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ABSTRACT 
 

 

 The research presented in this dissertation focuses on the changes to the electronic 

structures of metal diphosphine and paddlewheel molecules due to different 

environments, especially intermolecular interactions present in the condensed phase.  

These intermolecular interactions, measured by photoelectron spectroscopy, represent 

important aspects of solvation, and an experimental measure of the interactions provides 

tests for modeling solvent effects.  The condensed-phase molecular environment, in the 

form of thin films on a gold substrate, acts as an effective system to probe the electronic 

relaxation component of solvent effects by comparing the ionization energies of a 

molecule in the gas and condensed phase. 

 The challenges of preparing thin films appropriate for study by condensed-phase 

photoelectron spectroscopy, without appreciable ionization broadening or substrate 

effects, and the development of a method for calibrating the resulting spectra to the 

vacuum level have been addressed.  This method of calibration has been critical to allow 

for accurate comparisons of gas-phase and surface photoelectron data that had not been 

possible previously. 

 The gas-phase and condensed-phase electronic structures of M(CO)4(P–P) 

(M=Mo, W; P–P=dmpe, dppe) and Mo2(O2CR)4 (R=Me, Ph) have been explored to probe 

the relative donor strength of methyl- and phenyl-substituted ligands in different 

environments.  A reversal in the relative donor strengths of dmpe and dppe is observed, 

where dppe is stronger in the gas phase, and dmpe is stronger in the condensed phase; 
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conversely, O2CPh⎯ is a better donor than O2CMe⎯ in both phases.  The condensed-phase 

ionizations are destabilized relative to the gas-phase ionizations for all molecules due to 

the additional electron relaxation in the solvent environments which stabilizes the 

positive ion state in the condensed phase.  The observed shift of the ionization energies is 

larger for the methyl-substituted molecules as compared to the phenyl-substituted 

molecules. Density functional calculations are in agreement with the experimental results 

and correctly predict the trend in the relative ionization energies of these molecules. 

 The results of these studies indicate that intermolecular interactions, which are 

accounted for reasonably well by implicit and explicit solvation models, have a greater 

affect on the electronic structure of the smaller methyl-substituted molecules as compared 

to the larger phenyl-substituted molecules. 
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CHAPTER 1 

INTRODUCTION 

 

 

 Intermolecular interactions that are found in the condensed phase, including both 

liquids and solids, represent important aspects of solvation and can greatly affect the 

chemical and electronic properties of a given material on the macro- and/or micro-scale.  

The contribution of the intramolecular interactions inherent in a molecule can be 

separated from the intermolecular interactions by comparing the electronic structure in 

the presence and absence of a solvent environment.  Photoelectron spectroscopy is a 

powerful technique, because it is the most direct method of experimentally measuring the 

electronic structure of molecules in different phases.  Several comparisons of the 

photoelectron spectra of molecules in the gas phase and condensed phase, in the form of 

solid thin films on a gold substrate, are made for the purpose of addressing the effects of 

intermolecular interactions on the overall electronic structure of methyl- and phenyl-

substituted molecules.  Comparisons of this nature are only possible when the condensed-

phase spectra are referenced to the same energy scale as the gas-phase spectra, and few 

comparisons of this sort have been reported in the past.  The methods of preparing thin 

films appropriate for study by condensed-phase photoelectron spectroscopy, the 

calibration of the condensed-phase spectra to the same energy scale as the gas phase, and 

the results of these comparisons in terms of the electron relaxation due to a solvent-like 

environment will be discussed in the following chapters. 
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Chemistry in Condensed Phases 

 Solutions and solvent effects have a fundamental role in chemistry.  This is 

especially true for chemical reactions and reaction mechanisms,1 proton transport in 

biological systems,2 charge transfer mechanisms,3 solvation of clusters,4 and the 

chemistry at interfaces.5 The theoretical modeling of solvent effects,6 specifically the 

changes to the electronic structure,7-10 for these diverse areas of chemistry has become as 

important as the experimental measurements. 

 The development of new catalysts and improving the reactivity, selectivity, and 

other general properties of existing catalysts have become areas of significant focus, both 

in industrial and academic research.  Minor changes to the environment of the molecule, 

either sterically or electronically, can greatly affect the overall behavior of the catalyst.  

Attention has been given to quantifying the structure-activity relationship of catalysts for 

more than 40 years, particularly to the dependence of the π and σ ligand interactions with 

the metal center and other ancillary ligands; however, the intermolecular interactions and 

solvent effects associated with those various properties are difficult to assess, and as a 

result have received less attention and are not as well understood.3-6, 8, 11-17  The choice of 

solvent may greatly affect or even reverse the relative electronic effects of different 

ligands.  The effect(s) that the solvents and intermolecular interactions have on the 

electronic structure can be measured experimentally by comparing those measurements in 

the gas phase, where the molecules are far apart and do not “feel” the presence of one 

another, with the measurements in the condensed phase, where molecules are in close 

proximity to one another. 
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 A variety of gas-phase and condensed-phase techniques have been used when 

comparing the ligand electronic effects on the properties and the electronic structure of 

molecules in different phases.  Some of those techniques include electrochemistry, 

vibrational stretching frequencies (IR), proton affinity, and photoelectron spectroscopy.   

Although several examples of a linear correlation have been reported for oxidation 

potentials measured electrochemically in solution and gas-phase ionization energies 

measured by photoelectron spectroscopy,18-21 it is important to consider how the time 

scale, kinetics, thermodynamics, and/or energy scale and reference may affect the 

measurement and subsequent comparisons.  It is difficult to make direct comparisons of a 

particular chemical property when multiple techniques are used.  For example, the time-

scale for measuring the oxidation potential of a molecule in solution is rather slow 

allowing for both electronic relaxation and geometric reorganization of the positive ion 

state, while the photoionization process is very rapid and geometry reorganization does 

not occur.  The oxidation potential is an adiabatic measure of the relative thermodynamic 

equilibrium energy (Gibbs energy) with translation, rotational, vibrational and electronic 

components.  Solvation energies of the ions due to electron relaxation without molecular 

reorganization are obtained from the photoelectron measurements.  It is also difficult to 

quantify the solvent effects on the electronic structure of the molecule in these 

comparisons of photoelectron spectroscopy and electrochemistry, because photoelectron 

spectroscopy measures an absolute rapid-time-scale spectroscopic energy referenced to 

the vacuum level, while the oxidation potential is referenced to a standard electrode.   
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 Photoelectron spectroscopy is the most direct method for measuring the electronic 

structure of a given molecule, and can be used to probe the intramolecular interactions in 

the gas phase and the addition of intermolecular interactions in the condensed phase, in 

the form of thin films.  Condensed-phase photoelectron spectroscopy acts as a bridge or 

intermediate environment between gas-phase and solution-phase measurements, because 

the condensed-phase intermolecular interactions can be used to model the solvent effects 

found in solution.  When the condensed-phase spectra are calibrated to the vacuum level 

as the gas-phase spectra are, direct comparisons of the gas- and condensed-phase 

ionization energies are possible.  This allows for a quantitative measurement of the 

electron relaxation component of solvent effects that are independent of thermodynamic 

and reorganization energies of the molecule and/or solvent.   

 

Thin Film Preparation 

 Several methods have been developed for preparing thin films for study by 

photoelectron spectroscopy, and there are advantages and disadvantages to each.  Before 

discussing these methods, it is important to discuss briefly the desired features of a thin 

film.  To obtain narrow ionization bands in the valence region of the photoelectron 

spectrum, the molecules generating the thin film must be in similar chemical and 

electronic environments and uniformly distributed across the sample area.  When the 

molecules are in different environments or large-scale crystal formation occurs, 

broadening of the ionization bands is observed.  Similarly, charging of the surface can 

greatly affect the widths of the ionization bands.22  To reduce the buildup of charge 
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during the photoionization process, a conductive substrate like gold, silver, or copper is 

often used. 

 A very simple and somewhat crude method used in the 1960’s and 1970’s for 

preparing thin films involved brushing or smearing the material onto a substrate.  This is 

a very quick method and no special equipment is needed.  However, there is little 

uniformity of the material in the thin film and charging is often observed.  It is also 

extremely difficult to control or assess the thickness of the resulting thin film.  As a 

result, the widths of the ionization band are broad and were not reported in several 

cases.22, 23 

 Chemical vapor deposition has proved to be a very reliable method for preparing 

highly quality thin films.22, 24, 25 The thickness of the thin films is controlled by the rate of 

deposition, and uniform thin films have been prepared in this manner.  A specialized 

deposition chamber is required, and this technique is difficult for highly volatile 

molecules and impossible for molecules that decompose before vaporization or once in 

the gas phase.  Also, it is critical that a pure sample is used, because impurities may also 

deposit onto the substrate, lowering the overall quality of the thin film and resulting 

photoelectron spectra.  The details of this technique will be discussed in Chapter 3. 

 Other approaches to creating thin films that do not involve vapor deposition have 

been investigated to probe the condensed-phase electronic structure of molecules 

inaccessible by vapor deposition.  The formation of self-assembled monolayers (SAM) 

has been studied for more than 20 years and has also proven to be a reliable method for 

preparing highly uniform thin films.26-31  Great focus has been given to the n-alkanethiol 
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monolayers on a gold substrate, and the addition of small molecules and functional 

groups to the tail of the n-alkanethiol chain also leads to uniform thin films of fixed 

functional groups or molecules.  The thickness of the SAM is governed by the n-

alkanethiol chain length and can be systematically varied to produce the optimal 

thickness.  The valence photoelectron spectrum of ferrocene incorporated into a SAM has 

been reported32, 33 with minimal broadening of the peaks.  The condensed-phase spectrum 

was referenced to the vacuum level and the energy difference observed for the first 

ionization in the gas- and condensed-phase spectra suggested a reasonable 1.0 eV 

relaxation energy.23 

 Spin coating has recently been shown to produce quality thin films suitable for 

photoelectron spectroscopy studies.  In this technique, a sample is dissolved in solvent, 

and a drop of the solution is placed on the substrate.  The substrate is then rotated until 

the solvent completely evaporates, resulting in a uniform thin film of the sample.  Crotti 

et al. have reported the core and valence photoelectron spectra for thin films of metal 

phosphines prepared in this manner.25, 34  Although the valence spectrum was not 

referenced to the vacuum level, the general features were in agreement with the 

previously reported gas-phase spectrum.35  In theory, the only limitation to the types of 

molecules that can be used in preparing thin films by spin coating is the solubility of the 

molecule in various solvents. 

 Historically, condensed-phase photoelectron spectra have been calibrated either to 

the vacuum level or to the Fermi edge.  Calibrating to the Fermi edge is a straightforward 

process when metal substrates are used and the sample film is sufficiently thin as to not 
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obscure the identification of the Fermi edge.  In these analyses, the Fermi edge is kept at 

constant ionization energy of 0 eV and the subsequent energy of the high binding energy 

cutoff (HBEC) is measured to determine the shift in the vacuum level or the ionization 

energies of a given peak relative to the Fermi edge.  This shift allows for the 

determination of the effective work function of thin films or the interface dipole and has 

proven to be important for the investigation of electron barriers for charge transfer and 

the development of new or improved devices.36-47  This is especially true for conductor 

and semiconductor materials.  

 Calibrating to the vacuum level has two distinct advantages over using the Fermi 

edge.  The first is that films of any thickness can be calibrated to the vacuum level.  The 

molecules used in these studies are insulators with large band gaps, and the Fermi edge is 

not visible at relatively low film thickness (less than 20 Å), making this an ineffective 

and irrelevant energy reference.  The second advantage of calibrating to the vacuum level 

is that the electron relaxation factor of solvent effects can be quantified by the direct 

comparison of the gas- and condensed-phase ionization energies measured.   

 For the purposes of this body of work, the highest quality of thin films were 

prepared to reduce the solid-state broadening effects, and the gas- and condensed-phase 

spectra were referenced to the same energy such that information about the solvent 

effects and electron relaxation due to solvent effects can be addressed.  The methods of 

sample preparation and calibration of the thin films used in these studies will be 

discussed in Chapter 3. 
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Chemistry of Phosphines  

 Phosphines represent one of the largest and most studied classes of ligands in 

chemistry, especially in the area of catalysis.  The steric and electronic properties of the 

phosphine ligand (PR3) can be tuned through systematic changes of the R groups.  Using 

different substituted phosphines can greatly affect the reactivity, selectivity, and other 

properties of metal catalysts.  Many different phosphines are readily available, including 

the substituted diphosphines shown below that can coordinate to a metal center in a 

chelating fashion to increase the overall stability of the molecule. 

 

 

 

 There are contradictory results in the literature that explore the relative sigma 

donor strength of two widely used phosphines, trimethylphosphine (PMe3) and 

triphenylphosphine (PPh3).  The electronegativity of a methyl group is 2.31, and is 

slightly less than that of a phenyl group at 2.49.48-50  This would indicate that the PMe3 

ligand is a better electron donor than the PPh3 ligand.  Several experimental 

measurements of the relative donor strengths of these molecules have been performed, 

both in solution as well as in the gas phase, and some of those results are shown in Table 

1.1. 

 Physical measurements and reaction chemistry in solution have shown that PMe3 

is a better σ donor than PPh3, and these measurements are in agreement with the trend 
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predicted by the electronegativities of the substituents.  The IR stretching frequencies for 

solutions of Ni(CO)3PMe3 and Ni(CO)3PPh3 in dichloromethane were measured in the 

early 1970’s by C. A. Tolman.51, 52  The carbonyl stretching frequency of the methyl-

substituted phosphine was lower in energy than the phenyl-substituted phosphine by 

nearly 5 cm-1.  This indicates that there is more electron density donated to the carbonyl 

ligands via the metal center from PMe3 than PPh3.  Several years later, B. L. Shaw 

measured the pKa’s of the conjugate acids Me3PH+ and Ph3PH+ (R3P–H+  R3P + H+).53  

In these aqueous solutions, PMe3 had a pKa value 4.8 units higher than PPh3.  The higher 

pKa value shows that PMe3 is a stronger base than PPh3.  In the late 1980’s, the proton 

affinities of these molecules, R3P + H+  R3P–H+, were measured in dichloroethane by 

Angelici and coworkers,54 and it was found that the proton affinity of the methyl-

substituted phosphine was 10.4 kcal/mol higher than the phenyl-substituted phosphine.  It 

was concluded from all these measurements performed in solution that PMe3 is a stronger 

σ donor than PPh3.  

 The opposite trend is observed for the gas phase experiments performed by 

Bancroft, Puddephatt, and coworkers in the early 1980’s.  In one set of experiments, they 

found that the phenyl-substituted phosphine had a higher proton affinity than the methyl-

substituted phosphine by 3.2 kcal/mol.55  The gas-phase photoelectron spectra of the free 

ligands56 and the metal phosphines, W(CO)5(PR3),35, 57 were later collected.  The 

phosphine lone pair ionization for PPh3 was 0.74 eV lower in energy than the PMe3 

ionization.  Similarly, the first metal ionization for W(CO)5(PPh3) was 0.26 eV lower in 

energy than W(CO)5(PMe3).  It was concluded from these gas-phase experiments that 
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PPh3 is a stronger σ donor than PMe3.  The observed reversal of the relative donor 

strength of these molecules from solution to the gas phase was attributed to solvent 

effects.  The polarization of the solvent and phosphine molecules or cavitation effects 

may contribute to this reversal, but the specific components of the solvent effects were 

not further explored. 

 The free PR3 ligands and the metal monophosphine molecules have very high 

vapor pressures and are therefore not good candidates for thin film growth by vapor 

deposition.  Conversely, the metal diphosphines, M(CO)4(P–P) (M = Mo and W; P–P = 

1,2-bis(dimethylphosphino) ethane (dmpe) and 1,2-bis(diphenylphosphino)ethane 

(dppe)), are good candidates for thin film growth by vapor deposition. 

 

 

 

 In Chapter 4, the relative donor strengths of methyl- and phenyl-substituted 

phosphines are probed in the gas and condensed phases. The intermolecular interactions 

in these thin films have been used to model the solvent effects and the relative shifts in 

the ionization energies from the gas to the condensed phase can be used to quantify the 

relaxation energy of a solvent environment. 
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Table 1.1. Comparison of the relative donor strengths of PMe3 and PPh3 in 
solution and the gas phase. 

 
 vCO 

a pKa 
b ΔHHP c Proton 

affinity d 
IE e IE f 

 (cm-1)  (kcal/mol) (kcal/mol) (eV) (eV) 
PMe3 2064.1 7.85 31.6 223.5 8.57 7.46 
PPh3 2068.9 3.05 21.2 226.7 7.83 7.20 

 
a Ni(CO)3(PR3) in CH2Cl2; Reference51, 52. b pKa of the conjugate acid, R3PH+ in aqueous 
solution; Reference53, 78. c Enthalpy of protonation in dichloroethane R3P + CF3SO3H  
R3PH+CF3SO3

–; Reference 54. d PR3 + H+ in the gas phase; Reference 55. e PR3 in the gas 
phase; Reference 56. f W(CO)5(PR3) in the gas phase; Reference 35, 57. 
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Chemistry of Metal-Metal Bonded Molecules 

 The relative donor strengths of methyl- and phenyl-substituted molecules are 

further explored in terms of a very different class of molecules from the metal 

phosphines.  A variety of methyl and phenyl substitutions have been made to 

“paddlewheel” molecules with the general form M2(L–L)4, as shown below.  

Paddlewheel molecules have been studied for many years now with particular emphasis 

on the structure and electronic properties.  Several bridging ligands (L–L) have been 

shown to form paddlewheel molecules, including carboxylates, formamidinates, and 

guanidinates,58 and a wide variety of substituents can be added to the bridging ligand to 

affect greatly the overall electronic structure of the molecule.  Similarly, various 

transition metals and a main group metal (Bi)59 have been incorporated into these 

molecules. 

 

 

 Because of the wide variety of metal centers and ligands available, there are many 

possible applications for paddlewheel molecules.  Catalysts have been developed,60-65 and 

the extended electronic communication observed66 has opened the door to applications 
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for molecular wires and extended molecular arrays.63, 66-68  Again, condensed-phase 

photoelectron spectroscopy can be used to probe how these intermolecular interactions 

affect the electronic structure and therefore the electronic properties of paddlewheel 

molecules.  The vapor pressure of these molecules is sufficiently low that high quality 

thin films can be prepared by vapor deposition. 

 The relative donor strength of methyl- and phenyl-substituted molecules in 

different environments is explored in Chapter 5 by measuring the ionization energies for 

the paddlewheel molecules Mo2(O2CMe)4 and Mo2(O2CPh)4 in the gas and condensed 

phase.  These molecules have been studied by photoelectron spectroscopy previously;69-73 

however, the condensed-phase spectra were not referenced to the vacuum level, and 

direct comparisons of the ionization energies in terms of relaxation energies in a solvent 

environment were not possible.  With increased resolution and sensitivity, additional 

information can be learned from the photoelectron spectra, particularly the condensed-

phase spectra.  In addition, better methods of calibration allow for a deeper understanding 

of the electronic structure of these molecules when placed in close proximity to one 

another.   

 

Theoretically Modeling Solvent Effects 

 Photoelectron spectroscopy provides a benchmark for theory and computational 

models because the energies measured are precisely defined relative to the vacuum level 

and information on the electronic structure is obtained directly.  Theoretical models of 

molecules in the gas phase have been in use for several decades, but the question remains, 
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how does one model the effects of a solvent environment on a molecule?  In recent years, 

several improvements have been made to the incorporation of intermolecular interactions 

and solvent effects.  An explicit model can be used where solvent molecules are placed 

around the solute molecule.  A simple example is shown in Figure 1.1, where a 

paddlewheel molecule is surrounded by water molecules.  Often, this is an incomplete 

representation of the solvent environment, because an infinite number of solvent 

molecules are needed to account accurately for all the solvent effects.  Additionally, the 

computational requirements are very high because several additional atoms are added to 

the overall calculation. 

 As an alternative to the explicit models, implicit models, often referred to as 

continuum solvent models, have become more readily available.  One such model that 

has been used is the Conductor-like Screening Model (COSMO) 6, 7, 74-77 first developed 

by Klamt and Schürmann in 1993.  A schematic of this model is shown in Figure 1.2, 

where a solute molecule, represented in blue, creates a cavity of a certain size and shape.  

The solute is then surrounded by a continuum of solvent in green with a given dielectric 

and size.  These models have the distinct advantage of requiring much less computational 

time over using an explicit solvent model. 

 COSMO has been used to model the effects of the intermolecular interactions 

present in thin films of M(CO)4(P–P) and Mo2(O2CR)4.  A simplified explicit model has 

also been employed for the paddlewheel molecules.  Theoretical models used in 

conjunction with photoelectron spectroscopy offer a deeper understanding of the 
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electronic structure of these molecules in the gas and condensed phases than either single 

approach.   
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Figure 1.1. Example of an explicit solvent model for a basic 
paddlewheel molecule in a water environment, where discrete 
solvent molecules are included in the calculation. 
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Figure 1.2. Schematic of the implicit continuum solvent 
model, COSMO. 
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CHAPTER 2 

EXPERIMENTAL 

 

 

 This chapter describes the general techniques of sample preparation, data 

collection, data analysis, and electronic structure calculations used in this work.  

Additional information specific to individual systems can be found in each chapter of this 

work.  A list of the molecules studied in this work by gas phase photoelectron 

spectroscopy with information on the sublimation temperatures, energy regions, file 

names, date of data collection, and the pertinent notebook pages for each molecule are 

included in Table 2.1.  Similar information on the molecules studied by condensed-phase 

photoelectron spectroscopy is included in Table 2.2. 

 

Preparation of Materials 

 The molecules discussed in this dissertation were synthesized as a part of this 

work, received from Mr. Jason Durivage, or purchased from a commercial source as 

indicated in Table 2.1.  All syntheses were carried out under an argon atmosphere using 

standard air-free techniques and glassware.  All solvents used were dried over molecular 

sieves and degassed by the freeze-pump-thaw method (repeated three times) prior to use.  

In this three-step process, the solvent was first frozen under an argon atmosphere in a 

closed container.  Vacuum was applied next and lastly the solvent was thawed.  The IR 
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spectra were collected using a Nicolet Avatar ESP 360 FT-IR spectrophotometer in the 

region 4000-400 cm-1 at room temperature. 

 

Synthesis of Mo(CO)4(P-P) and W(CO)4(P-P) 

 These syntheses are based on literature methods with some minor changes.  

Mo(CO)6 and W(CO)6 were sublimed prior to use while the phosphine ligands, 1,2-

bis(dimethylphosphino)ethane (dmpe), 1,2-bis(diphenylphosphino)ethane (dppe), 1,2-Bis 

[bis(pentafluorophenyl)phosphino]ethane (dfppe), were used without further purification.  

A basic reaction scheme is shown below. 

 

2COP)(PM(CO)PPM(CO) 46 +−⎯→⎯−+ Δ
 

 

 Synthesis of M(CO)4dppe.1  Similar synthetic procedures were followed for the 

Mo and W analogues.  To the reaction flask, equal molar (3 mmol) ratios of M(CO)6 and 

the free ligand dppe were added to 10 mL o-dichlorobenzene and 3 mL THF.  The 

mixture was refluxed at 180 °C with stirring for 1.5 (W) to 2 (Mo) hours.  The solution 

was cooled to room temperature and MeOH was added to aid in the precipitation of the 

product.   

 In the case of Mo, after the addition of MeOH, the solution was placed in a 

freezer for several hours.  A yellow-brown solid was filtered and dried overnight.  The 

solid was recrystallized from CH2Cl2 and MeOH to yield yellow-brown crystals.  IR 

spectroscopy showed four peaks at 2017, 1921, 1894, and 1878 cm-1 (nujol mull). 
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 A yellow solid was observed immediately following the addition of MeOH in the 

W analogue.  The solid was filtered and dried overnight in vacuo.  The solid was 

recrystallized from CHCl3 and MeOH to yield large light yellow crystals, suitable for X-

ray crystallographic analysis.  IR spectroscopy showed four peaks at 2013, 1917, 1886, 

and 1873 cm-1 (nujol mull).  The CO stretching frequencies for both molecules are in 

agreement with previously reported data.2 

 Synthesis of M(CO)4dmpe.3  Again, similar synthetic procedures were used for 

both Mo and W analogues.  A different solvent was used in the dmpe syntheses, because 

the boiling points of o-dichlorobenzene and the liquid dmpe ligand are both 180 °C.  

Equal molar amounts (2.5 mmol) of M(CO)6 and dmpe were added to 10 mL 

bromobenzene and 3 mL of THF.  The mixture was refluxed at 155 °C with stirring for 3 

to 4 hours.  The solution was cooled to room temperature and pentane was added to aid in 

precipitation of the product.  The solution was then cooled in a freezer overnight and the 

solid was filtered.  The Mo solid was recrystallized from CHCl3 and pentane to yield 

small yellow/orange crystals and the IR spectroscopy showed four peaks at 2017, 1925, 

1902, and 1857 cm-1 (nujol mull).  The W solid was also recrystallized from CHCl3 and 

pentane to yield small light yellow crystals, and the IR spectroscopy showed four peaks 

at 2013, 1917, 1894, and 1871 cm-1 (nujol mull). 

 Synthesis of M(CO)4dfppe.4, 5  To the reaction flask, equal molar (2 mmol) ratios 

of W(CO)6 and dfppe were added to 20 mL o-dichlorobenzene and 5 mL THF.  The 

mixture was refluxed at 180 °C with stirring for 3 hours.  A pale yellow product was 

observed at this time.  The solution was cooled, and 5 mL MeOH were added to aid in the 
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precipitation of the product.  The yellow powder was filtered and washed with additional 

MeOH and then dried overnight in vacuo.  The IR spectrum of W (nujol mull) showed 

four peaks at 2038, 1959, 1927, and 1907 cm-1, and are in agreement with the literature.4  

Several attempts were made to grow crystals suitable for X-ray crystallographic analysis.  

The best results were obtained by recrystallization from CH2Cl2 and MeOH to yield 

yellow needle-like crystalline solid. 

 

Gas-Phase Photoelectron Spectroscopy 

 Gas-phase photoelectron spectra were collected using an instrument that features 

a 36-cm hemispherical analyzer6 and custom-designed photon source, sample cells, and 

detection and control electronics as described previously.7  The excitation source was a 

quartz capillary discharge lamp that produced either He I (21.21 eV) or He II (40.81 eV) 

photons, depending on the operating conditions.  The ionization energy scale was 

calibrated using the 2P3/2 ionization of argon (15.759 eV) and the 2E1/2 ionization of 

methyl iodide (9.538 eV).  The argon 2P3/2 ionization also was used as an internal 

calibration lock of the absolute ionization energy to control spectrometer drift to less than 

± 0.005 eV throughout data collection.  The instrument resolution during the He I and He 

II data collection, measured using the full width at half-maximum of the argon 2P3/2 

ionization, was 0.020-0.040 eV.  All of the spectra were corrected for the presence of 

ionizations caused by other emission lines from the discharge source.8  All data also were 

intensity corrected with an experimentally determined instrument analyzer sensitivity 
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function.  In the figures of the data, the vertical length of each data mark represents the 

experimental variance of that point.9 

 Sample handling.  All solid samples were sublimed under vacuum by heating the 

sample cell with a cartridge heater attached to the cell.  The sublimation temperature was 

monitored using a “K” type thermocouple passed through a vacuum feedthrough and 

attached directly to the sample cell.  An aluminum cell was used for samples that have 

sublimation temperatures below 210 °C, while a stainless steel cell was used for samples 

that sublime at temperatures above 210 °C. 

 Solid samples.  Prior to use, the aluminum cell was taken apart and cleaned with 

isopropyl alcohol.  A fresh layer of DAG 154 ® (Acheson), a graphite-based coating, was 

applied, and the cell was heated to 220 °C in the photoelectron spectrometer, ensuring 

that there was no contamination from other samples.  The cell was cooled to room 

temperature prior to loading the sample. 

 For samples with higher sublimation temperatures, a stainless steel cell was used.  

The cell was taken apart and sonicated in isopropyl alcohol for a minimum of 15 minutes.  

The cell was reassembled and heated inside the spectrometer to 50 °C above the 

sublimation temperature of the sample.  The cell was cooled to room temperature prior to 

loading the sample.  No other special precautions were necessary. 

 Liquid samples.  All liquid samples were run from a Young’s Tube TM attached 

to the outside of the spectrometer via a t-connection Swage-Lock TM valve. To ensure a 

sealed vacuum environment, the tube was connected to the stainless steel valve using 

Teflon ferrules and a ring of Apiezon Q® sealing compound.  A needle valve connecting 
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the sample chamber of the spectrometer to the Swage-Lock TM valve controlled the 

sample pressure to maintain a running pressure below 5x10-5 Torr. 

 Data analysis.  The photoelectron data were analyzed using the computer 

program WinFp version 19.8 written by Prof. D. L. Lichtenberger.  All spectra were 

corrected for the presence of ionizations caused by other emission lines from the source.8  

He I spectra were corrected for the He Iβ line which is 1.866 eV higher in energy and 3% 

the intensity of the He Iα line.  Similarly, He II spectra were corrected for the He IIβ line 

at 7.568 eV higher in energy and 12% the intensity of the He IIα line. 

 

Condensed-Phase Photoelectron Spectroscopy 

 Condensed-phase photoelectron spectra were collected at room temperature using 

a combined UPS-XPS Kratos Axis Ultra instrument with an average base pressure at or 

below 5x10-8 torr.  UPS (valence) studies were performed using a gas discharge lamp 

(Omicron VUV Lamp HIS 13) producing He I (21.21 eV) radiation as the excitation 

source.  The analyzer was operated in the constant analyzer energy (CAE) mode with 

pass energy of 5 eV for all spectra collected. 

 XPS (core) studies were performed using a monochromatic Al Kα excitation 

source which produces X-rays of 1486 eV.  The analyzer was operated in the constant 

analyzer energy (CAE) mode with pass energies of 80 eV for full spectra and 20 eV for 

close-up spectra.  Full spectra were acquired in the range of 0 to 1000 eV with step 

energy of 1.0 eV.  Close-up spectra were acquired over a range of approximately 20 eV 
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centered at the ionization of interest with step energies of 0.1 eV.  There was no 

detectable evidence of sample decomposition of the thin films. 

 The resolution of the condensed-phase photoelectron spectra was not measured 

during data collection, but from instrument specifications for the resolving power of the 

analyzer, the resolution is estimated to be 5 meV.  This is much less than the width of the 

ionization bands.  The analyzer sensitivity was approximately constant throughout the 

ionization energy range.  Shown in Figure 2.1 are the He I photoelectron spectra of C60 

(buckminsterfullerene) in the gas phase and deposited on gold. The condensed-phase 

spectrum was shifted such that the energy of the first ionization was the same as the gas-

phase ionization energy, and there is very little broadening of the condensed-phase 

ionization envelopes as compared to the gas-phase ionization envelopes. 

 The apparent ionization energies from the raw data are essentially meaningless 

until the spectra have been calibrated to the vacuum level.  This is because the kinetic 

energies of the electrons measured by the analyzer are lower than the actual kinetic 

energy after photoemission from the sample, and the energy levels of the analyzer are 

different than the energy levels of the sample.  An accelerating bias voltage of 5 V was 

applied to the spectrometer during the collection of the He I condensed-phase 

photoelectron spectra to improve the transmission of electrons with very low kinetic 

energy.  He I condensed-phase spectra of gold foil with and without an applied bias 

voltage are shown in Figure 2.2.  The first difference to note between these spectra is that 

the spectrum with an applied bias voltage has apparent ionization energies 5 eV lower in 

energy than the spectrum without the bias voltage.  The second major difference in these 
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spectra is the large, high intensity peak between 4 and 6 eV (Figure 2.2B).  An overlay of 

these spectra is shown in Figure 2.3 where the “no-bias” spectrum was shifted such that 

the energy of the Fermi edge was equal to the Fermi edge in the spectrum when a bias 

voltage was used.  Secondary electrons are the electrons that have lost kinetic energy 

through collisions within the substrate or spectrometer.  The cutoff of these electrons has 

been termed the high binding energy cutoff (HBEC),10 and this corresponds to electrons 

with zero kinetic energy.  This is equivalent to the vacuum level in gas-phase 

photoelectron spectroscopy.  The signal from the secondary electrons is weak in the non-

bias spectrum, and it is difficult to determine the energy of the HBEC; however, the 

application of a bias voltage greatly improves the transmission of these secondary 

electrons and provides a more defined HBEC.10, 11  Accurately determining the energy of 

the HBEC has been critical for the calibration of the condensed-phase photoelectron 

spectra presented in this body of work and will be discussed in greater detail in Chapter 

3. 

 The position of the substrate was adjusted to maximize the Au 4f counts per 

second (CPS).  An argon ion beam set to 10-15 mA was used to clean the substrate by 

sputtering the surface for 15-30 minute intervals.  The main contaminants were carbon 

and oxygen from exposure to air.  Between sputters, the Au 4f, C 1s and O 1s ionizations 

were monitored until the carbon and oxygen were no longer present.  The surface was 

considered to be “clean” and ready for use when the work function calculated from the 

valence region was approximately equal to 5.1 eV.  The equation below shows how the 

work function (Φ) was determined.  The difference in the apparent ionization energies of 
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the HBEC (high ionization energy) and the Fermi edge (low ionization energy) are 

subtracted from the energy of the photon source.  In Figure 2.2B, the approximate 

ionization energy of the HBEC and Fermi edge is 5.3 and -10.8 eV, respectively.  This is 

demonstrated below in Equation 2.2, where He I photons have been used.  Al Kα and He 

I condensed-phase photoelectron spectra of the dirty and clean gold foil are shown in 

Figures 2.4 and 2.5, respectively. 

)( FermiHBECh −−=Φ ν    Equation 2.1 

1.5))8.10(3.5(21.21 =−−−=Φ   Equation 2.2 

 Sample handling.  The solid samples were placed into a boron nitride crucible 

that was wrapped by a 0.5 mm Ta wire to heat the sample via a high-current electrical 

feedthrough.  The crucible was placed into a stainless steel Knudsen cell and a metal (Ta) 

sleeve was attached to the top of the cell to help direct the sublimated sample to the 

substrate.  A diagram of the cell is shown in Figure 2.6.  The sublimation temperature 

was monitored using a “K” type thermocouple passed through an ultra-high vacuum 

(UHV) feedthrough and attached directly to the sample cell.  All solid samples were 

sublimed under vacuum where the pressure in the deposition chamber was at or below 

5.0x10-6 Torr. 
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Figure 2.1. He I gas-phase and condensed-phase 
photoelectron spectra of C60, where the condensed-phase 
spectrum was shifted to compare the widths of the 
ionization envelopes. 

 



 47

 

 

 

Figure 2.2. Uncalibrated He I spectra of Au foil using A) 
no bias voltage and B) a bias voltage of 5 V. 
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Figure 2.3. Overlay of the He I condensed-phase 
photoelectron spectrum of gold using a 5 V bias voltage 
(solid line) and without a bias voltage (dashed line).  The 
“no-bias” spectrum was shifted such that the energies of the 
Fermi edge were equal. 
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Figure 2.4. He I condensed-phase photoelectron spectra of 
a gold foil substrate that is A) “dirty” and B) “clean”. 
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Figure 2.5. XPS (Al Kα) condensed-phase photoelectron 
spectra of a gold foil substrate that is A) “dirty” with 
surface contaminants containing C and O and B) clean after 
Ar ion sputtering. 
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 Prior to use, the crucible and metal sleeve were cleaned with isopropyl alcohol.  

The cell was heated to approximately 50 °C above the sublimation temperature of the 

sample as determined from collecting the gas-phase photoelectron spectra.  The cell was 

cooled to room temperature prior to loading the sample.  Between depositions, the 

temperature of the cell was lowered to 20-50 °C below the sublimation temperature to 

prevent excess loss of sample while collecting the condensed-phase photoelectron 

spectra. The specific details of the deposition experiment will be described in Chapter 3. 

 Data analysis.  The same software program, WinFp 19.8, was used to analyze the 

condensed-phase data.  The radiation produced from the XPS source is monochromatic, 

and correcting those data was not necessary.  The He Iβ emission line does produce 

shadow peaks in the UPS, but subtraction of these peaks changed the spectra very little, 

and the condensed-phase He I data were not corrected for shadow peaks either. 

 

Computational Methodology 

 Computations were performed for isolated gas-phase molecules and condensed-

phase molecules using the Amsterdam Density Functional computational package ADF 

2006.0112 and Gaussian computational package Gaussian 03.13  The specific details of the 

calculations pertaining to each system studied can be found in the corresponding chapters.  

The visualization program Molekel14 was used to generate the surface orbital plots shown 

throughout this work from the output of the DFT (Density Functional Theory) calculation.   
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Figure 2.6. Schematic of Knudsen cell used in the vapor 
deposition chamber for the condensed-phase photoelectron 
spectroscopy experiments.  (The second thermocouple and 
high-current electrical feedthroughs are not visible at this 
orientation.) 
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Table 2.1. Molecules studied in this work by gas-phase photoelectron spectroscopy. 

 
Molecule Name 
 

Sublimation 
Temp (°C) 

Photon 
Source 

File Namea

 
Energy Range 
(eV) 

Cellb 
 

Date 
Collected

Notebook 
Page No.c

Source 
 

Ne I jmm02.n* 11.5 - 8.15 YT Feb 04 13 Aldrich 1-chloro-3-
phenyl-propane 

Room Temp 
He I jmm02.f* 15.7 - 5.59  Oct 03 3-5  

   jmm02.a* 11.5 - 8.15     
   jmm02.b* 10.05 - 8.37     
   jmm02.e* 11.5 - 10.19     
  He II jmm02.x* 20 - 5.54   5, 19  
   jmm02.y* 11.5 - 7.5     

Ne I jmm03.n* 11.14 - 8.19 YT Feb 04 13 Aldrich 1-bromo-3-
phenyl-propane Room Temp He I jmm03.f* 15.5 - 5.52  Dec 03 7-8  
   jmm03.a* 11.14 - 8.18     
   jmm03.b* 10.95 - 9.65     
   jmm03.c* 9.6 - 8.06     
  He II jmm03.x* 20 - 5.45   8-9  
   jmm03.y* 11.10 - 8.14     

He I jmm03.l* 15.5 - 4 YT Feb 06 53 Aldrich Room Temp jmm03R.a* 11.13 - 8.18   53  
1-bromo-3-
phenyl propane 
(RP)d  

He II 
(RP)d jmm03R.f* 20 - 5.35   54  
Ne I jmm04.n* 10.27 - 8.42 YT Feb 04 14 Aldrich 1-iodo-3-phenyl-

propane Room Temp He I jmm04.f* 15.5 - 5.35  Feb 04 11  
   jmm04.a* 10.27 - 8.42     
  He II jmm04.x* 20 - 5.45   11-12  
   jmm04.y* 10.27 - 8.42     

Ne I jmm05.n* 13.0 - 7.46 YT May 04 17-18 Aldrich 1-chloro-4-
phenyl-butane Room Temp He I jmm05.f* 15.7 - 5.5  May 04 15  
   jmm05.a* 13.0 - 7.76     
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Molecule Name 
 

Sublimation 
Temp (°C) 

Photon 
Source 

File Namea

 
Energy Range 
(eV) 

Cellb 
 

Date 
Collected

Notebook 
Page No.c

Source 
 

 He II jmm05.x* 20 - 5.5   15-16  1-chloro-4-
phenyl-butane   jmm05.y* 13.0 - 7.76     
1-chloropropane Ne I jmm06.n* 13.7 - 10.36 YT Sept 04 28 Aldrich 
 Room Temp He I jmm06.f* 15.5 - 5.29  Aug 04 21  
   jmm06.a* 13.7 - 10.36     
  He II jmm06.x* 20 - 5.46   21-22  
   jmm06.y* 13.7 - 10.36     
1-bromopropane Ne I jmm07.n* 13.6 - 9.52 YT Sep 04 27 Aldrich 
 Room Temp He I jmm07.f* 15.5 - 5.29  Sep 04 23  
   jmm07.a* 13.6 - 9.52     
   jmm07.b* 11.26 - 9.77     
  He II jmm07.x* 20 - 5.46   24  
   jmm07.y* 13.6 - 9.52     
1-iodopropane Ne I jmm08.n* 12.0 - 8.84 YT Sept 04 27 Aldrich 
 Room Temp He I jmm08.f* 15.5 - 5.29  Sept 04 25  
   jmm08.a* 12.0 - 8.84     
   jmm08.b* 10.5 - 8.83     
  He II jmm08.x* 20 - 5.46   26  
   jmm08.y* 12.0 - 8.84     
1-phenylpropane He I jmm09.f* 15.5 - 5.29 YT Oct 04 29 Aldrich 
 Room Temp  jmm09.a* 11.4 - 8.06     
  He II jmm09.x* 20 - 5.46   29-30  
   jmm09.y* 11.4 - 8.06     
dmpe He I jmm21.f* 15.5-5.0 YT Jan 07 61 Strem 
 Room Temp  jmm21.a* 10.0-7.1     
dppe 145 - 154 He I jmm11.f* 15.7 - 5.52 Al Mar 05 35-36 Strem 
   jmm11.a* 11.1 - 6.47     
   jmm11.b* 8.54 - 6.50     



 55

Molecule Name 
 

Sublimation 
Temp (°C) 

Photon 
Source 

File Namea

 
Energy Range 
(eV) 

Cellb 
 

Date 
Collected

Notebook 
Page No.c

Source 
 

dfppe 120 - 134 He I jmm12.f* 15.5 - 5.0 Al July 05 37 Strem 
   jmm12.a* 13.4 - 7.35     
   jmm12.b* 11.3 - 7.2     
triphos 168 - 177 He I jmm13.f* 15.5 - 5.5 Al July 05 39 Strem 
   jmm13.a* 11.2 - 6.05     
   jmm13.b* 10.06 - 6.5     
Mo(CO)4dmpe 85 - 110 He I jmm19.f* 15.5 - 5.0 Al May 06 57-58 
   jmm19.a* 10.7 - 6.0    

This 
Work 

   jmm19.b* 8.5 - 6.1     
Mo(CO)4dppe 185 - 198 He I jmm16.f* 15.5 - 5.5 Al Nov 05 49 
   jmm16.a* 10.75 - 6.0    

This 
Work 

   jmm16.b* 7.75 - 6.0     
  He II jmm16.x* 20 - 5.6   50  
   jmm16.y* 10.75 - 6.0     

W(CO)4dmpe 100-115 He I jmm20.f* 15.5 - 5.5 Al May 06 59 This 
Work 

W(CO)4dppe 180 - 208 He I jmm10.f* 15.7 - 5.54 Al Feb 05 31-33 
   jmm10.a* 10.0 - 5.93    

This 
Work 

   jmm10.b* 10.71 - 5.99     
   jmm10.c* 8.0 - 6.0     
  He II jmm10.x* 20 - 5.46   32-33  
   jmm10.y* 10.0 - 5.93     
W(CO)4dfppe 168 - 180 He I jmm14.f* 15.5 - 5.5 Al July 05 41, 43 
   jmm14.a* 12.04 - 6.5    

This 
Work 

  He II jmm14.x* 15.5 - 5.5  July 05 42-43  
   jmm14.y* 12.04 - 6.5     
   jmm14.w* 20 - 5.5  Sept 05   
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Molecule Name 
 

Sublimation 
Temp (°C) 

Photon 
Source 

File Namea

 
Energy Range 
(eV) 

Cellb 
 

Date 
Collected

Notebook 
Page No.c

Source 
 

W(CO)3triphos 220 - 240 He I jmm15.f* 15.51 - 4.99 SS Oct 05 45-46 
   jmm15.a* 11.1 - 5.4    

This 
Work 

   jmm15.b* 7.3 - 5.46     
  He II jmm15.x* 20 - 5.0   46-47  
   jmm15.y* 11.1 - 5.4     
Cp'Mn(CO)2PPh3 125 - 140 He I jmm17.f* 15.5 - 5.0 Al Dec 05 51-52 
   jmm17.a* 10.49 - 6.5    

This 
Work 

C60 360 - 390 He I jmm18.f* 15.5 - 5.5 SS April 06 55 Strem 
   jmm18.a* 8.6 - 7.14     
Mo2(O2CMe)4 e 161-190 He I jcd01.f* 15.7 – 5.5 SS Mar 02 
   jcd01.a* 10.1 – 6.2   

48,  
50-51 e 

Jason 
Durivage

Mo2(O2CPh)4 e 283-359 He I jcd09.f* 15.5 – 5.4 SS April 04 49, 77 e 
   jcd09.a* 8.9 – 5.8    

Jason 
Durivage

 
a n*: Ne I close-up; f*: He I full; a*-e*: different He I close-up regions; x*: He II full; y*: He II close-up. b YT = Young’s Tube TM, Al = Aluminum 
cell, SS = Stainless steel cell. c PES Data notebook (#2). d A retarding potential (RP) was applied such that the electrons from the He II experiment 
have the same kinetic energy as in the He I experiment to help improve the resolution of the He II experiment. e These samples were synthesized and 
the PES collected by Mr. Jason Durivage, in the Lichtenberger Research Group at The University of Arizona. 
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Table 2.2. Molecules studied in this work by condensed-phase photoelectron spectroscopy. 

 

Molecule Name Deposition 
Temperature 
(°C) 

Photon 
Source 

File Nameb Energy 
Range (eV) 
Raw 

Energy 
Range (eV) 
Adjustedc 

Notebook 
Page No.d 

Date 
Collected

XPS regionsa   * full 1000-0    
   * W 4f 42.0 - 26.9    
   * Au 4f 93.0 - 79.9    
   * P 2p 140.0 - 125.9    
   * Mo 3d 240.0 - 224.9    
   * C 1s 300.0 - 276.9    
   * O 1s 543.1 - 524.8    
      * F 1s 695.1 - 674.8    
W(CO)4dppe 137 - 160 He I jmm106.f* 13.2 – -8.8 23.2 – 1.2 56 - 66 
   jmm106.a* 7.2 – -6.8 17.2 – 3.2  

May 
2005 

    XPS see above full, W, Au, 
P, C, O    

W(CO)4dfppe 120 - 150 He I jmm107, 08, 
10.f* 14.2 – -10.8 22. – -2.5 68-73, 

83-87 
Mar, May 
2006 

   jmm107, 08, 
10.a* 6.2 – -6.8 14.4 – 1.4   

   jmm107, 08, 
10.os* 15.2 – 9.2 23.4 – 17.4   

   jmm107, 08, 
10.fer* -3.8 – -6.8    

    XPS see above full, W, Au, 
P, C, O, F    

C60 375 - 395 He I jmm109.f* 13.2 – -8.8 23.9 – 1.9 77-81 
   jmm109.c* 6.2 – -6.8 16.9 – 3.9  

May 
2006 
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Molecule Name Deposition 
Temperature 
(°C) 

Photon 
Source 

File Nameb Energy 
Range (eV) 
Raw 

Energy 
Range (eV) 
Adjustedc 

Notebook 
Page No.d 

Date 
Collected

C60   jmm109.a* -0.8 – -5.3 9.9 – 5.4   
   jmm109.os* 12.2 – 9.2 22.9 – 19.9   
   jmm109.fer* -3.8 – -6.8    
    XPS see above full, Au, C    
Mo2(O2CMe)4 150 - 160 He I jmm111.f* 13.2 – -8.8 23.5 – 1.5 89-93 
   jmm111.c* 6.2 – -6.8 16.5 – 3.5  

May 
2006 

   jmm111.a* -0.8 – -5.8 9.5 – 4.5   
   jmm111.os* 11.7 – 8.7 22.5 – 19.5   
   jmm111.fer* -3.8 – -6.8    

    XPS see above XPS full, Au, 
Mo, C, O    

Mo(CO)4dppe 150 - 160 He I jmm113.f* 13.7 – -8.3 23.6 – 1.6 99-102 
   jmm113.c* 6.7 – -6.3 15.9 – 2.9  

June 
2006 

   jmm113.a* 1.7 – -5.3 10.9 – 3.9   
   jmm113.os* 13.2 – 10.2 22.6 – 19.6   
   jmm113.fer* -3.8 – -6.8    

    XPS see above XPS full, Au, 
P, Mo, C, O    

Mo(CO)4dmpe 140 - 160 He I jmm112* DID NOT 
WORK  95-99 June 

2006 
   jmm114.f* 14.2 – -8.8 23.5 – 0.5 104-109 
   jmm114.c* 6.7 – -6.8 16.0 – 2.5  

June 
2006 

   jmm114.a* 1.2 – -5.8 10.5 – 3.5   
   jmm114.os* 14.2 – 10.2 23.5 – 19.5   
   jmm114.fer* -3.8 – -6.8    

   XPS see above full, Au, P, 
Mo, C, O    
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Molecule Name Deposition 
Temperature 
(°C) 

Photon 
Source 

File Nameb Energy 
Range (eV) 
Raw 

Energy 
Range (eV) 
Adjustedc 

Notebook 
Page No.d 

Date 
Collected

W(CO)4dmpe 125 - 150 He I jmm115.f* 13.2 – -8.8 22.2 – 0.2 110-112 
   jmm115.c* 6.7 – -6.8 15.6 – 2.1  

Aug 2006

   jmm115.a* 1.2 – -5.8 10.1 – 3.1   
   jmm115.os* 13.7 – 10.2 22.6 – 19.1   
   jmm115.fer* -3.8 – -6.8    

    XPS see above full, W, Au, 
P, C, O    

Mo2(O2CPh)4 255 - 270 He I jmm116.f* 13.7 – -8.8 23.2 – 0.8 113-115 
   jmm116.c* 6.2 – -5.8 15.8 – 3.8  Aug 2006

   jmm116.a* 0.2 – -5.3 9.8 – 4.3   
   jmm116.os* 13.7 – 8.7 23.2 – 18.2   
   jmm116.fer* -3.8 – -6.8    

    XPS see above full, Au, Mo, 
C, O    

 
a The XPS regions listed are all those used in data collection for each molecule, and the energy range is the same for each sample collected. b f*: 
He I full with HBCE; c*: He I full (roughly same region as gas-phase f*); a*: He I close-up; os*: He I onset (close-up of HBEC); fer*: Fermi 
edge. c Energy range was adjusted after calibration of the raw data. d LESSA PES data notebook (#3). 
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CHAPTER 3 

PREPARATION AND CALIBRATION OF THIN FILMS FOR STUDY BY 

CONDENSED-PHASE PHOTOELECTRON SPECTROSCOPY 

 

 

Introduction 

 Several technological challenges for the condensed-phase photoelectron 

experiments needed to be addressed as a part of my overall project, including preparation 

of appropriate thin films without appreciable ionization broadening and substrate effects, 

and the development of a method for accurate referencing of the energy scale.  This 

chapter will focus on these two main challenges and the experiments and techniques I 

have used and/or developed to overcome the challenges. 

 For the studies presented in this dissertation, vapor deposition has proven to be 

the best method for preparing thin films with highly uniform sample coverage on the 

substrate, and the thickness can be carefully controlled and monitored.  Thin films 

between 0 and 400 Å were prepared, and it was determined that the optimum film 

thickness is 50-100 Å for the valence region and 50-150 Å for the core photoelectron 

spectra.  It was important to know the acceptable range of film thicknesses for acquiring 

the highest quality condensed-phase photoelectron spectra in order to be able to 

reproduce accurately the experiments used throughout this work.  

 Several comparisons of gas-phase and condensed-phase photoelectron spectra are 

made in the following chapters of this dissertation addressing the effects of 
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intermolecular interactions on the electronic structure of a molecule.  To address these 

ideas of solvent effects in this alternative condensed phase (other than liquid), the 

reference energy for the spectra in the two different phases must be the same.  The 

condensed-phase photoelectron spectra can be calibrated to the vacuum level, as are the 

gas-phase spectra, using the high binding energy cutoff (HBEC).1-3  A least-squares 

analysis, as will be detailed in this chapter, was used to determine this energy for each 

spectrum.  This has shown to be a reliable and reproducible method for determining the 

energy where electrons have zero kinetic energy.  The molecules used in developing and 

testing this technique were C60, W(CO)4dppe, and Mo2(O2CMe)4.  Although there have 

been valence condensed-phase spectra reported that were calibrated to the vacuum level, 

the vast majority of the reported spectra are referenced to the Fermi energy which is kept 

at a constant energy (0 eV).  As a result of keeping the energy of the Fermi energy 

constant, a shift in the vacuum level is observed by measuring the energy of the HBEC.4-

15  This shift allows for the determination of the effective work function of thin films and 

the interface dipole of the bulk material and has proven to be important for the 

investigation of electron barriers for charge transfer and  the development of new or 

improved devices.  This region of the spectrum, however, is quickly obscured after the 

addition only one or two monolayers of material on the substrate, especially when 

insulating molecules are used to generate the thin film. 

 The quality of the condensed-phase photoelectron spectra is dependent on several 

factors.  Peak broadening and differential charging of the surface16 are two factors that 

have a very large impact on the overall quality of the spectra, and both may be affected or 
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controlled by the thickness of the thin film.  Peak broadening occurs when the molecules 

in the thin film are in different environments, but this problem is lessened when there is 

greater uniformity and the molecules are all in similar environments.  Surface charging 

may occur with non-conductive surfaces or surfaces that are not in good contact with a 

conductive substrate. 

 

Experimental 

 Preparation of materials.  W(CO)4dppe (dppe = 1,2-bis(diphenylphosphino) 

ethane)17-19 and Mo2(O2CCH3)4 were prepared using methods found in the literature20, 21 

as described in Chapter 2, and additional samples of Mo2(O2CCH3)4 were supplied by Mr. 

Jason Durivage.  C60 was purchased from Strem (99.9+ % pure).  Impurities in the 

W(CO)4dppe and Mo2(O2CMe)4 samples were removed via vacuum sublimation prior to 

thin film growth by vapor deposition.  Thin films of C60, W(CO)4dppe, and 

Mo2(O2CMe)4 were prepared by vapor deposition on gold foil substrates (Aldrich, 0.1 

mm thick). 

 Photoelectron spectroscopy.  The condensed-phase photoelectron spectra were 

collected using an UPS-XPS Kratos Axis Ultra instrument as described in Chapter 2, 

using a He I radiation source for the valence region and an Al Kα source for the core 

regions.  Data were acquired at room temperature with pressures at or below 5x10-8 Torr.  

Spectra were collected at constant electron kinetic energy pass energy, 5 eV for valence 

electrons and 20 or 80 eV for core electrons.  The analyzer sensitivity was approximately 

constant throughout the ionization energy range.   
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 An accelerating potential (bias voltage) of 5 V was applied to the sample during 

the collection of the He I condensed-phase photoelectron spectra to improve the 

transmission of the secondary electrons that have lost energy through collisions within 

the sample and have very low kinetic energy.  The application of a bias voltage greatly 

improves the transmission of these secondary electrons and provides a well-defined 

HBEC.  Accurately determining the energy of the HBEC has been critical for the 

calibration of the condensed-phase photoelectron spectra presented in this body of work 

and will be discussed in greater detail in a following section. 

 Surface contaminants were removed from the gold substrate prior to use by 

sputtering the surface with an argon ion beam set to 10-15 mA.  The main contaminants 

are carbon and oxygen from exposure to air.  Between sputtering cycles, the Au 4f, C 1s, 

and O 1s ionizations were monitored until the carbon and oxygen were no longer present.   

 Data analysis.  All condensed-phase photoelectron data were analyzed using the 

fitting program WinFp 19.8.  The valence ionization bands are represented analytically 

with the best fit of asymmetric Gaussian peaks, as described in detail elsewhere.22 

 

Results and Discussion: Vapor Deposition 

 Preparation of thin films.  A gold foil substrate was used for all thin films 

prepared by vapor deposition in this body of work.  Gold foil was used for several 

reasons.  The valence and core regions of the photoelectron spectrum have been very well 

characterized, and the sharp Au 4f ionizations are easily identified and can be used to 

calibrate the core ionization regions.  Although gold does oxidize, the process is slower 
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than some other common substrates like aluminum, copper, or silver, and the oxidized 

layer is easily removed by sputtering.  The photoelectron spectrum of gold does not 

usually interfere with the spectrum of the molecule deposited on the surface, because the 

first ionization of the molecule being studied is often higher in ionization energy than the 

gold Fermi edge in the valence region, and lower in energy than the gold 5d ionizations.  

At sufficient thicknesses, the gold spectrum is no longer visible.  Gold is also a robust 

enough material that can withstand multiple deposition and cleaning cycles, and several 

types of gold foil of specific dimensions are available through several commercial 

vendors. 

 A 5x5 cm piece of gold foil (Aldrich, 0.1 mm thick) was cut into 1 cm2 squares 

and handled with clean tweezers at all times.  Dust and other small particles were 

removed from the surface with acetone and Kim-wipes.  The foil was mounted on a 

stainless steel stub using a small piece of double-sided conductive tape or a conductive 

metal clip.  The substrate was introduced into the instrument via a load-lock chamber 

with a minimum pressure of 1x10-7 Torr.    

 A schematic of the deposition chamber is shown in Figure 3.1.  Two 

perpendicular rods were used to manipulate the substrate between the acquisition 

chamber and the deposition chamber.  After the substrate was in the deposition chamber, 

it was positioned directly above the Knudsen cell (see Figure 2.4) and parallel to a quartz 

crystal microbalance (QCM).  Close-up views of the deposition chamber are shown in 

Figure 3.2, indicating the relative positions of the substrate, QCM, and sample cell.  The 

Knudsen cell was heated to the appropriate sublimation temperature, and depositions of 
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several minutes were performed, while changes in the frequency of the QCM were 

monitored.  The total change in frequency was 20-100 Hz for depositing up to 

approximately 30 Å of sample.  Occasionally, larger depositions were made and the total 

change in frequency of the QCM was 100-400 Hz for depositing up to 100 Å of sample.  

Upon completing the deposition, the substrate was transferred back into the acquisition 

chamber for analysis.  Valence and core photoelectron spectra were collected after each 

deposition onto the substrate, and several successive depositions were made during each 

experiment.  The details of the instrumentation used in preparing the thin films and 

collecting condensed-phase photoelectron data are in Chapter 2. 

 The thickness of thin films prepared by vapor deposition was determined by 

monitoring the attenuation of the Au 4f7/2 peak from the gold substrate23, 24 and using the 

QCM.  The thickness of a thin film, tf, was calculated using Equation 3.1, 

t
K F

df
f

=
× Δ

    Equation 3.1 

where ΔF is the change in frequency of the microbalance and df is the density of the 

molecules in the thin film.  The constant, K, is defined by Equation 3.2, 

K
N d

F
at q

q
=

×
2     Equation 3.2 

where Nat is the frequency constant of the “AT” cut quartz crystal,25 dq is the density of 

the single quartz crystal, and Fq is the natural resonance frequency of the microbalance.  

The units and values of these terms and constants used in Equations 3.1 and 3.2 are given 

in Table 3.1. 
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 The quality of the condensed-phase photoelectron spectra is dependent on several 

factors.  Peak broadening and surface charging are two factors that can have a very large 

impact on the overall quality of the spectra, and both may be affected or controlled by the 

thickness of the thin film.  Preparing thin films by vapor deposition allows for easy 

control of the overall thickness of the thin film, where one can fine-tune the thin film for 

the specific spectroscopic needs. 

 Photoelectron spectroscopy.  As an example of optimizing the film thickness for 

valence and core photoelectron spectroscopy studies, successive depositions of 

W(CO)4dppe were performed on a gold foil substrate.  The condensed-phase He I spectra 

of thin films 8 and 16 Å thick are shown in Figure 3.3 along with the spectrum of the 

clean gold substrate.  The Fermi edge is clearly visible at 5.15 eV in the valence spectrum 

of the clean gold substrate (Figure 3.3A).  At 8 Å, less than a monolayer of coverage, the 

W(CO)4dppe spectrum began to appear and was superimposed onto the Au valence 

spectrum (Figure 3.3B).  It is clear that the features from the gold substrate are no longer 

visible for a thin film that is 16 Å thick (Figure 3.3C).  There is approximately one 

monolayer of coverage at this thickness (from the unit cell parameters of the single 

crystal).  Listed in Table 3.2 are the thickness of the films and the widths of the first two 

peaks in the valence photoelectron spectra for each successive deposition of W(CO)4dppe. 

 The photoelectron spectra for thin films that are 40, 80, 160, and 280 Å thick are 

shown in Figure 3.4.  The overall shape of the valence spectra does not change 

significantly at increasing film thicknesses; however, the resolution of the first two peaks 

does improve when the film is near 50 Å (Table 3.2).  In fact, there is little change in the 
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resolution between 40 and 200 Å.  Although broadening of the peaks does occur at higher 

film thickness, it is still possible to obtain a quality valence photoelectron spectrum that 

does not show significant broadening even at 280 Å.  However, there is evidence of a 

buildup of charge at these greater film thicknesses.  The relative position of peaks 1 and 2 

shifts to slightly higher ionization energy, because as electrons are removed from the 

surface and not replenished by the conductive substrate, a positive charge begins to 

accumulate resulting in an increase of the ionization energies.  The difference in the 

ionization energies for films that are between 50 and 100 Å is 0.04 eV, and this is within 

the expected uncertainty of the experiment. 

 The thickest film studied was 380 Å, and the resulting thin film was lower in 

quality than those of thicknesses below 280 Å.  There was an additional increase in the 

width of the peaks 1 and 2 and a substantial buildup of charge, where the peaks shifted to 

higher ionization energy by nearly 1.8 eV as compared to the spectrum at 280 Å.  Based 

on these spectra, the optimal film thickness for obtaining valence photoelectron spectra is 

between roughly 50 and 100 Å.  

 The corresponding Al Kα spectra are shown in Figures 3.5 and 3.6.  Ionizations 

from the Au core orbitals are seen in Figure 3.6A of the clean substrate, where the Au 

4f7/2 ionization (85.0 eV) is the most intense peak in the spectrum.  The C 1s (287.5 eV) 

and O 1s (533.5 eV) ionizations from the carbonyl and dppe ligands are observed at 8 Å 

(Figure 3.5B), and the W 4f ionizations (33.0 eV) are first observed when the thin film is 

16 Å (Figure 3.5C). 
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 The Au 4f ionizations dominate the spectra until the film is greater than 40 Å 

thick (Figure 3.6A).  The attenuation of the Au 4f7/2 peak is described as the ratio I/Io, 

where Io is the intensity (maximum counts above the baseline) from the clean gold 

substrate, and I is the intensity (maximum counts above the baseline) at increasing film 

thicknesses.  This is illustrated in Figure 3.7.  At 80 Å (Figure 3.6B), the C 1s and Au 4f 

ionizations have approximately equal intensities, and the P 2p ionizations (132.5 eV) are 

clearly visible.  The intensities of the C, O, W, and P core ionizations continue to increase 

while the Au ionizations decrease dramatically at 160 Å (Figure 3.6C).  The gold 

ionizations are no longer observed in films that are between 160 and 280 Å thick.  The 

optimal film thickness in terms of the core ionizations is between 50 and 150 Å.  At these 

thicknesses, both the ionizations from the core orbitals of the deposited molecule and the 

gold substrate are visible.  
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Figure 3.1. Schematic of deposition chamber showing the Knudsen cell, 
QCM, and substrate and sample.  
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Figure 3.2. Close-up view of the deposition chamber 
showing the relative positions of the sample, microbalance 
(QCM), and the sample cell. 
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Table 3.1. Units of terms used in Equations 3.1 and 3.2. 

 

Term Units Term Value Units 
tf cm Nat 166100 Hz⋅cm 
ΔF Hz dq 2.649 g⋅cm-3 
df g⋅cm-3 Fq 10 MHz 
  K 4.399 x 10-9 g⋅cm-2⋅Hz 
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Figure 3.3. Condensed-phase He I photoelectron spectra of 
W(CO)4dppe on A) a clean gold foil, B) 8 Å thick, and C) 16 
Å thick. 
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Figure 3.4. Condensed-phase He I photoelectron spectra of 
W(CO)4dppe at A) 40 Å thick, B) 80 Å thick, C) 160 Å 
thick, and D) 280 Å thick. 
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Table 3.2. Parameters of the first and second peaks in the He I 
condensed-phase photoelectron spectra of W(CO)4dppe at 
increasing film thicknesses. 

 
1st peak 2nd peak Thickness 

b (Å) Position FWHM c Position FWHM c 
4 -- -- -- -- 
8 -- -- -- -- 
12 6.53 1.21 8.44 1.46 
16 6.50 0.91 8.45 1.28 
20 6.47 0.89 8.42 1.20 
24 6.46 0.91 8.41 1.17 
28 6.47 0.90 8.44 1.16 
38 6.57 0.80 8.51 1.12 
50 6.59 0.77 8.54 1.11 
60 6.61 0.80 8.57 1.12 
80 6.63 0.80 8.56 1.12 
102 6.67 0.79 8.62 1.13 
124 6.60 0.80 8.56 1.13 
162 6.74 0.80 8.69 1.13 
202 6.83 0.80 8.77 1.14 
282 6.83 0.94 8.76 1.23 

 
a All energies in eV. b These values were calculated using Equation 3.1, 
where d=1.665 gcm-3. c Full width at half-maximum. 
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Figure 3.5. Condensed-phase Al Kα photoelectron spectra 
of W(CO)4dppe A) on a clean gold foil, B) 8 Å thick, and C) 
16 Å thick.  The O 1s, C 1s, and W 4f are clearly visible at 
these low film thicknesses. 
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Figure 3.6.  Condensed-phase Al Kα photoelectron spectra 
of W(CO)4dppe at A) 40 Å thick, B) 80 Å thick, C) 160 Å 
thick, and D) 280 Å thick. 
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Figure 3.7. Attenuation of the Au 4f7/2 ionization peak with increasing film 
thickness, where Io is the intensity in the clean substrate spectrum. 
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Results and Discussion: Calibration of Valence Photoelectron Spectra 

 The ionization energy scale of the condensed-phase He I photoelectron spectra 

was calibrated to the vacuum level after data collection was complete by shifting the 

energy of the high binding energy cutoff (HBEC) to the energy of the He I photon source.  

This allows for direct comparisons to ionization energies measured in the gas phase, 

which are also calibrated to the vacuum level.  It is necessary to determine accurately the 

HBEC to calibrate the condensed-phase ionization energy scale.  As mentioned above, 

the ionization energy of an electron with zero kinetic energy, as is the case at the HBEC 

(IEHBEC), is equal in energy to the photon source.   

KEhIE −= ν      Equation 3.3a 

νhIEHBEC =      Equation 3.3b 

where IE is the ionization energy in the spectrum, hυ is the photon source energy, and KE 

is the kinetic energy measured for a given photoelectron.   

 A least-squares analysis was used to determine the energy of HBEC by finding 

the best-fit line to the high energy side of the signal intensity due to the secondary 

electrons that pass through the midpoint of the spectrum in this region.  What follows is a 

description of the methods used to find the best-fit line and ultimately how the energy of 

the HBEC was determined by working through an example data set. 

 To begin, the “onset region” is a close-up of the secondary electrons with the 

HBEC of a given spectrum, and an example is shown in Figure 3.8.  The arrows in Figure 

3.8 indicate the minimum (cmin) and maximum (cmax) counts in this region.  Because there 

is some flattening out of the curve, the top and bottom 15% of the data were excluded 
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from the analysis, represented in Figure 3.9 (step 2).  In an instrument with perfect 

sensitivity for low kinetic energy electrons, perfect resolution, and no other source of 

electrons within the spectrometer (such as scattered electrons from the walls of the 

spectrometer), the signal intensity for electrons from the sample would continue to rise 

from the low ionization energy (right) side of the spectrum up to the point where the 

ionization energy scale exactly equals the photon energy, at which point the signal 

intensity would drop vertically to zero electron counts.  In a real instrument, however, the 

sensitivity to low kinetic energy electrons drops as a function of the electron kinetic 

energy.  The range over which this drop occurs depends on several factors of instrument 

design, including shielding of magnetic fields and the homogeneity of electric fields.  The 

application of an accelerating potential (bias voltage) to the sample improves the signal 

of the secondary electrons from the sample by increasing the kinetic energy and reducing 

the range of signal loss.  At the very low end of the signal intensity in the zero kinetic 

energy region, shown in the bottom 15% of the counts in Figure 3.9, a tailing of electron 

counts occurs at apparently higher ionization energy than the zero kinetic energy 

electrons from the sample.  This tailing is due to the resolution of the spectrometer and 

secondary scattered electrons within the spectrometer.  The nearly linear region of signal 

intensity between the bottom 15% and top 15% in Figure 3.9 points most clearly to the 

energy cutoff for zero kinetic energy electrons from the sample. 
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Figure 3.8. Step 1. Onset region of a He I condensed-phase 
photoelectron spectrum that has not been calibrated. 
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Figure 3.9. Step 2.  He I condensed-phase photoelectron 
spectrum of the onset region, where the top and bottom 
15% of the data are excluded from the least-squares 
analysis. 
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 The midpoint, c1/2, was first determined using Equation 3.4.  The cmin are added to 

correct for the baseline.  When there is very good sensitivity and several thousands of 

counts, this is insignificant; however, if the sensitivity is reduced, this factor may be more  

min
minmax

2/1 2
)( cccc +

−
=    Equation 3.4 

important.  If the top cutoff value is different from the bottom cutoff value, a correction 

term is added to Equation 3.4.  This correction term is the sum of the top and bottom 

cutoff percentages used, and this term is multiplied by the spread of counts (cmax – cmin).  

In this example, the top and bottom cutoffs used were 15%, and the correction term 

would be (0.15 + 0.85) = 1.  However, if the top cutoff used were 15% and the bottom 

cutoff were 20%, the correction term would be (0.15 + 0.80) = 0.95. 

 The relevant x (ionization energy) and y (counts) coordinates after establishing 

the cutoff limits are given in Table 3.3, and example numbers are given for the terms 

used throughout the calibration process in Table 3.4.  The general equations of a line and 

a line through the midpoint are given as 

baxc +=      Equation 3.5 

baxc += 2/12/1     Equation 3.6 

 where a and b are the slope and y-intercept, respectively.  These equations were set equal 

to each other, and the result of solving for x1/2 (step 3) is given by Equation 3.7. 

x
a

ccx +
−

= 2/1
2/1     Equation 3.7 

The a term in Equation 3.7 is the slope of the line between the two data points that 

bracket the c1/2 value calculated in the first step.  In this example, c1/2 = 20035.5, and the 
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two points that were plotted were (x1, c1) = (9.8575, 20067) and (x2, c2) = (9.8275, 

21194).  The slope of the resulting line is defined in Equation 3.7, and the result of 

combining Equations 3.7 and 3.8 is expressed in Equation 3.10 (step 4).  In this example, 

x1/2 is equal to 9.8564 eV. 

12

12

xx
cca

−
−

=      Equation 3.8 

1
12

122/1
2/1

))(( x
cc

xxccx +
−

−−
=    Equation 3.9 

 The equation of the line that would then pivot through this point is expressed in 

Equation 3.10.  This new slope is solved for (step 4) by a least-squares fit, where the 

dependent variable is the counts (cexperiment – c1/2) and the independent variable is the 

energy (xexperiment – x1/2). 

bxxacc +−=− )( 2/12/1    Equation 3.10 

This provides the slope, and setting the intercept, b, equal to 0 fixes the pivot point in the 

middle at (x1/2, c1/2).  The resulting plot is shown in Figure 3.10.  The HBEC is equal to 

the energy where the best fit line crosses the background counts (xo).  This is expressed in 

Equation 3.11.  Again, this correction factor for the baseline is most significant when the 

sensitivity of the experiment is low.  Rearranging this equation and solving for xo (step 5) 

yields Equation 3.12.  Steps 1 through 5 are illustrated in Figure 3.11. 

2/12/1min )( cxxac o +−=    Equation 3.11 

2/1
2/1min x

a
ccHBECxo +

−
==   Equation 3.12 
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 As the last step in the calibration process, the shift of x0 to equal to the energy of 

the photon source was determined.  The energy of the He I photons is 21.2175 eV.  For 

this working example, the data were shifted by 21.2175 - 10.4441 = 10.7734 eV, shown 

in Figure 3.12.  This method of calibration was tested for three different molecules, C60, 

W(CO)4dppe, and Mo2(O2CMe)4. 

 After the development of this method, a simpler approach was explored.  The 

most linear portion of the data as determined from step 2 was fit with a line (Equation 3.4) 

that was then extrapolated to the baseline.  The energy at which this line crossed the 

baseline was equal to the HBEC (xo) (Equation 3.13).  Again, as the last step, xo was set 

equal to the photon source energy and the data were shifted by the appropriate amount. 

a
bc

HBECxo
−

== min    Equation 3.13 

 The largest source of error in either process is initially determining the cutoff 

values used.  In all the data presented in this body of work, the cutoff values were 15% 

top and bottom.  Adjusting the cutoff limits from 10% (using a total of 80% of the data) 

to 30% (using a total of 40% of the data) altered the energy of the HBEC by only a small 

amount.  These results are shown in Table 3.5.  The difference in the energies determined 

from the least-squares analysis was 0.0871 eV with a standard deviation of 0.0241 eV.  

Interestingly, the difference in the energies when using the simpler method was only 

0.0639 eV with a standard deviation of 0.0164 eV.  In both methods, the variance in the 

calculated energies is approximately equal to the resolution of the experiment. 
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Table 3.3. An example of the x and y coordinates 
used in the least-squares analysis after step 2. 

 

x-coordinates (IE) y-coordinates (Counts) 
10.2775 5776 
10.2475 6663 
10.2175 7609 
10.1875 8487 
10.1575 9631 
10.1275 10572 
10.0975 11460 
10.0675 12575 
10.0375 13593 
10.0075 14724 
9.9775 15927 
9.9475 16801 
9.9175 17832 
9.8875 18894 
*9.8575 *20067 
*9.8275 *21194 
9.7975 22482 
9.7675 23761 
9.7375 24372 
9.7075 25465 
9.6775 26498 
9.6475 27400 
9.6175 28653 
9.5875 29920 
9.5575 30474 
9.5275 30818 
9.4975 31714 
9.4675 32757 
9.4375 33827 
9.4075 34710 

 
* These values were used to determine x1/2 in step 3. 
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Table 3.4. Example values for the various steps 
used in the process of determining the energy of 
the HBEC. 

 

Term Value Source of 
value 

cmax 40157 raw data 
cmin 58 raw data 
cmax - cmin 40099 Step 1 
Top 15% 34142.15 Step 2 
Bottom 15% 6072.85 Step 2 
c1/2 20107.5 Step 2 
x1/2 (eV) 9.8564 Step 3 
a -34114 Step 4 
x0 = HBEC (eV) 10.4441 Step 5 
21.2175 - x0 = 
shifted data (eV) 10.7734 Step 6 
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Figure 3.10. Step 4. Finding the slope of the best fit line by least-squares 
analysis where each data point is (xexperiment-x1/2, cexperiment-c1/2).  In this 
example, the slope of the line is -34114. 
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Figure 3.11. Illustrating steps 1 through 5 for determining the energy of 
the HBEC.  The blue line represents the entire data set; the green line 
represents the data used in the least-squares analysis; the red points are the 
two data points that bracket the midpoint (x1/2, c1/2); the purple dashed line 
is the best fit through the midpoint and extended to x-intercept (at cmin). 

 



 

 

89

 

 

 

Figure 3.12. Step 7. The He I condensed-phase 
photoelectron spectrum is shifted such that the HBEC is 
equal to the source energy.  In the working example, the 
data were shifted by 10.7734 eV. 
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Table 3.5. Calculated energy of the HBEC at 
various cutoff limits between 10% and 30%. 

 

HBEC (eV) Top  
cutoff (%) 

Bottom 
cutoff (%) L-S A a Simple 

10 10 10.4719 10.4639 
10 15 10.4761 10.4606 
10 20 10.4872 10.4642 
10 30 10.5029 10.4805 
15 10 10.4468 10.4500 
15 15 10.4441 10.4411 
15 20 10.4471 10.4403 
15 30 10.4638 10.4451 
20 10 10.4421 10.4480 
20 15 10.4350 10.4371 
20 20 10.4373 10.4352 
20 30 10.4481 10.4374 
30 10 10.4424 10.4445 
30 15 10.4257 10.4290 
30 20 10.4204 10.4237 
30 30 10.4158 10.4166 
    
Max value 10.5029 10.4805 
Min value 10.4158 10.4166 
Range (Max-Min) 0.0871 0.0639 
Average Value 10.4504 10.4448 
Standard Deviation 0.0241 0.0164 

 
a Least-squares analysis. 
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 Shown in Figure 3.13 are the He I condensed-phase photoelectron spectrum of 

C60 (A) before any calibration and (B) after calibration using the method described 

previously and the gas-phase spectrum (C).  A close-up of the HBEC region is shown in 

Figure 3.14 illustrating the method for calibration.  Because the energy reference (the 

vacuum level) is the same for the gas- and condensed-phase spectra after calibration, the 

differences in the ionization energies and peak widths provide information on the 

intermolecular interactions occurring in the thin films, which can be used to model 

solvent effects.  The uncalibrated spectrum can show how the band widths change when 

the molecules are in close proximity to one another, but no conclusions can be drawn in 

terms of the relative shifts in energy of the molecular orbitals for a molecule due to the 

environment. 

 A close-up of the gas-phase and calibrated condensed-phase spectra of C60 is 

shown in Figure 3.15.  These spectra were modeled analytically with asymmetric 

Gaussian peaks, and the ionization energies and peak widths are given in Table 3.6.  The 

general features of the spectra have been described elsewhere3, 26 and are the same for the 

gas and condensed phase.  A destabilization of the ionization energies for the condensed-

phase spectrum is expected due to a solvent stabilization effect.  Figure 3.16 illustrates 

this concept in terms of the relative energies of a molecule and its positive ion in gas-

phase and solvent environments.  A shift of the valence ionizations to lower energy from 

the gas phase to the condensed phase is expected due to the additional electron relaxation 

in the solvent that stabilizes the positive ion final state in the condensed phase.  The 

extent of the shift of the ionization to lower energy observed from the gas phase to the 
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condensed phase is a measure of the solvent stabilization of the cation relative to the 

neutral molecule.  A minimum of three peaks is needed to model accurately the first 

ionization band profile (band I) in the gas phase, while the spectrum in the condensed 

phase can be accurately modeled with a single peak.  However, fitting the condensed-

phase spectrum based on the gas-phase fit allows for a better description of the shifts in 

the ionization energies from the gas to the condensed phase.  The relative peak intensity 

and position of the second and third peaks were constrained to the first peak.  The widths 

of all three peaks were increased to model the solid-state broadening effects.  This 

process was also used to model band II.  Although the degree of broadening was slightly 

different for the peaks under band I (0.26 eV) and band II (0.36 eV), the energy shifts 

from the gas to the condensed phase were nearly identical.  The condensed-phase first 

ionization is destabilized by 0.61 eV relative to the gas phase. 

 The condensed-phase photoelectron spectrum of C60 was reported by 

Lichtenberger et al. in 1991.3  The thin films were prepared by vapor deposition on a gold 

substrate, and the HBEC of the spectrum was roughly calibrated to the source energy.  

The vertical ionization reported for the first ionization is 7.6 eV.  This energy is very 

close to what was found for the gas-phase spectrum (7.66 eV), but is quite different from 

the energy found in the condensed-phase work presented here.  There is no discussion of 

how well defined the HBEC was in the published spectrum or if a bias voltage was 

applied during data collection.  Recall from Figures 2.2 and 2.3 that the use of a bias 

voltage greatly improves the intensity of the secondary electrons and more clearly defines 

the HBEC in a condensed-phase spectrum.   This may explain the large discrepancy 
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between the energy of the first ionization in the spectrum I collected and the published 

ionization energy.3 

 The He I condensed-phase photoelectron spectra before and after calibration of 

the HBEC to the photon source, and the corresponding gas-phase spectrum for 

W(CO)4dppe are shown in Figure 3.17, and a close-up of the HBEC region is shown in 

Figure 3.18.  Similarly, He I gas- and condensed-phase spectra of Mo2(O2CMe)4 showing 

the shifts after calibration are shown in Figure 3.19.  The close-up of the HBEC region is 

shown as well (Figure 3.20) to illustrate the calibration process.  The details of the 

assignment of the gas-phase and condensed-phase spectra will be discussed in the 

following chapters (Chapters 4 and 5).  It is clear that calibrating the HBEC to the 

vacuum level by this method allows for a direct comparison of the gas- and condensed-

phase photoelectron spectra as exemplified by C60, W(CO)4dppe and Mo2(O2CMe)4.  The 

method of calibration described here was used for all He I condensed-phase 

photoelectron spectra presented in this body of work. 

 

Conclusions 

 The technical challenges of preparing thin films suitable for study by 

photoelectron spectroscopy and the calibration of the resulting condensed-phase spectra 

have been discussed.  Vapor deposition has proven to be a reliable method for preparing 

highly uniform thin films on a gold foil substrate with minimal charging at the surface.  

The optimal range of film thickness for acquiring high quality valence and core 

photoelectron spectra is 50-100 and 50-150 Å, respectively.  For the valence spectra (He 
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I), this range was determined by the widths of the ionization bands over a large range of 

thicknesses and the presence of charge buildup at higher thicknesses.  In films that are 

greater than 40 Å, the Au 4f ionizations no longer dominate the spectra, providing the 

lower thickness limit for the core spectra (Al Kα).  The attenuation of the Au 4f7/2 peak 

was used to find the upper limit of film thickness. 

 The intermolecular interactions present in thin films affect the electronic structure 

of the molecules that comprise the film in a way similar to the solvent effects observed in 

solution.  These effects stabilize the positive ion state to a larger extent than the neutral 

state, reducing the energy required to remove an electron from a molecular orbital as 

compared to the gas phase.  To address the effects of the intermolecular interactions on 

the electron relaxation, the same energy reference (vacuum level) was used for the gas 

and condensed phase spectra.  To calibrate the condensed-phase spectra, the energy of the 

high binding energy cutoff (HBEC) for thin films of C60, W(CO)4dppe, and 

Mo2(O2CMe)4 were calculated using a least-squares analysis.  This has shown to be a 

highly reliable and reproducible method for determining this energy and is appropriate 

for all classes of molecules.   
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Figure 3.13. Condensed-phase He I photoelectron A) 
uncalibrated spectrum and B) calibrated spectrum of C60, 
and the gas-phase photoelectron spectrum of C60 for 
comparison. 
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Figure 3.14. Close-up of the uncalibrated condensed-phase 
photoelectron spectrum of C60 illustrating the methods for calibrating 
the HBEC to the photon source. 
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Figure 3.15. He I A) gas-phase and B) condensed-phase 
photoelectron spectrum of C60. 
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Table 3.6. He I gas-phase and condensed-phase photoelectron spectroscopy 
peak parametersa for C60. 

 

Band IE WH WL IE WH WL 
       
 Gas phase Condensed phase 
I 7.66 0.21 0.21 7.05 0.47 0.47 
 7.88 0.21 0.21 7.26 0.47 0.47 
 8.09 0.21 0.21 7.46 0.47 0.47 

II 8.93 0.21 0.21 8.35 0.57 0.57 
 9.18 0.21 0.21 8.60 0.57 0.57 
 9.4 0.21 0.21 8.82 0.57 0.57 

III 10.76 0.29 0.29 10.48 0.73 0.73 
 11.11 0.54 0.54 11.07 0.73 0.73 
 11.52 0.53 0.53    
 11.83 0.59 0.59    

IV 12.55 0.37 0.37 11.97 0.47 0.47 
 12.88 0.53 0.53 12.36 0.58 0.58 
 13.38 0.60 0.60 12.88 0.72 0.72 
 13.86 0.44 0.44 13.4 0.87 0.87 
       
    Literature values b 
    7.6 0.76 0.50 
    8.95 0.89 0.65 
    10.82-11.59 c 0.53 0.38 
    12.43-13.82 c 0.85 0.20 

 
a All energies in eV. b Ionization energies and peak widths taken from ref 3. c A range was 
given for the band rather than the energy of the individual ionizations.  Band III was 
described by three peaks, and band IV was described by four peaks. 
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Figure 3.16. Solvent stabilization of the neutral molecule and positive 
ion from the gas phase to the condensed phase. 

 

M 

IE (M) 

M+ 

M+
solv

Msolv

IE (Msolv)

+ 
+

+
+ 

+

+ 

+ 

- 
- - - 

- - 

+ 

Gas Condensed phase 



 

 

100

 

 

 

Figure 3.17. Condensed-phase He I photoelectron A) 
uncalibrated spectrum and B) calibrated of W(CO)4dppe 
and the gas-phase photoelectron spectrum of W(CO)4dppe 
for comparison. 
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Figure 3.18. Close-up of the uncalibrated condensed-phase 
photoelectron spectrum of W(CO)4dppe, illustrating the methods for 
calibrating the HBEC to the photon source. 
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Figure 3.19. Condensed-phase He I photoelectron A) 
uncalibrated spectrum and B) calibrated spectrum of 
Mo2(O2CMe)4, and the gas-phase photoelectron spectrum 
of Mo2(O2CMe)4 for comparison. 
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Figure 3.20. Close-up of the uncalibrated condensed-phase 
photoelectron spectrum of Mo2(O2CMe)4, illustrating the methods for 
calibrating the HBEC to the photon source. 
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CHAPTER 4 

SOLVENT EFFECTS ON M(CO)4(P–P) (M = Mo, W; P–P = dmpe, dppe) STUDIED 

BY GAS-PHASE AND CONDENSED-PHASE PHOTOELECTRON 

SPECTROSCOPY 

 

 

Introduction 

 Phosphines represent one of the largest and most studied classes of ligands in 

chemistry, especially in the area of catalysis, in part, because the electronic and steric 

properties of the catalyst can be tuned by altering the substituents of the phosphine 

ligand.  Using different phosphines can greatly affect the reactivity, selectivity, and other 

properties of metal catalysts; however, the intermolecular interactions and solvent effects 

associated with those properties have received less attention and are not as well 

understood.1-12  The choice of solvent may greatly influence or even reverse the relative 

electronic effects of different ligands in these environments. 

 Two widely used monophosphines are trimethylphosphine (PMe3) and 

triphenylphosphine (PPh3).  The relative σ donor strengths of these have been explored, 

and there are contradictory results in the literature.  The phenyl group is slightly more 

electronegative than the methyl group,13-15 indicating that PMe3 is a better σ donor than 

PPh3.  Physical measurements and reaction chemistry in solution (IR, pKa and proton 

affinity)16-19 have shown that PMe3 is a better σ donor than PPh3, and this is in agreement 

with the trend predicted by the electronegativities of the substituents; however, the 
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opposite trend was observed in the gas phase experiments (photoelectron spectroscopy 

and proton affinity),20-23 where it was concluded that PPh3 is a stronger σ donor than 

PMe3.  The details concerning these results can be found in Chapter 1.  Neither the free 

ligands nor the metal monophosphines are good candidates for thin film growth, because 

these molecules have very high vapor pressures.  Alternatively, the metal diphosphines, 

M(CO)4(P–P) (M = Mo and W; P–P = 1,2-bis(dimethylphosphino) ethane (dmpe) and 

1,2-bis(diphenylphosphino)ethane (dppe)), are good candidates for these studies.  A 

schematic of these molecules as well as the defined coordinates that will be used 

throughout this chapter are shown in Figure 4.1. 

 Electronic structure measurements in solution and the gas phase have also been 

reported in the literature for these related methyl- and phenyl-substituted diphosphines.  

The results of the vibrational stretching frequencies, oxidation potentials, and ionization 

energies are summarized in Table 4.1. The IR stretching frequencies of M(CO)4dmpe and 

M(CO)4dppe (M = Cr, Mo, W) were measured in solution (CS2 and cyclohexane).  The 

carbonyl stretching frequencies (A1) for M(CO)4dmpe and M(CO)4dppe measured in CS2 

were equal when the metal center was either Cr or Mo;23 however, the W(CO)4dmpe 

frequency was lower than the W(CO)4dppe frequency in either CS2 
24 or cyclohexane.23  

This trend is in agreement with what Tolman observed for the monosubstituted phosphine 

molecules Ni(CO)3PMe3 and Ni(CO)3PPh3.16  The oxidation potentials for the Cr and Mo 

analogues were measured in CH2Cl2.24  In both cases, the oxidation potentials of the dppe 

molecules was significantly greater than the dmpe molecules.  The E1/2 oxidation 

potential for Cr(CO)4dppe was 0.40 V higher in energy than Cr(CO)4dmpe, while E1/2 for 
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Mo(CO)4dppe was 0.46 V higher in energy than Mo(CO)4dmpe.  These trends in the 

carbonyl stretching frequencies and the oxidation potentials indicate that dmpe is a 

stronger electron donor than dppe in the condensed phase, and these measurements of the 

diphosphine molecules (R2P–PR2) are in agreement with the monophosphine molecules 

(PR3) discussed in Chapter 1. 

 The opposite trend was observed by Bancroft, Puddephatt, and coworkers, who 

measured the gas-phase ionization energies of W(CO)4dmpe, W(CO)4dppe, and the 

uncoordinated ligands by photoelectron spectroscopy.23  The phosphine lone pair 

ionization for the dppe ligand was 0.61 eV lower in energy than the dmpe ligand 

ionization.  Similarly, the first ionization for W(CO)4dppe was 0.26 eV lower in energy 

than W(CO)4dmpe.  In these gas-phase experiments, it was concluded that dppe is a 

stronger σ donor than dmpe.  Again, the results and conclusions of these gas-phase 

measurements are in agreement with the related monophosphine molecules of Chapter 1.  

 Polarization of the solvent and/or solute molecules, cavitation effects, and 

thermodynamic factors may contribute to the reversal of the electronic structure and 

bonding trends from solution to the gas phase.  Photoelectron spectroscopy is the most 

direct method of measuring the electronic structure of a molecule, because the ionization 

energies are a quantitative energy measure of electron donation by the ligands.  As 

discussed in Chapter 1, the solvent effects measured by the oxidation potentials have both 

a thermodynamic component and an electron relaxation component; however by 

comparing gas-phase and condensed-phase photoelectron spectra, the electronic effects of 

the methyl and phenyl substitutions can be directly compared on the same time scale, 
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where only the contribution of the electron relaxation to the solvent effects is considered 

and the dynamic and thermodynamic factors in the measurements are eliminated.  No 

other technique separates these components. 

 This chapter aims to explore the electronic structure of these diphosphine 

molecules in the gas phase and condensed phase as well as to discuss the effects these 

different environments have on the electronic structure of the molecules by using 

photoelectron spectroscopy.  The close proximity of molecules allows for intermolecular 

interactions in the condensed-phase experiment, and these interactions are used to model 

the effect a solvent may have on the relative donor strength of methyl- and phenyl-

substituted phosphines. 

 

Experimental 

 Preparation of materials.  Mo(CO)4dmpe, Mo(CO)4dppe, W(CO)4dmpe and 

W(CO)4dppe were prepared by modified literature methods.24-26  The details of these 

syntheses have been discussed already in Chapter 2.  No further purification of the 

samples was necessary for collecting the gas-phase photoelectron spectra.  Thin films 

were prepared on a gold foil substrate as described in Chapter 3.  The samples were 

purified by recrystallization and vacuum sublimation at 100 to 145 EC to remove any 

metal carbonyl and free diphosphine ligand that did not react prior to growing the thin 

films. 
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Figure 4.1. Diagram of the uncoordinated diphosphine ligands 
and the metal-phosphine molecule.  The defined coordinate 
system is shown as well. 
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Table 4.1. Results of several different experiments (gas phase 
and solution) measuring the relative donor strengths of dmpe 
and dppe. 

 
 vCO a vCO 

a E1/2 b IE c 
 (cm-1) (cm-1) V eV 
 CS2 C6H12 CH2Cl2 Gas 

Cr(CO)4dmpe 2009 -- 0.46 -- 
Cr(CO)4dppe 2009 -- 0.86 -- 

     
Mo(CO)4dmpe 2020 -- 0.59 -- 
Mo(CO)4dppe 2020 -- 1.05 -- 

     
W(CO)4dmpe 2011.0 2014.9 -- 6.74 (8.47) 
W(CO)4dppe 2017.8 2020.7 -- 6.48 (7.86) 

 
a References 23 and 24. b Reference 24. c First ionization energy for the 
uncoordinated ligands in parentheses. Reference 23. 
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 Photoelectron spectroscopy.  Gas-phase and condensed-phase photoelectron 

spectra were collected using a He I radiation source and the instrumentation described in 

Chapter 2.  The resolution of the gas-phase photoelectron spectra was measured using the 

full-width-at-half-maximum of the argon 2P3/2 ionization, and the resolution for these 

molecules was in the range of 0.017-0.038 eV.  The data were corrected with an 

experimentally determined analyzer sensitivity function.  Intensity from β-ionizations 

was subtracted from the spectra as well. 

 The condensed-phase spectra were collected at constant electron kinetic energy 

pass energy, so analyzer sensitivity was approximately constant throughout the ionization 

energy range.  The β-ionizations for these He I spectra contribute about 3% of the 

ionization intensity, which is small compared to the background intensity of scattered 

electrons.  It is difficult to distinguish between the background and β-ionizations, and 

correction was not attempted.  The valence condensed-phase photoelectron spectra were 

calibrated to the source energy using the high-binding energy cutoff (HBEC) as described 

in Chapter 3. 

 Data analysis.  All gas- and condensed-phase photoelectron data were analyzed 

using the fitting program WinFp 19.8.  The valence ionization bands are represented 

analytically with the best fit of asymmetric Gaussian peaks, as described in more detail 

elsewhere.27 

 Computational methods.  The electronic structures of these molecules were 

modeled theoretically at the density functional level (DFT) using the computational 

package ADF 2006.01.28  The functionals BLYP, with the Becke29 gradient correction 
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and the Lee-Yang-Parr30-32 correlation correction generalized gradient approximation, 

and OPBE,33 with the OPTX34 exchange correction and the PBEc35 correlation term 

generalized gradient approximation, were used for all the calculations reported here.  The 

atomic orbitals on all centers were described by the TZP (core double zeta, valence triple 

zeta, single polarization) Slater-type basis set, and the Scalar-ZORA36, 37 approach has 

been used for all calculations. 

 The condensed-phase calculations were performed using the Conductor-like 

Screening Model (COSMO) of solvation,38-41 as part of the ADF 2006 package.  In this 

model, the solute molecule is inserted into a cavity of a specific size and shape, which is 

surrounded by a continuum of solvent with a given dielectric value and radius.  The 

solvents (and dielectric constant) used for these calculations are benzene (2.3), 

dichloromethane (9.08) and water (80.0), because these solvents represent a wide range 

of dielectric constants and environments. 

 Electronic structure calculations for Mo(CO)4dmpe and Mo(CO)4dppe were also 

performed at the Hartree–Fock level (HF) using the Gaussian0342 computational package.  

The effective core potential basis set, CEP-121G,43-45 was used for these gas- and 

condensed-phase calculations.  The condensed-phase calculations in Gaussian are 

referred to as Self-Consistent Reaction Field (SCRF) methods46, 47 and were performed 

using the Polarized Continuum Model (PCM)48, 49 as part of the Gaussian03 package.  

The same solvents were used in the HF calculations as were used in the ADF DFT 

calculations. 
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 The orbital plots were generated using the program Molekel.50  The first vertical 

ionization energy of the molecule was calculated as the difference between the total 

energy of the positive ion and the neutral molecule at the optimized geometry of the 

neutral molecule.  This is known as the ΔE SCF method. 

 

Gas-Phase Studies 

 Photoelectron spectroscopy.  The He I gas-phase photoelectron spectra for the 

dmpe ligand and the coordinated metal species M(CO)4dmpe (M = Mo, W) in the region 

6-15 eV are shown in Figure 4.2.  The analogous dppe and M(CO)4dppe spectra are 

shown in Figure 4.3.  

 A close-up of the lowest energy ionizations of the uncoordinated ligands PMe3, 

dmpe, PPh3, and dppe ligands in the region 7-11 eV are shown in Figure 4.4.  For all 

these ligands, the first ionization is due to the phosphine lone pair(s), where the energies 

of the methyl-substituted ionizations are stabilized relative to the phenyl-substituted 

ionizations.  The destabilization of PPh3 relative to PMe3 shows that PPh3 has more 

electron density in the highest occupied orbital and is a stronger σ donor than PMe3.    In 

the case of PMe3 and dmpe, the lone pair does not interact strongly with the methyl 

substituents; however, in the phenyl-substituted phosphines, there is a strong interaction 

between the lone pair(s) and the π system of the phenyl rings.  These interactions have 

two effects on the electronic structure and photoelectron spectra of the molecules.  The 

mixing of the lone pair orbitals with the phenyl π orbitals forms a destabilized orbital that 

gains phenyl character and a stabilized orbital that gains phosphorous lone pair character.  
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This is why there are multiple phenyl π ionizations and two ionizations due to the lone 

pairs in the photoelectron spectra.  For the PPh3 molecule, three ionizations are clearly 

visible, but for the dppe molecule, only two ionizations are clearly visible.  The two 

ionizations with partial phosphine lone pair character are split on either side of the phenyl 

π ionizations.  This mixing and splitting of the phosphine and phenyl ionizations has been 

described in detail for the series PMe3-nPhn (n = 0-3).51 

 Upon coordination to the metal center (Figures 4.2 and 4.3), the phosphine 

ionizations are stabilized, and the first peak in the M(CO)4(P–P) spectra is assigned to 

ionizations from orbitals that are predominantly metal in character.  These Mo(0) and 

W(0) d6 molecules are pseudo-octahedral, and the fully occupied degenerate t2g set of 

orbitals in Oh symmetry split, where the dxz and dyz orbitals are nearly equal in energy and 

more stable than the dxy orbital when the symmetry is lowered to C2v.  The roughly 1:2 

intensity pattern is expected for the two metal ionizations because of this lowering of the 

symmetry.  The dxy orbital is stabilized by backbonding with two carbonyls and two 

phosphines.  The dxz and dyz orbitals are more stabilized than the dxy orbital because each 

of these orbitals backbonds to three carbonyls and one phosphine.  The relative separation 

in energy of the dxy orbital (M1) and the dxz and dyz orbitals (M2) has been used to 

quantify the π acceptor strength of phosphines.  The M1/M2 energy separation for 

Mo(CO)4dmpe and Mo(CO)4dppe are nearly equal, and it is concluded that the π acceptor 

strengths of dmpe and dppe are essentially the same.  The defined orientation of the 

coordinate system used and the metal-ligand orbital interactions are shown in Figure 4.5.  

The metal ionizations are destabilized by a very small amount (dmpe: 0.03 eV and dppe: 
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0.06 eV) when the Mo center is replaced by W.  Although the W spin-orbit splitting 

complicates the overall band structure of the spectra, the contribution of the Mo spin-

orbit splitting is negligible. 

 The peaks at 9-10 eV in the dmpe spectra are assigned to the ionizations from the 

M–P σ bonds and are primarily phosphine in character.  The formation of the σ bond 

stabilizes these ionizations by 0.86 eV dmpe relative to the uncoordinated phosphine.  

The width of the phosphine ionization band also decreases when coordinated to the metal 

center.  The peaks in the region 8-10.5 eV in the dppe spectra are assigned to the 

ionizations from phenyl π orbitals and the M–P σ bonds, which again are primarily 

phosphine in character.  As was seen in the spectrum for the uncoordinated ligand, the 

phosphine-base ionizations are split on either side of the phenyl π ionizations, which are 

centered at approximately 9.2 eV.  The formation of the M–P σ bond stabilizes these 

ionizations by 0.54 eV relative to the uncoordinated phosphine.  The remaining 

ionizations at higher energies are due to C–C, C–P and C–H σ bonds and the stabilized 

C–O σ and π bonds.  The metal and phosphine ionizations are modeled analytically with 

asymmetric Gaussian peaks for quantitative comparisons of the ionization energies.  

Ionization energies and other peak parameters are given in Table 4.2.  These results are in 

good agreement with data reported in the literature.23, 52, 53 

 A close-up of the metal and phosphine ionizations of Mo(CO)4dmpe and 

Mo(CO)4dppe is shown in Figure 4.6.  Symmetric and antisymmetric bonding 

combinations of the phosphine lone pairs with the metal center yield two ionizations in 

the photoelectron spectrum of Mo(CO)4dmpe, and have been described in greater detail 
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elsewhere.52, 53  Again, the addition of the phenyl rings to the phosphine ligand makes the 

photoelectron spectrum of Mo(CO)4dppe more complex.  As was observed in the 

photoelectron spectra of the uncoordinated PPh3 and dppe ligands, mixing between the 

phenyl rings and the coordinated phosphine lone pair splits both the symmetric M–P 

bonding combination and the antisymmetric M–P bonding combination.  This results in 

four ionizations in the spectrum, where two ionizations are lower and two ionizations are 

higher in energy than the phenyl π ionizations. 

 The metal ionizations in the Mo(CO)4dppe spectrum are destabilized relative to 

the Mo(CO)4dmpe metal ionizations.  The relative stability of the metal d orbitals is a 

measure of the σ-donor strength of a phosphine to the metal center.  The ionization 

energy of the metal orbitals decreases with increasing phosphine donor strength.  The 

energy of the first ionization for Mo(CO)4dmpe and Mo(CO)4dppe is 6.83 eV and 6.70 

eV, respectively.  This shift of 0.13 eV indicates that the dppe ligand is a slightly better σ 

donor than the dmpe ligand in the gas phase.  For the W analogues, substitution of the 

methyl groups with phenyl rings destabilizes the first ionization by 0.16 eV. 

 This trend in the relative ionization energy of the metal species is in agreement 

with the gas-phase photoelectron results of the uncoordinated dmpe and dppe ligands 

reported above, as well as the results of Bancroft et al., who found that the first ionization 

for PPh3, dppe, and W(CO)5PPh3 were destabilized relative to the methyl-substituted 

molecules. 20, 23 

 Computations.  Gas-phase electronic structure calculations of the uncoordinated 

ligands and the Mo and W species were performed at the density functional (DFT) level 
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using the OPBE and BLYP functionals in ADF 2006.01.  The symmetry of the 

coordinated metal phosphines was C2, and the uncoordinated phosphines had no 

symmetry (C1) in these calculations.  There is very little difference in the Mo and W 

calculations, and the trends observed for both metals are the same.  Only the results of the 

Mo analogues are presented here.  Hartree–Fock (HF) calculations were also performed 

on the ligands and Mo(CO)4(P–P) using the CEP-121 basis set in Gaussian 03.   

 Orbital surface plots and calculated energies for the highest occupied molecular 

orbitals of dmpe and Mo(CO)4dmpe are presented in Figure 4.7 and Table 4.3.  The 

computational results are in agreement with the primary features in the photoelectron 

spectra.  The lowest energy conformation for the uncoordinated ligand is where the P 

atoms are trans to each other.  The two highest occupied molecular orbitals for the 

uncoordinated dmpe ligand (Figure 4.5A) are predominantly phosphine lone pair in 

character.  Although a single ionization is observed in the photoelectron spectrum for the 

lone pair, the calculated orbital energy for the antisymmetric (PPantisym) combination is 

approximately 0.2 eV more stable in energy than the symmetric (PPsym) combination.  

The peak width of the uncoordinated diphosphine ligand is greater than the 

monophosphine as well as the coordinated diphosphine ionization.  It is possible that 

there are two ionizations under the one peak observed in the photoelectron spectroscopy 

experiment from the symmetric and antisymmetric orbitals. 
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Figure 4.2. He I gas-phase photoelectron spectra of A) dmpe 
ligand, B) Mo(CO)4dmpe, and C) W(CO)4dmpe. 
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Figure 4.3. He I gas-phase photoelectron spectra of A) dppe 
ligand, B) Mo(CO)4dppe, and C) W(CO)4dppe. 
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Figure 4.4. Close-up of the phosphine lone pair and phenyl 
π ionizations in the He I gas-phase photoelectron spectra of 
the free ligands A) PMe3,a B) dmpe, C) PPh3,b and D) dppe. 

 
a The PES of PMe3 was collected by M.E. Jatcko; Reference 52.  b The 
PES of PPh3 was collected by M.E. Rempe; Reference 51. 
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Figure 4.5. The metal dxy, dyz and dxz orbital interactions with 
the CO and P ligands in M(CO)4(P–P). 
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Table 4.2. He I gas-phase photoelectron spectroscopy peak parametersa for 
dmpe, dppe, M(CO)4dmpe and M(CO)4dppe (M = Mo, W). 

 
Position WH WL  Position WH WL  Label 

         
dmpe (free)  dppe (free)   

8.46 0.76 0.63  7.93 0.65 0.65  PP1 
     8.96 0.68 0.39  Ph 
     9.47 0.56 0.56  Ph 
     10.26 0.46 0.46  PP2 
         

Mo(CO)4dmpe  W(CO)4dmpe   
6.83 0.57 0.28  6.80 0.58 0.23  M1 
7.12 0.57 0.28  7.14 0.58 0.23  M2 
9.32 0.47 0.47  9.44 0.46 0.46  PPantisym 
9.82 0.42 0.42  9.97 0.46 0.46  PPsym 

         
Mo(CO)4dppe  W(CO)4dppe   

6.68 0.54 0.34  6.64 0.53 0.28  M1 
6.94 0.54 0.34  6.98 0.53 0.28  M2 
8.46 0.38 0.38  8.55 0.44 0.33  PP1antisym

8.74 0.38 0.38  8.83 0.44 0.33  PP1sym 
9.14 0.37 0.37  9.17 0.35 0.35  Ph 
9.45 0.37 0.37  9.43 0.37 0.27  Ph 
9.85 0.38 0.38  9.74 0.44 0.33  PP2antisym

10.12 0.38 0.38  10.03 0.44 0.33  PP1sym 
 
a All energies in eV. 
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Figure 4.6. Close-up of the metal and phosphine ionizations 
in the He I gas-phase spectra of A) Mo(CO)4dmpe and B) 
Mo(CO)4dppe. 
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 After coordination to the metal center (Figure 4.7B), these lone pair orbitals are 

stabilized in energy.  The highest occupied molecular orbital (HOMO) for Mo(CO)4dmpe 

is the metal dxy orbital.  The next two orbitals are the dxz and dyz orbitals, and these are 

very close in energy.  The most stabilized orbitals shown are the antisymmetric and 

symmetric bonding combinations of the coordinated phosphine lone pair.  The ordering 

and approximate atomic characters of orbitals are the same for both OPBE and BLYP. 

 Orbital surface plots of dppe and Mo(CO)4dppe are shown in Figures 4.8 and 4.9, 

respectively and the calculated energies for both molecules are given in Table 4.4.  The 

computational results are in agreement with the primary features in the photoelectron 

spectra in terms of the relative ordering of the lone pair, phenyl π, and metal orbitals. 

 The dppe ligand contributes two orbitals from the lone pairs and eight from the 

four phenyl rings for a total of ten orbitals.  These ten orbitals interact strongly with each 

other, and there is significant mixing.  Both the symmetric (PPsym) and antisymmetric 

(PPantisym) lone pair orbitals are split in energy, generating four orbitals that have lone pair 

character.  In the uncoordinated ligand, the antisymmetric combination is stabilized 

relative to the symmetric combination in both sets, and there is more mixing between the 

lone pairs and the phenyl rings and more contribution from the phenyl rings seen in 

PP2antisym and PP2sym than PP1antisym and PP1sym (Figure 4.8).  

 The remaining six phenyl π orbitals are between these two sets of PP orbitals.  

The ten ligand-based orbitals are stabilized in the coordinated Mo(CO)4dppe molecule, 

and the antisymmetric combination is destabilized relative to the symmetric combination 

in both sets.  The metal-based orbitals are less stable than the ligand-based orbitals, and 
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the dxy orbital is destabilized relative to the dxz and dyz orbitals.  The ordering and atomic 

characters of the orbitals are the same for both methods used. 

 The DFT Kohn–Sham orbital energies and HF eigenvalues of the methyl- and 

phenyl-substituted molecules are destabilized compared to the experimental ionization 

energies; however, the relative ionization energies in the calculations are in better 

agreement to the experiment.  Therefore, the orbital energies in the tables are shifted such 

that the calculated energy of the HOMO is equal in magnitude to the first ionization in 

the experiment to emphasize the relative separations and how they align with the 

experimental ionizations. 

 The BLYP and OPBE Kohn–Sham orbital energies for the dmpe and dppe 

HOMO are all very close in energy.  These energies differ by only 0.02 eV, which is the 

error generally reported for the gas-phase photoelectron spectroscopy experiments.  

Similarly, the Mo(CO)4(P–P) HOMO Kohn–Sham orbital energies are approximately 

equal (± 0.02 eV) when using either BLYP or OPBE.  Therefore, no particular trend in 

the relative donor strength of the phosphines is observed when comparing the Kohn–

Sham orbital energies.  The HF HOMO eigenvalues show better agreement with the 

experiment, especially for the dmpe and dppe ligands.  The eigenvalues for the methyl-

substituted molecules are stabilized relative to those of the phenyl-substituted molecules, 

consistent with what is observed in the gas-phase experiments. 

 Two different comparisons of the calculated (ΔE SCF) and experimental 

ionization energies can be made.  The first is how well the calculated energy matches the 

experiment, and the second is how well the relative energy separation between the 
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methyl- and phenyl-substituted molecules compares to the experiment.  The calculated 

ionization energies of the free ligands are all destabilized relative to the experimental 

energies.  The dmpe HF energy shows the smallest shift, with a destabilization of 0.30 

eV, while the DFT energies are destabilized by 0.55 eV (BLYP) and 1.03 eV (OPBE).  

The destabilization of the calculated dppe energies are all approximately 1.0 eV.  Again, 

the HF energy shows the smallest shift (0.96 eV) as compared to the DFT energies.  The 

DFT energies, particularly BLYP, for Mo(CO)4dmpe and Mo(CO)4dppe are in much 

better agreement with the experiments than the free ligands.  The shift of the BLYP 

energy is less than 0.10 eV for both molecules, and the OPBE energies are stabilized by 

approximately 0.30 eV.  The HF energies, however, are destabilized by nearly 1.0 eV. 

 These calculations accurately predicted that the first ionizations of the methyl-

substituted molecules are more stable than the phenyl-substituted analogues.  In the 

experiment, the first ionization for dmpe is stabilized relative to the first ionization for 

dppe by 0.53 eV.  The relative separation of the calculated OPBE energies is 0.56 eV, 

while the BLYP and HF energy separations are 1.10 and 1.18 eV, respectively.  All three 

methods fairly accurately predicted the energy separation of Mo(CO)4dmpe and 

Mo(CO)4dppe.  In the experiment, Mo(CO)4dppe is destabilized by 0.15 eV relative to 

Mo(CO)4dmpe, and the destabilization in the calculations is between 0.16 (HF) and 0.29 

eV (BLYP). 

 To summarize, of the three methods used to calculate the ionization energies from 

the HOMO, the best results for the uncoordinated ligands were the HF energies, and the 

best results for the metal species Mo(CO)4(P–P) were the BLYP energies.  Although the 
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OPBE ligand energies were destabilized from the experimental ionization energies, the 

degree of destabilization was approximately the same, and the relative energy separation 

between dmpe and dppe was very close to what was observed in the experiment.  As was 

seen for the OPBE energies, the HF Mo(CO)4dmpe and Mo(CO)4dppe energies were 

greatly destabilized from the experimental ionization energies by roughly the same 

energy, and the relative methyl-phenyl energy separation was approximately equal to 

experiment.  Clearly, none of these methods is the “best” to use in terms of the whole 

picture. 

 The results of the gas-phase photoelectron spectra and electronic structure 

calculations of Mo(CO)4dmpe, Mo(CO)4dppe and the uncoordinated ligands are in 

agreement.  It was observed that in the gas phase, the first ionization of the phenyl-

substituted molecules is lower in energy than the methyl-substituted molecules.  This 

relative destabilization of the ligand and metal orbitals seems to indicate that dppe has 

more electron density in the lone pairs to donate to a metal center and is therefore a better 

σ donor than dmpe in the gas phase.  The results of the relative donor strength of the 

diphosphine molecules are in agreement with the reported gas-phase results of the 

monophosphine molecules, PR3 and M(CO)5PR3. 
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Figure 4.7. Gas-phase orbital surface plots (value = ±0.05) of the metal and 
phosphine orbitals for A) dmpe and B) Mo(CO)4dmpe, with the OPBE and 
BLYP calculated orbital energies. 
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Table 4.3. Calculated gas-phase DFT (OPBE and BLYP) 
Kohn–Sham orbital energiesa,b and HF eigenvaluesa,b of 
uncoordinated dmpe and Mo(CO)4dmpe are compared to 
the experimental ionization energiesa. 

 
Label DFT 

OPBE 
DFT 

BLYP 
HF Exp IE 

     
dmpe ligand    

PPsym lp -8.46 c 
(7.43) 

-8.46 d 
(7.91) 

-8.46 e 
(8.15) 

8.46 

PPantisym lp -8.62 -8.63 -8.71  
     

Mo(CO)4dmpe    
M1 -6.83 f 

(7.21) 
-6.83 g 
(6.92) 

-6.83 h 
(5.85) 

6.83 

M2 -7.09 -7.08 -6.95 7.12 
M2 -7.17 -7.16 -7.01  

PPantisym -8.63 -8.79 -9.75 9.32 
PPsym -8.98 -9.21 -10.47 9.82 

 
a All energies in eV.  b The calculated energies were shifted such that 
the calculated HOMO energy was equal to the experimental first 
ionization energy. ΔE SCF values for the HOMO in parentheses.  c 
Energies shifted by 3.45 eV.  d Energies shifted by 3.43 eV.  e Energies 
shifted by 0.27 eV.  f Energies shifted by 2.11 eV.  g Energies shifted by 
2.36 eV. h Energies shifted by 0.93 eV. 
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Figure 4.8. Gas-phase orbital surface plots (value = ±0.05) of the phosphine 
and phenyl π orbitals for dppe, with the OPBE and BLYP calculated orbital 
energies.  A single phenyl π orbital is shown for clarity. 

 
a Only the first Kohn–Sham orbital energy is listed for the phenyl π orbitals. 
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Figure 4.9. Gas-phase orbital surface plots (value = ±0.05) of the metal, 
phosphine, and phenyl π orbitals for Mo(CO)4dppe, with the OPBE and 
BLYP calculated orbital energies.  A single phenyl π orbital is shown for 
clarity. 

 
a Only the first Kohn–Sham orbital energy is listed for the phenyl π orbitals. 
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Table 4.4. Calculated gas-phase DFT (OPBE and BLYP) 
Kohn–Sham orbital energiesa,b and HF eigenvaluesa,b of 
uncoordinated dppe and Mo(CO)4dppe are compared to the 
experimental ionization energiesa. 
 

Label DFT 
OPBE 

DFT 
BLYP 

HF Exp IE 

     
dppe ligand    

PP1sym -7.93 c 
(6.87) 

-7.93 d 
(6.81) 

-7.93 e 
(6.97) 

7.93 

PP1antisym -8.00 -8.03 -8.25  
Ph x2 -9.00 -8.83 -9.12 8.96 
Ph x2 -9.09 -8.93 -9.15 9.47 
Ph x2 -9.29 -9.11 -9.33  
PP2sym -9.35 -9.19 -9.89 10.26 

PP2antisym -9.56 -9.41 -10.25  
     

Mo(CO)4dppe    
M1 -6.68 f 

(6.98) 
-6.68 g 
(6.63) 

-6.68 h 
(5.69) 

6.68 

M2 -6.86 -6.88 -6.75 6.94 
M2 -6.90 -6.92 -6.77  

PP1antisym -7.77 -8.01 -8.09 8.46 
PP1sym -7.96 -8.18 -8.29 8.74 
Ph x2 -8.12 -8.33 -8.45 9.14 
Ph x2 -8.31 -8.50 -8.63 9.45 
Ph x2 -8.37 -8.56 -8.67  

PP2antisym -9.14 -9.32 -10.38 9.85 
PP2sym -9.25 -9.48 -10.80 10.12 

 
a All energies in eV.  b The calculated energies were shifted such that 
the calculated HOMO energy was equal to the experimental ionization 
energy. ΔE SCF values for the HOMO in parentheses.  c Energies 
shifted by 2.93 eV.  d Energies shifted by 2.92 eV.  e Energies shifted 
by 0.16 eV.  f Energies shifted by 1.94 eV.  g Energies shifted by 2.23 
eV.  h Energies shifted by 1.03 eV. 
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Condensed-Phase Studies 

 Photoelectron spectroscopy.  Thin films of M(CO)4dmpe and M(CO)4dppe 

(M=Mo, W) were prepared by vapor deposition as described in Chapter 3 for study by 

photoelectron spectroscopy to measure the electronic relaxation component of the solvent 

effects present in the condensed phase.  The He I condensed-phase photoelectron spectra 

in the region 4-15 eV for Mo(CO)4dmpe and W(CO)4dmpe are shown in Figure 4.10, and 

for Mo(CO)4dppe and W(CO)4dppe in Figure 4.11. 

 The general features of these condensed-phase spectra are the same as the gas-

phase spectra.  The lowest energy ionizations are predominantly metal in character, and 

there is a destabilization of the metal and phosphine ionizations when the Mo center is 

replaced with W in both the methyl- and phenyl-substituted molecules.  The metal and 

phosphine ionizations were modeled analytically with asymmetric Gaussian peaks, and 

the peak parameters for these molecules are given in Table 4.5.  The broadening of the 

ionization peaks from the gas phase to the condensed phase is on the order of 0.2 eV 

(Mo(CO)4dppe) to 0.35 eV (W(CO)4dppe).  In Chapter 3, the broadening of the 

condensed-phase ionization peaks for C60 was on the order of 0.3 eV.  The source of the 

broadening is due mostly to solid-state effects.  Because of this broadening, some of the 

structure seen in the gas-phase spectra is lost, and the gas-phase spectral fits were used 

and the peak widths increased to model the condensed-phase spectra. 

 A close-up of the metal and phosphine ionizations for Mo(CO)4dmpe and 

Mo(CO)4dppe is shown in Figure 4.12.  The 1:2 intensity pattern of the three metal 

orbitals (dxy:dxz, dyz) is not as clearly visible as in the gas-phase spectra, due to the solid-
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state broadening effects.  The first ionization peak in both spectra is asymmetric with 

more tailing on the low energy side where the ionization from the dxy orbital is located. 

 There is clearly a stabilization of the metal ionizations when the methyl groups on 

the phosphine ligand are replaced by phenyl groups, as evidenced by the large shift in 

ionization energy.  The energy of the first ionization for Mo(CO)4dmpe is 5.73 eV, 0.77 

eV lower in energy relative to the first ionization for Mo(CO)4dppe at 6.50 eV.  There is 

an even larger shift of 0.82 eV in the relative ionization energies of the methyl- and 

phenyl-substituted phosphines for the W analogues.  This relative destabilization of the 

metal-based ionizations indicates dmpe is acting as a better σ donor than dppe in these 

thin films. 

 Computations.  Condensed-phase electronic structure calculations were 

performed on M(CO)4dmpe and M(CO)4dppe (M = Mo, W) using the OPBE and BLYP 

functionals in ADF 2006.01 with C2 symmetry.   COSMO38-41 was used to model 

implicitly the intermolecular interactions of these metal-phosphines associated with 

solvent effects.  Hartree–Fock (HF) electronic structure calculations for Mo(CO)4dmpe 

and Mo(CO)4dppe were also performed using the PCM implicit solvent model48, 49 with 

the CEP-121 basis set in Gaussian 03.  A schematic of this implicit model is shown in 

Figure 1.2. 
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Figure 4.10. He I condensed-phase photoelectron spectra of 
A) Mo(CO)4dmpe and B) W(CO)4dmpe.   
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Figure 4.11. He I condensed-phase photoelectron spectra of 
A) Mo(CO)4dppe and B) W(CO)4dppe.   
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Table 4.5. He I condensed-phase photoelectron spectroscopy peak parametersa 
for M(CO)4dmpe and M(CO)4dppe (M = Mo, W). 

 
Position WH WL  Position WH WL  Label 

         
Mo(CO)4dmpe  W(CO)4dmpe   

5.73 0.93 0.63  5.35 0.98 0.77  M1 
6.02 0.93 0.63  5.82 0.98 0.77  M2 
7.95 0.87 0.87  7.68 0.82 0.82  PPantisym 
8.46 0.81 0.81  8.19 0.78 0.78  PPsym 

         
Mo(CO)4dppe  W(CO)4dppe   

6.50 0.74 0.54  6.17 0.89 0.55  M1 
6.75 0.74 0.54  6.51 0.89 0.55  M2 
8.00 0.58 0.58  7.81 0.70 0.56  PP1antisym

8.27 0.58 0.58  8.10 0.70 0.56  PP1sym 
8.64 0.57 0.57  8.42 0.68 0.61  Ph 
8.94 0.57 0.57  8.71 0.67 0.67  Ph 
9.39 0.58 0.58  9.15 0.62 0.62  PP2antisym

9.66 0.58  0.58   9.46 0.62 0.62  PP1sym 
 
a All energies in eV. 
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Figure 4.12. Close-up of the metal and phosphine 
ionizations in the He I condensed-phase spectra of A) 
Mo(CO)4dmpe and B) Mo(CO)4dppe. 
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 The solvents (and dielectric constants) used for these calculations were benzene 

(2.3), dichloromethane (9.08), and water (80.0).  As was seen in the gas-phase 

calculations, there is little difference in the energies of the Mo and W calculations.   

Because the relative trends observed are the same for both metals, only the Mo results are 

presented here.  There is no change in the orbital surface plots for the molecules in 

benzene, dichloromethane, or water environments.  Condensed-phase orbital surface plots 

and calculated energies for the highest occupied molecular orbitals of Mo(CO)4dmpe are 

presented in Figure 4.13 and Table 4.6.  Similarly, the condensed-phase orbital surface 

plots and calculated energies for Mo(CO)4dppe are shown in Figure 4.14 and Table 4.7. 

 The order of the calculated orbitals agrees well with the photoelectron 

spectroscopic results.  The first ionizations are metal in character, and the HOMO dxy 

orbital is lower in ionization energy than the dxz and dyz orbitals.  The antisymmetric 

(PPantisym) coordinated lone pair bonding combination is destabilized relative to the 

symmetric (PPsym) combination in both methyl- and phenyl-substituted molecules.  The 

symmetric and antisymmetric bonding combinations in Mo(CO)4dppe are each split by 

the interaction with the phenyl π system, as was described in the gas phase calculations. 

 The Kohn–Sham orbital energies and eigenvalues for each molecular orbital 

become more stable with increasing solvent polarity, while the ΔE SCF values seem to 

indicate that the energy of the HOMO is destabilized with increasing solvent polarity.  

The ΔE SCF value is the difference between the total energy of the neutral molecule and 

the total energy of the positive ion, while the Kohn–Sham orbital energies and 

eigenvalues listed are only for the neutral molecule.  The total energies of the neutral 
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molecules Mo(CO)4(P–P) and the positive ions [Mo(CO)4(P–P)]+ with the electron 

removed from the HOMO are given in Table 4.8.  The total energy is stabilized when 

these molecules are in solvent environments of increasing polarity for both the neutral 

molecule and the positive ion.  The positive ion is stabilized more than the respective 

neutral molecule for each solvent environment.  The result is a decrease in the ionization 

energy and ΔE SCF energy of the molecules with increasing solvent polarity.  This is 

illustrated in Figure 4.15. 

 The experimental first ionization energy of Mo(CO)4dmpe is 5.73 eV.  The OPBE 

ΔE SCF energies are stabilized relative to the experiment, and the calculated energy that 

best agrees with the experiment is in an environment similar to water.  The BLYP ΔE 

SCF energy in benzene is stabilized relative to the experiment, while the energies in 

dichloromethane and water are destabilized.  This would indicate that the condensed-

phase environment of Mo(CO)4dmpe is similar to something between benzene and 

dichloromethane.  The HF ΔE SCF energies are destabilized by 0.7 eV or more relative to 

the experiment.  The molecule is soluble in dichloromethane, and it is more likely that the 

condensed-phase environment in the thin films of Mo(CO)4dmpe is closer to 

dichloromethane than water.  The DFT and HF ΔE SCF energies for Mo(CO)4dppe are 

destabilized by approximately 0.10 to 2.0 eV relative to the experimental ionization 

energy (6.50 eV).  The calculated total energies, particularly of the positive ion, indicate a 

greater solvent stabilization effect than what is actually observed in the experiment.   

 The HF and DFT orbital energies and ΔE SCF energies of Mo(CO)4dmpe are 

consistently destabilized relative to the energies of Mo(CO)4dppe in the benzene, 
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dichloromethane, and water environments, and the difference in the ionization energies 

increases with a more polar solvent environment.  The results of the condensed-phase 

electronic structure calculations and photoelectron spectra of Mo(CO)4dmpe and 

Mo(CO)4dppe are in agreement. 

 In the condensed phase, the first ionization Mo(CO)4dmpe is lower in energy than 

that of Mo(CO)4dppe.  It is this relative destabilization of the ionization from the metal-

based orbitals which indicates that dmpe is a better σ donor than dppe in the condensed 

phase.  These results for the relative donor strength of M(CO)4dmpe and M(CO)4dppe are 

in general agreement with what has been reported in the literature for the vibrational 

stretching frequencies and oxidation potentials of these molecules in solution.   
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Figure 4.13. Condensed-phase orbital surface plots (value = ±0.05) 
of the metal and phosphine orbitals for Mo(CO)4dmpe in benzene 
solvent. 
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Figure 4.14. Condensed-phase orbital surface plots (value = ±0.05) 
of the metal, phosphine, and phenyl π orbitals for Mo(CO)4dppe in 
benzene solvent.  A single phenyl π orbital is shown for clarity. 
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Table 4.6. Calculated condensed-phase DFT (OPBE and BLYP) Kohn–Sham 
orbital energiesa,b and HF eigenvaluesa,b for Mo(CO)4dmpe in solvent 
environments are compared to the experimental condensed-phase ionization 
energiesa. 

 

Label Benzene DCM Water  Benzene DCM Water Exp IE 
         
  OPBE    BLYP   
M1 -4.85 -4.98 -5.04  -4.57 -4.67 -4.71 5.73 
 (6.38) (5.93) (5.78)  (6.06) (5.59) (5.42)  
M2 -5.13 -5.26 -5.32  -4.83 -4.93 -4.97 6.02 
M2 -5.19 -5.32 -5.37  -4.90 -4.99 -5.02  
PPantisym -6.44 -6.39 -6.37  -6.35 -6.24 -6.20 7.95 
PPsym -6.80 -6.75 -6.73  -6.75 -6.65 -6.61 8.46 
         
  HF       
M1 -7.79 -7.88 -7.86     5.73 
 (5.03) (4.50) (4.26)      
M2 -7.92 -8.03 -8.01     6.05 
M2 -7.98 -8.08 -8.06      
PPantisym -10.56 -10.48 -10.41     8.01 
PPsym -11.28 -11.19 -11.11     8.51 
 
a All energies in eV.  b ΔE SCF values for the HOMO in parentheses.  c Dichloromethane. 
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Table 4.7. Calculated condensed-phase DFT (OPBE and BLYP) Kohn–Sham orbital 
energiesa,b and HF eigenvaluesa,b for Mo(CO)4dppe in solvent environments are 
compared to the experimental condensed-phase ionization energiesa. 

 

Label Benzene DCM Water  Benzene DCM Water Exp IE 
         
  OPBE    BLYP   
M1 -4.99 -5.17 -5.24  -4.66 -4.82 -4.88 6.50 
 (6.42) (6.10) (5.98)  (6.04) (5.71) (5.58)  
M2 -5.18 -5.37 -5.45  -4.87 -5.04 -5.10 6.75 
M2 -5.21 -5.40 -5.48  -4.91 -5.08 -5.14  
PP1antisym -5.97 -6.06 -6.10  -5.86 -5.90 -5.91 8.00 
PP1sym -6.17 -6.26 -6.31  -6.02 -6.08 -6.09 8.27 
Ph x2 -6.33 -6.42 -6.45  -6.18 -6.21 -6.22 8.64 
Ph x2 -6.44 -6.51 -6.54  -6.27 -6.29 -6.30 8.94 
Ph x2 -6.50 -6.54 -6.57  -6.33 -6.33 -6.33  
PP2antisym -7.32 -7.39 -7.42  -7.15 -7.18 -7.18 9.39 
PP2sym -7.43 -7.51 -7.54  -7.32 -7.35 -7.35 9.66 
         
  HF       
M1 -7.88 -8.02 -8.04     6.50 
 (5.05) (4.66) (4.48)      
M2 -7.95 -8.10 -8.13     6.75 
M2 -7.97 -8.11 -8.14      
PP1antisym -9.11 -9.10 -9.09     8.00 
PP1sym -9.30 -9.27 -9.26     8.27 
Ph x2 -9.45 -9.41 -9.39     8.64 
Ph x2 -9.60 -9.52 -9.49     8.94 
Ph x2 -9.64 -9.58 -9.56      
PP2antisym -11.41 -11.39 -11.36     9.39 
PP2sym -11.84 -11.82 -11.79     9.66 
 

a All energies in eV.  b ΔE SCF values for the HOMO in parentheses.  c Dichloromethane. 
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Table 4.8. Calculated total energiesa of the neutral and positive ion 
(HOMO) states for Mo(CO)4dmpe and Mo(CO)4dppe in a solvent 
environment. 

 

  Benzene DCM b Water Δ E c 
      
Mo(CO)4dmpe     
      
OPBE: Neutral -199.03 -199.15 -199.20 0.17 
 HOMO -192.66 -193.22 -193.42 0.76 
      
BLYP: Neutral -188.18 -188.32 -188.37 0.19 
 HOMO -182.12 -182.72 -182.95 0.83 
      
HF: Neutral -5624.94 -5625.17 -5625.28 0.34 
 HOMO -5619.91 -5620.68 -5621.02 1.11 
      
Mo(CO)4dppe     
      
OPBE: Neutral -406.14 -406.45 -406.59 0.45 
 HOMO -399.72 -400.35 -400.60 0.88 
      
BLYP: Neutral -383.36 -383.62 -383.73 0.37 
 HOMO -377.33 -377.91 -378.15 0.82 
      
HF: Neutral -8729.66 -8730.06 -8730.49 0.83 
 HOMO -8723.98 -8725.01 -8725.83 1.85 
 
a All energies in eV.  b Dichloromethane.  c Ebenzene – Ewater.  
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Figure 4.15. Calculated total energy of Mo(CO)4dmpe 
(bottom) and [Mo(CO)4dmpe]+ (top) in solvent 
environments with increasing polarity.  The ionization 
energy is the difference between the total energy of the 
neutral molecule and positive ion. 
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Discussion 

 The gas-phase and condensed-phase results of the DFT calculations are in 

agreement with the trends observed in the photoelectron spectroscopy experiments.  A 

correlation diagram of the BLYP ΔE SCF ionization energies of the first ionization for 

Mo(CO)4dmpe and Mo(CO)4dppe is shown in Figure 4.16, to compare the relative 

ionization energies of these two molecules in different environments.  The calculated 

HOMO ionization of Mo(CO)4dppe is lower in energy than Mo(CO)4dmpe in the gas 

phase by 0.29 eV.  The Kohn–Sham energies of these two orbitals are destabilized in the 

condensed phase, and as discussed above, the destabilization of the HOMO ionization 

increases with more polar solvent environments.  In dichloromethane and water 

environments, the HOMO ionization of Mo(CO)4dppe is stabilized relative to the 

ionization of Mo(CO)4dmpe by 0.12 and 0.16 eV, respectively.  In the benzene 

environment, these HOMO energies are almost identical (±0.02 eV), and it can be 

concluded that the cross-over point, where the stronger σ donor switches from dppe to 

dmpe, occurs in an environment similar to benzene.  The energy due to electron 

relaxation (Erelax) during the ionization process can be determined from the HF results 

using the relationship in Equation 4.1, where ε is the HOMO eigenvalue.  There is an 

increase in the electron relaxation energy upon solvation and a continued increase in this 

energy with increased solvent polarity.  These results are show in Table 4.9. 

)SCF  ΔE()ε(Erelax −−=    Equation 4.1 

 A comparison of the gas-phase and condensed-phase photoelectron spectra of the 

metal and phosphine ionizations for Mo(CO)4dmpe and Mo(CO)4dppe is shown in Figure 
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4.17.  The gas-phase spectra are shown in blue, and the condensed-phase spectra are 

shown in red.  The condensed-phase ionizations are only slightly broader than the gas-

phase ionizations.  This indicates that the molecules are in similar chemical and 

electronic environments in the thin films.  The condensed-phase ionizations are shifted to 

lower energy for both molecules.  A shift of the valence ionizations to lower energy from 

the gas phase to the condensed phase is expected due to the additional electron relaxation 

when in a solvent environment that stabilizes the positive ion final state more than the 

neutral state (Figure 3.16).  The extent of this shift to lower energy observed from the gas 

phase to the condensed phase is a measure of the electron relaxation component for the 

solvent stabilization of the cation relative to the neutral molecule. 

 The condensed-phase metal ionizations from the dxy, dxz, and dyz orbitals for 

Mo(CO)4dmpe are destabilized by 1.10 eV from the gas phase, while the ionizations from 

the antisymmetric and symmetric Mo–P σ bonds are destabilized by 1.37 eV from the gas 

phase.  There is a greater shift to lower energy in the condensed phase for the phosphine-

based ionizations than for the metal-based ionizations.  This indicates that the 

surrounding environment has a greater stabilization effect on the phosphine-based 

orbitals as compared to the metal-based orbitals.  The metal center is somewhat protected 

from the surrounding environment by the CO and dmpe ligands, especially the bulkier 

dmpe ligand. 

 The condensed-phase metal ionizations from the dxy, dxz, and dyz orbitals for 

Mo(CO)4dppe are destabilized by only 0.18 eV from the gas phase, and the phosphine 

coordinated lone pair ionizations are destabilized by 0.46 eV.  Again, the phosphine-
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based orbitals are more strongly influenced by the surrounding environment than the 

metal-based orbitals.  Most interesting to note with these comparisons is that the 

magnitude of destabilization of the Mo(CO)4dmpe ionizations is much greater than the 

Mo(CO)4dppe ionizations. 

 The smaller shifts in the ionizations from the gas phase to the condensed phase 

seen in Mo(CO)4dppe, as compared to Mo(CO)4dmpe, indicate the solvent stabilization 

effects are less pronounced with the phenyl-substituted molecule.  The polarity of the 

solvent and solute and the cavitation of the solute affect the degree of solvent 

stabilization of both the neutral and ion states of the molecule and the results of these 

photoelectron spectroscopic studies indicate that there is greater solvent stabilization for 

the M(CO)4dmpe molecules because each are smaller and more polar than the analogous 

M(CO)4dppe molecules. 

 

Conclusions 

 Gas-phase and condensed-phase photoelectron spectroscopy and density 

functional calculations were used to probe the changes in electronic structure and relative 

σ donor strengths of methyl- and phenyl-substituted phosphines when the molecules were 

placed in different environments.  The condensed-phase experiments were used to 

monitor the intermolecular interactions and have been interpreted with the aid of solvent 

models. 
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Figure 4.16. Correlation diagram of ΔE SCF energies (BLYP) 
of the HOMO for Mo(CO)4dmpe and Mo(CO)4dppe in 
different environments. (DCM = Dichloromethane) 
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Figure 4.17. He I gas-phase (blue) and condensed-phase 
(red) photoelectron spectra of A) Mo(CO)4dmpe and B) 
Mo(CO)4dppe. 
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Table 4.9. Electron relaxation energiesa determined from the HF calculations. 

 

Environment -ε ΔE SCF Erelax  -ε ΔE SCF Erelax 
        
 Mo(CO)4dmpe  Mo(CO)4dppe 

Gas 6.83 5.85 0.98  6.68 5.69 0.99 
Benzene 7.79 5.03 2.76  7.88 5.05 2.83 
DCM b 7.88 4.50 3.38  8.02 4.66 3.36 
Water 7.86 4.26 3.60  8.04 4.48 3.56 

 
a All energies in eV.  b Dichloromethane. 
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 The gas-phase photoelectron spectra of the uncoordinated dmpe and dppe ligands 

and the coordinated M(CO)4dmpe and M(CO)4dppe (M = Mo, W) molecules were 

collected.  The phosphine lone pair ionization of dppe is lower in energy than that of 

dmpe.  The metal-based ionizations of M(CO)4dppe are also lower in energy than those 

of M(CO)4dmpe.  The trends observed in the gas-phase calculations are in agreement 

with the experimental ionization energies.  These results reveal that in the gas phase, 

dppe is a better σ donor than dmpe. 

 Condensed-phase photoelectron spectra of the metal-phosphines were also 

collected.  There is an overall destabilization of the ionization energies when the 

molecules are placed in close proximity to one another due to intermolecular solvent-like 

stabilization effects. These experiments separate the electronic contribution from the 

thermodynamic contributions to the solvent effects.  This shift is greater for the methyl-

substituted molecules indicating that the solvent stabilization effects are more 

pronounced with these molecules than for the phenyl-substituted molecules.  Implicit 

solvent calculations using COSMO were performed, and those results are in agreement 

with the experiment.  There is a decrease in the ionization energy of the HOMO with 

increasing solvent polarity.  The trend in relative ionization energy observed in the gas 

phase is reversed in the condensed phase, where dmpe is a stronger σ donor than dppe. 

 The electronic structure of these methyl- and phenyl-substituted phosphines is 

greatly affected by the surrounding environment, and the relative σ donor strengths can 

be altered and even reversed by placing the molecules in different environments. 
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CHAPTER 5 

SOLVENT EFFECTS ON THE ELECTRONIC STRUCTURE OF Mo2(O2CR)4 

(R = Me, Ph) STUDIED BY GAS-PHASE AND CONDENSED-PHASE 

PHOTOELECTRON SPECTROSCOPY 

 

 

Introduction 

 In the previous chapter, the relative donor strength of methyl- and phenyl-

substituted diphosphine molecules was explored in the gas and condensed phases using 

photoelectron spectroscopy.  The relative donor strength of the two substituted ligands 

was found to reverse from the gas phase to the condensed phase.  Another historic and 

important class of molecules, particularly in the field of catalysis1-6 and extended 

molecular wires and arrays,4, 7-9 are the “paddlewheel” dimetal molecules with the general 

form M2(L–L)4, shown here. 

 

 There are several bridging ligands that have been shown to form paddlewheel 

molecules, including the methyl- and phenyl-substituted carboxylate ligand, RCOO– (R = 

M M
L
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Me, Ph).  This chapter further explores the extent to which the surrounding environment 

affects the electronic structure of a molecule when those molecules are placed in close 

proximity to each other, and more specifically, how the presence of a “solvent” affects 

the relative donor strength of methyl- and phenyl-substituted carboxylate ligands in 

paddlewheel molecules through intermolecular interactions.  Again, the intermolecular 

interactions in the condensed phase are used as a model for solvent electronic effects. 

 The highest occupied molecular orbital (HOMO) in these molecules is the δ bond 

between the two metal centers, and it has been shown that the relative ionization energy 

of this orbital can be greatly affected by the R group on the carboxylate ligand.10  The 

gas- and condensed-phase photoelectron spectra of Mo2(O2CMe)4 and Mo2(O2CPh)4 have 

been reported;11-14  however, the condensed-phase spectra were not referenced to the 

vacuum level, and few conclusions were made as to the extent of electron relaxation due 

to solvation or the relative donor strengths of the methyl- and phenyl-substituted ligands.  

With better methods of calibration and increased resolution and sensitivity, the valence 

gas-phase and condensed-phase photoelectron spectra of these two molecules can now be 

compared in terms of intermolecular interactions and solvent effects. 

 

Experimental 

 Preparation of materials.  The molecules Mo2(O2CMe)4 and Mo2(O2CPh)4 were 

synthesized by Jason C. Durivage using published methods.15-17  Thin films were 

prepared by vapor deposition on gold foil substrates as described in Chapter 3.  The 
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samples were purified by vacuum sublimation at 100 °C to remove any Mo(CO)6 that did 

not react prior to thin film growth. 

 Photoelectron spectroscopy.  Gas-phase photoelectron spectra, collected by 

Jason Durivage, and condensed-phase photoelectron spectra, collected as a part of this 

work, were acquired using instrumentation described already in Chapter 2.   He I 

radiation was used for the valence gas- and condensed-phase spectra while the core 

spectra were collected with Al Kα radiation. 

 The resolution of the gas-phase photoelectron spectra was measured using the 

full-width-at-half-maximum of the argon 2P3/2 ionization, and the resolution for these 

molecules was in the range of 0.021-0.040 eV.  The data were corrected with an 

experimentally determined analyzer sensitivity function.  Intensity from β-ionizations 

was subtracted from the spectra as well. 

 The condensed-phase spectra were collected at constant electron kinetic energy 

pass energy, and the analyzer sensitivity was approximately constant throughout the 

ionization energy range.  The β-ionizations for these He I spectra contribute about 3% of 

the ionization intensity, which is small compared to the background intensity of scattered 

electrons and difficult to distinguish; therefore, correction was not attempted.  The 

valence condensed-phase photoelectron spectra were calibrated to the source energy 

using the high-binding energy cutoff (HBEC) as described in Chapter 3. 

 Data analysis.  All gas-phase and condensed-phase photoelectron data were 

analyzed using the fitting program WinFp 19.8 as a part of this dissertation.  The valence 



 

 

157

ionization bands are represented analytically with the best fit of asymmetric Gaussian 

peaks, as described in detail elsewhere.18 

 Computational methods.  The electronic structure of these molecules was 

modeled theoretically at the density functional level using the computational package 

ADF 2006.01.19  The two generalized gradient approximation (gga) functionals used for 

all the calculations presented in this chapter were the Becke20 gradient correction and the 

Lee-Yang-Parr21-23 correlation correction (BLYP), and the OPTX exchange correction24 

with the Perdew-Burke-Ernzerhof25  correlation correction (OPBE26).  The atomic 

orbitals on all centers were described by the TZP (core double zeta, valence triple zeta, 

single polarization) Slater-type basis set that is readily available with ADF 2006.01.  

Relativistic effects are included by using the Scalar-ZORA27, 28 approach for all 

calculations.  The xyz coordinates were generated to include the highest symmetry 

possible based on the crystallographic information found in the literature.29, 30   

 Condensed-phase calculations were carried out using both an explicit and an 

implicit model, and the solvent used in these models was water.  The Conductor-like 

Screening Model (COSMO) of solvation,31-34 as part of the ADF 2006.01 package, is an 

implicit model where the solute molecule is inserted into a cavity surrounded by a 

continuum of solvent with a given dielectric value and solvent molecule radius (Figure 

1.2).  Solvent effects were also explored explicitly by adding water molecules in the axial 

positions of the paddlewheel molecules at a distance equal to the published distance 

between the Mo and neighboring O atoms found in the crystal structures.  
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   The ΔE SCF method, the difference in total energy of a positive ion and neutral 

molecule at the optimized geometry of the neutral molecule, was used to calculate the 

vertical ionization of the δ bond in the methyl- and phenyl-substituted molecules in the 

gas phase and condensed phase.  Additionally, time-dependent DFT (TD-DFT)35, 36 

calculations were carried out, where the higher ionization (σ and π) energies were 

estimated by removing an electron from the HOMO and determining electronic excitation 

energies from deeper orbitals to the HOMO.  The surface orbital plots were generated 

using the program Molekel.37 

 

Gas-Phase Studies 

 Photoelectron spectroscopy.  The gas-phase photoelectron spectra of 

Mo2(O2CMe)4 and Mo2(O2CPh)4 in the region 5-15 eV are shown in Figure 5.1.  The 

general features of the two spectra are similar, where the first two peaks are the 

ionizations from the metal-metal quadruple bond.  The interactions between the metal 

orbitals to form the metal-metal bonds are shown in Figure 5.2.  The first peak is assigned 

to the ionization from the δ bond between the dxy orbitals.  The asymmetry of this peak is 

due to the vibrational progression and has been described in detail elsewhere.38, 39  The 

dxz and dyz orbitals form two π bonds, while the dz2 orbitals form the σ bond.  The second 

peak contains ionizations from these three orbitals, which are all very close in energy, 

and can not be resolved for either molecule.   

 The third peak at 9 eV in the Mo2(O2CPh)4 spectrum contains the π ionizations 

from the phenyl rings on the ligand.  The remaining ionizations at energies higher than 10 
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eV are due to the Mo(dx2-y2)–O σ bond; C–C, C–O and C–H σ bonds; and the stabilized 

C–O π bonds.  The metal and phenyl π ionizations are modeled analytically with 

asymmetric Gaussian peaks for quantitative comparisons of the ionization energies.  

Ionization energies and other peak parameters are given in Table 5.1.  These results are in 

good agreement with data reported in the literature.11, 13 

 A close-up of the metal ionizations is shown in Figure 5.3.  The metal ionizations 

in the Mo2(O2CPh)4 spectrum are destabilized relative to Mo2(O2CMe)4 metal ionizations.  

This is the same trend that was observed for the Mo(CO)4dmpe and Mo(CO)4dppe 

molecules described in Chapter 4.  Again, the phenyl-substituted ligand appears to donate 

electron density more readily to the metal centers, thus shifting the metal ionizations to 

lower energies.  The δ ionization of Mo2(O2CPh)4 is destabilized by 0.35 eV relative to 

the Mo2(O2CMe)4 δ ionization.  This is a larger shift than the 0.22 eV shift observed for 

the π and σ ionization envelope, indicating that the δ bonding orbital is affected to a 

larger degree by this substitution than the π and σ bonding orbitals. 
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Figure 5.1. He I gas-phase photoelectron spectra of A) 
Mo2(O2CMe)4 and B) Mo2(O2CPh)4. 
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Table 5.1. He I gas-phase photoelectron 
spectroscopy peak parametersa for 
Mo2(O2CMe)4 and Mo2(O2CPh)4. 

 
Position WH WL Label 
    
 Mo2(O2CMe)4  
6.88 0.45 0.27 δ 
8.69 0.75 0.41 σ / π 
    
 Mo2(O2CPh)4  
6.53 0.56 0.33 δ 
8.46 0.47 0.47 σ / π 
9.02 0.32 0.32 Ph π 
9.35 0.47 0.47 Ph π 

 
a All energies in eV. 
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Figure 5.2. Interactions between the metal orbitals and the formation of 
the metal-metal bonds. 
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Figure 5.3. Close-up of the metal ionizations in the He I 
gas-phase photoelectron spectra of A) Mo2(O2CMe)4 and B) 
Mo2(O2CPh)4. 
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 Computations.  Gas-phase electronic structure calculations of Mo2(O2CMe)4 and 

Mo2(O2CPh)4 were performed using the OPBE and BLYP functionals in ADF 2006.01.  

The symmetry used for these molecules was C4h.   The experimental and calculated 

(gas-phase) Mo–Mo and Mo–O bond lengths are shown in Table 5.2.  The Mo-Mo bond 

lengths are more accurately calculated using OPBE, while the BLYP Mo–O bond lengths 

are in better agreement with the experimental results.  The orbital surface plots for the 

highest occupied molecular orbitals of Mo2(O2CMe)4 and Mo2(O2CPh)4 are presented in 

Figures 5.4 and 5.5.  The calculated energies (Kohn–Sham orbital energies and TD-DFT 

ionization energies) for both molecules are given in Table 5.3.  

 The computational results of the methyl- and phenyl-substituted molecules are in 

good agreement with the primary features in the photoelectron spectra.  The calculated 

orbital energies and ionization energies for Mo2(O2CPh)4 are destabilized relative to the 

calculated energies for Mo2(O2CMe)4  The lowest energy ionizations are metal in 

character and the δ bond between the two metal centers is the HOMO.  The calculated 

Kohn–Sham orbital energies of the two π orbitals are equal and are destabilized relative 

to the σ orbital.  There is a significant destabilization of the Kohn–Sham orbital energies 

as compared to the experimental ionization energies, and the orbital energies were shifted 

such that the energy of the HOMO is equal in magnitude to the first ionization in the 

experiment in the tables; however, even after shifting the orbital energies, the π and σ 

orbitals are still destabilized by 0.12-0.50 eV relative to the experimental ionization 

energies. 
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 For both the methyl- and phenyl-substituted molecules, the OPBE orbital energy 

of the σ bond is very close to the orbital energy of the π bonds.  This energy separation, 

0.07 eV for the methyl-substituted molecule and 0.10 eV for the phenyl-substituted 

molecule, is in very good agreement with the assignment of the photoelectron spectra, 

where the π and σ ionizations are too close to resolve. However, the calculated energy 

separation using BLYP is much larger for both molecules.  The σ bond in Mo2(O2CMe)4 

is stabilized by 0.34 eV relative to the π bonds.  It is interesting to note that the energy of 

the σ orbital is very similar (±0.04 eV) using either OPBE or BLYP, but the energies of 

the π orbitals differ by 0.23 eV when using OPBE (-8.47 eV) or BLYP (-8.24 eV).  The 

stabilization of the σ bond from the π bonds in Mo2(O2CPh)4 is 0.36 eV.  Again, the 

BLYP and OPBE orbital energies of the σ bond only differ by 0.05 eV, while the orbital 

energies of the π bonds differ by 0.21 eV with OPBE (-8.17) or BLYP (-7.96).  In 

general, the Kohn–Sham orbital energies calculated with OPBE are in better agreement 

with the experiment than the energies calculated with BLYP. 

 There is little difference in the ΔE SCF calculated ionization energy of the δ 

orbital for Mo2(O2CMe)4 using OPBE and BLYP, and with each method, the energy is 

lower than what is observed in the experiment.  The ΔE SCF calculated ionization energy 

of the δ orbital for Mo2(O2CPh)4 using BLYP is slightly lower, 0.13 eV, than the 

calculation ionization energy using OPBE, and both calculated energies are destabilized 

relative to the experiment. 

 Time-dependent (TD-DFT) calculations were performed to determine the 

ionization energies of the π and σ orbitals in these two molecules, and the results are 
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destabilized relative to the experimental ionization energies as well.  In these 

calculations, there is a large separation in energy between in the π and σ orbitals, and in 

all cases, the σ ionization is destabilized relative to the π ionization.  This trend is 

opposite to what was observed in the Kohn–Sham orbital energies.  The π/σ separation is 

larger when using OPBE (0.77 eV) than BLYP (Me: 0.34 eV; Ph: 0.64 eV) for both the 

methyl- and phenyl-substituted molecules.  Neither the OPBE nor BLYP time-dependent 

calculations for Mo2(O2CMe)4 and Mo2(O2CPh)4 are in agreement with the experimental 

ionization energies.  There is a smaller shift in the calculated OPBE ionization energies 

from the experiment than the BLYP ionization energies, but the separation between the π 

and σ ionizations is smaller with BLYP than OPBE. 

 The results of the photoelectron spectroscopy experiment and calculations show 

that the metal ionizations for Mo2(O2CPh)4 are destabilized relative to the metal 

ionizations for Mo2(O2CMe)4, and the relative destabilization of these orbitals indicates 

that PhCOO⎯ is a better donor than MeCOO⎯ in the gas phase. 

 

 



 

 

167

 

Table 5.2. Experimental and calculated bond 
distancesa in Mo2(O2CMe)4 and Mo2(O2CPh)4.  

 

 Exp b OPBE BLYP 
Mo2(O2CMe)4    
Mo-Mo 2.093 2.097 2.160 
Mo-O(1) 2.110 2.094 2.130 
Mo-O(2) 2.137 2.094 2.130 
Mo-O(3) 2.107 2.094 2.130 
Mo-O(4) 2.121 2.094 2.130 
Ave Mo-O 2.119   
    
Mo2(O2CPh)4    
Mo-Mo 2.096 2.097 2.158 
Mo-O(1) 2.092 2.084 2.118 
Mo-O(2) 2.131 2.084 2.118 
Mo-O(3) 2.104 2.084 2.118 
Mo-O(4) 2.099 2.084 2.118 
Ave Mo-O 2.107   

 
a All distances in Å. b Experimental values from refs 29, 30. 
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Figure 5.4. Gas-phase orbital surface plots (value = ±0.05) of the metal 
orbitals for Mo2(O2CMe)4, with the OPBE and BLYP calculated Kohn–
Sham orbital energies. 
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Figure 5.5. Gas-phase orbital surface plots (value = ±0.05) of the metal 
orbitals for Mo2(O2CPh)4, with the OPBE and BLYP calculated Kohn–
Sham orbital energies.   
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Table 5.3. Gas-phase Kohn–Sham (K-S) orbital energiesa,b and calculated 
ionization energiesa (TD-DFT) for Mo2(O2CMe)4 and Mo2(O2CPh)4 are 
compared to the experimental ionization energies. 

 

Label K-S orbital 
energies b 

TD-DFT 
IE c 

K-S orbital 
energies b 

TD-DFT 
IE c 

IE 
(exp) 

 OPBE  BLYP   
      
Mo2(O2CMe)4     
δ -6.89 d 6.51 -6.89 e 6.47 6.89 
π -8.47 8.45 -8.24 8.09 8.70 
σ -8.54 7.68 -8.58 7.75 8.70 
      
Mo2(O2CPh)4     
δ -6.54 f 6.10 -6.54 g 5.97 6.54 
π -8.17 7.60 -7.96 7.40 8.46 
σ -8.27 6.83 -8.32 6.76 8.46 

 
a All energies in eV. b The K-S orbital energies were shifted such that the calculated 
HOMO energy was equal to the experimental ionization energy. c ΔE SCF method used 
to calculate ionization energy of HOMO. d Energies shifted by 2.75 eV. e Energies shifted 
by 2.78 eV. f Energies shifted by 2.25 eV. g Energies shifted by 2.33 eV.  
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Condensed-Phase Studies 

 Photoelectron spectroscopy.  Thin films of Mo2(O2CMe)4 and Mo(O2CPh)4 

were prepared by vapor deposition on gold foil substrates for study by photoelectron 

spectroscopy.  The thin films discussed here were approximately 50 Å thick.  The high 

binding energy cutoff (HBEC) was calibrated to the photon source energy.  The details of 

the preparation and calibration have been described in Chapter 3.  The He I condensed-

phase photoelectron spectra for these molecules in the region 5-16 eV are shown in 

Figure 5.6.   

 The general features of the condensed-phase spectra are similar to the gas-phase 

spectra.  Ionizations from the metal-metal bonds have the lowest energy.  The phenyl π 

ionizations are stabilized relative to the metal ionizations and the remaining ligand-based 

ionizations are at ionization energies greater than 9 eV.  The metal and phenyl π 

ionizations were modeled analytically with asymmetric Gaussian peaks, and the peak 

parameters for these molecules in the condensed phase are given in Table 5.4.  The 

average broadening of the δ ionization from the gas phase to the condensed phase is on 

the order of 0.2 eV for Mo2(O2CMe)4 and less than 0.1 eV for Mo2(O2CPh)4. 

 A close-up of the metal and phenyl π ionizations is shown in Figure 5.7.  The 

most significant difference between the gas-phase and condensed-phase spectra is the 

shoulder on the low energy side of the metal π ionization.  This shoulder has been 

described as being due to a shift in the σ ionization to lower ionization energy through an 

interaction in the axial position between the Mo dz2 orbital in one molecule and the O 
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lone pair in a neighboring molecule.12, 13  A simple diagram showing this intermolecular 

interaction is given in Figure 5.8. 

 The σ ionization has shifted by 0.60 eV from the π ionization and the shoulder is 

clearly visible in the Mo2(O2CMe)4 spectrum (Figure 5.7A); however,  Kristofzski 

reported the σ ionization shifted by 0.80 eV.13  There is significant overlap of the bands 

for these ionizations, increasing the error associated with the position and width of the 

ionizations.  The broadening of the δ ionization in the condensed phase is approximately 

0.2 eV, and the broadening of the π and σ ionizations is also approximately 0.2 eV. 

 There is a destabilization of the σ ionization in the Mo2(O2CPh)4 spectrum as well, 

but this shift is not as clear.  The intense phenyl π ionizations near 8.5 eV dominate this 

region.  The shoulder on the low energy side of this peak is due to both the metal π and σ 

ionizations.  When this shoulder was fit with a single peak (Figure 5.9B), the width, 

measured as the Full Width at Half-Maximum (FWHM), is quite large at 0.86 eV.  

Conversely, when the shoulder was fit with two peaks with approximately the same 

separation as was observed for the methyl-substituted molecule, the widths are more 

reasonable at 0.59 eV each (Figure 5.9A).  The broadening of the δ ionization in the 

condensed phase is approximately 0.1 eV.  In the gas phase, the width of the π/σ 

ionization band is 0.47 eV, and it is expected that the broadening of these ionizations 

would be on the same order as the δ ionization, which would be a peak width of 

approximately 0.57 eV.   
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Figure 5.6. He I condensed-phase photoelectron spectra of A) 
Mo2(O2CMe)4 and B) Mo2(O2CPh)4. 
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Table 5.4. He I condensed-phase photo-
electron spectroscopy peak parametersa for 
Mo2(O2CMe)4 and Mo2(O2CPh)4. 

 

Position WH WL Label 
    
 Mo2(O2CMe)4  

6.22 0.65 0.53 δ 
7.33 0.74 0.74 σ 
7.93 0.95 0.66 π 

    
 Mo2(O2CPh)4  

5.95 0.57 0.46 δ 
7.59 0.59 0.59 σ 
8.04 0.59 0.59 π 
8.55 0.61 0.61 Ph π 
8.96 0.59 0.59 Ph π 

 
a All energies in eV. 
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Figure 5.7. Close-up of the metal and phenyl ionizations in 
the He I condensed-phase photoelectron spectra of A) 
Mo2(O2CMe)4 and B) Mo2(O2CPh)4. 
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Figure 5.8. Schematic of the intermolecular interaction between the Mo 
and neighboring O atom in the condensed phase.  The intermolecular 
distances from the crystal structures of A) Mo2(O2CMe)4 and B) 
Mo2(O2CPh)4 are also shown. 
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Figure 5.9. He I condensed-phase photoelectron spectrum 
of Mo2(O2CPh)4 where the π and σ ionizations are fit A) 
separately with two peaks and B) with a single ionization.  
The widths (FWHM ) of these peaks are also shown.  
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 The condensed-phase spectrum of Mo2(O2CPh)4 on graphite reported by Ray did 

not indicate a shift of the σ ionization.14  In fact, the asymmetry of the phenyl π ionization 

peak was to the high energy side, rather than the low energy side, as seen in the spectrum 

presented here.  The broadening of the phenyl π ionizations was attributed to 

intermolecular interactions of the diffuse π clouds and a descent in the symmetry of the 

molecule when in the condensed phase resulting in two distinct types of phenyl rings.  

The δ ionization for Mo2(O2CPh)4 is destabilized by 0.27 eV relative to the 

Mo2(O2CMe)4 δ ionization; however, the π and σ ionizations for Mo2(O2CPh)4 are 

stabilized relative to Mo2(O2CMe)4 by 0.11 eV and 0.26 eV, respectively.  

 The Al Kα condensed-phase photoelectron spectra for the clean gold foil 

substrate, Mo2(O2CMe)4, and Mo2(O2CPh)4 in the region 0-600 eV are shown in Figure 

5.10.  The peaks from the gold foil are labeled in the top spectrum for the clean substrate.  

These peaks are also visible after deposition (approximately 50 Å).  The Mo 3d and 3p, C 

1s, and O 1s ionizations are clearly seen in the Mo2(O2CMe)4 and Mo2(O2CPh)4 spectra.  

Close-ups of these ionizations are shown in Figures 5.11-5.13, respectively.  The 

ionizations for Mo2(O2CPh)4 are destabilized relative to the ionizations for 

Mo2(O2CMe)4, as was observed in the condensed-phase He I valence spectra.  The 

ionization energies were calibrated using the Au 4f7/2 ionization, which was set equal to 

85.00 eV.  These calibrated ionization energies and the peak widths (FWHM) are given 

in Table 5.5. 



 

 

179

 

 

 

Figure 5.10. Al Kα condensed-phase photoelectron spectra 
of A) the clean gold foil substrate, B) Mo2(O2CMe)4, and C) 
Mo2(O2CPh)4.  These thin films were approximately 50 Å 
thick. 
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Figure 5.11. Close-up of the Mo 3d ionizations in the Al 
Kα condensed-phase photoelectron spectra of A) 
Mo2(O2CMe)4 and B) Mo2(O2CPh)4.  These thin films were 
approximately 50 Å thick. 
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Figure 5.12. Close-up of the C 1s and “shake-up” 
ionization in the Al Kα condensed-phase photoelectron 
spectra of A) Mo2(O2CMe)4 and B) Mo2(O2CPh)4.  These 
thin films were approximately 50 Å thick. 
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Figure 5.13. Close-up of the O 1s ionization in the Al Kα 
condensed-phase photoelectron spectra of A) 
Mo2(O2CMe)4 and B) Mo2(O2CPh)4.  These thin films were 
approximately 50 Å thick. 
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Table 5.5. Al Kα condensed-phase photoelectron spectroscopy 
peak parametersa for Mo2(O2CMe)4 and Mo2(O2CPh)4. 

 
Label Position b FWHM c Position b FWHM c 

     
 Mo2(O2CMe)4 Mo2(O2CPh)4 

Mo 3d5/2 230.34 0.95 230.08 0.91 
Mo 3d3/2 233.45 1.19 233.20 1.15 

     
C 1s (s) d 286.40 1.35 285.77 1.12 

 -- -- 286.86 1.12 
C 1s (b) e 289.03 1.10 288.74 0.98 
shake-up 291.29 1.44 290.76 1.06 

     
O 1s 533.12 1.23 532.87 1.26 

 
a All energies in eV. b All core ionizations calibrated to Au 4f7/2 peak at 
85.00 eV. c Full width at half maximum. d C atom(s) in the methyl and 
phenyl substituents. e C atom in the backbone of the ligand. 
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 Two ionizations are expected in the C 1s region, because the C atom in the 

backbone of the ligand is chemically and electronically different and stabilized, as 

compared to the C atom(s) in the methyl or phenyl substituents.  The additional peaks are 

due to “shake-up” processes, where electrons relax into the hole created by the 

photoionization process.  This causes additional electronic excitations to occur at lower 

apparent kinetic energies.40-43  The shake-up process is more pronounced for 

Mo2(O2CMe)4, where the shake-up ionization is nearly as intense as the parent 

ionizations. 

 Computations.  The intermolecular interactions of dimetal paddlewheel 

molecules associated with solvent effects were modeled implicitly with COSMO and 

explicitly.  Condensed-phase electronic structure calculations were performed on 

Mo2(O2CMe)4 and Mo2(O2CPh)4 using the OPBE and BLYP functionals in ADF 2006.01 

with C4h symmetry in the implicit model and C2h in the explicit model.  The solvent 

environment for both the implicit and explicit calculations was water. 

 The focus of these calculations was to determine first if the relative energy of the 

δ bond in Mo2(O2CMe)4 and Mo2(O2CPh)4 was in agreement with the experimental 

ionization energies using these two solvent models, and second if either model would 

indicate that the σ orbital becomes destabilized relative to the π orbital when these 

molecules are in close proximity in the form of thin films. 

 As was described in Chapter 1, in the implicit solvent model, a solute molecule 

(i.e., Mo2(O2CR)4) is inserted into a cavity within the solvent, represented as a dielectric 

continuum.  This is represented in Figure 1.2.  Implicit condensed-phase orbital surface 
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plots for the highest occupied molecular orbitals of Mo2(O2CMe)4 and Mo2(O2CPh)4 in 

water are shown in Figures 5.14 and 5.15, respectively.  The calculated energies (Kohn–

Sham orbital energies and TD-DFT ionization energies) for both molecules are given in 

Table 5.6. The orbital energies were shifted so that the calculated energy of the δ orbital 

was equal to the experimental ionization energy.  In this model, the two π orbital are 

always equal in energy. 

 Solvent effects were explored explicitly as well.  A schematic of explicitly 

modeling the effects of solvent interactions is shown in Figure 1.1, where several water 

molecules are placed around the solute molecule.  In the calculations presented here, only 

two water molecules were included, and they were added in the axial positions of the 

paddlewheel molecules (Figure 5.16).  The O atoms in the water molecules were directed 

towards the Mo atoms at a distance equal to intermolecular distance in the published 

crystal structures.29, 30  The explicit condensed-phase orbital surface plots for the highest 

occupied molecular orbitals of Mo2(O2CMe)4(H2O)2 and Mo2(O2CPh)4(H2O)2 are shown 

in Figures 5.17 and 5.18, respectively.  The calculated energies (Kohn–Sham orbital 

energies and TD-DFT ionization energies) for both molecules are given in Table 5.7.  

Because all the orbital energies were destabilized relative to the experimental ionization 

energies, these orbital energies were shifted so that the calculated energy of the δ orbital 

was equal to the experimental ionization energy.  In this model, the two π orbital are not 

always equal in energy, and the differences in their energies are 0.10 eV or less. 

 The highest occupied molecular orbitals in both implicit and explicit models are 

metal in character, and the HOMO is the δ bond between the two metal centers.  The 



 

 

186

phenyl π orbitals for Mo2(O2CPh)4 are stabilized relative to the metal orbitals, followed 

by the remaining ligand-based orbitals.  In the implicit solvent model, the Kohn–Sham 

orbital energies of Mo2(O2CPh)4 are stabilized compared to the energies of 

Mo2(O2CMe)4, indicating that the methyl-substituted ligand is a better donor.  This was 

also observed for the relative orbital energies in the explicit model.  These results are not 

in agreement with what was observed in the experiment, where the phenyl-substituted 

ligand is a better donor than the methyl-substituted ligand. 

 The calculated ionization energy (ΔE SCF) from the δ orbital in Mo2(O2CMe)4 is 

only slightly lower (0.02 eV) than Mo2(O2CPh)4 when using OPBE, but it is higher by 

0.08 eV when using BLYP.  The results are in better agreement with the experiment 

when using an explicit model.  The Mo2(O2CPh)4(H2O)2 δ ionization was destabilized 

compared to the Mo2(O2CMe)4(H2O)2 δ ionization when either functional was used.  In 

the experiment, the δ ionization of Mo2(O2CPh)4 is destabilized by 0.27 eV (Table 5.4), 

and the destabilization when using BLYP is 0.28 eV. 

 The first question to be answered with these condensed-phase calculations was 

concerning the relative stability of the δ ionization in the methyl- and phenyl-substituted 

molecules.  Neither model correctly predicted this trend when comparing the Kohn–Sham 

orbital energies of the δ orbital.  The calculated ionization energies showed better 

correlation with the experiment, especially the explicit BLYP ΔE SCF calculations, 

where the calculated destabilization was only 0.01 eV different from the experimental 

results.  Clearly the electron relaxation and correlation of the positive ion are important to 

consider. 
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 The second question to be addressed from the analysis of the calculations is 

whether or not the implicit and explicit models indicate a destabilization of the σ orbital 

from the π orbitals when these paddlewheel molecules are in the condensed phase.  With 

few exceptions, the π and σ orbitals/ionizations are at different energies when either the 

implicit or explicit models were used.  However, the Kohn–Sham σ orbital is not always 

destabilized from the π orbitals.  Most of the inconsistencies of the relative ordering of 

these two sets of orbitals are found in the implicit model.  The OPBE σ orbital is 

destabilized relative to the π orbitals in both molecules when using the implicit model, 

but the separation is very small.  In the case of Mo2(O2CPh)4, this separation is only 0.04 

eV.  The separation of the π and σ orbitals is slightly larger at 0.08 eV for Mo2(O2CMe)4.  

The BLYP σ orbital is stabilized relative to the π orbitals in both molecules, and the 

separation is larger (0.20 eV for Mo2(O2CMe)4 and 0.23 eV for Mo2(O2CPh)4).  The σ 

orbital is destabilized relative to the π orbitals in the OPBE and BLYP explicit model of 

Mo2(O2CMe)4(H2O)2 and the OPBE explicit model of Mo2(O2CPh)4(H2O)2.  The energy 

separations range from 0.19 eV to 0.41 eV.  The energies of the BLYP σ and π orbitals 

are all within 0.03 eV of each other. 

 Similar to the gas-phase results, the time-dependent (TD-DFT) calculations show 

a destabilization of the σ orbital relative to the π orbitals in both the implicit and explicit 

solvent models.  The separation of these orbitals is between 0.22 eV and 0.81 eV.  There 

is little change in the relative destabilization of the Mo2(O2CPh)4 σ ionization when 

comparing the implicit and explicit models.  The relative destabilization of the 

Mo2(O2CMe)4 σ ionization does increase from the implicit to the explicit models.  This 
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would indicate that the σ bond in Mo2(O2CMe)4 is more sensitive to axial coordination 

than Mo2(O2CPh)4.  The TD-DFT ionization energies show better agreement with the 

experimental results than the Kohn–Sham orbital energies in terms of the separation of 

the π and σ orbitals regardless of the solvent model used.   

 In general, the explicit model is preferred for modeling the intermolecular 

interactions of these paddlewheel molecules.  This is especially true for the relative 

destabilization of the Mo2(O2CPh)4(H2O)2 δ orbital when comparing the calculated 

ionization energies (ΔE SCF). 
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Figure 5.14. Implicit condensed-phase orbital surface plots (value = ±0.05) 
of the metal orbitals for Mo2(O2CMe)4, with the OPBE and BLYP 
calculated Kohn–Sham orbital energies. 
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Figure 5.15. Implicit condensed-phase orbital surface plots (value = ±0.05) 
of the metal orbitals for Mo2(O2CPh)4, with the OPBE and BLYP 
calculated Kohn–Sham orbital energies.   
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Table 5.6. Implicit condensed-phase Kohn–Sham orbital energiesa,b and 
calculated ionization energiesa (TD-DFT) for Mo2(O2CMe)4 and 
Mo2(O2CPh)4 are compared to the experimental ionization energies. 

 

Label K-S orbital 
energies b 

TD-DFT 
IE c 

K-S orbital 
energies b 

TD-DFT 
IE c 

IE 
(exp) 

 OPBE BLYP  
      

Mo2(O2CMe)4     
δ -6.22 d 4.96 -6.22 e 4.88 6.22 
σ -7.68 6.65 -7.73 5.95 7.33 
π -7.76 6.87 -7.53 6.45 7.93 
      

Mo2(O2CPh)4     
δ -5.95 f 4.98 -5.95 g 4.80 5.95 
σ -7.43 5.89 -7.50 5.74 7.59 
π -7.47 6.75 -7.27 6.42 8.04 

 
a All energies in eV. b The K-S orbital energies were shifted such that the calculated 
HOMO energy was equal to the experimental ionization energy. c ΔE SCF method used 
to calculate ionization energy of HOMO. d Energies shifted by 1.84 eV. e Energies shifted 
by 1.94 eV. f Energies shifted by 1.36 eV. g Energies shifted by 1.53 eV.  
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Figure 5.16. Schematic of the explicit solvent model used, 
where water molecules were added in the axial position of the 
paddlewheel molecule. 
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Figure 5.17. Explicit condensed-phase orbital surface plots (value = ±0.05) 
of the metal orbitals for Mo2(O2CMe)4, with the OPBE and BLYP 
calculated Kohn–Sham orbital energies. 

 

OPBE: -3.51 
BLYP: -3.46 

OPBE: -4.50 
BLYP: -4.42 

OPBE: -4.91 
BLYP: -4.61 

OPBE: -4.98 
BLYP: -4.68 

HOMO, δ 

σ 

π 1 π 2 



 

 

194

 

 

Figure 5.18. Explicit condensed-phase orbital surface plots (value = ±0.05) 
of the metal orbitals for Mo2(O2CPh)4, with the OPBE and BLYP 
calculated Kohn–Sham orbital energies.   
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Table 5.7. Explicit condensed-phase Kohn–Sham orbital energiesa,b and 
calculated ionization energiesa (TD-DFT) for Mo2(O2CMe)4 and Mo2(O2CPh)4 
are compared to the experimental ionization energies. 

 

Label K-S orbital 
energies b 

TD-DFT 
IE c 

K-S orbital 
energies b 

TD-DFT 
IE c 

IE (exp) 

 OPBE    BLYP   
      

Mo2(O2CMe)4     
δ -6.22 d 5.82 -6.22 e 5.81 6.22 
σ -7.21 6.99 -7.18 6.52 7.33 
π -7.62 7.59 -7.37 7.27 7.93 
π -7.68 7.69 -7.44 7.35  
      

Mo2(O2CPh)4     
δ -5.95 f 5.63 -5.95 g 5.53 5.95 
σ -7.20 6.45 -7.20 6.45 7.59 
π -7.42 7.26 -7.17 7.11 8.04 
π -7.46 7.29 -7.22 7.15  

 
a All energies in eV. b The K-S orbital energies were shifted such that the calculated HOMO 
energy was equal to the experimental ionization energy. c ΔE SCF method used to calculate 
ionization energy of HOMO. d Energies shifted by 2.71 eV. e Energies shifted by 2.76 eV. f 
Energies shifted by 2.05 eV. g Energies shifted by 2.14 eV.  
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Discussion 

 Although the gas-phase and condensed-phase photoelectron spectra of the methyl- 

and phenyl-substituted paddlewheel molecules have been reported previously,11-14 the 

condensed-phase spectra for both molecules were calibrated such that the energies of the 

δ ionization were set equal to the gas-phase ionization energies.  The resolution of the 

condensed-phase spectrum of Mo2(O2CPh)4 was not sufficient to separate the metal σ and 

π ionizations from the phenyl π ionizations, and few conclusions about intermolecular 

interactions were reached.  With increased resolution and sensitivity and better methods 

of calibration, the gas-phase and condensed-phase photoelectron spectra of these two 

molecules can now be compared in terms of intermolecular interactions and solvent 

effects. 

 The studies of the previous chapter concerning the relative donor strengths of 

methyl and phenyl groups are applicable to these molecules as well.  An overlay of the 

gas-phase and condensed-phase photoelectron spectra of Mo2(O2CMe)4 and 

Mo2(O2CPh)4 is shown in Figure 5.19.  The gas-phase spectra are shown in blue and the 

condensed-phase spectra are shown in red.  The condensed-phase ionization bands are 

slightly broader than the gas-phase ionization bands (approximately 0.2 eV or less), and 

destabilized relative to the gas-phase ionizations.  As discussed in Chapters 3 and 4, this 

shift of the ionization energies is due to solvent stabilization effects, where the extent of 

the destabilization is a measure of the solvent stabilization of the cation relative to the 

neutral molecule (Figure 3.16). 
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Figure 5.19. Overlay of the gas-phase (blue) and 
condensed-phase (red) photoelectron spectra of 
Mo2(O2CMe)4 and Mo2(O2CPh)4 to compare solvent effects 
of these two molecules.  The shift in the δ ionization is 
labeled for both molecules. 
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 The condensed-phase δ ionization for Mo2(O2CMe)4 is destabilized by 0.67 eV 

from the gas phase, while the σ and π ionizations shift to lower energy by 1.37 eV and 

0.77 eV, respectively.  The intermolecular interactions have a very large effect on the 

ionization energy of the σ orbital.  Lichtenberger et al. have described this shift as due to 

a filled-filled interaction between the Mo dz2 orbitals and the O lone pair of neighboring 

molecules (Figure 5.8).12, 13  The intermolecular distance between the neighboring Mo 

and O atoms in the crystal structure is 2.645 Å.29  Although this interaction is weaker 

than the true Mo-O bond in a single molecule with a distance of 2.107-2.121 Å, a space-

fill model representing the atomic van der Waals radii of Mo2(O2CMe)4(H2O)2, shown in 

Figure 5.20A, clearly indicates an overlap of the Mo and O atoms at this longer distance 

of 2.645 Å.  This is also observed for these molecules in the crystal structure.  This 

interaction is shown in Figure 5.21, where the out-of-plane ligands have been removed 

for clarity.  The molecules are aligned in the same plane, allowing for significant overlap 

of the Mo and O orbitals. 

 Similarly, the shift of the σ ionization for Mo2(O2CPh)4 is larger (0.87 eV) than 

either the δ (0.59 eV) or π (0.42 eV) ionizations.  The destabilization of the σ ionization 

for Mo2(O2CPh)4 is smaller than what is observed for Mo2(O2CMe)4.  The intermolecular 

Mo…O distance in the crystal structure of the phenyl-substituted molecule is 2.876 Å, and 

is larger than the distance between the methyl-substituted molecules.30  The result is a 

decrease in the intermolecular interactions between the Mo and O atoms.  While the van 

der Waals radii of Mo2(O2CPh)4(H2O)2, shown in Figure 5.20B, indicate an overlap of 

the Mo and O atoms, this interaction is hindered by the phenyl rings when the entire 
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ligand is considered.  Shown in Figure 5.22 are the intermolecular interactions in the 

crystal structure, where the out-of-plane ligands have been removed.  The in-plane phenyl 

rings twist slightly to accommodate for this relatively short intermolecular distance, and 

the molecules are slightly out of plane with each other.  This reduces the orbital overlap 

between the Mo and O atoms.  As a result, there is less destabilization of the metal-metal 

σ orbital in this molecule as compared to Mo2(O2CMe)4. 

 The Mo2(O2CPh)4 δ and π ionizations were also destabilized from the gas phase 

less than the δ and π ionizations for Mo2(O2CMe)4.  This is the same trend observed for 

the methyl- and phenyl-substituted diphosphine molecules discussed in Chapter 4.  It 

would appear that again, the solvent stabilization effects are less pronounced in the 

phenyl-substituted molecule than the methyl-substituted molecule due to the size and 

polarity of the molecules.  Much of the polarization of charge is accounted for by the 

phenyl rings rather than the solvent, and the larger ions [Mo2(O2CPh)4]+ have lower 

solvent stabilization energies than the smaller ions [Mo2(O2CMe)4]+. 

 The general trends of the gas-phase and condensed-phase calculated ionization 

energies are in agreement with the experimental ionization energies.  With the exception 

of the π ionizations in the explicitly modeled Mo2(O2CPh)4(H2O)2 molecule, there is a 

destabilization of all the ionizations from the gas phase to the condensed phase (both 

implicitly and explicitly modeled) for Mo2(O2CMe)4 and Mo2(O2CPh)4.  These results 

indicate that there is a greater stabilization of the positive ion states of these molecules 

than the neutral state, which lowers the overall ionization energy of the molecule in the 

presence of a solvent-like environment.  The calculations also correctly predict that the 
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Mo2(O2CMe)4 δ ionization is higher in energy than the Mo2(O2CPh)4 δ ionization in the 

gas phase and the explicitly modeled condensed phase. 

 In the gas phase, the calculated σ ionization is stabilized relative to the π 

ionization by 0.34-0.77 eV.  A stabilization of this magnitude is not observed in the 

photoelectron spectrum; consequently, the BLYP and OPBE methods do not accurately 

model the relative gas-phase ionization energies of the π and σ orbitals in these 

molecules.  However, these methods do predict that the shift of the σ ionization is larger 

than π and δ ionizations from the gas phase to the condensed phase, using either the 

implicit or explicit model. 

 The destabilization of the calculated ionization energies for the δ and σ orbitals 

from the gas to the explicitly-modeled condensed phase are in good agreement with the 

photoelectron spectroscopy experiments.  This is not the case for the π ionizations.  In 

Mo2(O2CMe)4, the calculated destabilization is 0.04 eV (OPBE) or 0.44 eV (BLYP), and 

0.77 eV in the experiment, while in Mo2(O2CPh)4, the calculated condensed-phase π 

ionizations are stabilized relative to the gas phase by as much as 0.45 eV (OPBE).  

Although there are some inconsistencies in the calculations, there is a general agreement 

with the trends observed in the experiment. 

 An explicit model is preferred to the implicit model, because it more accurately 

probes the intermolecular interactions when the paddlewheel molecules are in close 

proximity to one another.  The explicit model used in these studies is a good stating point, 

but the water molecule is considerably smaller than the carboxylate ligands.  Though new 

explicit models will be more computationally demanding than the implicit and current 
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explicit models, improvements can be made by explicitly adding MeCOOH and 

PhCOOH to the axial positions in the same orientation and distance from the metal 

centers as seen in the crystal structures rather than water molecules. 

 

Conclusions 

 Gas-phase and condensed-phase photoelectron spectroscopy and density 

functional calculations were used to probe the electronic structure of methyl- and phenyl-

substituted paddlewheel molecules Mo2(O2CMe)4 and Mo2(O2CPh)4.  The changes in the 

relative ionization energies, particularly of the ionizations from the metal-metal bonding 

orbitals, provide information on the intermolecular interactions of these molecules when 

in the condensed phase, in the form of thin films prepared by vapor deposition. 

 The gas-phase spectra for Mo2(O2CMe)4 and Mo2(O2CPh)4 show two ionization 

bands from the orbitals of the metal-metal bonds.  The first band was assigned to the δ 

ionization and the second band to the π and σ ionizations.  In the spectrum for 

Mo2(O2CPh)4, the phenyl π ionizations overlap with the higher energy side of the π/σ 

ionization band.  The δ ionization for Mo2(O2CPh)4 is destabilized relative to the 

Mo2(O2CMe)4 δ ionization, and the same trend is seen in the gas-phase electronic 

structure calculations.  The order of the Kohn–Sham orbital energies was δ (HOMO) > π 

. σ for both molecules, while the order of the calculated ionization energies was δ 

(HOMO) < π < σ.  These results reveal that the phenyl-substituted PhCO2⎯ ligand is 

acting as a better electron donor than the methyl-substituted MeCO2⎯ ligand in both 

phases. 
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Figure 5.20. Space-fill representation of the van der 
Waals radii for A) Mo2(O2CMe)4(H2O)2 and B) 
Mo2(O2CPh)4(H2O)2. 

 

A 
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Figure 5.21. Space-fill representation (van der Walls radii) of the crystal 
packing, illustrating the intermolecular interaction between the Mo and 
neighboring O atom of Mo2(O2CMe)4 in the condensed phase.  The two 
out-of-plane ligands have been removed for clarity. 
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Figure 5.22. Space-fill representation (van der Walls radii) of the crystal 
packing, illustrating the intermolecular interaction between the Mo and 
neighboring O atom of Mo2(O2CPh)4 in the condensed phase.  The two 
out-of-plane ligands have been removed for clarity. 
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 The condensed-phase spectra show three ionizations from the metal-based orbitals.  

The first band was assigned again to the δ ionization, but the σ orbital becomes 

destabilized relative to the π orbital through a filled-filled interaction between the Mo dz2 

orbital and the O lone pair from a neighboring molecule.  The destabilization is greater in 

Mo2(O2CMe)4 than Mo2(O2CPh)4 due to the differing degrees of overlap of these two sets 

of orbitals and the relative intermolecular distance between the Mo and O atoms.  As was 

observed in the gas-phase photoelectron spectra, the δ ionization for Mo2(O2CPh)4 is 

destabilized relative to the δ ionization for Mo2(O2CMe)4.  The destabilization observed 

in the condensed-phase is smaller than in the gas phase.  As a result of this observation, it 

may be concluded that the donor strength of the methyl-substituted ligand increases when 

in a solvent-like environment.  The condensed-phase environment was modeled 

implicitly using COSMO and explicitly by adding water molecules to the axial positions 

of the paddlewheel molecules.  The implicit model showed greater solvent stabilization 

as compared to the explicit model.  The relative shifts in the ionization energies from the 

gas phase to the condensed phase, according to the explicit model, show better agreement 

with the experiment than the implicit model.  The Mo2(O2CPh)4 δ ionization is 

destabilized relative to the Mo2(O2CMe)4 δ ionization, and the calculated σ ionization is 

destabilized relative to the π ionization.  These trends are observed for both models used. 

 In conclusion, the electronic structures of the methyl- and phenyl-substituted 

paddlewheel molecules are affected by the surrounding environment, and the relative 

donor strengths of the ligands are influenced by placing the molecules in different 

environments, as measured by these experiments. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

Conclusions 

 Intermolecular interactions present in thin films affect the electronic structure of 

molecules in a way that is similar to solvent effects observed in solution, and quantifying 

these effects experimentally and theoretically has been the focus of this work.  

Photoelectron spectroscopy has proven to be a powerful and invaluable technique for 

experimentally probing the electronic structure of molecules in different phases, namely 

the gas phase and thin films, because comparisons of the gas- and condensed-phase 

ionization energies allow for the separation of the intramolecular interactions inherent in 

a molecule from the intermolecular interactions present only in the thin films.  The donor 

properties of a ligand can change in different environments, and the photoelectron spectra 

of two classes of molecules were obtained for the purpose of addressing the effects the 

environment has on the relative σ donor strengths of methyl- and phenyl-substituted 

ligands. 

 Prior to the analysis of the effects of the surrounding environment on the relative 

donor strength of methyl- and phenyl-substituted ligands, it was necessary to develop 

procedures for preparing high quality thin films appropriate for study by condensed-

phase photoelectron spectroscopy and calibrating the resulting spectra to the vacuum 

level.  These technical aspects were discussed in Chapter 3.  It was determined that the 
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best He I spectra were obtained from films that were between 50 and 100 Å, with 

minimal broadening of the ionization bands.  At greater thicknesses, the ionization 

energies began to increase, indicating a buildup of charge on the non-conductive surface.  

Slightly thicker films (50-150 Å) were appropriate for obtaining Al Kα spectra.  The Au 

4f peaks were still visible for calibration purposes, but no longer dominated the spectrum 

at these thicknesses. 

 To calibrate the condensed-phase spectra to the vacuum level, the energy of the 

high binding energy cutoff (HBEC) was determined through a least-squares analysis.  

This is a highly reliable and reproducible method for determining the energy of the 

HBEC.  The largest source of uncertainty was from the initial determination of the 

portion of data that was to be used in the analysis.  The calculated HBEC energy varied 

by 0.0871 eV (standard deviation of 0.0241 eV) when the top and bottom cutoff limits 

were increased from 10% to 30%.  This method is somewhat complex, and a simpler 

approach has recently been explored where the uncertainty at the same cutoff values was 

slightly better (0.0693 ±0.0164 eV).  Calibrating the HBEC to the vacuum level by this 

method allows for a direct comparison of the gas- and condensed-phase photoelectron 

spectra for the analysis of intermolecular interactions. 

 Gas-phase and condensed-phase photoelectron spectroscopy and theoretical 

calculations were used to probe the electronic structure of the molecules M(CO)4(P–P) 

(M = Mo, W; P–P = dmpe, dppe) in Chapter 4.  It was determined that the relative σ 

donor strength of dmpe and dppe is dependent on the environment of these molecules.  In 

the gas phase, the ionization energies from the metal-based orbitals of M(CO)4dppe were 
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destabilized relative to the ionization energies from the metal-based orbitals of 

M(CO)4dmpe.  The experimental and calculated ionization energies as well as the 

calculated orbital energies (density functional Kohn–Sham orbital energies and Hartree–

Fock orbital eigenvalues) showed that dppe is a better σ donor than dmpe in the gas 

phase.  However, in the condensed phase, the experimental and computational results 

provided evidence that dmpe is a stronger σ donor than dppe. 

 The intermolecular interactions have a greater stabilizing effect on the positive 

ion states than the neutral state, resulting in lower ionization energies for all the 

molecules in the condensed phase.  There was a much larger shift of the ionization 

energies for the smaller M(CO)4dmpe molecules, indicating that the stabilization effects 

due to the environment are more pronounced in these molecules than the larger 

M(CO)4dppe molecules.  The implicit solvent models allow for a variety of solvent 

environments to be explored, and there was an increase in the solvent stabilization with 

increased solvent polarity. 

 The relative donor strength of methyl- and phenyl-substituted ligands was further 

explored for a very different class of molecules in Chapter 5.  The electronic structures of 

the paddlewheel molecules Mo2(O2CMe)4 and Mo2(O2CPh)4 were measured in the gas 

and condensed phases experimentally and theoretically.  In the gas phase, the ionizations 

from the metal-metal π and σ bonds were too close in energy to resolve, and a single peak 

was observed in the spectra for both molecules.  The ionization energies for 

Mo2(O2CPh)4 were destabilized as compared to the energies for Mo2(O2CMe)4.  This is 

the same trend observed in the gas phase for the diphosphine molecules. 
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 The Mo2(O2CPh)4 ionizations were also destabilized as compared to the 

Mo2(O2CMe)4 ionizations in the condensed phase; however, a larger shift of the 

ionization energies due to the solvent-like stabilization effects was observed for the 

smaller Mo2(O2CMe)4 molecule than the larger Mo2(O2CPh)4 molecule.  The ionization 

from the metal-metal σ bond showed the largest destabilization in the condensed phase 

from a filled-filled interaction between the Mo and O atoms in neighboring molecules.  

The shift in the ionization energy is greater for Mo2(O2CMe)4 than Mo2(O2CPh)4, as a 

consequence of differing degrees of orbital overlap and the relative intermolecular 

distance between the Mo and O atoms.   

 The condensed-phase environment was modeled implicitly and explicitly by 

adding water molecules to the axial positions of the paddlewheel molecules.  The implicit 

model indicated a greater stabilization of the neutral and positive ion states, resulting in 

lower calculated ionization energies than the explicit model.  This is likely due to an 

incomplete model of the solvent environment in the explicit model, and including 

additional solvent molecules explicitly should display an increased stabilization effect. 

 In both systems, the condensed-phase environment and intermolecular 

interactions had a greater effect on the electronic structure of the smaller methyl-

substituted molecules than the larger phenyl-substituted molecules, particularly for the 

positive ion states.  The polarity and cavitation of the solute affect the degree of solvent 

stabilization of both the ground and positive ion states of the molecule, and the solvent 

stabilization is greater for smaller and more polar molecules.   
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Future Directions 

 This research has provided many opportunities for continued study of the 

intermolecular interactions and solvent effects on the electronic structure and properties 

of molecules by photoelectron spectroscopy.   

 As discussed, the amount of solvent stabilization is dependent on the size and 

polarity of a given molecule.  The steric effects can be further explored by comparing the 

shifts in the gas- and condensed-phase ionization energies of ethyl- and o-tolyl-

substituted phosphines.  Shown in Figure 6.1 are the monophosphines PEt3 and P(o-Tol)3.  

Based on the carbonyl stretching frequencies of Ni(CO)3PR3, the relative donor strengths 

of these molecules are comparable to PMe3 vs. PPh3, but there is a much larger difference 

in the cone angles of these two molecules than what was observed for PMe3 and PPh3.1, 2  

Both monophosphine and the ethyl-substituted diphosphine ligands are commercially 

available.  A straightforward procedure for the synthesis of the o-tolyl-substituted 

diphosphine ligand has been reported.3  This idea can extend to the paddlewheel 

molecules as well, by replacing the carboxylate ligands with formamidinate ligands.  

Methyl and phenyl groups can be substituted, as shown in Figure 6.2, and the synthesis of 

Mo2((NPh)2CH)4 has been reported.4  These ligands are much larger than the 

carboxylates, and the intermolecular interaction between the metal center and 

neighboring ligand is hindered by the ligand substituents. 

 The polarity of the surrounding environment can also be explored by co-

condensing “solvent” molecules on the surface of the gold substrate.  In theory, there 

would be a much higher concentration of the solvent molecules, and the solute molecules 
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would be sufficiently far apart as in a liquid solution.  There are additional challenges for 

this type of experiment, including the choice of the solvent and the technical aspects of 

depositing two molecules at once in the deposition chamber.  The first solvent ionization 

must be higher in energy (more stable) than the first ionization of the solute molecule so 

as not to obscure this ionization, and the resulting photoelectron spectrum would be more 

complicated.  Removal of the solvent ionizations by spectral subtraction to reveal the 

solvated solute spectrum has been effective for ferrocene terminated alkanethiol self-

assembled monolayers.5, 6 

 As discussed in Chapter 5, the explicit model used to calculate the electronic 

structure of Mo2(O2CR)4 in the condensed phase is a good stating point, but the water 

molecule is much smaller than the carboxylate ligands themselves.  Though new explicit 

models will be more computationally demanding than either the current explicit model or 

the implicit model, improvements can be made by explicitly adding MeCOOH and 

PhCOOH to the axial positions in the same orientation and distance as seen in the crystal 

structures. 

 These experiments can be extended beyond the phosphine and paddlewheel 

molecules to any number of systems, particularly those that display different properties in 

the gas phase and in solution. 
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Closing Comment 

 These studies show promising results in the area of intermolecular interactions, 

and solvent effects in general, and lay the foundation for further studies of the electronic 

structure of molecules in different environments. 
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Figure 6.1. Stick figure, space-fill model (van der Waals radii), stretching 
frequency, and cone angle for PEt3 and P(o-Tol)3. 
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Figure 6.2. Stick figure and space-fill model (van der Waals radii) of substituted 
formamidinates. 
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