)4 This work 

Mo2(hpp)4 
Texas A&M University,  
College Station, TX58 

Mo2(tbo)4 
Texas A&M University,  
College Station, TX59 
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Molecule Synthetic Origin 

Mo2(tbn)4 
Texas A&M University,  
College Station, TX59 

Mo2(TMhpp)4 
Texas A&M University,  
College Station, TX59 

Mo2(TEhpp)4 
Texas A&M University,  
 College Station, TX59 

W2(hpp)4 
Texas A&M University, 

 College Station, TX 

W2(TMhpp)4 
Texas A&M University, 

 College Station, TX 

W2(TEhpp)4 
Texas A&M University, 

 College Station, TX 
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Table 2.2: Photoelectron Spectroscopic Experimental Details for the Compounds Studied in This Dissertation 

Molecule 
Temp 
(˚C) 

Photon 
Source 

Working 
Resolution 

(meV) 

Energy Range 
(eV) 

File Name 
Notebook 

Page # 
Date(s) 

Collected 

Mo2(O2CCH3)4 
161-
190 

He I 25-28 
5.5-15.7 
6.2-10.1 

jcd01.f* 
jcd01.c* 

10 3/20/02 

Rh2(O2CCF3)4 
183-
208 

He I 
 

He II 
17-181 

4.9-15.0 
 

jcd02.f* 
jcd02.c* 

 
jcd02.x* 
jcd02.y* 

19-20, 28 
5/30-31/02 

6/3,10-12/02 

Mo2(O2CCF3)4 
85-
132 

He I 26-178 

5.38-15.5 
7.5-11.5 
7.37-20.0 
11.11-14.5 

jcd17.f* 
jcd17.a* 
jcd17.g* 
jcd17.b* 

73 2/4/05 

Bi2(O2CCF3)4 
56-
120 

 
He I 

 
He II 

 
Ne I 

 

18-88 

5.38-15.5 
5.38-18.65 
8.5-14.0 

 
8.5-23.0 
5.38-15.5 

 
8.45-14.0 

jcd11.f* 
jcd11.g* 
jcd11.a* 

 
jcd11.x* 
jcd11.y* 

 
jcd11.j* 

56, 67 
6/21/04 
8/26/04 
9/3/04 

W2(O2CCF3)4 
80-
123 

 
He I 

 
He II 

 

20-74   95, 96 
12/16/06 
4/2-3/07 

4/15-16,18/07 
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Molecule 
Temp 
(˚C) 

Photon 
Source 

Working 
Resolution 

(meV) 

Energy Range 
(eV) 

File Name 
Notebook 

Page # 
Date(s) 

Collected 

Mo2(tbn)4 
120-
273 

He I 18-81 
5.38-15.5 
2.95-10.0 

jcd06.f* 
jcd06.a* 

42-43 3/10-11/04 

Mo2(tbo)4
a 

230-
280 

He I - 4.88-15 lov38.f* 90 10/28/03 

Mo2(hpp)4
a 

160-
250 

 
He I 

 
 
 

He II 
 

19-60 

3.7-12 
3.23-15 

 
3.22-5.25 
3.26-10 

 
3.7-20 

3.22-5.25 

lov10.f* 
lov29.f* 

 
lov10.c* 
lov29.c* 

 
lov10.a* 
lov10.b* 

28-30,  
34-40, 

78 

1/8-9/02 
2/25-26/02 
3/3-5/02 
3/12/02 
2/13/03 

Mo2(TMhpp)4 
128-
330 

He I 20-65 
2.95-15.5 
2.95-10.0 

jcd05.f* 
jcd05.a* 

40-41 12/12-13/03 

Mo2(TEhpp)4 
191-
356 

 
He I 

 
He II 

 

20-74 

3.35-13.5 
3.35-9.5 
3.5-5.75 

 
3.25-17.75 
3.35-9.5 

jcd08.f* 
jcd08.a* 
jcd08.b* 

 
jcd08.x* 
jcd08.y* 

48, 50-51 
4/27/04 

5/10-11/04 

Mo2(O2CPh)4 
283-
359 

 
He I 

 
He II 

 

21-40 

5.38-15.5 
5.82-8.9 

 
5.5-20.0 
5.82-8.9 

jcd09.f* 
jcd09.a* 

 
jcd09.x* 
jcd09.y* 

49, 77 
4/30/04 
5/14/04 
5/20/05 
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Molecule 
Temp 
(˚C) 

Photon 
Source 

Working 
Resolution 

(meV) 

Energy Range 
(eV) 

File Name 
Notebook 

Page # 
Date(s) 

Collected 

W2(hpp)4
a 

250-
300 

 
He I 

 
 

>40 

3.2-7.0 
3.2-5.0 
2.66-4.5 
3.2-5.3 

2.34-10.0 
2.43-15.0 
2.48-8.0 

lov18.f* 
lov18.h* 
lov18.d* 
lov18.v* 
lov30.i* 
lov30.f* 
lov30.c* 

 
7/13-14/02 
3/3-5/02 

W2(TMhpp)4 
216-
271 

He I 
~110 
~75 

2.0-12.50 
2.20-5.70 

jcd44.f* 
jcd44.b* 

99, 25 
6/22/07, 
6/27/07 

W2(TEhpp)4 
325-
357 

He I ~85 2.10-6.10 jcd45.c* 29 3/28/08 

Mo2(O2CPh-p-
Me)4 

289-
368 

 
He I 

 
He II 

 

28-98 

5.36-15.5 
5.07-10.0 

 
5.5-20.0 
5.07-10.0 

jcd20.f* 
jcd20.a* 

 
jcd20.x* 
jcd20.y* 

78-79 
5/27/05 
5/30/05 

Mo2(O2CPh-p-
OMe)4 

304-
413 

 
He I 

 
He II 

 

18-40 

5.38-15.5 
5.36-10.0 

 
5.5-20.0 
5.36-10.0 

jcd13.f* 
jcd13.a* 

 
jcd13.x* 
jcd13.y* 

65, 80 
7/31/04 
8/7/04 
6/3/05 

Mo2(O2CPh-p-
CF3)4 

257-
365 

 
He I 

 
He II 

 

29-79 

5.0-15.5 
6.5-11.0 

 
5.0-20.0 
6.5-11.0 

jcd32f*.rgn 
jcd32a*.rgn 

 
jcd32x*.rgn 
jcd32y*.rgn 

89 6/21-22/06 
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Molecule 
Temp 
(˚C) 

Photon 
Source 

Working 
Resolution 

(meV) 

Energy Range 
(eV) 

File Name 
Notebook 

Page # 
Date(s) 

Collected 

Mo2(O2CPh-p-
Cl)4 

305-
425 

 
He I 

 
He II 

 

24-40 

5.38-15.5 
6.08-11.0 

 
5.35-20.0 
6.08-11.0 

jcd12.f* 
jcd12.a* 

 
jcd12.x* 
jcd12.y* 

61-62 7/17/04 

Mo2(O2CPh-p-
Br)4 

294-
418 

 
He I 

 
He II 

 

17-50 

5.0-15.5 
6.25-10.25 

 
5.5-20.0 

6.25-10.25 
6.25-10.25 
5.5-20.0 

jcd21f*.rgn 
jcd21a*.rgn 

 
jcd21x*.rgn 
jcd21y*.rgn 
jcd21j*.rgn 
jcd21k*.rgn 

81, 84 
9/9/05 

10/29/05 
10/31/05 

benzene RT He I 20-22 
5.0-15.5 
8.5-10.5 

jcd22f*.rgn 
jcd22a*.rgn 

82 9/21/05 

toluene RT He I 17-28 
5.0-15.5 
8.25-10.7 
8.3-12.8 

jcd27f*.rgn 
jcd27a*.rgn 
jcd27b*.rgn 

83 10/11/05 

anisole RT He I 24-26 
5.0-15.5 

8.75-10.25 
jcd24f*.rgn 
jcd24a*.rgn 

82 9/21/05 

α, α, α-
trifluorotoluene 

RT He I 21-26 
5.0-15.5 

9.25-11.25 
jcd23f*.rgn 
jcd23a*.rgn 

82 9/21/05 

chlorobenzene RT He I 20-23 
5.0-15.5 
8.5-10.75 
8.6-13.75 

jcd28f*.rgn 
jcd28a*.rgn 
jcd28b*.rgn 

83 10/11/05 

bromobenzene RT He I 20-21 
5.0-15.5 
8.5-10.4 

jcd26f*.rgn 
jcd26a*.rgn 

82 9/21/05 
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Molecule 
Temp 
(˚C) 

Photon 
Source 

Working 
Resolution 

(meV) 

Energy Range 
(eV) 

File Name 
Notebook 

Page # 
Date(s) 

Collected 

benzoic acid RT He I 22-26 
5.0-15.5 
7.25-11.5 

jcd33f*.rgn 
jcd33a*.rgn 

90 8/3/06 

p-toluic acid 32-41 He I 18-37 
5.0-15.5 
7.0-11.25 

jcd35f*.rgn 
jcd35a*.rgn 

91 8/9-10/06 

p-anisic acid 45-85 He I 18-24 
5.0-15.5 
7.0-11.0 

jcd36f*.rgn 
jcd36a*.rgn 

91 
8/10-11/06 

9/23/06 
α, α, α-trifluoro-
p-toluic acid 

30-35 He I 20-24 
5.0-15.5 
7.0-11.75 

jcd34g*.rgn 
jcd34a*.rgn 

90 
8/8-9/06 
9/26/06 

p-chlorobenzoic 
acid 

67-91 He I 19-22 
5.0-15.5 
6.5-11.0 

jcd38f*.rgn 
  jcd38a*.rgn 

92 8/19-20/06 

p-bromobenzoic 
acid 

57-85 He I 22-31 
5.0-15.5 
7.0-11.25 

jcd37f*.rgn 
jcd37a*.rgn 

92 8/14/06 
a Data collected by Laura Van Dorn.  Refer to her notebook for the additional experimental details.   
b Data collected by Nadine Gruhn.  Refer to her notebook for the additional experimental details.
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CHAPTER 3 
 

THEORETICAL AND SPECTROSCOPIC INVESTIGATIONS OF THE  
METAL-LIGAND INTERACTION IN M 2(O2CCF3)4 COMPLEXES, WHERE  

M=Bi, Mo, and W 
A portion of this chapter has previously been published as: Durivage, J. C.; Gruhn, N. E.; 

Li, B.; Dikarev, E. V.; Lichtenberger, D. L., J. Cluster. Sci. 2008, 19(1), 275-294. 
 

3.1:  Introduction 

 The chemistry of dimetal paddlewheel complexes, extensively developed by F. A. 

Cotton who served as an inspiration to numerous investigators, has yielded a wealth of 

information about the direct interactions and bonding between two metal atoms.12  The 

general structure of dimetal paddlewheel complexes, shown below, has an advantage of 

high D4h symmetry in the direct coordination sphere about the metals with a variety of 

bidentate ligands.  In the D4h point group the metal–metal bonding interactions for the d-

block metals separate cleanly into the σ, π, and δ orbital symmetry combinations, and the 

strongly coordinated bidentate ligands yield complexes that are sufficiently stable for 

characterization by a variety of physical techniques, including gas-phase photoelectron 

spectroscopy for directly probing the orbital stabilities, characters, and bonding.6,7,60-74  

The most-studied of the dimetal paddlewheel complexes are the tetracarboxylates of the 

form M2(O2CCR3)4, in particular those of the group 6 metals Cr, Mo, and W.  Although 

much has been learned about these molecules by photoelectron spectroscopy, especially 

regarding the δ bonding in the dimolybdenum complex, many aspects of the metal-metal 



 44

interactions in these complexes are still not well understood.  For example, the metal-

metal σ-bonding electronic structure is important to many of the properties and chemistry 

of dimetal complexes, but the σ ionization is obscured by the π ionization in the spectrum 

of the Mo2 complex and thus has received little focus.  In addition, very little is known 

about the metal-ligand interactions because the carboxylate-based ionizations are 

overlapping in a broad band that changes little between the photoelectron spectra of these 

molecules.  

In 2004, our collaborators at the University at Albany16 reported the synthesis and 

characterization of the first p-block dimetal analogue of the d-block dimetal paddlewheel 

complexes. The molecule is Bi2(tfa)4, where tfa is the trifluoroacetate anion –O2CCF3.  

Bismuth-containing molecules are interesting in their own right because they are known 

to catalyze many classes of reactions due to their high degree of Lewis acidity, including 

allylation,75-79 Friedel-Crafts alkylation80,81 and acylation,82-84 Diels-Alder85-87 and hetero-

Diels-Alder88-90 reactions and various other  reactions.91  Most bismuth compounds have 

the bismuth atom or atoms in the 3+ or 5+ oxidation state.  Bi2(tfa)4 is unusual because 

the bismuth atoms are formally in the 2+ oxidation state.  With Bi in this oxidation state 

and starting with the assumption that two of the three valence electrons of each Bi(2+) 

atom are paired in the 6s orbital, one electron is left in each Bi 6pz orbital for formation 

of an electron pair single bond between the bismuth atoms.  Bi2(tfa)4 then offers the rare 

opportunity to investigate a Bi-Bi σ bond. 

 Comparison of the electronic structure of Bi2(tfa)4 with that of the analogous d-

block dimetal complexes also provides additional information on the bonding in both 
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classes of molecules.  In d-block paddlewheel complexes, the dx2-y2 orbital (using the 

usual coordinate system) is used in metal-ligand σ bonding and the remaining four d 

orbitals are available for metal-metal bonding.12  In a p-block paddlewheel complex, the 

px and py orbitals are involved in metal-ligand interactions, leaving only the pz orbital 

available for metal-metal bonding.  Having paddlewheel complexes that use different 

orbitals to form the dimetal core allows for the exploration of how the dimetal core 

interacts with the ligands in a way not previously available.  With this study, there is now 

a better understanding of the metal-ligand interaction and which individual ligand and 

metal symmetry orbitals are most important in bonding in the complexes.  

3.2:  Experimental 

 General Methods.  All Schlenk techniques were performed under Ar(g).  All 

solvents were used as purchased, except where noted.  All solvents were dried by 

distillation with the appropriate drying agent or were obtained from the MBraun solvent 

purification system.  All solvents were degassed by the freeze-pump-thaw method.   

Synthesis.  Bi2(O2CCF3)4 was synthesized in the laboratory of Evgeny Dikarev at 

the State University of New York at Albany.  The synthetic procedures have been 

published in detail.16   

Mo2(O2CCF3)4 was prepared using published procedures.92  6.105 g of Mo(CO)6 

was added to a Schlenk flask along with 30 mL of o-dichlorobenzene.  To this mixture, 

40 mL of glacial acetic acid and 4 mL of acetic anhydride were added.  The Schlenk tube 

was degassed three times using the freeze-pump-thaw method, using Ar as the inert gas.  

Upon the completion of the degassing cycles, the solution was refluxed (~180 ˚C) for 36 
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hours.  Upon cooling, the product, Mo2(O2CCH3)4, precipitated out of solution.  The 

precipitate was collected by means of vacuum filtration in air.  The precipitate was 

allowed to dry.  After drying, 3.726 g (75.3%) of Mo2(O2CCH3)4 was produced.  The 

solid Mo2(O2CCH3)4 was transferred to a second Schlenk flask with 30 mL of 

trifluoroacetic acid and 3 mL of trifluoroacetic acid anhydride.  The flask was purged 

with Ar(g).  The flask was placed in an oil bath and was allowed to reflux for 3 hours.  

The solution was cooled to room temperature and a yellow precipitate formed.  The color 

of this precipitate was a brighter and lighter shade of yellow than Mo2(O2CCH3)4.  The 

product was collected by vacuum filtration in air.  The product was washed with diethyl 

ether.  The product was dissolved by the diethyl ether.  The diethyl ether was removed by 

means of vacuum evaporation.  The remaining solid was dried under vacuum at 80 ˚C for 

12 hours.  4.948 g of Mo2(O2CCF3)4 was prepared, having an overall 66.5% yield.  Upon 

completion, the product was stored in the inert atmosphere glove box for storage. 

W2(O2CCF3)4 was prepared using a published procedure93,94 with the modification 

of removing the step of washing the crude product with the 4:1 hexanes:toluene mixture.  

The synthesis was done in two steps: the preparation of the WCl4, and the preparation of 

the W2(O2CCF3)4.  In the glove box, I took an oven dried 500 mL three-necked round-

bottomed flask equipped with an inert gas inlet, a precision mechanical stirrer, and a glass 

stopper and charged it with 39.66 g (100 mmol) of WCl6 and 18 g (51 mmol) of W(CO)6.  

The sealed flask is removed from the glove box, connected to a source of prepurified Ar, 

and bubbler for pressure release.  The stopper was removed and replaced with a rubber 
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septum and I added approximately 300 mL of purified chlorobenzene is added via 

cannula.  Carbon monoxide started to evolve immediately. 

 After the solvent was added, I replaced the septum with a reflux 

condenser, topped with a gas outlet, which is connected to a mineral oil bubbler.  The 

reaction mixture was then stirred at reflux for 12 hours, and a slow Ar purge was 

maintained throughout this period.  After cooling to room temperature, the gray-green 

powder in the flask was isolated by filtration, washed with 2 times with 50 mL of hexane, 

and dried under vacuum (10-5 torr, at 25 ˚C for 8 hours). 

 For the preparation of the W2(O2CCF3)4, in a dry box I placed an oven 

dried 500 mL three-necked round-bottomed Morton flask equipped with an inert gas 

inlet, a precision mechanical stirrer, and a stopper is charged with 16 g (49 mmol) of 

powered WCl4, 15 g of powered NaO2CCF3, and approximately 400 mL of cold (0 ˚C) 

THF, and 35 mL of 0.5 wt. % sodium amalgam (103 mmol Na).  I removed the sealed 

flask from the glove box and connected to a source of prepurified Ar and a bubbler for 

pressure release, and placed the flask in an ice-water bath.  The mixture was stirred 

vigorously for 20 min at 0 ˚C and a further 2 hours at room temperature.  During this time 

the color of the reaction mixture changed from gray-green to blue-green to yellow-brown.  

The stirring assembly was then replaced with a stopper and the flask was then removed to 

the glove box where its contents are decanted from the mercury and filtered through a 1-2 

in. layer of Celite® on a 150 mL medium porosity sintered glass frit.  The reaction flask 

is rinsed with fresh twice with 50 mL of THF, and the combined filtrate and washings are 

reduced to dryness under vacuum.  The residue was tacky at this point, so I added 50 mL 
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of hexane, and stripped the solvent, leaving a powdery yellow-brown solid.  The crude 

yellow product was then transferred to a large water-cooled sublimator, sealed, removed 

from the dry box, and connected the sublimator to a source of high vacuum (at least 10-5 

torr).  The importance of a good vacuum cannot be overemphasized.  The yield, if any, 

falls dramatically if the vacuum is lower than specified.  The product is heated for 1 h at 

60 ˚C to remove residual hexane and THF and is sublimed at 130 ˚C for 8 h.  After 

removing the water, the sublimator is returned to the dry box where the yellow crystalline 

product is scrapped off the probe and weighed.  The synthesis was very difficult and the 

preparation had to be performed many times before I could obtain enough of the product 

to collect the photoelectron spectrum of the sample. 

 Photoelectron Spectroscopy.  The aluminum cell was used for data collection of 

all three complexes.  The resolution of the experiment was measured by taking the full-

width at half maximum of the 2P3/2 peak of the Ar ionization.  The temperature of 

sublimation was measured by a “K” type thermocouple.  The resolution and temperature 

of the individual experiments can be viewed in the Photoelectron Spectroscopic 

Experimental Details table, Table 2.1.  All the samples sublimed cleanly without 

evidence of decomposition. 

 Data Analysis.  Data analysis was done using the computer program WinFp 

(version 0.19.8).  A discussion of the fitting procedures in more detail can be found 

elsewhere.55  When a region of broad ionization intensity spans numerous overlapping 

ionization bands, the individual parameters of the Gaussian peaks used to model the total 

ionization intensity are not characteristic of individual ionization states. 
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 Computational Studies.  Electronic structure calculations were performed to 

determine the nature of the second ionization band in the Bi2(O2CCF3)4 photoelectron 

spectrum and the ordering of the oxygen lone pair orbitals and the second set of 

carboxylate π orbitals in all three complexes.  All calculations were performed using the 

ADF2006.01 suite.56,95,96  Geometry optimizations were performed using the BLYP 

(Becke exchange LYP correlation) generalized gradient approximation.  The atoms in 

ligands used a TZP (valence triple zeta functions with a polarization function) basis set, 

while the metal in question used the TZ2P (valence triple zeta functions with two 

polarization functions) basis set.   The core was frozen at the 4p level for the bismuth 

atoms, the 3d level for the molybdenum atoms, and the 4d level for the tungsten atoms. 

The zero order relativistic approximation was used to account for relativistic effects.97-101 

 Fragment Analysis.  Fragment analysis is based on the Hartree-Fock-Roothaan 

molecular orbital formalism.  After the complexes were geometry optimized using the 

ADF2006.01 suite (see above), the wavefunctions were interpreted with the aid of the 

HFRM program to aid the understanding of the metal-ligand interaction.  The HFRM 

program takes the ADF output, which is in an atomic basis, and transforms the output 

into a fragment basis. 

3.3:  Preliminary Considerations 

 In order to understand the metal-ligand interactions and the information provided 

by the photoelectron ionizations, and in keeping with the teachings of F. A. Cotton, it is 

helpful to first identify the ligand orbitals and their symmetries for interaction with the 

dimetal core.   We begin with the simplest carboxylate, the formate ligand anion -O2CH.  
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Of the eighteen valence electrons of the formate anion, six are used to make the C–H and 

C–O σ bonds and will not be discussed further.  Eight electrons reside as the oxygen lone 

pair orbitals that are in the plane of the formate.  These eight electrons are separated into 

two symmetric and two antisymmetric (with respect to the vertical mirror orthogonal to 

the plane of the molecule) lone pair (lp) orbitals as shown on the left side of Figure 3.1.  

One of the symmetric and one of the antisymmetric lone pair orbitals are better directed 

at the metals for M–L σ bonding in the complex, while the other two lone pair orbitals 

are directed outward and away from the metals.  When bound to the metals these orbitals 

will mix among themselves to optimize the interaction, but the symmetries will remain 

valid.  The orbitals directed for sigma bonding are labeled O-M σs and O-M σa for the 

symmetric and antisymmetric combinations with respect to the bisecting mirror plane.  

The other two orbitals will contribute more to the in-plane oxygen lone pairs directed 

away from the metals and are labeled O lps and O lpa.  When four formate ligands are 

placed in a D4h field of the paddlewheel complex, the symmetric oxygen lone pair 

orbitals of the four ligands combine to give the irreducible representations a1g, eu, and b1g, 

while the antisymmetric lone pair orbitals of the four ligands combine to give the 

irreducible representations a2u, eg, and b2u. 

 The remaining four electrons still unaccounted for in the formate ligand are 

contained in the O-C-O π system. As shown on the right of Figure 3.1, the π1 and π2 

orbitals are filled and the π3 orbital is unoccupied.  When four formate ligands are placed 

in a D4h field of the paddlewheel complex, the four π1 orbitals form irreducible 

representations of a2g, eu, and b2g symmetry, and the four π2 orbitals form irreducible  
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Figure 3.1: Frontier Orbitals of the Formate Ion 
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representations of a1u, eg, and b1u symmetry.  Since the π3 and π1 orbitals have the same 

symmetry in the singular case, the π3 orbitals will have the same irreducible 

representations (a2g, eu, and b2g) as the π1 in the paddlewheel complexes. Note that both 

the symmetric oxygen lone pair orbitals and the π1 and π3 orbitals form eu combinations 

in D4h symmetry, but will interact with different metal orbitals because the oxygen lone 

pairs are in the planes of the M–O bonds while the π1 and π3 orbitals have their nodes in 

these planes. 

 d-Block M2
4+ orbitals.  The metal-metal bonding manifold in transition metal 

paddlewheel complexes has been well established.12,102  In the usual coordinate system, 

the dx2-y2 orbital of each metal is directed for metal–ligand σ bonding, leaving the 

remaining four d orbitals of each metal to be used in metal–metal bonding.  The 

symmetric combination of the dx2-y2 orbitals of the two metals has b1g symmetry, and the 

antisymmetric combination has b2u symmetry.  Figure 3.2 shows the remaining metal-

metal combinations and their symmetries from a calculation on the W2
4+ core fragment.   

The dz2 orbitals make up most of the σ (a1g) and σ* (a2u) orbitals, the dxz and dyz orbitals 

make up the π (eu) and π* (eg) orbitals, and finally the dxy orbitals make the δ (b2g) and δ* 

(b1u) orbitals.  The nodal characteristics of these orbitals may be visually compared and 

matched with those of the ligand orbitals shown in Figure 3.1. 
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Figure 3.2: d-Block Interactions for W2
4+ 
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 p-Block M2
4+ orbitals.  Figure 3.3 shows the p-block metal–metal interaction 

manifold from a calculation on the Bi2
4+ dimetal core fragment. In the case of p-block 

paddlewheel complexes, the px and py orbitals are used in metal–ligand σ bonding and are 

degenerate in D4h symmetry.  The symmetric combination (with respect to the horizontal 

mirror plane) of these orbitals has eu symmetry and the antisymmetric combination has eg 

symmetry.  With the assumption that the s orbital on each metal is fully occupied, this 

leaves only the pz orbital available for metal–metal bonding to a first approximation.  The 

symmetric combination of the pz orbitals has a1g symmetry and the antisymmetric 

combination has a2u symmetry.  The calculations show that there is a small but significant 

amount of s character (~5%) in the Bi–Bi σ bond and antibond. 

 Symmetry Interactions.  Table 3.1 summarizes all of the pertinent symmetry 

interactions between the dimetal fragment orbitals and the tetraformate fragment orbitals 

for both d-block and p-block metals.  As the data in the table show, the oxygen lone pair 

orbitals of the formate ligands available for sigma bonding with the metals have a1g, eg, 

b2u, a2u, b1g, and eu representations, and d-block metals also have these representations 

among their symmetry orbitals.  However, depending on nodal properties and 

occupations, not all of these representations in common between the ligands and the 

metals are effective for σ bonding.  The dimetal b1g and b2u orbitals formed from the dx2-y2 

orbitals are formally empty and directed well for accepting bonding density from the 

occupied ligand b1g and b2u orbitals, and therefore are highlighted in the table.  The other 

dimetal d orbitals of the same symmetry as the ligand σ orbitals have weaker overlap due 

to a mismatch in the nodal properties, and in some cases the dimetal orbitals are occupied  
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Figure 3.3: p-Block Interactions for Bi2
4+ 
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Table 3.1:  Symmetry Orbitals of Metals and Ligands in D4h Symmetry 

 
Bi2 

orbitals/symmetry 
 

Mo2/W2 
symmetry/orbitals 

Metal 
(unoccupied) 

  

 

b1g, b2u  dx2-y2 

pz (a2u) a2u (σ*) dz2 

px py eg, eu (eg) (π*) dxz, dyz 

  b1u (δ*) dxy 

Metal 
(occupied) 

  b2g (δ) dxy 
pz a1g (σ) (eu) (π) dxz, dyz 

s (a1g, a2u) a1g (σ) dz2 

 
Carboxylate 

Ligands 
(occupied) 

O-Ma a2u eg b2u 

 

O-Ms a1g eu b1g 
O lpa (a2u) (eg) (b2u) 
O lps (a1g) (eu) (b1g) 
π1 (a2g) (eu) b2g 
π2 (a1u) (eg) b1u 

 (unoccupied) π3 (a2g) (eu) b2g  

Primary O-M σ bonding interactions are indicated between the fragment orbitals shown 
by the bold symmetry labels. Orbitals with unfavorable metal-ligand overlap interactions 
are indicated by the symmetry labels in parentheses.  O-M are the oxygen lone pairs 
directed at the metals and the subscripts s and a refer to the symmetric and antisymmetric 
combinations with respect to the horizontal mirror plane σh in D4h symmetry. 
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leading to filled-filled interactions with the ligands.  Especially to be noted for later are 

the filled-filled interactions between the dimetal σ and δ orbitals with the ligand a1g (O-

Ms) and b2g (π1 and π3) orbitals, respectively, and the filled ligand b1u (π2) orbital that has 

the correct symmetry to donate to the empty dimetal δ* orbital.  

 When two p-block metals are placed in a D4h field, only the a1g, a2u, eg and eu are 

obtained.  Most significantly, the p-block dimetal cores are missing the b1g and the b2u 

representations.  The eg and eu dimetal orbitals formed from the metal px and py orbitals 

are directed for effective σ bond formation, and there is weaker interaction with the 

ligand π1 and π2 orbitals, but these are the only orbitals with substantial overlap between 

the metals and the ligands.  The different nodal properties of the p and d orbitals lead to 

different interactions in the metal–ligand σ orbitals between the p- and d-block 

paddlewheel complexes. 

3.4:  Results and Discussion 

Photolectron Spectroscopy.   

 Bi2(tfa)4.  Table 3.2 contains the ionization peak information for all three 

paddlewheel complexes.  In all the trifluoroacetate paddlewheel complexes previously 

studied by photoelectron spectroscopy,60,61,73,74,103-105 the metal–metal based ionizations 

are well separated and lower in ionization energy than the broad band of metal-ligand 

bonding and ligand-based ionizations.  For the Bi2(tfa)4 spectrum, it was then expected 

that there would be one band corresponding to the Bi-Bi σ bond out in front of the broad 

band of ionizations.  The He I spectrum of Bi2(tfa)4 is shown in the top of Figure 3.4.  

The portion of the spectrum beyond about 11.1 eV is the broad band containing the tfa  
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Table 3.2: Metal-Metal Ionization Band 
Information 

Orbital Position 
Halfwidth 
High, Low 

Bi2(O2CCF3)4
† 

σ 9.78 0.57, 0.47 
a1g 10.84 0.44, 0.27 

Mo2(O2CCF3)4 
δ 8.61 0.48, 0.26 
σ/π 10.31 0.69, 0.46 

W2(O2CCF3)4 
δ 7.84 0.45, 0.15 
π 9.44 0.68, 0.55 
σ 10.15 0.42, 0.10 

†The σ and a1g bands of the Bi2 molecule are a mixture 
of both the Bi-Bi σ bond and the a1g oxygen lone pair 
combination.  Per the DFT results, the first band has the 
greater metal character. 
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Figure 3.4: UPS Spectra of Bi2(O2CCF3)4 
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lone-pair and π2 ionizations and the metal-ligand bond ionizations, and because of the 

overlap of these ionizations it is not possible to gain meaningful information on 

individual interactions.  Four Gaussian bands are used to model the total contour and area 

of this band, but no physical significance should be placed on the number of bands used 

or their individual parameters.  As seen in Figure 3.4, there are two bands separated on 

the low energy side of the broad band of ionizations.  The first is a wide single band with 

a vertical ionization energy near 9.8 eV and the other is a sharper band with a vertical 

energy near 10.8 eV.  The width of the first ionization indicates that there is a substantial 

geometry change in the molecule when an electron is removed from the highest occupied 

molecular orbital.  The initial hypothesis to explain the observation of two bands before 

the region of overlapping ionizations was that the first was the Bi–Bi σ bond and the 

other was one of the oxygen lone pair orbitals emerging from the larger band.  A He II 

experiment was performed to see if cross-sectional information would help support an 

assignment for the first two bands.  According to computations of theoretical atomic 

photoionization cross sections, when changing the photon energy from He I to He II, 

ionizations that are primarily bismuth 6p-based will decrease in intensity relative to 

oxygen 2p-based ionizations.106  The He II experiment did not give conclusive results on 

the identity of the first two ionizations because little change in the relative intensity of 

 these peaks is observed (Figure 3.4, bottom).  This indicates that there is a significant 

amount of metal-ligand mixing occurring in each of these two ionization bands. 
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experiment was performed to see if cross-sectional information would help support an 

assignment for the first two bands.  According to computations of theoretical atomic 

photoionization cross sections, when changing the photon energy from He I to He II, 

ionizations that are primarily bismuth 6p-based will decrease in intensity relative to 

oxygen 2p-based ionizations.106  The He II experiment did not give conclusive results on 

the identity of the first two ionizations because little change in the relative intensity of 

 these peaks is observed (Figure 3.4, bottom).  This indicates that there is a significant 

amount of metal-ligand mixing occurring in each of these two ionization bands. 

Mo2(tfa)4.  The He I photoelectron spectrum of Mo2(tfa)4 is shown in Figure 3.5 

in comparison to the spectra of Bi2(tfa)4 and W2(tfa)4.  The spectrum of Mo2(tfa)4, like 

that of Bi2(tfa)4, has two ionization features out in front of the oxygen lone pair/O–C–O 

π2 ionization band, but the origin of these ionizations is very different.  The ionization 

band at lower ionization energy in the spectrum of Mo2(tfa)4 is the δ bond ionization, and 

the ionization band between 10-11 eV contains both the σ and π ionizations.  The discrete 

σ and π ionization energies cannot be differentiated in the single band in the gas-phase 

photoelectron spectrum.  The presence of the σ ionization in this band is confirmed by 

condensed phase experiments in which the σ ionization is destabilized and observed 

separate from the π ionization due to a filled-filled intermolecular interaction between the 

σ orbital and oxygen lone pairs on a neighboring molecule.74,105  The reason that the σ 

bond ionization of the dimolybdenum tetracarboxylate complexes is at the same or lower 

ionization energy than the π ionization is not completely understood, but the present work 

provides some information in relation to this question as discussed later.  
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Figure 3.5: He I UPS Spectra of M2(O2CCF3)4 
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 W2(tfa)4.  The He I photoelectron spectrum of W2(tfa)4 shown in Figure 3.5 is 

similar to the spectrum reported previously60 but at higher resolution.103  Unlike its 

molybdenum analogue, the spectrum of W2(tfa)4 has distinct ionization bands for all three 

metal-metal orbitals.  The ionizations are assigned in order of increasing stability to the δ, 

π, and σ bonds as expected, although the sharpness of the σ bond ionization suggests that 

it contributes little to the W–W bonding.  As expected, the δ and π ionizations are 

destabilized relative to those of Mo2(tfa)4, but the σ ionization is shifted very little.  

Additionally there is partially resolved vibrational structure seen in the δ bond ionization 

band.  Modeling this vibrational progression with a Poisson intensity distribution (Huang-

Rhys S factor of 0.50) of evenly spaced vibrational components107-109 is shown in Figure 

3.6.  Unlike the vibrational structure in the δ bond ionization of Mo2(O2CCH3)4, which 

shows a frequency of 360 cm-1 and is due primarily to the metal–metal bond stretch,110 

the δ bond ionization of W2(tfa)4 displays a frequency of 0.16 eV (1300 cm-1). The 

vibrational frequency corresponds to a stretching mode involving the carboxylate groups.    

As discussed in the preliminary considerations and shown in Table 3.2, the metal–metal δ 

bond is the correct symmetry to mix with the π orbitals of the carboxylate ligands, and 

comparison of these orbitals in Figures 3.1 and 3.2 shows that they have good overlap.  

The vibrational structure of the δ ionization indicates that the W2 δ bond is delocalized 

with the carboxylate ligands.  The greater delocalization of the δ electrons in 

W2(O2CCF3)4 compared to Mo2(O2CCH3)4 is likely favored by the greater 

electronegativity of the perfluoroacetate ligands and lower electronegativity of the W 

atoms. 
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Figure 3.6: He I UPS Spectrum of the δδδδ Bond Ionization of W2(O2CCF3)4 in the 
Range of 7.50 to 8.75 eV modeled with a Poisson Progression 
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There is also additional vibrational structure on the σ ionization band of W2(tfa)4 

that has not been observed previously.  A close-up of the σ ionization band is shown in 

Figure 3.7.  The energy separation between the σ and π bond ionization bands is close 

enough that there is possible vibronic coupling between the σ and π ion states, causing 

the additional complex structure seen in the σ ionization band.  The profile of the band is 

similar to that of the second π orbital ionization band of pyrrole, for which vibronic 

coupling has been evaluated in detail.111 

Density Functional Theory. 

 Bi2(tfa)4.  A geometry optimization was performed starting from the crystal 

structure geometry16 and idealizing to C4h symmetry.  The calculations were performed in 

C4h symmetry to keep the symmetry as close to the idealized D4h symmetry as possible.  

Bi2(tfa)4 in terms of the calculations is not strictly D4h due to the presence of the CF3 

groups.  All reported values have the appropriate D4h labels.  Table 3.3 compares 

calculated bond lengths and angles with values obtained from the crystal structures of this 

molecule and the related dimolybdenum112 and ditungsten93 molecules.  Mayer bond 

analysis113 shows a single bond (0.96) between the two bismuth atoms.  The Bi-Bi bond 

distance of 2.95 Å compares well with twice the reported Bi single bond covalent radius 

of 1.46 Å and is less than the Bi–Bi distance in the pure element of 3.09 Å.114  The Bi–Bi 

distance is considerably greater than the ~2.1 to 2.2 Å distances of the Mo and W 

complexes and because of this the Bi atoms are not ideally placed for the bite angle of the 

σ bonding orbitals of the tfa ligands.  This is seen in Figure 3.8 where the oxygen atom p 

orbitals of the a1g symmetry ligand orbital are not directed exactly along the Bi–O bond 
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Figure 3.7: He I UPS Spectrum of the σσσσ Bond Ionization of W2(O2CCF3)4 in the 
Range of 10.00 to 10.75 eV 
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Table 3.3.  Comparison of Selected Calculated Bond Lengths and Angles with 
Experimental Values from Crystal Structures in Parentheses 

 Bi Mo W 
M-M/Å 2.989 (2.952) 2.127 (2.103) 2.210 (2.209) 
M-O/Å 2.432 (2.348-2.432) 2.118 (2.115) 2.098 (2.087) 

M-M-O/° 81.9 (81.5) 91.9 (91.7) 90.9 (90.4) 
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Figure 3.8: Kohn-Sham Orbitals of M2(O2CCF3)4 σσσσ and a1g, Contour Value = 0.03 
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 vector.  The observed Bi–O distances of ~2.4 Å are considerably greater than the sum of 

covalent radii (1.46 Bi + 0.73 O = 2.19 Å).  In contrast, the M–O distances in the Mo and 

W complexes are shorter than the sum of the covalent radii (2.12 vs. 2.18 Å for Mo and 

2.10 vs. 2.19 Å for W).115,116  These comparative distances give a hint to the strength of 

the interactions. 

The calculations show that the HOMO (Bi2 σ) and the HOMO-1 (Bi-O σ) of the 

Bi complex are both of a1g symmetry.  The HOMO contains 69% Bi character and 31% 

ligand character, while the HOMO-1 contains 65% ligand character and 35% Bi 

character.  Also noted is 3-4% Bi 6s character in HOMO-1 which has significant 

influence on the distribution and energy of the orbital.  Orbital plots of the Kohn-Sham 

orbitals of the HOMO and HOMO-1 can be seen in Figure 3.8.  Although the first 

ionization is labeled the Bi–Bi σ bond and the second is labeled the symmetric oxygen 

a1g lone pair orbital, there is a significant amount of mixing between the two. This result 

echoes the photoelectron data indicating a significant amount of mixing between metal 

and ligand in the first two bands of the spectrum.  

 Comparisons of Metal–Ligand Interactions.   The calculated relative energies 

of the oxygen lone pair and O–C–O π2 orbitals of the metal trifluoroacetates were 

compared to observe the differences between the p- and d-block paddlewheel complexes.  

The correlation of the calculated Kohn-Sham orbital energies for the three complexes is 

shown in Figure 3.9.  In all three complexes, the calculated ordering of the orbital 

energies agrees with the observed photoelectron spectra.  The metal-metal orbitals are 

well separated from the oxygen lone pair and O–C–O π2 orbitals.    
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Figure 3.9: M2(O2CCF3)4 Correlation Diagram of the Calculated Kohn-Sham 
Orbitals 
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The σ and π orbitals are calculated very close in energy in the molybdenum case, 

indicating that they would be under the same ionization band in the photoelectron 

spectrum.  In the tungsten case, the σ and π orbitals are separated enough in energy to be 

observed as two separate ionization bands.  The relative energies of the metal-based 

orbitals between the three molecules are also similar to the relative ionization energies 

seen in the comparison of photoelectron spectra in Figure 3.5.   

Also in agreement with experimental observation, the manifold of oxygen lone 

pair and O–C–O π ionizations is shifted to lower ionization energy in the case of the 

bismuth molecule in comparison to the Mo and W molecules, and one ionization is 

separated to lower energy from the others.  At first thought the general shift might be 

attributed to the lower Pauling electronegativity of bismuth (2.02) compared to 

molybdenum (2.16) and tungsten (2.36)117 leaving additional negative charge on the 

ligands, but this change in charge distribution is not supported by the calculations; the 

calculated charges on the metal atoms are essentially the same: bismuth (+1.14), 

molybdenum (+1.14), and tungsten (+1.16).  Rather, the bismuth molecule displays 

considerably longer metal-oxygen distances and fewer metal-ligand orbital symmetry 

interactions compared to the molybdenum and tungsten analogues, and this accounts for 

the general shift of the ligand-based ionizations to lower energy.  For example, the 

symmetric b1g and the antisymmetric b2u oxygen lone pair orbitals are stabilized in the 

molybdenum and tungsten cases by interaction with the b1g and b2u symmetry orbitals on 

the metals that are formed from combinations of the dx2-y2 orbitals that are well-directed 

in the transition metal complexes the for σ overlap and bonding with the ligands. 
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As mentioned previously, the dibismuth core does not have a b1g or a b2u 

representation to interact with the ligands, and the lack of stabilizing bonding interaction 

from the dimetal core leaves the ligand-based orbitals b1g and b2u higher in calculated 

energy (less stable) in the bismuth case.  The symmetric a1g and antisymmetric a2u 

oxygen lone pair orbitals also are destabilized in the bismuth case compared to its d-block 

counterparts.  These orbitals are destabilized in the bismuth case because they contain a 

small amount of 6s character (3.60% for the a1g orbital, 3.66% for the a2u orbital).  

Additionally the Bi–Bi σ bond orbital contains 5.35% s character.  The s character is 

visibly present in the HOMO and HOMO-1 in Figure 3.8.  In contrast, the oxygen-based 

eu orbital is stabilized in the bismuth case in comparison to its d-block counterparts, 

because this is the symmetry combination that interacts well with the bismuth px and py 

orbitals.   

The overlap integrals between the relevant metal and oxygen lone pair symmetry 

orbitals can be seen in Table 3.4.  For the eu and eg symmetry interactions, the dxz and dyz 

orbitals are occupied and involved in metal-metal bonding with poor overlap with the 

ligand orbitals, whereas the px and py orbitals of the dibismuth core are empty and lined 

up on the axis to accept density from the oxygen lone pair orbitals. When considering the 

nodal properties of the oxygen lone pair orbital interacting with the appropriate metal 

oxygen lone pair orbital will come upon a node of the dxz or dyz orbital, whereas with the 

bismuth complex, the oxygen lone pair will interact with the Bi px or the Bi py orbitals.  

On the other hand, the b1g and b2u interactions are strong and bonding for the Mo and W  



 73

 

 

 

 

 

 

 

 

 

Table 3.4:  Overlap Integrals Between the M2 and M-O Symmetry 
Orbitals  

 eg eu a1g a2u b1g b2u 
Bi2 0.145 0.398 0.063 0.120 - - 
Mo2 0.024 0.088 0.069 0.155 0.276 0.178 
W2 0.044 0.091 0.069 0.140 0.306 0.194 
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complexes, but the Bi complex does not have any symmetry counterpart on the dimetal 

core. 

 a1g Interactions Between Dimetal Cores and the Ligand Set.   One of the 

recurring questions in earlier photoelectron studies of the Group 6 transition metal 

carboxylate paddlewheel complexes was the coincidence of the σ ionization with the π 

ionization in the spectrum of the dimolybdenum complexes, and the separation of these 

ionizations in the ditungsten complexes.  The location of the M-M σ orbital and its 

antibonding counterpart is central to the reaction chemistry and catalysis of paddlewheel 

complexes that take place largely at the vacant axial position.63  It was originally thought 

that the σ ionization would have the greatest amount of bonding character of the three 

metal-metal bonds and be several eV more stable than the π ionization.67  Ionization 

bands arising from bonding orbitals tend to be broad bands.  As seen in Figures 3.5 and 

3.7, the σ ionization for the ditungsten complex is sharper that any of the other 

ionizations of these complexes, indicating little bonding character.  Comparing the 

overlap populations in Table 3.5 shows that the π orbitals form stronger bonds than the σ 

orbital.  Two explanations have been put forth to explain this phenomenon.  In one 

explanation, it is proposed that at excessively short distances the dz2 orbitals from each 

metal interpenetrate each other to the conical nodes and reduce the size of the overlap 

integral.  In another explanation, it is proposed that at short distances the ndz2 orbital of 

each metal overlaps with the outer core npz and ns orbitals on the other metal in a filled-

filled interaction that reduces the bonding character and lowers the ionization energy of 

the resulting combination.71 
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Table 3.5.  Calculated Metal-Metal Bond 
Characters and Overlap Populations 

 
% Metal 
Character 

Bond Overlap 
Population 

Mo2(O2CCF3)4 
δ 74 0.128 
π 87 0.634 
σ 93 0.034 

W2(O2CCF3)4 
δ 63 0.122 
π 88 0.697 
σ 99 0.223 

Bi2(O2CCF3)4 
σ 68 0.483 
a1g 36 0.032 
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Comparison of the overlap integrals in Table 3.6 indicates both factors could be at 

play.  The <dz2|dz2> σ overlap is approximately half the value of the <dxz|dxz> π overlap 

and approximately the same as the <dxy|dxy> δ overlap, despite the dz2 orbitals pointing 

directly at each other.  Also, the overlap between the ndz2 orbital on one metal and the 

filled outer core npz or ns orbital on the other metal is greater than the overlap with the 

ndz2 orbital on the other metal.  This accounts for the destabilization seen in the σ orbital 

and the sharpness of the ionization band. 

 Comparing the amount of ligand character in the σ orbital between Mo2(tfa)4 and 

W2(tfa)4 sheds additional light on why the σ bond ionization is coincident with the π 

bond ionization in the molybdenum case and separate ionizations are observed in the 

tungsten case.  As seen in Table 3.5, the Mo2(tfa)4 σ bond contains roughly 7% ligand 

character, whereas the W2(tfa)4 σ bond has less than 1% ligand character.  Plots of the 

metal-metal σ and the a1g oxygen lone pair orbitals for the molybdenum and tungsten 

paddlewheel complexes can be seen in Figure 3.8.  The interaction between the M–M σ 

bond and the oxygen a1g orbital will be a filled-filled interaction as found in the case of 

the Bi molecule.  This destabilizes the Mo–Mo σ bond enough that it pushes the σ bond 

up so it is close enough to the π bond that it cannot be separated in the photoelectron 

spectrum.  Likewise, the Mo-O a1g orbital is pushed down strongly into the manifold of 

ligand-based orbitals and is not observed as a separate ionization. 
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Table 3.6. d-Block Paddlewheel Complex 
Metal-Metal Bond Overlap Integrals 

 Mo2 W2 

<dz2|dz2> 0.096 0.108 

<dz2|pz> 0.140 0.139 

<dz2|s> 0.185 0.159 
<dxz|dxz> (π) 0.199 0.208 
<dyz|dyz> (π) 0.199 0.208 
<dxy|dxy> (δ) 0.112 0.102 
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3.5: Conclusions 

The discovery of Bi2(tfa)4 has allowed examination of metal-metal and metal-ligand 

interactions for paddlewheels in a way not previously available.  The absence of available 

metal d orbitals with which the ligands may interact and the differing nodal properties 

between p and d orbitals introduces a different way to probe the metal-ligand interaction.   

While the Bi2(tfa)4 molecule had the predicted σ bond between the two bismuth atoms, 

the amount of mixing with the symmetric a1g oxygen lone pair orbital was unexpected.  

The amount of mixing between the metal–metal σ bond and the a1g orbital had not been 

identified previously in any of the d-block paddlewheel complexes.  Recognition of this 

interaction between the metal and ligand orbitals led to a reexamination of the same 

interaction in the molybdenum and tungsten paddlewheel complexes in an effort to 

explain why the σ and π ionizations are coincident in the spectrum of Mo2(tfa)4 and the σ 

bond ionization is sharp and separate in the spectrum of W2(tfa)4.  In both Group 6 

dimetal tetracarboxylates, the short metal-metal distance and the mixing of outer core s 

and pz character into the M–M σ bond decreases the interaction between the two dz2 

orbitals to the point that the highest occupied σ orbital is minimally bonding.  An 

additional contribution to the coincidence of the σ and π ionizations in the spectrum of 

the Mo2(tfa)4 complex follows from the small amount of mixing with the symmetric a1g 

oxygen lone pair orbital, which was observed first in the spectrum of the Bi complex.  

This is a filled-filled orbital interaction, destabilizing the σ ionization.  Since the same 

interaction in W2(tfa)4 is exceedingly small, the σ and π bonds are seen as distinct 

ionizations in the photoelectron spectrum of this molecule.
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CHAPTER 4 
 

EXTENDED INTERACTIONS BETWEEN SUBSTITUENTS AND THE 
DIMETAL CORE: para-SUBSTITUTED Mo2(O2CPh)4 COMPLEXES 

 
4.1:  Introduction 

 In studying electronic communication, chemists are trying to understand electron 

flow from one group to another.  Inorganic chemists have been studying this phenomenon 

for nearly half a century.  The Cruetz-Taube ion, [(H3N)5Ru(pz)Ru(NH3)5]
5+, is seen as 

one of the first known examples of electronic communication between the two metal 

centers.17,18  Each of the ruthenium centers in the Cruetz-Taube ion is considered to have 

a 2.5+ charge, rather than one metal center having a 2+ charge and the other center 

having a 3+ charge.  Electronic communication is not limited between metal centers.  

Organic examples include diamines,19-21,118 oligoacenes,22,23 ,oligothiophenes,24,25 and 

sulfur and nitrogen-substituted oligoacenes.26-28,119 

 Paddlewheel complexes are an example of another class of molecules that have 

great promise in the area of electronic communication.8,34,35,37  It has been shown that 

changing the alkyl group on the carboxylate can shift the position of the δ bond 

ionization approximately 2 eV going from the pivalate to the trifluoroacetate ligands.14,44  

The distance between the carbon and the dimetal core in these aliphatic carboxylate 

complexes is approximately 4 Å.  The ability to extend the distance of the 

communication between substituents and the dimetal core would be beneficial for 

paddlewheels to be used in devices.  By using para-substituted benzoates, the distance 

between the substituent and the dimetal core is increased to between 8 and 9 Å.  
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Benzoates also give the substituents a π-conjugated pathway to facilitate electron flow 

from the substituent to the dimetal core. 

 In this chapter, the extent of electronic communication will be examined using 

para-substituted dimolybdenum tetrabenzoates to see if the benzoate ligand is a good 

conduit for electronic communication.  The complexes will be compared to the aliphatic 

substituents to give an estimate of the extent of communication. 

4.2:  Experimental 

 General Methods.  All Schlenk techniques were performed under Ar(g).  All 

solvents were used as purchased except for being dried by the MBraun solvent 

purification system and degassed by the freeze-pump-thaw method.  All of the 

Mo2(O2CPh-p-X)4 compounds were prepared using a published procedure.120   

 Synthesis.  The following procedure was used to prepare the series of 

Mo2(O2CPh-p-X)4 compounds.  The preparation was made to make 500 mg of product.  

A 50 mL Schlenk flask was charged with approximately 400 mg of Mo(CO)6 and 

approximately 400 mg of the appropriate p-substituted benzoic acid, 5 mL of diethyl 

ether and 20 mL of o-dichlorobenzene.  The purpose of the diethyl ether is to wash the 

Mo(CO)6 back down into the reaction mixture as deposited on the condenser.  The 

reaction mixture was degassed by performing three cycles of the freeze-pump-thaw 

method.  A reflux condenser was placed on the Schlenk flask and the reaction mixture 

was refluxed for 36 hours.  After the Schlenk flask cooled down, the product was washed 

three times with 10 mL of diethyl ether using Schlenk techniques.  After the final 

washing, an additional 10 mL of diethyl ether was used to wash the product back into the 
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flask.  The diethyl ether was frozen and slowly removed by pulling a vacuum.  The 

remaining product was heated at 70 ˚C overnight to remove any remaining solvent.  

Yields for the series of compounds averaged 60%. 

 Photoelectron spectroscopy.  The Young’s Tube™, a glass tube that holds liquid 

samples and that connects to the instrument with vacuum fittings, was used for sample 

introduction to the spectrometer for the data collection of the substituted benzenes.  The 

substituted benzoic acids were introduced using either the Young’s Tube™ or by placing 

them in the aluminum sample cell of the spectrometer.  The stainless steel cell was used 

for the data collection of the Mo2(O2CPh-p-X)4 series.  The resolution of the experiment 

was measured by taking the full width at half maximum of the ionization of the 2P3/2 peak 

of Ar.  The temperature and the resolution of the individual experiments can be viewed in 

the Photoelectron Spectroscopic Experimental Details table, Table 2.1.  Due to the 

elevated collection temperatures, the presence of hot bands was observed for some of the 

paddlewheel complexes.  All the samples sublimed cleanly without evidence of 

decomposition. 

 Data Analysis.  Data analysis was done using the computer program WinFp 

(version 0.19.8).  A discussion of the fitting procedure in more detail can be found 

elsewhere.55  When a region of broad ionization intensity spans numerous ionization 

bands, the individual parameters of the Gaussian peaks used to model the total ionization 

intensity are not characteristic of individual ionization states. 

 Computational Studies.  Electronic structure calculations were performed to see 

the extent of delocalization from the dimetal core through the benzoate.  All the 
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calculations were performed using the ADF2006.01 suite.56,96,121  Geometry 

optimizations were performed using the VWN local density approximation with the Stoll 

correction.122,123  The ligands atoms used a TZP (valence triple zeta functions with a 

polarization function) basis set, while the dimolybdenum core used the TZ2P (valence 

triple zeta functions with two polarization functions) basis set.  The frozen core 

approximation was set at the 3d level for the dimolybdenum core.  The zero order 

relativistic approximation was used to account for relativistic effects.97-101  The final 

coordinates from the geometry optimizations were used to perform single point 

calculations using the OPBE and OPTX generalized gradient approximations.124,125 

4.3:  Results and Discussion 

 Photoelectron Spectroscopy.  Figure 4.1 presents the full He I photoelectron 

spectrum of Mo2(O2CPh)4.  There are additional spectral features as compared to 

Mo2(O2CCF3)4, which was presented in the last chapter.  Like the Mo2(O2CCF3)4  

presented in the last chapter, the metal-based ionizations are the first set of ionizations 

observed.13,126 The δ bond ionization is the first ionization.  It is well separated from all 

the other ionizations.   

 Unlike the M2(O2CCF3)4 complexes presented in the previous chapter, the σ/π 

bond ionization band is not well separated from the ligand-based ionizations.  The σ/π 

ionization band for most of the molybdenum benzoates is coincident with the phenyl π 

ionizations.  The exceptions to this observation are the unsubstituted and p-CF3-

substituted molybdenum benzoates.  In these two cases, the σ/π ionization band is 

separated enough so that it can be observed preceding the phenyl π-based ionizations.   



 

 

Figure 4.1: He I UPS 

 

 

 

 
 
 
 
 
 
 
 
 
 

S Spectrum of Mo2(O2CPh)4 in the Range of 5.35 to 15.50 eV
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in the Range of 5.35 to 15.50 eV 
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Cross-sectional analysis experiments using the He II photon were performed to determine 

whether or not the σ/π bond ionizations follow the δ bond ionization in the spectra of the 

molecules.  The experiments determined for the molecules studied, the σ/π bond 

ionization follows the δ bond ionization.  The Mo2(O2CPh-p-OMe)4 molecule is an 

exception. There is a ligand-based ionization band between the δ and the σ/π bond 

ionization bands.  The full He I photoelectron spectrum of the Mo2(O2CPh-p-X)4 series 

can be seen in Figure 4.2. 

 A possible explanation for the alternative ionization band assignment in 

Mo2(O2CPh-p-OMe)4 can be made by comparing the shift of the ionization of the π-

based ionizations of the substituted benzene rings to their positions in the dimetal 

complexes.  There is about a 0.2 eV destabilization from the substituted benzene rings to 

the dimetal complex.  In the other para-substituted molybdenum benzoates studied, there 

is a consistent shift between the δ and the σ/π metal bond ionization bands.  Comparing 

the shift of the phenyl π ionizations in anisole (methoxybenzene) to their positions in 

Mo2(O2CPh-p-OMe)4 and using the shift between the δ and σ/π metal bond ionizations  

seen in the other species, it is consistent that there is a ligand-based ionization appearing 

between the δ and the σ/π metal bond ionizations.  Cross-sectional analysis with He II 

photoelectron data supports this explanation. The difference between the δ-bond 

ionization and the σ/π-bond ionization in the molecules is consistent.  The energy 

separation between the two ionization bands is 1.95±0.01 eV.  Once again, the p-OMe 

complex is not consistent with the other complexes in the series.  The difference between  



 

Figure 4.2: He I 
Series

 

Figure 4.2: He I UPS Spectra of the Mo2(O2CPh-p-X)
Series in the Range of 5.35 to 15.50 eV 
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the two bands in the p-OMe complex is 2.04 eV.  A close-up He I spectra of the 

Mo2(O2CPh-p-X)4 series can be seen in Figure 4.3. 

 There is a distinction that can be made between the complexes that have π donors 

as substituents and those that do not.  In the complexes with π-donating substituents (p-

OMe, p-Cl, and p-Br), the σ/π ionization band is not as well separated from the band 

containing the phenyl π ionization than the complexes with non-π-donating substituents.  

The π-donating substituents contain filled p⊥ lone pairs that interact in either a π or a π* 

fashion with the phenyl π system.  This has the effect of widening the ionization band, 

and consequently obscures the dimolybdenum σ/π bond ionization band. 

 As seen in Figure 4.3 and Table 4.1, there is a significant amount of electronic 

communication between the para substituent and the δ bond.  There is a difference of 

0.89 eV in the position of the δ bond ionization of the most electron-donating complex, 

Mo2(O2CPh-p-OMe)4, to the most electron-withdrawing complex, Mo2(O2CPh-p-CF3)4.  

The trend in positions of the δ-bond ionizations for the six complexes seen in the   

photoelectron spectra follows the expected trend from the known electronegativities of 

the substituents. 

 Comparing Mo2(O2CPh)4 to other aliphatic molybdenum carboxylates shows that  

the benzoate is a better electron donor than any of the aliphatic molybdenum 

carboxylates.  This is shown in Figure 4.4.  Another advantage that the benzoate ligand 

has is the additional sites for substitution, giving more options for controlling the position 

of the first ionization.  The separation between the δ and σ/π ionization bands is  
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Figure 4.3: He I UPS Spectra of the Mo2(O2CPh-p-X)4 Series in the Range of 5.35 to 
10.00 eV 
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Table 4.1:  Photoelectron Spectroscopic Information For Mo2(O2CPh-p-X)4 

X 
δ 

Ionization 
(eV) 

Halfwidth 
High, Low 

σ/π 
Ionization 

(eV) 

Halfwidth 
High, Low ∆(σ/π-δ) 

Intensity 
Ratio 

H 6.54 0.53, 0.34 8.48 0.64, 0.41 1.94 3.74 
Me 6.38 0.63, 0.36 8.34 0.76, 0.54 1.96 3.86 
CF3 7.16 0.48, 0.33 9.11 0.57, 0.39 1.95 3.13 
Br 6.83 0.50, 0.39 8.79 0.47, 0.47 1.96 3.19 
Cl 6.86 0.51, 0.37 8.82 0.48, 0.48 1.96 3.28 

OMe 6.28 0.64, 0.43 8.32 0.29, 0.29 2.04 3.50 
 



 

Figure 4.4: He I UPS Spectra of the Metal
Mo2

Figure 4.4: He I UPS Spectra of the Metal-Metal Bond Ionization Bands of 
2(O2CR)4 in the Range of 6.00 to 11.50 eV 
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Metal Bond Ionization Bands of 
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 greater for the benzoate analogues than in the aliphatic complexes.  The separation 

between the two bands is approximately 0.2 to 0.3 eV larger in the benzoate complexes 

than in the aliphatic carboxylate complexes.  A possible explanation for this increased 

separation will be discussed later. 

 Computational Studies.  In order to understand the amount of substituent 

contribution to the Mo-Mo δ bond, electronic structure calculations were performed.  All 

of the molecules were idealized to C4h geometry from a crystal structure of Mo2(O2CPh)4, 

with the exception of Mo2(O2CPh-p-OMe)4, which was idealized to D2d to account for the 

π interaction present between the oxygen in the methoxy substituent and the phenyl 

ring.127  There were no crystal structures available for any of the para-substituted 

derivatives. Geometries were then optimized using the VWN local density approximation 

with the Stoll correction.  The optimized geometry compared well with the crystal 

structure of Mo2(O2CPh)4.  Selected values are compared in Table 4.2.  The calculated 

Mo-O distance is smaller than the crystal structures but the other values are within an 

acceptable deviation. The coordinates of the optimized structures were then used to run 

single point calculations using the OPBE and OPTX generalized gradient approximations 

for the electronic energies.  The results of the calculations can be seen in Tables 4.3-4.5. 

The calculations using the OPBE and OPTX generalized gradient approximations 

matched the photoelectron data much better than calculation using the local density 

approximation.  All three sets of calculations underestimated the separation between δ 

and σ/π bond orbitals seen in the photoelectron spectra. 

 



 91

 
 
 
 
 
 
 
 
 
 

 

Table 4.2: Comparison of Selected Calculated Values of Mo2(O2CPh)4 to the Crystal 
Structure 

 Crystal Structure Calculated Values 

Mo-Mo/Å 2.089 2.104 

Mo-O (Avg.)/Å 2.102 2.045 

O-Mo-Mo/∠ 91.8˚ 91.8˚ 

O-Mo-Mo-O/∠ 0˚ 0˚ 
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Table 4.3: Calculated M-M Bond Bond Energies Using the VWN Local Density 
Approximation + Stoll Correction 

 δ/eV π/eV σ/eV ∆(δ-π) ∆(π-σ) ∆ESCF 
Adjusted δ Deviation 

from UPSa 

H -4.013 -5.380 -5.516 1.367 0.136 5.760 0.000 
Me -3.765 -5.226 -5.333 1.461 0.107 3.654 1.946 
CF3 -4.768 -6.093 -6.219 1.325 0.126 6.408 0.028 
Br -4.330 -5.727 -5.855 1.397 0.128 5.908 0.142 
Cl -4.305 -5.755 -5.847 1.450 0.092 3.952 2.128 

OMe -3.588 -5.021 -5.054 1.433 0.033 5.955 0.465 
a This value is obtained by taking the absolute value of the following formula: [(∆ESCF (substituted 
complex) - ∆ESCF (unsubstituted complex))-(experimentally determined δ bond ionization of the 
substituted complex – experimentally determined δ bond ionization of the unsubstituted complex)] 
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Table 4.4: Calculated M-M Bond Orbital Energies Using the OPBE Generalized 
Gradient Approximation 

 δ/eV π/eV σ/eV ∆(δ-π) ∆(π-σ) |∆SCF| 
Adjusted δ Deviation 

from UPSa 
H -4.156 -5.647 -5.768 1.491 0.121 6.029 0.000 

Me -3.964 -5.513 -5.588 1.549 0.075 5.756 0.113 
CF3 -4.924 -6.362 -6.468 1.438 0.106 6.643 0.006 
Br -4.548 -6.046 -6.151 1.498 0.105 6.195 0.124 
Cl -4.528 -6.065 -6.128 1.537 0.063 6.195 0.154 

OMe -3.858 -5.529 -5.725 1.671 0.196 5.585 0.174 
a This value is obtained by taking the absolute value of the following formula: [(∆ESCF (substituted 
complex) - ∆ESCF (unsubstituted complex))-(experimentally determined δ bond ionization of the 
substituted complex – experimentally determined δ bond ionization of the unsubstituted complex)] 
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Table 4.5: Calculated M-M Bond Orbital Energies Using the OPTX Generalized 
Gradient Approximation 

 δ/eV π/eV σ/eV ∆(δ-π) ∆(π-σ) |∆SCF| 
Adjusted δ Deviation 

from UPSa 

H -4.364 -5.890 -6.053 1.526 0.163 6.247 0.000 
Me -4.183 -5.764 -5.765 1.581 0.001 5.985 0.102 
CF3 -5.150 -6.623 -6.770 1.473 0.147 6.868 0.001 
Br -4.758 -6.289 -6.436 1.531 0.147 6.413 0.124 
Cl -4.744 -6.312 -6.614 1.568 0.105 6.419 0.148 

OMe -4.083 -5.774 -6.006 1.691 0.232 5.833 0.144 
a This value is obtained by taking the absolute value of the following formula: [(∆ESCF (substituted 
complex) - ∆ESCF (unsubstituted complex))-(experimentally determined δ bond ionization of the 
substituted complex – experimentally determined δ bond ionization of the unsubstituted complex)] 
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 The calculations give a possible explanation on the increased separation of the 

metal-based ionizations in the benzoate species as compared to the complexes with 

aliphatic substituents.  In comparing the amount of ligand character in the δ bond orbital 

between the molybdenum carboxylates with aliphatic substituents with those with the 

benzoates, the benzoate complexes have roughly 10% greater ligand character than the 

aliphatic carboxylate complexes.  The benzoate b2g orbital has extra nodes not present in 

the aliphatic carboxylate b2g orbital.  This can be seen in Figure 4.5.  This extra node 

increases the amount of antibonding character of the ligand orbital and then therefore 

destabilizes the δ bond orbital.  The interaction between the δ bond orbital and the ligand 

orbital is antibonding in nature due to the filled-filled interaction between the orbitals.  

The π and σ orbitals of the benzoate analogues have comparable percent characters to 

their aliphatic counterparts.  This supports the benzoates having a greater separation 

between the δ and the σ/π ionization bands compared to their aliphatic analogues. The 

calculated percent characters of molybdenum carboxylates along with the separation 

between the δ and the σ/π ionization bands can be seen in Tables 4.6 and 4.7. 

 Plotting the Kohn-Sham orbitals of the molybdenum benzoates gives evidence for 

the amount of shift in the δ bond ionization present in the photoelectron spectra.  A π-

conjugated pathway is present for the substituent to communicate with the 

dimolybdenum bond.  Examples of this can be seen in Figure 4.6.  The π-conjugated 

pathway extends all the way from the substituent to the dimolybdenum core. 

  



 

Figure 4.5: Kohn-Sham Orbitals of Mo

 

 

 

 

 

 

 

 

 
Sham Orbitals of Mo2(O2CMe)4 (left) and Mo2(O

Contour Value = 0.03 
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O2CPh)4 (right), 
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Table 4.6: M-M δδδδ Bond Orbital Percent Characters of Mo2(O2CR)4 

R 
Mo-

based 
Ligand-
based 

UPS: 
∆(δ-σ/π) 

H 73.31 26.69 1.71 
Me 72.08 27.90 1.80 
CF3 73.54 26.45 1.70 
Ph 61.61 38.39 1.94 

Ph-p-Me 60.54 39.47 1.96 
Ph-p-CF3 61.17 38.84 1.95 
Ph-p-Cl 60.13 39.88 1.96 
Ph-p-Br 59.86 40.16 1.96 

Ph-p-OMe 64.31 35.70 2.04 
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Table 4.7: Calculated Metal Character in the M-M Bonds of Mo2(O2CR)4 

R δ π σ 
H 73.31 84.20 88.35 

Me 72.08 84.17 88.39 
CF3 73.54 87.16 92.72 
Ph 61.61 83.14 88.32 

Ph-p-Me 60.54 83.40 87.92 
Ph-p-CF3 61.17 83.13 88.26 
Ph-p-Br 60.13 84.63 90.42 
Ph-p-Cl 59.86 83.37 88.20 

Ph-p-OMe 64.31 83.56 89.26 
  



 

 

Figure 4.6: Kohn-Sham Orbitals for the 
Mo2(O

a There is a small amount of ligand character on the 
complex.  Additionally, the orbital phases of the 
complex. 
 

 
 
 
 

 

 

Sham Orbitals for the δ Bond of Mo2(O2CPh)
(O2CPh-p-Br)4 (right), Contour Value = 0.03a 

There is a small amount of ligand character on the p-Br subtituent not present in the unsubstituted 
complex.  Additionally, the orbital phases of the p-Br complex are the opposite of the unsubstituted 
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CPh)4 (left) and 

not present in the unsubstituted 
Br complex are the opposite of the unsubstituted 
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 There are two major factors that can explain the range of the δ bond ionization 

band, charge and overlap effects.  Table 4.8 contains the calculated Voronoi charges for 

the molybdenum and the oxygen atoms for the molybdenum benzoates.  The difference in 

the Voronoi charges between the molybdenum atoms is 0.01 and between the oxygen 

atoms is 0.02.  These small changes in the charge indicate that the shifts in ionization 

energy due to charge effects play a minimal role in affecting the overall electronic 

energies of the molybdenum benzoates. Overlap effects between the dimetal core and the 

ligands dominate the overall electronic energies in the system. 

4.4 Conclusions 

 para-Substituted molybdenum benzoates represent a class of paddlewheel 

complexes that has extended the range of electronic communication seen compared to 

their aliphatic counterparts.  The 8 to 9 Å distance between the substituent and the 

dimolybdenum bond in the benzoates is roughly 4 to 5 Å larger than those in the aliphatic 

paddlewheels.  The position of the δ bond ionization is destabilized 0.89 eV going from 

the most electron-withdrawing group and the most electron-donating group studied.  

Calculations showed that the phenomenon is mostly controlled by overlap factors, as 

there were minimal changes in charge for the molybdenum and oxygen atoms in the  

paddlewheel.  The phenyl ring of the benzoate provides a π-conjugated pathway for the 

communication to occur between the substituent and the dimolybdenum bond.  The p-

OMe analogue exhibited different behavior compared to the other benzoates complexes.  

The metal-based ionizations were the two lowest ionizations present in the other benzoate 

analogues.  Cross-sectional analysis and calculations support that there are ligand-based  
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Table 4.8: Calculated Voronoi Charges of Mo2(O2CPh-p-X)4 

X Mo O 
H 0.299 -0.215 

Me 0.295 -0.217 
CF3 0.304 -0.211 
Br 0.300 -0.214 
Cl 0.299 -0.214 

OMe 0.308 -0.228 
   

Average 0.301 -0.217 
St. Dev. 0.005 0.006 
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ionizations between the δ-bond ionization band and σ/π-bond ionization band in the p-

OMe species.
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CHAPTER 5 
 

THEORETICAL AND SPECTROSCOPIC INVESTIGATION OF 
DIMOLYBDENUM TETRAKIS(BICYCLIC GUANIDINATES) SIMILAR T O 

Mo2(hpp)4 
 

A portion of this chapter has previously been published as: Cotton, F. A.; Durivage, J. C.; 
Gruhn, N. E.; Lichtenberger, D. L.; Murillo, C. A.; Van Dorn, L. O.; Wilkinson, C. C.,  

J. Phys. Chem. B 2006, 110, 19793-19798. 
 
5.1:  Introduction 

 The discovery of W2(hpp)4, where hpp is the anion of 1,3,4,6,7,8-hexahydro-2H-

pyrimido[1,2a]pyrimidine, as the molecule with the lowest recorded ionization energy 

raised a great deal of interest as the molecule has great potential as a reducing agent.6,7  

The key to the observed low ionization energy is the ability of the hpp ligand to stabilize 

the Group 6 metals in higher oxidation states, while destabilizing the δ bond of the 

paddlewheel complexes.12  The mere presence of the guanidinate core in a ligand of a 

paddlewheel complex does not achieve the low ionization energies seen with M2(hpp)4, 

where M = Cr, Mo, and W, complexes.  The noncyclic triphenylguanidinate (tpg) ligand 

does not as effectively destabilize the M-M δ bond as hpp as seen by the 1.2 V greater 

positive potential for the tpg complex compared to the hpp complex in the Mo case as 

measured by cyclic voltammetry.36,46,47  The bicyclic guanidinate ligands places the 

nitrogen atom not bonded to the metals in plane with the N-C-N atoms, so that it creates a 

4-atom π system.  This greatly increases the basicity of the ligand, and in turn this greatly 

destabilizes the M-M δ bond and favors the M2
5+ and M2

6+, which remove electron 

density from the M-M δ bond. 
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 After achieving the results with the M2(hpp)4 system, we wanted to explore the 

bicyclic guanidinate ligand further to study the effect of geometry changes and the 

addition of alkyl groups to the rings of the guanidinate on the ionization of the metallated 

complexes.  Four ligands were prepared by collaborators to probe these questions.  The 

two ligands prepared to examine geometry effects were tbo (the anion of 1,4,6-

triazabicyclo[3.3.0]oct-4-ene) and tbn (the anion of 1,4,6-triazabicyclo[3.4.0]non-4-ene).  

The two ligands prepared to examine the effects of alkyl group addition were TMhpp (the 

anion of 3,3,9,9-tetramethyl-1,5,7-triazabicyclo[4.4.0]dec-4-ene) and TEhpp (the anion of 

3,3,9,9-tetraethyl-1,5,7-triazabicylo[4.4.0]dec-4-ene).  The structure of the ligands can be 

seen in Figure 5.1.  The primary reason for adding the alkyl groups on the hpp core is to 

try to increase the solubility of the metallated complexes in common organic solvents.  

An additional benefit of the alkylated bicyclic guanidinates is that the metallated species 

should be destabilized relative to Mo2(hpp)4 due to the electron donating properties of the 

alkyl groups.  The alkyl groups might also provide for greater electron relaxation energy 

in ionization to the positive ion, thus also contributing to a lower ionization energy. 

Molybdenum was the metal chosen when preparing the paddlewheel complexes due to 

the less complicated synthetic route compared to their tungsten analogues. 

 In this chapter, the photoelectron spectra and the density function theory 

calculations of the ligands and the molybdenum complexes will be discussed to 

determine the effects of alkylation and geometric changes on the quadruple-bonded 

dimolybdenum complexes with bicyclic guanidinate ligands. 

  



 

 
 
 
 
 
 

Figure 5.1: Bicyclic guanidinates 
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5.2:  Experimental 

 General Methods.  The samples were prepared by our collaborators at Texas 

A&M University.  Upon receiving the samples, they were stored in an inert atmosphere 

glove box to minimize oxygen and water exposure, as the samples are extremely air and 

water sensitive. 

 Synthesis.  The protonated bicyclic guanidinate ligands and the dimolybdenum 

tetrakis(bicyclic guanidinate) complexes were synthesized by Chad Wilkinson in the 

laboratory of F. Albert Cotton at Texas A&M University.  The synthetic procedures have 

been published.59,128 

 Photoelectron Spectroscopy.  The collection of the spectra of the molybdenum 

bicyclic guanidinates was complicated by the extreme water and oxygen sensitivity of the 

samples.  Special techniques were developed to minimize water and oxygen exposure 

during the sample loading process.  The stainless steel cell was used due to the elevated 

data collection temperatures.  The sample cell was placed into a double-layered Ziploc© 

bag, and was pumped into the inert atmosphere glove box.  During the sample loading 

process, the sample chamber on the instrument was kept under vacuum to minimize water 

and oxygen adsorption on the surfaces.  The sample was then loaded in the glove box and 

then the Ziploc© bags were sealed and the sample was removed from the glove box and 

then walked over to the instrument.  The sample chamber was then brought up to 

atmosphere, and had Ar(g) and N2(g) flowing through it to minimize water and oxygen 

exposure.  The double-layered Ziploc bag containing the sample cell was opened and was 
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connected to the instrument and then the sample chamber was pumped down to start the 

experiment. 

 As common with the data collection of paddlewheel complexes, the presence of 

ligand is seen first as the sample is heated.  The ligand comes from excess ligand 

remaining from the synthesis and from decomposition of the compound during the 

experiment.  After the ligand is no longer present, but before the presence of signal from 

the paddlewheel complex, the instrument experiences a period where the sensitivity 

lowers and the resolution gets broader.  This period most likely occurs due changes in the 

sphere surfaces inside the instrument. During this period, the sensitivity of the instrument 

diminishes to near or complete loss of the 2P3/2 Ar peak and the halfwidth of the 2P3/2 Ar 

peak increases dramatically.  Typical sensitivity and resolution of the 2P3/2 Ar peak 

during this period is 500-1000 cps and 100-150 meV, respectively. This period usually 

last about 5 to 15 minutes and then conditions return to where they were prior to this 

period. 

 While collecting He II data on the Mo2(TEhpp)4 sample, the sensitivity decreased 

and the resolution increased to the point that the 2P3/2 peak of the Ar ionization was no 

longer detectable.  The He self-ionization was then used to calibrate the instrument.  The 

He self-ionization is present at 24.59 eV.  Pertinent experimental conditions can be seen 

in Table 2.2. 

 Data Analysis. Data analysis was performed using the computer program WinFp 

(version 0.19.8).  A discussion of the fitting procedure in more detail can be found 
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elsewhere.55  The Mo-Mo δ bond was fit with multiple Gaussian peaks to account for the 

different conformers found. 

 Computational Studies. The electronic structure calculations were performed 

using the ADF2006.01 suite.56,96,121  Geometry optimizations were performed using the 

VWN local density approximation with the Stoll correction.122,123  The ligands atoms 

used a TZP (valence triple zeta functions with a polarization function) basis set, while the 

dimolybdenum core used the TZ2P (valence triple zeta functions with two polarization 

functions) basis set.  The frozen core approximation was set at the 3d level for the 

dimolybdenum core.  The zero order relativistic approximation was used to account for 

relativistic effects.97-101  The final coordinates from the geometry optimizations were used 

to perform single point calculations using the OPTX generalized gradient 

approximations.124,125  All of the atomic charges are from Voronoi deformation 

densities.129 

5.3 Results and Discussion 

 Electronic Structures of the Ligand Precursors.  Figure 5.2 shows the He I 

photoelectron closeup spectra of the bicyclic guanidinate ligands.  All of the guanidinates 

have a single broad peak as its first ionization band that is fit with a single Gaussian peak.  

The second band is broader than the first and is fit with two Gaussian peaks.  The 

ionization peaks, half-widths, and relative areas can be seen in Table 5.1.  The spectra of 

the protonated ligands was collected and presented with fitting by a former group 

member.15  The ionization energies of the protonated guanidinates follows the trend of  

 
 



 

Figure 5.2: He I UPS Spectra 

 

 
 
 
 

UPS Spectra of the Protonated Guanidinate Ligands
of 6.00 to 11.00 eV 
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of the Protonated Guanidinate Ligands in the Range 

 



 110

 
 
 
 

 

Table 5.1: Photoelectron Ionization Features of the Protonated Guanidinate Ligands 

Ligand 
Peak Position 

(eV) 
Width-High 

(eV) 
Width-Low 

(eV) 
Relative Area 

Htbo 
8.08 0.73 0.51 100 
9.08 0.90 0.43 121 
9.64 0.82 0.49 60 

Htbn 
7.83 0.77 0.53 100 
8.91 0.44 0.53 95 
9.36 0.81 0.37 55 

Hhpp 
7.63 0.80 0.54 100 
8.47 0.70 0.32 111 
9.05 0.78 0.44 74 

HTMhpp 
7.45 1.13 0.52 100 
8.31 0.98 0.32 123 
8.85 0.99 0.42 41 

HTEhpp 
7.35 0.78 0.50 100 
8.20 0.60 0.33 103 
8.68 0.67 0.47 81 
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decreasing ionization energy with increasing number of ancillary carbon atoms in the 

molecule.  The Htbo molecule has four ancillary carbon atoms, Htbn has 5, Hhpp has 6, 

HTMhpp has 8, and HTEhpp has 10 ancillary carbon atoms.  Electronic structure 

calculations help describe the character of the fitted Gaussian bands from the 

photoelectron spectra.  Figure 5.3 shows the three highest occupied Kohn-Sham orbitals 

of Hhpp.  The HOMO is predominately the N=C π bond mixed in an antisymmetric 

fashion with the out-of-plane p orbital lone pairs of both the protonated nitrogen and the 

nitrogen shared between the fused rings.  The next two orbitals are combinations of the 

in-plane lone pair of the unprotonated nitrogen with the out-of-plane p orbitals of the two 

other nitrogen atoms.  The mixing of the in-plane p orbitals with the out-of-plane p 

orbitals is allowed due to the nonplanarity of the Hhpp, but the two combinations are not 

expected to have a large energy difference. 

 The experimental and calculated first ionization energies for the protonated 

ligands are compared in Tables 5.2 and 5.3.  The difference between the two tables is the 

functional used for the calculated values.  In Table 5.2, the PW91 functional was used 

and in Table 5.3 the OPTX functional was used.  While the ionization energies calculated 

by the ∆ESCF method do not match the experimental values well, the offset from the 

experimental ionization energy is consistent in both sets of calculations.  The PW91 

functional underestimated the ionization energies by 0.27 ± 0.03 eV.  The OPTX 

functional overestimated the ionization energies by 0.23 ± 0.02 eV.  The calculated 

values show the trend seen in the experimental values.  The shifts in first ionization  



 

Figure 5.3: The First Three Occupied Orbitals of Hhpp

 
 
 

: The First Three Occupied Orbitals of Hhpp and the Kohn
energies. 
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and the Kohn-Sham orbital 
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Table 5.2: Photoelectron Spectroscopic and Computationally Determined First 
Ionization Energies for Protonated Guanidinate Ligands (eV) (GGA: PW91) 

Ligand HOMO Experimental ∆ESCF Experimental - ∆ESCF 
Htbo -4.72 8.08 7.77 0.31 
Htbn -4.62 7.83 7.53 0.30 
Hhpp -4.51 7.63 7.37 0.26 

HTMhpp -4.45 7.45 7.20 0.25 
HTEhpp -4.44 7.35 7.08 0.27 
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Table 5.3: Photoelectron Spectroscopic and Computationally Determined First 
Ionization Energies for the Protonated Guanidinate Ligands (eV) (GGA: OPTX) 

Ligand HOMO Experimental ∆ESCF Experimental - ∆ESCF 
Htbo -4.97 8.08 8.29 -0.21 
Htbn -4.79 7.83 8.04 -0.21 
Hhpp -4.68 7.63 7.88 -0.25 

HTMhpp -4.57 7.45 7.71 -0.26 
HTEhpp -4.53 7.35 7.57 -0.22 
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energy are well accounted for by the calculated values.  The decreasing ionization energy 

in the guanidinate series with increasing number of ancillary carbon atoms may be  

interpreted as an inductive effect that either destabilizes the energy of the HOMO in the 

neutral molecule or stabilizes the positive charge on the cation.  Comparison of the shifts  

of the HOMO energies with the ∆ESCF ionization energies show that both mechanisms are 

operable, but the stabilization of the positive charge on the cation is the larger factor.  

This can be seen when comparing the HTMhpp and HTEhpp ligands.  The difference in 

their HOMO values is 0.01 and 0.04 eV respectively and the shift in the calculated 

ionization energy taking account the relaxation of the positive ion is 0.12 and 0.14 eV 

respectfively. 

 Ligand Factors Determining Low Ionization Energies of M2(bicyclic 

guanidinate)4 Paddlewheel Molecules.  Having knowledge of the electronic structure of 

the protonated guanidinate ligands gives us insight into the ionization of the dimetal 

paddlewheel complexes, but there are additional factors that must be considered to have a 

better picture of the overall electronic structure of the metallated species.  The two major 

factors that need to be considered are the distribution of the electron density on the ligand 

and the overlap of the ligands with the metal orbitals. 

 Tables 5.4 and 5.5 give the calculated atomic charges for the N atoms and the 

HOMO energies of the guanidinate anions.  The trend shows that the negative charges of 

the N atoms increase from TEhpp to tbo.  This is counterintuitive given the trend seen in 

the ionization energies of the protonated ligand series.  Increasing negative charge is  
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Table 5.4: Voronoi Charges on the Nitrogen Atoms of the Bicyclic Guanidinate 
Ligand Anions and Relative HOMO Energies (GGA: PW91) 

Ligand HOMO (eV) N’ Chargesa N” Chargesb 
tbo 1.08 -0.391 -0.157 
tbn 1.06 -0.381 -0.145 
hpp 1.22 -0.369 -0.131 

TMhpp 1.01 -0.368 -0.124 
TEhpp 0.88 -0.367 -0.123 

a N’ are the two nitrogen atoms that coordinate to the metal.  b N” is the nitrogen atom 
shared between the fused rings. 
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Table 5.5: Voronoi Charges on the Nitrogen Atoms of the Bicyclic Guanidinate 
Ligand Anions and Relative HOMO Energies (GGA: OPTX) 

Ligand HOMO (eV) N’ Chargesa N” Chargesb 
tbo 0.84 -0.394 -0.157 
tbn 0.90 -0.383 -0.147 
hpp 1.06 -0.371 -0.133 

TMhpp 0.90 -0.373 -0.128 
TEhpp 1.17 -0.351 -0.103 

a N’ are the two nitrogen atoms that coordinate to the metal.  b N” is the nitrogen atom 
shared between the fused rings. 
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generally associated with lower ionization energy.  The ancillary carbon atoms may help 

with the stabilization of the anionic species due to the ability to spread the negative 

charge over the larger molecule.  This is the same trend that is seen in the stabilization of 

the cations of the protonated species when calculating the ∆ESCF values. 

 Examining the HOMO energies of the anions, there is a discrepancy between the 

different functionals used in the calculations.  For the PW91 calculations, the least stable 

HOMO energy of the guanidinate anion was for hpp.  The other guanidinate anions were 

more stable following the trend of higher number of ancillary carbon atoms would be 

more stable.  This trend is also seen in the stabilization of the protonated ligand cations.  

The tbn and tbo anions having a more stable anion HOMO compared to hpp indicates 

that the charge effects are overcome by the decreasing 6,5 and 5,5 ring sizes in tbn and 

tbo, respectively.  For the OPTX calculations, the HOMO values are in the same order as 

their protonated analogues with the exception of TMhpp, which is stabilized relative to 

hpp.  The value for TEhpp is significantly destabilized from hpp and is possibly 

artificially high.  The Voronoi charges for the both types of nitrogen atoms can be seen in 

Tables 5.4 and 5.5.  The Voronoi charges support the notion that having a greater number 

of ancillary carbon atoms will have the effect of distributing the negative charge. 

 Geometry effects.  Figure 5.4 shows the geometry-optimized structures of Hhpp 

and Htbo.  There are many possible conformations according to the puckering of the 

saturated carbon atoms in the rings.  The conformers shown in Figure 5.4 have the related 

carbon atoms on each half of the molecules either both above or below the mean plane of 

the guanidinate core, such that the fused bond acts as approximate plane of symmetry  



 

 

Figure 5.4: Geometry Optimized Structures of Hhpp and Htbo

 
 

: Geometry Optimized Structures of Hhpp and Htbo
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: Geometry Optimized Structures of Hhpp and Htbo 



 120

between each side of the molecule.  In an alternative conformation, each related pair of 

carbon atoms on the two halves of the molecule are on opposite sides of the mean plane 

such that the fused bond acts as an approximate C2 symmetry axis.  Regardless of 

conformer, there are two significant differences between Hhpp and Htbo, which are  

consequences of the constraints imposed by the smaller ring size in Htbo.  First the 

direction of the N-H bond is tilted towards the other nitrogen atom in Hhpp, whereas in 

Htbo the bond is tilting away from the other nitrogen.  This will have consequence on the 

Mo-Mo bond length in the complexes.  Because the lone pairs are expected to point in the 

same direction as the bonds, the Mo-Mo bond length will be longer in Mo2(tbo)4 than in 

Mo2(hpp)4 and the ligand donation may be weaker due to poorer overlap.  Second, the 

distance between the nitrogen atoms used to bind to the Mo2 unit in Hhpp is calculated to 

be 2.29 Å compared to 2.45 Å in Htbo.  The geometry change contributes to the greater 

stability of the HOMO of the tbo anion compared to the hpp anion because of the 

decreased antibonding interaction between the two nitrogen atoms, and this consequently 

decreases the donation of electron density from this orbital to the metals.  The smaller 

bite angle for the hpp ligand indicates that it should favor shorter Mo-Mo distances 

without distortion of the ligand. 

 Dimolybdenum Compounds.  A previous group member15 collected the He I 

photoelectron spectrum of Mo2(tbo)4 and performed electronic structure calculations to 

determine the orientation of the guanidinate ligands around the dimolybdenum core.  The 

calculated structures can be seen in Figure 5.5.  She determined that the C4h conformer 

was lower in energy than the D2h conformer by 0.8 eV. A similar energy difference was  



 

Figure 5.5
 

5.5: Structures of Mo2(tbo)4: (C4h top, D2h bottom)
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bottom) 
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seen in Mo2(hpp)4.  Calculations using the OPTX generalized gradient approximation 

(gga) showed the same results between the conformers for both species, but the energy  

difference between the two conformers was smaller (0.1 eV).  The calculated ionization 

energy difference between Mo2(hpp)4 and Mo2(tbo)4 using the PW91 gga is 0.38 eV, and  

the calculated ∆ESCF ionization energy difference between Mo2(hpp)4 and Mo2(tbo)4 is 

0.31 eV. The calculated ionization energy difference between Mo2(hpp)4 and Mo2(tbo)4 

using the OPTX gga is 0.33 eV, and the calculated ∆ESCF ionization energy difference 

between Mo2(hpp)4 and Mo2(tbo)4 is 0.42 eV.  The experimental difference between the 

first ionization energies of the complexes is 0.48 eV. 

The differences between the calculated structures for Mo2(hpp)4 and Mo2(tbo)4 

showed a 0.10 Å (PW91) and a 0.06 Å (OPTX) respectively, lengthening of the Mo-Mo 

bond.  There were no significant changes in the calculated Mo-N bond lengths and the N-

Mo-Mo angles between Mo2(hpp)4 and Mo2(tbo)4.  The distance between the nitrogen 

atoms of the tbo ligand that are used to bind to dimolybdenum units have shorted 0.07 Å 

compared to Htbo, whereas the distance between the nitrogen atoms of the hpp ligand is 

virtually unchanged when bound to the dimolybdenum unit. 

Figure 5.6 shows the δ bond ionization of the molybdenum bicyclic guanidinates.  

A previous group member predicted that none of the species would have an ionization 

energy lower than Mo2(hpp)4 based on the Mo2(tbo)4 results and the calculated HOMO 

values of the bicyclic guanidinate anions.  Mo2(TEhpp)4 has both an vertical and onset 

ionization energy lower than Mo2(hpp)4.  The values can be seen in Table 5.6.  The effect  



 

Figure 5.6: He I UPS Spectra
guanidinate)

 
 
 
 
 

UPS Spectra of the δδδδ Bond Ionization of the Mo
guanidinate)4 Complexes in the Range of 3.50 to 5.50 eV
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Bond Ionization of the Mo2(bicyclic 
Complexes in the Range of 3.50 to 5.50 eV 
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Table 5.6: Ionization Energies of the First Ionization Band 

 Band Maximum (VIE) (eV) Band Onset (AIE) (eV) 

Mo2(tbo)4 4.82 4.4 
Mo2(tbn)4 4.50 4.2 
Mo2(hpp)4 4.34 4.01 

Mo2(TMhpp)4 4.43 4.0 
Mo2(TEhpp)4 4.31 3.93 
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of adding the ethyl groups to the hpp ligand shifted the vertical ionization energy by 0.03 

eV and the onset ionization energy by 0.07 eV.  Mo2(tbo)4 and Mo2(tbn)4, the  

metallated species using the bicyclic guanidinates with different sized rings, as expected 

had ionization energies greater than Mo2(hpp)4.  The trend in the δ bond ionization  

energy matched the trend of the ligand anions using the OPTX generalized gradient 

approximation.   

 When comparing the width of the δ bond ionization band of the metallated 

species, Mo2(hpp)4 has the narrowest band, closely followed by Mo2(tbo)4.  The other 

species have larger ionization bandwidths due to multiple conformers that are present at 

the elevated collection temperatures.  The Gaussian peaks in Figure 5.6 indicate the 

conformation complexity of the molecules during the data collection.  In Mo2(tbn)4, the 

head-head or head-tail orientation of the 5,6 fused rings adds an additional degree of 

freedom not seen in Mo2(tbo)4.  In Mo2(TMhpp)4 and Mo2(TEhpp)4, the orientation of the 

alkyl groups add to the conformational complexity.  This seems to especially be true of 

Mo2(TEhpp)4 with its very wide band for the δ bond ionization. 

 The complexity of predicting the first ionization energy of the molybdenum 

complexes cannot be simply surmised by taking a look at the first ionization energy of 

the protonated ligand.  The position of the electron density on the ligands and amount of 

metal-ligand overlap must be taken into account.  Electronic structure calculations of the 

protonated ligands and ligands can help us determine these factors that contribute to the 

overall electronic structure of the paddlewheel complexes. 
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5.4 Conclusion 

 Adding different bicyclic guanidinates to a dimolybdenum core to create 

complexes similar to Mo2(hpp)4 proved to be a worthwhile cause.  The effect of adding 

alkyl groups and ring strain were tested.  The two complexes that had smaller ring sizes 

in their ligands proved to be poorer reducers than Mo2(hpp)4.  Mo2(TMhpp)4 was a 

poorer reducer than Mo2(hpp)4 but was a better reducer than the two complexed with 

ring-strained ligands.  Mo2(TEhpp)4 proved to be a better reducer than Mo2(hpp)4.  The 

molybdenum bicyclic guanidinates are very powerful reducers.  The poorest reducer, 

Mo2(tbo)4, has an ionization energy of 4.78 eV.  This is lower than many well-known 

reducing agents such as (η
5-C9Me7)2Co (4.89 eV) and (η5-C5Me5)2Cr (4.93 eV).130,131 

Due to the trends that were seen with the Group 6 metals in the M2(hpp)4 series, it 

is possible that W2(TEhpp)4 would have an even lower ionization energy than W2(hpp)4.  

Our collaborators decided to prepare the tungsten analogues of M2(TMhpp)4 and 

M2(TEhpp)4.  The photoelectron spectra of W2(TMhpp)4 and W2(TEhpp)4 are presented 

and compared to W2(hpp)4 in Chapter 6.
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CHAPTER 6 
 

THEORETICAL AND SPECTROSCOPIC INVESTIGATION OF ALKYL-
SUBSTITUTED TUNGSTEN BICYCLIC GUANIDINATES SIMILAR TO 

W2(hpp)4 AND COMPARISON TO OTHER ALKYL SUBSTITUTED SYSTEMS 
 
6.1 Introduction 

 The discovery of W2(hpp)4, (hpp is the anion of 1,3,4,6,7,8-hexahydro-2H-

pyrimido[1,2a]pyrimidine) as the molecule with the lowest recorded ionization energy for 

a neutral molecule was welcomed by synthetic chemists due to its potential use as a 

powerful reducing agent.7,132  The low solubility of W2(hpp)4 in most traditional solvents 

proved to be a potential roadblock to its use as a reducing agent.  One potential way to 

improve the solubility of the system is the addition of alkyl groups on the ligand 

framework.  Due to the difficult nature of the synthesis of the ditungsten complex with 

hpp ligands, our collaborators at Texas A&M University first synthesized the 

molybdenum analogues to observe what effect adding alkyl groups produced.59,66  These 

results were presented in the previous chapter.  In seeing that adding alkyl groups not 

only increased the solubility of the molecules but also had an additional benefit of 

slightly destabilizing the first ionization of the molecules to lower ionization energy, they 

proceeded to synthesize the tungsten analogues.  In this chapter, the photoelectron spectra 

and computational studies of the alkyl-substituted tungsten guanidinate species are 

presented and the effects of increasing the alkyl chain to the ability for electron donation 

are examined. 



 128

6.2 Experimental 

  General Methods.  The tungsten guanidinate samples were prepared by our 

collaborators at Texas A&M University.  The samples were prepared using the same 

methods used to prepare W2(hpp)4 originally.132  The samples were sent in sealed 

ampoules and when received were placed in an inert atmosphere glove box prior to data 

collection. Due to the extreme oxygen and water sensitivity of the tungsten guanidinates, 

additional steps to keep the samples oxygen and water free as possible were used which 

will be described later. 

Photoelectron Spectroscopy.  The data collection of the alkyl-substituted 

tungsten guanidinates proved to be a nontrivial task. The collection of the spectra of the 

tungsten bicyclic guanidinates was complicated by the extreme water and oxygen 

sensitivity of the samples.  Special techniques were developed to minimize water and 

oxygen exposure during the sample loading process.  The stainless steel cell was used 

due to the elevated data collection temperatures.  The sample cell was placed into a 

double-layered Ziploc© bag, and was pumped into the inert atmosphere glove box.  

During the sample loading process, the sample chamber on the instrument was kept under 

vacuum to minimize water and oxygen adsorption on the surfaces.  The sample was then 

loaded in the glove box and then the Ziploc© bags were sealed and the sample was 

removed from the glove box and then walked over to the instrument.  The sample 

chamber was then brought up to atmosphere, and had Ar(g) and N2(g) flowing through it to 

minimize water and oxygen exposure.  The double-layered Ziploc bag containing the 

sample cell was opened and was connected to the instrument and then the sample 
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chamber was pumped down to start the experiment.  Additional steps were needed to 

obtain the W2(TEhpp)4 spectrum.  When loading the sample into the cell, it could not be 

placed in the sample compartment of the sample cell due to the extreme reactivity of the 

sample.  Teflon tape was placed in the light stop of the ionization cell and the broken 

glass ampoule containing the sample was placed directly into the ionization chamber of 

the sample cell.  This allowed us to collect the spectrum at the expense of having elevated 

resolution during the experiment. 

 As common with the data collection of paddlewheel complexes, the presence of 

ligand (the protonated guanidinate anion in this case) is seen first as the sample is heated.  

The ligand comes from excess ligand remaining from the synthesis and from 

decomposition during the experiment.  After the ligand is no longer present, but before 

observation of significant electron counts from ionization of the paddlewheel complex in 

the gas phase, the instrument experiences a period where the sensitivity lowers and the 

resolution gets broader.  This period most likely occurs due to changes in the surfaces 

inside the instrument caused by surface absorption of the sample, which would create a 

very low work function surface.  During this period, the sensitivity of the instrument 

diminishes to near or complete loss of the 2P3/2 Ar peak and the halfwidth of the 2P3/2 Ar 

peak increases dramatically.  Typical sensitivity and resolution of the 2P3/2 Ar peak 

during this period is 500-1000 cps and 100-150 meV, respectively.  This period usually 

lasts about 5 to 15 minutes and then conditions return to where they were prior to this 

period.  The tungsten guanidinates do not rebound from this period.  The Ar peak 

sensitivity, which corresponds to photoelectrons with 5.45 eV kinetic energy, becomes so 
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low that it is no longer detectable.  The He self-ionization, which corresponds to 

photoelectrons with 16.22 eV kinetic energy from He atoms excited by the He II photons 

in the source, is then used to calibrate the instrument.  This is achieved by running the 

photon source in He II mode while collecting data in He I mode.  The He self-ionization 

appears with an apparent binding energy at 4.992 eV in the He I spectrum.133  This helps 

account for the energy scale drift, which is present in any data collection, and is 

advantageous in that the apparent binding energy is close to the binding energy of the 

peak of interest.  When adding the individual scans, the energy scale was adjusted so that 

the He self-ionization was set to 4.99 eV prior to the addition of the data files. 

The resolution for the W2(TMhpp)4 and W2(TEhpp)4 experiments, as measured by 

the He self-ionization, was 71 meV and 88 meV respectively.  The sublimation 

temperatures for the W2(TMhpp)4 and W2(TEhpp)4 were 216˚C and 327˚C, respectively. 

 Data Analysis.  Data analysis was performed using the computer program WinFp 

(version 0.19.8).  A discussion of the fitting procedure in more detail can be found 

elsewhere.55  The W-W δ bond was fit with two Gaussian peaks to account for the 

different conformers found.  The W2(TEhpp)4 data was not He Iβ subtracted because the 

data collection focused on the closeup of δ bond ionization band, and therefore no He I 

full data was collected to perform the subtraction. 

 Computational Studies.  Electronic structure calculations were carried out with 

the program ADF2008.01d.56,96,134  Geometry optimizations were performed using the 

VWN local density approximation with the Stoll correction.122,123  The final coordinates 

from the geometry optimizations were used to perform single point calculations using the 
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PW91 generalized gradient approximation.135,136  The carbon, nitrogen, and hydrogen 

atoms were described using a TZP (valence triple zeta functions with a polarization 

function) basis set, while the tungsten atoms were described with the TZ2P (valence 

triple zeta functions with two polarization functions) basis set.   The core was frozen at 

the 3d and the 4d level for the molybdenum and tungsten atoms respectively.  The zero 

order relativistic approximation was used to account for relativistic effects.97-101  The 

initial guesses for the geometries for W2(guanidinate)4 complexes were based off of the 

crystal structures of their molybdenum analogues.128  The structures were designed to 

have C4h symmetry, as this symmetry provided the lowest energies in our studies of the 

molybdenum analogues.66 

6.3 Results and Discussion 

 Photoelectron Spectroscopy.  Figures 6.1-6.3 show the δ bond ionization bands 

of the W2(guanidinates)4. The unsaturated nature of the guanidinate rings and the alkyl 

chains lead to many degrees of geometric freedom.  This will lead to many different 

conformers to be present in the sample.  The ionization bands are rather wide due to the 

different conformers present.  The band to the high ionization energy side comes from 

higher energy conformers that are in the gas phase.  This was also seen with the 

molybdenum analogues.66  The width of the δ bond ionization bands was comparable 

between the molybdenum and tungsten analogues. W2(TMhpp)4 has the smallest width 

ionization band.  This is counterintuitive, as there should be more conformers of the 

TEhpp anion compared to the TMhpp anion.  This indicates that W2(TMhpp)4 has the 

smallest number of conformers.  Due to high reactivity of the W2(TEhpp)4, only  
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approximately 400 counts were collected.  The variance of the W2(TEhpp)4 spectrum, as 

seen in Figure 6.4, is much larger than the two other W2(guanidinate)4 analogues due to 

lower signal to noise ratio.  The variance is indicated by the length of the lines for the 

electron counts at each energy point.  

 As predicted by calculated electronegativity trends137 and the photoelectron 

spectra of the protonated ligands,66 there is a slight destabilization going from W2(hpp)4 

to W2(TMhpp)4 to W2(TEhpp)4.  The photoelectron spectra of the protonated ligands can 

be seen in Figure 6.5.  The numbers for the vertical and adiabatic ionization energies of 

the species is presented in Table 6.1.  There is a 0.05 eV and a 0.09 eV destabilization in 

the vertical and adiabatic ionization energies, respectively in going from W2(hpp)4 to 

W2(TEhpp)4.  Comparing the data to their molybdenum analogues, the tungsten 

guanidinates have a clear trend of destabilization upon adding longer alkyl groups to the 

guanidinate ligands, whereas for the molybdenum analogues the trend is not clearly 

present.  The He I closeup of the δ bond ionization of the molybdenum guanidinates can 

be seen in Figure 6.6 and Table 6.2.  Spin-orbit considerations in the tungsten species are 

minimal given that the width of the δ bond ionization bands are similar, if not a little 

smaller in width than their molybdenum analogues. 

 Computational Studies.  Using the information gained from the computational 

studies performed on the molybdenum analogues, a computational study on the tungsten 

guanidinates was performed.  The results of the geometry optimization of W2(hpp)4 were 

compared to the crystal structure.  The results can be seen on Table 6.3.  The calculations  
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Table 6.1: Ionization Energy Values for Selected W2(guanidinates)4 

 Vertical/eV Adiabatic/eV 
W2(hpp)4 3.76±0.02 3.51±0.05 

W2(TMhpp)4 3.74±0.03 3.45±0.03 
W2(TEhpp)4 3.71±0.03 3.40±0.05 

 
 

  



 

 
 
 
 
 
 

Figure 6.6: He I UPS Spectra 
Complexes in the Range of 3.50 to 5.50 eV

UPS Spectra of the δδδδ Bond Ionization Bands of Mo
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Table 6.2: Ionization Energy Values for Selected Mo2(guanidinates)4 

 Vertical/eV Adiabatic/eV 
Mo2(hpp)4 4.34±0.02 4.01±0.03 

Mo2(TMhpp)4 4.43±0.02 4.00±0.03 
Mo2(TEhpp)4 4.31±0.03 3.93±0.03 
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Table 6.3: Comparison of Geometric Values for W2(hpp)4 

 Calculated Crystal Structure 
W-W 2.161 Å 2.162 Å 
W-N 2.108 Å 2.128 Å 

W-W-N 91.90˚ 91.78˚ 
N-N 2.301 Å 2.295 Å 
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matched the crystal structure results very well.  The crystal structures for W2(TMhpp)4 

and W2(TEhpp)4 were not available for comparison.  Comparing the results of the 

calculated ionization energies by the ∆ESCF method to the experimental values shows 

very good agreement.   The values for the tungsten complexes are within the error of the 

experiment.  The values can be seen in Table 6.4.  The ∆ESCF calculations matched the 

experimental values for the tungsten guanidinates better than their molybdenum 

analogues.  This may be due to the fact that the calculations better matched the bond 

lengths and angles in the tungsten case.  The comparison of the calculated geometric 

values to the crystal structure values for the molybdenum guanidinates can be seen on 

Table 6.5. 

 As seen with the protonated guanidinate ligands,66 the key to the very low 

ionization energies seen by the tungsten guanidinates is their ability to stabilize the cation 

of while destabilizing the neutral species.  From W2(hpp)4 to W2(TEhpp)4 there are an 

additional 16 ancillary carbons on the ligands.  The additional carbons will tend to 

destabilize the molecule by placing more electron density around the dimetal core.  It will 

also stabilize the cation of the molecule due to the extra carbons ability to spread out the 

positive charge.  Both mechanisms are present, but the stabilization of the cation seems to 

be the dominant factor.  The difference between the calculated HOMOs of W2(TMhpp)4 

and W2(TEhpp)4 is less than 0.01 eV, while the difference in the calculated ∆ESCF is 0.07 

eV.  The difference between the calculated HOMOs of W2(hpp)4 and W2(TEhpp)4 is  

0.08 eV, and the difference in the calculated ∆ESCF is 0.06 eV.  The difference between 

the calculated HOMOs of W2(hpp)4 and W2(TMhpp)4 is 0.08 eV, and the difference in  



 143

 
 
 
 
 
 
 
 
 
 

 

Table 6.4: Photoelectron Spectroscopic and Computationally Determined First 
Ionization Energies for the Protonated Guanidinate Ligands and Dimetal 

Guanidinate Complexes (eV) 

 HOMO Experimental ∆ESCF Experimental -∆ESCF 
Hhpp -4.51 7.63 7.60 0.03 

HTMhpp -4.49 7.45 7.47 -0.02 
HTEhpp -4.43 7.35 7.32 0.03 
Mo(hpp)4 -2.07 4.34 4.08 0.26 

Mo2(TMhpp)4 -2.13 4.43 4.08 0.35 
Mo2(TEhpp)4 -2.12 4.31 3.99 0.32 

W2(hpp)4 -1.76 3.76 3.73 0.03 
W2(TMhpp)4 -1.83 3.74 3.74 0.00 
W2(TEhpp)4 -1.83 3.71 3.67 0.04 
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Table 6.5: Crystal Structure and Calculated Geometric Values for the Molybdenum 
Guanidinates 

Crystal Structure 
 Mo2(hpp)4 Mo2(TMhpp)4 Mo2(TEhpp)4 

Mo-Mo 2.067 Å 2.063 Å 2.060 Å 
Mo-N 2.157 Å 2.145 Å 2.151 Å 
N-N 2.277 Å 2.280 Å 2.281 Å 

Mo-Mo-N 92.79˚ 92.90˚ 92.93˚ 
Calculated 

Mo-Mo 2.077 Å 2.082 Å 2.084 Å 
Mo-N 2.119 Å 2.116 Å 2.117 Å 
N-N 2.294 Å 2.299 Å 2.301 Å 

Mo-Mo-N 92.92˚ 92.94 Å 92.94˚ 
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 the calculated ∆ESCF is 0.01 eV.  While this trend is not as clear as it is with the 

protonated guanidinate species, it is a plausible explanation for the very low ionization 

energies seen in the tungsten guanidinates.  

 Limit of Alkyl Donation Strength.   Adding alkyl groups to a system generally 

has the effect of destabilizing the system towards ionization compared to the 

unsubstituted system.  The traditional concept is that the lower ionization energy is a 

consequence of the enhanced donation of electron density into the W-W unit from the  

guanidinates with the alkyl substitution, either by the inductive effect of the lower 

electronegativity substituents and/or by filled-filled orbital interactions between the 

substituents and the guanidinate.  However, there is a limit to the effectiveness of the 

donation. There comes a point where the addition of additional methylene units does not 

have a significant effect on the destabilization of the δ bond ionization band.  It would be 

advantageous to determine the point at which it would not be beneficial to add additional 

methylene units to the alkyl groups attached to the guanidinate ligands.  Comparing the 

vertical ionization energy of the lowest ionization band of alkyl halides,138-152 

alcohols,138,143,153-158 thiols,143,146,156,159,160 alkyl amines,143,145,155,156,161-163 

aldehydes,54,157,164-168 and carboxylic acids,150,165,169-174 there is a logarithmic decline in 

the amount of destabilization each additional methylene unit.  In seeing this trend in other 

systems, a comparison of the vertical ionization energy of the δ bond ionization band of 

the tungsten guanidinates and fitted the points with a logarithmic fit was made. Once a 

hexyl alkyl chain length is reached the ionization energy decreases by less than 0.01 eV. 
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Examples of the plots can be seen in Figures 6.7-6.9.  The predicted vertical ionization 

energy of the hexyl-substituted tungsten guanidinate would be 3.68 eV. 

 Additionally, for some of the systems looked at, there was an added 

destabilization observed by using branched alkyl groups rather than straight-chain alkyl 

groups.  If the groups are not too sterically demanding, they could lower the δ bond 

ionization energy even further than their straight chain analogues. 

6.4 Conclusions 

 The modification of adding alkyl substituents onto the guanidinate ligands on the 

tungsten guanidinate complexes led to advantageous results in terms of their solubility in 

common organic solvents and destabilizing the molecules to lower ionization energies 

compared to unsubstituted parent complex.  The increases in solubility and even lower 

ionization energies of the alkylated species position the tungsten guanidinates as the next 

class of powerful reducing agents. 

 The high reactivity of the tungsten guanidinates led to development of specialized 

sample handing and collection techniques to acquire the spectrum of the tungsten 

guanidinates.  The developed techniques can be used if other tungsten guanidinates or 

other samples with low ionization energies are collected.  
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Figure 6.7: Comparison of Ionization Energy to Alkyl Chain Length for Alkyl 
Flourides 
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Figure 6.8: Comparison of Ionization Energy to Alkyl Chain Length for 

CpFe(CO)2SR 
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Figure 6.9: Comparison of Ionization Energy to Alkyl Chain Length for 

W2(guanidinate)4 
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CHAPTER 7 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 

7.1 Conclusions 

 This research has shown that paddlewheel complexes are an important class of 

molecules with many potential uses due their ability to tune the electronic structure 

properties of the system while keeping a rigid geometric framework.  There are two ways 

that the electronic structure of the system can be changed.  The first method of changing 

the electronic structure of the system is by changing the dimetal core.  The research on 

paddlewheel complexes prior to this dissertation focused on the metals of the d-

block.12,68,102  In this research, the paddlewheel complexes were extended into the metals 

of the p-block with the discovery of Bi2(O2CCF3)4.  This allowed for a deeper 

examination of the metal-ligand σ bond, as the orbitals participating in the metal-ligand σ 

bond are different.  A combination of photoelectron spectroscopy and computational 

methods revealed which of the ligand orbital combinations were important in the 

bonding.  The three ligand orbital combinations that were most significant were the a1g, 

b1g, and b2u orbitals.  These orbitals showed significant changes between the p-block and 

d-block complexes.  The b1g and b2u ligands orbitals have no corresponding metal orbitals 

with which to interact in the case of the Bi system.  This leaves the orbitals destabilized 

with respect to the molybdenum and tungsten analogues.  The a1g ligand orbital is also 

destabilized in the bismuth paddlewheel complex due to the different nodal properties of 

the metal pσ and dσ orbitals.  There was also a significant metal-ligand a1g orbital mixing 

in the bismuth complex that is not seen in the molybdenum and tungsten analogues. 
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 The study of the Bi2(O2CCF3)4 prompted another examination of the metal-metal 

σ bond of Group 6 carboxylates.  In the molybdenum analogues, the metal-metal σ and π 

bond ionizations were observed as one band in the photoelectron spectra, whereas in the 

tungsten analogues, the metal-metal σ and π bond ionizations are seen as separate bands.  

The density functional theory calculations showed that there was a slightly greater 

amount of the ligand a1g orbital character in the Mo-Mo σ bond as there was in the W-W 

σ bond.  Since the interaction between the metal-metal bonding orbitals and the ligand 

orbitals is a filled-filled interaction, the greater amount of ligand character in the Mo-Mo 

σ bond destabilizes the orbital just enough that σ bond ionization band coalesces with the 

π bond ionization in the photoelectron spectrum. 

 The study of Bi2(O2CCF3)4 showed the variability of electronic structure of the 

paddlewheel framework by changing the metals that formed the dimetal bridge.  Another 

way to alter the electronic structure of the paddlewheel framework is by changing the 

ligands that bridge the metals together.  There is greater variety of paddlewheel 

complexes that can be synthesized by changing the ligands rather than changing the 

metal.  The remaining portion of the dissertation involved studies of this type.  

 The distance in which a substituent can affect the electronic structure of a system 

has long been studied, as the results are relevant in the areas of electronic communication 

and the ability to synthesize “molecular wires”.  Replacing the aliphatic substituent on the 

carboxylate ligand bridges with a phenyl ring extends the distance between the 

substituent and the dimetal core and allows for multiple substituents.  A study was 

conducted to observe the effect of placing a substituent in the para position of the phenyl 
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ring of Mo2(O2CPh)4 would have on the first ionization of the photoelectron spectrum.  

The study showed that there was a significant interaction between the para substituent 

and the dimolybdenum core.  There was a shift of 0.89 eV between the complex with the 

most electron-donating substituent to the complex with the most electron-withdrawing 

substituent.  The results of the dimolybdenum tetrabenzoate study were then compared to 

their aliphatic carboxylate counterparts.  There was a greater separation between the δ 

and σ/π bond ionization bands for the molybdenum complexes with benzoate ligands 

than those with aliphatic ligands due to the greater ligand character in the Mo-Mo δ bond 

orbital.  The interaction between the dimolybdenum core and the ligands is a filled-filled 

interaction.  Also, the benzoate ligands have an additional node not present in the 

aliphatic carboxylate ligands.  Computational studies also showed that the shifts in the 

ionizations are primarily an overlap effect as the Voronoi charges on the molybdenum 

and oxygen atoms changed by only 0.001 and 0.002 eV respectively. 

 While the first part of the dissertation used paddlewheel complexes with 

carboxylates as the ligands bridging the dimetal core, the second part of the dissertation 

focused on paddlewheel complexes with bicyclic guanidinates as the ligand bridging the 

dimetal core.  This work was done in collaboration with the Cotton group at Texas A&M 

University.  After the discovery of W2(hpp)4, where hpp is the anion of 1,3,4,6,7,8-

hexahydro-2H-pyrimido[1,2a]pyrimidine, as the molecule with the lowest recorded 

ionization energy, a study was prepared to observe the effects of adding alkyl substituents 

and the effects of ring strain on the first ionization band.  Our collaborators at Texas 

A&M University synthesized four paddlewheel complexes for study.  Two of the 
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complexes were used to study the effects of ring strain, Mo2(tbn)4 and Mo2(tbo)4, where 

tbn is the anion of 1,4,6-triazabicyclo[3.4.0]non-4-ene and tbo is the anion of  1,4,6-

triazabicyclo[3.3.0]oct-4-ene. Tbn has a 5,6 bicyclic ring system and tbo has a 5,5 

bicyclic ring system.  The other two complexes were used to study the effects of adding 

alkyl substituents to the ring system, Mo2(TMhpp)4 and Mo2(TEhpp)4, where TMhpp is 

the anion of 3,3,9,9-tetramethyl-1,5,7-triazabicyclo[4.4.0]dec-4-ene and TEhpp is the 

anion of 3,3,9,9-tetraethyl-1,5,7-triazabicyclo[4.4.0]dec-4-ene.  The photoelectron spectra 

of these four complexes were compared to Mo2(hpp)4.  The trend of first ionization seen 

in the protonated ligands corresponds to the trend seen in the metallated species.  The 

electronic structure of the ligands helped determine the electronic structure of the 

metallated species, but additional geometric factors are needed to explain the complete 

picture of the electronic structure of metallated species.  The orientation of the nitrogen 

lone pairs in the ring-strained species leads to an elongated Mo-Mo bond.  This lowers 

the overlap between the ligands and the dimolybdenum core.  Since this is a filled-filled 

interaction, the decreased overlap stabilizes the species.  The alkyl substituents of the 

Mo2(TMhpp)4 and Mo2(TEhpp)4 added to the conformation complexity of the 

photoelectron spectra, having the effect of broadening ionization bands.  Mo2(TMhpp)4 

was as good as a reducer Mo2(hpp)4, and Mo2(TEhpp)4 was a slightly better reducer than 

the previous two species.   

 Based on the results of the previous study, it was decided to pursue the tungsten 

analogues of the Mo2(TMhpp)4 and Mo2(TEhpp)4 to see if they would be better reducing 

agents than W2(hpp)4.  Due to the extreme water and oxygen sensitivity of the molecule, 
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special procedures were developed to collect the photoelectron spectra of these 

molecules.  Both species had a slightly lower first ionization than the unsubstituted 

W2(hpp)4 with the W2(TEhpp)4 being slightly lower than W2(TMhpp)4.  The results of 

this study show that molybdenum and tungsten guanidinate paddlewheel complexes are 

on their way to being the next big class of extremely strong reducing agents. 

7.2 Future Directions 

 There are many studies that could be conducted to further the understanding of 

the metal-ligand interaction of paddlewheel complexes that would complement the 

Bi2(O2CCF3)4 study conducted in this dissertation.  A comparison study of the 

photoelectron spectroscopic data and computational studies of Rh2(O2CCF3)4 and 

Bi2(O2CCF3)4 would further examine the metal-ligand interactions due to the fact that 

there are additional filled dimetal orbitals in dirhodium than in dimolybdenum such as the 

filled Rh-Rh π* orbital, that has a eg symmetry. 

 If there is a successful synthesis of the two p-block analogues to the left and right 

of Bi2(O2CCF3)4 , Pb2(O2CCF3)4 and Po2(O2CCF3)4, with the same geometric framework, 

obtaining the photoelectron spectra of these two species could shed greater light on the p-

block metal paddlewheels.  In looking at the Pb analogue, it would be interesting to see if 

the first ionization band would have significant metal character without the presence of a 

formal metal-metal bond.  Likewise for the polonium analogue, the presence of Po-Po a2u 

metal-metal antibonding ionization band would further support the claims used as 

evidence in Chapter 3. 
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 One of the current foci of the Lichtenberger group is understanding the electronic 

effects of going from the gas phase to the condensed phase.  A former group member 

studied this effect in Mo2(O2CCH3)4 and Mo2(O2CCPh)4 using gas phase and condensed 

phase UPS.175  It would be useful to know if the stabilization or destabilization seen on 

the addition of p-substituents on the phenyl rings would be enhanced or reduced upon 

moving to the condensed phase due to the solvent effects observed in the condensed 

phase spectrum.  This information would be valuable for planning the next stages of 

study when the paddlewheel monomers are connected together for the larger goal of 

making “molecular wires” in new electronic devices. 

The tungsten guanidinate paddlewheel complexes already show great promise as 

the next class of reducing agents.  The push for complexes with even lower ionization 

energy is a valiant effort.  Currently the method of trying to obtain complexes with lower 

ionization energies is adding alkyl substituents on the carbon atoms that are β to the 

bridge nitrogen atoms.  Placing alkyl groups that are α to the bridging nitrogen atoms 

may be more effective in lowering the ionization energy of the δ bond ionization due to 

its closer proximity to metal-ligand bridge. 

Dimetal paddlewheel complexes are a wonderful class of complexes that have 

major untapped potential in many various fields of chemistry. The key to the versatility 

of this class of molecules is having a high degree of tunability while having a rigid 

geometric framework.  Having a better understanding of the metal-metal bonding and the 

metal-ligand σ bonding interaction in the paddlewheel complexes presented in this 
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dissertation, along with the work of others, will help further the knowledge base to 

unlock the potential in the fields of catalysis, biomedical applications, and materials. 
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