
Photoelectron spectroscopy of dimolybdenum
tetracarboxylates: Probing the electronic nature

of the molybdenum-molybdenum quadruple bond

Item Type text; Thesis-Reproduction (electronic)

Authors Ray, Charles David, 1967-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:24:17

Link to Item http://hdl.handle.net/10150/278093

http://hdl.handle.net/10150/278093


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1348448 

Photoelectron spectroscopy of dimolybdenum tetracarboxylates: 
Probing the electronic nature of the molybdenum-molybdenum 
quadruple bond 

Ray, Charles David, M.S. 

The University of Arizona, 1992 

U MI 
300 N. ZeebRd. 
Ann Arbor, MI 48106 





PHOTOELECTRON SPECTROSCOPY OF DIMOLYBDENUM TETRACARBOXYLATES: 

PROBING THE ELECTRONIC NATURE OF 

THE MOLYBDENUM-MOLYBDENUM QUADRUPLE BOND 

by 

Charles David Ray 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 
THE UNIVERSITY OF ARIZONA 

1 9 9 2  



2 

STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of requirements for an advanced 
degree at The University of Arizona and is deposited in the University Library to be made 
available to borrowers under the rules of the Library. 

Brief quotations from this thesis are allowable without special permission, provided that 
accurate acknowledgement of source is made. Requests for permission for extended quotation 
from or reproduction of this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his or her judgment the proposed 
use of the material is in the interests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNED 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

e<i/Ym4 
Dennis L. Lichtenberger / Date 
Professor of Chemistry 



3 

ACKNOWLEDGEMENTS 

There are many people who deserve recognition for their contributions to my education. 

First and foremost is my family. My parents, David and Bobbie Ray who let me freely 
choose my academic pursuits and supponed me unconditionally (both emotionally and 
financially). Also, I would like to thank my sisters, Cathy and Christy, who always gave me 
perspective and encouragement. 

Secondly, I would like to thank those who sparked and shaped my interest in science. 
Initially, these people were my grandfather, Charles W. Ray (an engineer), and my uncle, Dr. C. 
George Ray (M.D.), whom I have admired from a young age. My high school chemistry teacher, 
Mr. Vernon Slaymaker, who first spaiked my interest in chemistry gets the credit for me pursuing 
chemistry as an undergraduate. I would also like to thank my professors at Central College of 
Iowa, especially Dr. Catherine Haustein, for introducing me to research and encouraging me on 
to graduate school. 

For completion of my work at the University of Arizona, first I would like to thank my 
research director, Dr. Dennis Lichtenberger. He engaged me in chemical discussions, allowed 
me to pursue interesting research projects, and molded me into a better scientist. For this, I am 
grateful. I would also like to thank members of the research group who are not only good 
scientists but friends as well. Working with them was a pleasurable experience and I learned a 
lot from them both inside and outside the field of chemistry. These people include Professor 
Laura Wright, who was on sabbatical from Furman University, Dr. Sharon Renshaw, Dr. Maik 
Jatcko, Dr. Lalitha Subramanian, Nadine Gruhn, Mara Rempe, and the knowledgeable 
undergraduate, Matt Seidel. Without their discussions, ideas, and knowledge I could not have 
completed this research. 

I would also like to acknowledge Dr. Ken Nebesny of the LESSA facility and members 
of Dr. Armstrong's group, Tom Schuerlein and Paul Lee, for guidance, helpful tips, and 
discussions in completing the surface experiments. Without them I would not have been able to 
complete these experiments. The crystallographer, Dr. Mike Brack, is noted for his help in using 
the Cambridge structural database and molecular modeling programs. Members of my committee, 
Drs. Jeanne Pemberton and John Enemark, are also acknowledged for providing insight in the 
final stages of this project. Special thanks is extended to Brenda Stockwell for her assistance and 
fruitful discussions. 

Finally, I would like to thank the National Science Foundation and the Materials 
Characterization Program here at the University of Arizona for funding of this project. 



4 

TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS 6 

LIST OF TABLES 8 

ABSTRACT 9 

CHAPTERS 

1. Introduction 10 

2. Variable Energy Photoelectron Spectroscopy of Mo2(02CCH3)4 21 

INTRODUCTION 21 

EXPERIMENTAL 24 

RESULTS 25 

DISCUSSION 32 

CONCLUSIONS 39 

3. Surface and Gas Phase Photoelectron Spectroscopy 

of Mo2(02CC6Hs)4 40 

INTRODUCTION 40 

EXPERIMENTAL 43 

RESULTS AND ANALYSIS 49 

DISCUSSION 57 

CONCLUSIONS 62 



5 

TABLE OF CONTENTS-continued 

4. Conclusions and Future Directions 64 

CONCLUSIONS 64 

FUTURE DIRECTIONS 66 

REFERENCES 68 



6 

LIST OF ILLUSTRATIONS 

Figure 1: General structure of the dimolybdenum tetracarboxylates 11 

Figure 2: Approximate M.O. scheme showing the intermolecular 
interactions of the dimolybdenum tetracarboxylates 
in bulk samples 13 

Figure 3: Gas phase and surface UPS of Mo2(02CCH3)4 14 

Figure 4: Gas phase UPS of Mo2(02CR)4 16 

Figure 5: Orbital construct of the metal-metal bond in Mo2(02CR)4 18 

Figure 6: Valence region photoelectron spectrum at 50 eV source energy 26 

Figure 7: Valence region photoelectron spectra collected with 
source energies 40-50 eV 28 

Figure 8: Valence region photoelectron spectra collected with 
source energies 40-90 eV 29 

Figure 9: Relative area comparison for all peaks in the valence region 30 

Figure 10: Relative areas for ionizations of the Mo-Mo bond 31 

Figure 11: Interaction of the Mo-Mo 8 bond (composed of d^ orbitals) 
with the oxygen p orbitals 35 

Figure 12: Diagram showing how the sigma bond interacts with the oxygen 
on the carboxylate ligand 37 

Figure 13: Interaction of the Mo dz2 orbital with the pz orbital 
on the adjoining Mo 38 

Figure 14: Skeleton representation of Mo2(02CC6H5)4 

from crystallographic data 42 

Figure 15: Comparison of full gas phase and surface Hel 
UV photoelectron spectra 44 

Figure 16: Schematic of McPherson ESCA 36 instrument 45 

Figure 17: Schematic for sample preparation vacuum chamber 47 



7 

Figure 18: Stackplot of UPS spectra monitoring growth 
of MO2(02CC6H5)4 on graphite 50 

Figure 19: Close-up of metal-metal bonding region of Mo2(02CC6H5)4 55 

Figure 20: Closeup of delta ionization in Hel photoelectron 
spectrum of Mo2(02CC6H5)4 56 

Figure 21: Interaction of the Mo-Mo delta bond with the benzoate ligand 59 



8 

LIST OF TABLES 

Table I: Percent orbital contribution for the 4 highest energy 
filled M.O.'s in Mo2(02CC6H5)4 as calculated 
by Fenske-Hall method 57 

Table II: Comparison of metal ionizations for Mo2(02CR)4 series 58 

Table III: Correlation of the polar substituent constants (Cj) 
and absolute ionization energies 60 

Table IV: Comparison of Mo-Mo and Mo-0 bond lengths 
for the Mo2(02CR)4 series 62 



Abstract 

9 

Photoelectron spectroscopy is used to investigate the electronic structure of molybdenum-

molybdenum quadruple bonds in dimolybdenum tetracarboxylates. The variable energy 

photoelectron spectra of the valence region of Mo2(02CCH3)4 are reported for a range of incident 

photon energies. The pi components of the metal-metal bond contain the most Mo 4d character. 

The sigma component has contribution from both the ligand and the Mo 4p orbitals on the 

adjoining Mo. The delta component has significant overlap with the ligand orbitals. A 

comparative gas phase and surface ultraviolet photoelectron study of Mo2(02CC6H5)4 is also 

reported. This is the first dimolybdenum tetracart>oxylate where the ligand is capable of large 

resonance overlap with the metal center. There is significant orbital overlap between the ligand 

and the metal-metal bond, especially with the delta component. Both of these studies show that 

there is electronic communication between the metal-metal bond and the carboxylate ligand. 
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Ever since their existence was first reported,1 much effort has been focused on 

understanding the electronic structure of organometallic compounds which contain molybdenum-

molybdenum quadruple bonds.2'3,4 Due to their stability, ease of preparation, and volatility 

dimolybdcnum tetracarboxylates, Mo2(02CR)4 (structure shown in Figure 1; R = H, CH3, 

CH2CH3, CF3, C(CH3)3 and many others), have been the featured compounds in these studies. 

These investigations have ranged from general reactivity studies,5 to studies utilizing these 

compounds as precursors for cluster formation,6 as monomelic units in inorganic polymerization 

reactions,7 and theoretical treatments2,8'9,10,11 of varying degrees of sophistication. There 

have even been several industrially useful catalysts which contain this general structure.12 In 

each of the studies, the concentration has been on the activity and reactivity of the metal-metal 

bond. Increasing the understanding of the electronic structure of these compounds which contain 

a metal-metal quadruple bond will provide additional information which, in turn, will afford a 

better understanding of the aforementioned processes. 

There are several notable features of these dimolybdenum tetracarboxylates all of which 

possess the general structure shown in Figure l.1 Firstly, each contains bridging carboxylate 

ligands which provide for a rigid structure. The local symmetiy is D4h. Such high symmetry 

makes the interpretation of spectroscopic methods performed on these compounds much simpler. 

Secondly, each has the open coordination site along the Mo-Mo bond axis. Although axial 

ligation is possible in these compounds, these interactions are quite weak and readily dissociate. 



Figure 1: General structure of the dimolybdenum tetracarboxylates, where R= H, CH3, 
CH2CH3, C(CH3)3, CF3, C6H5, etc. 
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Thirdly, if each oxygen is considered to be a two electron donor, and the Mo to be in the 2+ 

oxidation state then the molybdenum centers in these compounds are formally 16 electron 

organometallics, which is two short of the desired 18 electrons.13 Formally this leaves the 

compound coordinatively unsaturated and allows for the possibility of activity around the metal 

centers. Fourthly, each has a dimolybdenum center which contains a quadruple bond arising 

largely from the interaction of the molybdenum 4d orbitals. This electron rich center provides 

an interesting, fertile ground for both the theoreticians and experimentalists to explore (as was 

noted in the introductory paragraph). 

The open coordination site allows for intermolecular interactions between oxygen lone 

pairs and the Mo 4dz2 orbitals. This explains the proximity of the molecules in bulk samples, 

2.644 A for the intermolecular Mo-0 distance14 in Mo2(02CCH3)4 as shown in Figure 2. 

This creates a very regular packing array, and the observed destabilization of the sigma bond in 

the surface UPS experiments of Mo2(02CCH3)4
15 as seen in Figure 3. Although the overall 

energy of the molecule is the same, the sigma ionization is destabilized and the oxygen lone pair 

ionization is stabilized. The stabilization of the oxygen lone pairs is unobservable due to 

overlapping bands in the surface and gas phase experiments. Axial ligation has been successfully 

completed in these compounds;16 in fact, if a coordinating solvent is used in the preparation 

of these compounds it attaches at the axial position.17 These interactions are, however, quite 

weak and the axial ligands readily dissociate upon heating the samples until the ligands sublime. 

This is because axial ligation actually populates the o* antibonding orbital of the Mo-Mo bond 

thus creating a weak interaction (similar to inteimolecular interactions, see Figure 2). 

It is also conceivable that these coordinatively unsaturated compounds could open the door 

for a variety of organometallic reactions in which the metal center is believed to shuttle between 
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Figure 2: Approximate M.O. scheme showing the intermolecular interactions of the 
dimolybdenum tetracaiboxylates in bulk samples. 
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Figure 3: Gas phase and surface UPS of Mo2(02CCH3)4 to show destabilization of o 
ionization. Reported by Kristofzski, J.G. Diss. Abstr. Intl. 1988,49(5), 1691-2, 
p. 90. 



a 16 and 18 electron species. These reactions include insertion, metathesis, reductive elimination, 

and others, all of which are invoked in explaining the workings of catalysis. It is, therefore, not 

surprising that Kerby12 has recently reported the catalytic activity of several dimolybdenum 

tetracarboxylates. Undoubtedly, these processes involve the reactivity of the frontier orbitals. 

These are primarily assigned to the 8, rc, and a components of the metal-metal bond and their 

antibonding counterparts. Therefore, increasing the understanding of these interactions is of great 

importance to the analysis of the reactivity as reported by Kerby. 

In recent studies dimolybdenum tetracarboxylates7 and related compounds18 with Mo-

Mo quadruple bonds (of particular interest is the Mo2(PMe3)4(C=CR)4 series reported by 

Hopkins), are proposed to be model complexes which may act as non-linear optical (NLO) 

materials or electrical conductors. This is hypothesized based on the large electron density of the 

metal-metal bond. Organic based compounds face two major problems19 when they are applied 

to these electrical uses. The first is the lack of electron density, and the second is the presence 

of defects when the thin films of these compounds are prepared. Inorganic compounds with the 

general structure of Mo2(02CR)4 could potentially solve these problems. These organometallics 

certainly have more electron density than their organic counterparts and with the intermolecular 

Mo--0 forces, they pack in a regular arrangement. However, these compounds must first be 

proven to show electronic communication between the metal-metal bond and the carboxylate 

ligand. Resonance capabilities across the entire molecule are essential if these compounds are 

to possess these electrically useful characteristics. Ultraviolet photoelectron spectroscopy (UPS) 

has proven to be a powerful tool, and the only direct method, to probe the electronic structure 

of these compounds.2'3,15,20'21,22 The previously reported results are presented in Figure 4. 

The thrust of these efforts has been to investigate the nature of the metal-metal bonding 
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Figure 4: Gas phase UPS of Mo2(02CR)4 as reported by C.H. Blevins Diss. Abst. Intl. 
1984,545, 1186, p 210. 



interaction, which has been assigned the configuration a27t482. A simple construct of this 

interaction with absolute orbital energetics relative to the vacuum level has been reported and is 

shown in Figure 5.2,15 As depicted in Figure 5 the degenerate it components of the metal-metal 

bond have been shown to arise from the overlap of the Mo 4dyZ and 4dxz orbitals with their 

corresponding orbitals on the adjoining Mo atom. The a component is derived from the 

interaction between the Mo 4dz2 orbitals. Finally, the 8 component has been described as a face 

on interaction where all four lobes on the Mo 4dxy orbital overlap with their counteiparts on the 

4dxy orbital of the adjoining Mo. These UPS studies have also resulted in the assignment of the 

ionization energies of the metal-metal bond relative to the vacuum level.2,15 

Several interesting features of this Mo-Mo quadruple bond are elucidated by these UPS 

studies of the Mo2(02CR)4 series. One is the assignment of the Mo-Mo o bond as a surprisingly 

weak and diffuse interaction. The ionization energy being nearly coincident3 with the K bond 

is one indication of this. This goes against what one would intuitively expect about the relative 

energetics from the nature of o and n bonds. Another supporting piece of evidence which 

reinforces the assertion that the a component is weak is the gas phase PES data of 

W2(02CCH3)4.3 In this tungsten analog, the o and jc components of the metal-metal bond are 

resolved and a very shaip o ionization is observed. This indicates that as electrons are being 

ionized out of this orbital the overall bond length does not significantly increase. The conclusion 

drawn2 is that the o component contributes little to the overall bond strength. Another interesting 

feature is the significant oxygen character in the ionized 8 component as indicated from the 

closeup photoelectron spectra of this ionization band.3 This is shown by vibrational fine structure 

analysis which led to the conclusion that the vibrational progression was due not only to the 

symmetric Mo-Mo stretch, but also to the symmetric Mo-0 stretch and the Mo-Mo-0 
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Figure S: Orbital construct c r the metal-metal bond in Mo2(02CR)4. The 5 and rt levels 
are placed at the r gas phase values. The o level is placed according to 
observations from the surface experiments. 
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deformation components2 as well. And finally, there is the surprising strength of the 71 

components of these Mo-Mo quadruple bonds. This is supported by the fact that its ionization 

band in the PES experiment exhibits a large vibrational progression at the top (the sides are 

presumably dampened by the nearly coincident a ionization) indicating a large bond lengthening 

as the ionization is occurring.2,3 There has been some discussion as to the nature of the different 

components of the metal-metal bond, but more concrete experimental evidence is needed to 

support the aforementioned characteristics of the [MoiMo]4+ moiety. 

There are important questions which need to be addressed concerning the electronic 

structure of these compounds. First of all, is there electronic communication between the metal-

metal bond and the carboxylate ligand? If there is, what is the extent of communication, and 

how does changing the carboxylate group affect this interaction? If the interaction is great 

enough, is it possible to adjust the energetics of the system by varying the carboxylate group (or 

whole ligand set for that matter) to maximize this effect? More fundamentally, it is essential to 

know the amount of interaction that the individual components (a, tc, and 8) of the metal-metal 

bond are exhibiting with the carboxylate ligand. The energetics of the carboxylate ligand and 

the metal-metal bonding components can be measured. If it can be determined which bonding 

component(s) are interacting with the carboxylate ligand, then determining how to maximize 

overlap is a solvable problem. Once overlap is maximized then electronic communication 

throughout the molecule is facilitated. 

The most direct measurements for drawing such conclusions are made with the use of 

photoelectron spectroscopy. The utility of this technique has been shown in the previous PES 

studies of the Mo2(02CR)4
20'3'15 (where R = H, CH3, CH2CH3, C(CH3)3, and CF3) series (see 

Figure 4), where it was possible to probe the metal-metal bonding moiety and physically observe 
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the 5, and o/tc components. By extending this series and by using a new technique to measure 

these features, it becomes possible to begin to answer the aforementioned questions concerning 

metal-ligand overlap. The previously reported results will be used for comparison. Chapter 2 

presents a variable energy photoelectron study of By collecting the valence 

region photoelectron spectra over a wide range of incident photon energies, the relative amounts 

of metal and ligand character in a particular orbital can be determined. Chapter 3 presents a 

comparative gas phase/surface ultraviolet photoelectron (UPS) study of Mo2(02CC6H5)4, the first 

of the series studied which contains an aromatic R group. With a more diffuse electron cloud, 

this substitution affords better resonance overlap between the ligand and the metal center. This 

set of experiments gives a better overall picture into the exact nature of the 5, o, and n 

components of the Mo-Mo quadruple bond. 
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Chapter II 

Variable Energy Photoelectron 
Spectroscopy of Mo2(02CCH3)4 

INTRODUCTION 

Several ultraviolet photoelectron spectroscopy (UPS) Hel studies for Mo2(02CCH3)4 have 

been completed.3,15,20 The ionization bands have been assigned based on empirical arguments 

and computational results.2,10,23 As was previously stated in Chapter 1, the conclusions drawn 

from this work include the lowest energy ionization being assigned to the Mo-Mo delta 

interaction, and the second lowest ionization being assigned to the Mo-Mo sigma and pi 

interactions. These latter two ionizations have nearly the same energy, with the sigma ionization 

being at slightly lower ionization energy. The previous experimental results3,20 and 

interpretations2 have raised some interesting points concerning the nature of the metal-metal 

bonding interactions. First of all, the sigma bond has been found to be weaker than the pi bond 

which goes against the intuitive argument that sigma bonds are stronger than pi bonds. Two 

explanations for this phenomenon have been offered: 1) the molybdenum 4dz2 orbital has a filled-

filled interaction with the ligand orbitals, and 2) the 4dz2 orbital has a filled-filled interaction with 

the 4pz orbital on the adjoining molybdenum atom. Secondly, the observed vibrational fine 

structure21 has indicated that the orbitals involved in the delta bond are interacting with the 

ligand orbitals as well. These two facts have left the metal-metal pi bonds as the major 

contributors to the overall bond strength. However, it would be desirable to experimentally probe 

these bonds in order to obtain a more concrete understanding of the metal-metal bonding 

interaction. 



Oftentimes, comparisons are made between the valence photoelectron spectra collected at 

the two different energies available from the helium lamp. Most frequently, ultraviolet 

photoelectron spectra are collected with a Hel source (hv=21.2175 eV); however, sometimes Hell 

spectra (hv=40.8136 eV) are collected as well. By comparing the relative cross sections of the 

peaks in these two spectra, the orbital contributions to the ionizations are more accurately 

assigned. In these studies, the primary information gained is the amount of metal or ligand 

character a particular ionization contains. This works reasonably well for obtaining a qualitative 

picture of simpler systems. However, in more complicated systems where there is a considerable 

amount of ligand and metal interaction, the information gained is limited. Also, it is possible to 

obtain misleading results when relative cross sections for only two different incident photon 

energies are available for comparison. Ideally, it would be desirable if one could change the 

energy of the incident photon and collect the valence region spectra for a range of energies. 

Then one could be more sure of assignments and relative orbital contributions (especially from 

the metals) to the ionization bands. Variable photon energy photoelectron spectroscopy is 

possible when a synchrotron source is used. 

As the energy of the incident photon changes, the cross section of certain ionizations 

change relative to others. The cross section for each oibital of every atom has been 

calculated24 for a large range of incident photon energies. Hence, by looking at how the area 

of a specific ionization band changes one can qualitatively observe the amount of metal or ligand 

character a particular ionization contains. This is done by comparing the relative area changes 

for the spectra collected with those for the atomic orbitals. Those molecular orbitals in which 

the characteristic cross sections change in a similar manner to the atomic orbitals allows 

assignment of a large contribution of the atomic orbital to a particular molecular orbital. 



Several recent studies by Green25,26,27,28 and Solomon29,30,31 have shown 

the utility of variable photon energy photoelectron spectroscopy in probing the electronic structure 

of discrete inorganic molecules. The focus of these studies has been on collecting the valence 

region spectra with incident photons of differing energies. The experiments have been performed 

by collecting a full spectrum of the valence region, increasing the incident photon energy by 

several eV, and collecting another valence spectrum. This process was repeated until a 

progression of scans separated by several eV in the region of 30-90 eV was obtained. These 

studies have increased our understanding of the bonding interactions in these molecules. They 

have given more information concerning the amount of metal character in specific ionizations. 

They have also given an inkling into the accuracy of computational methods. 

By measuring how the cross sections of the valence ionization bands change over a range 

of photon energies, the assignment and discussion of the nature of the bonds has become more 

accurate. That is, more experimental evidence has been gained concerning the localization of the 

ionized states. This has been especially true for ascertaining the amount of metal nd (where n 

is the valence shell) orbital contribution to the molecular orbital. For the reasons stated above, 

performing the variable energy photoelectron experiment on Mo2(02CCH3)4 to Anther the 

understanding of the Mo-Mo quadruple bond is a logical next step. These experiments will 

complement previous photoelectron and computational studies by providing additional evidence 

of the nature of the Mo-Mo quadruple bond.2 More specifically, this study should provide added 

insight into the nature of the o, re, and S components of the metal-metal bond. Another piece 

of information which will be gained from this study is the existence, amount, and nature of 

metal-ligand electronic communication. 
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EXPERIMENTAL 

Mo2(02CCH3)4 was prepared by literature techniques14 by the chemistry 512 course, and 

purified by sublimation on a Schlenk line. The surface Hel spectra were initially collected on 

graphite and MoS2 and compared to previously reported spectra.15 The sample was judged to 

be sufficiently pure for these experiments. The samples were sealed in ampules, under vacuum, 

and sent to Professor J. H. Weaver's group at the University of Minnesota. They sublimed the 

Mo2(02CCH3)4 onto a GaAs substrate. The spectra were collected at the synchrotron center at 

the University of Wisconsin. The variable energy source allowed for collection of valence 

spectra at 40, 43, 45, 47, 50, 60, 70, 80, and 90 eV. 

In order to obtain the cross sections for the various bands the spectra obtained were fit 

with asymmetric Gaussians.32,33 This best fit of the valence region was obtained using the 

program GFIT.32 The first spectrum fit was that collected with the 50 eV source. This spectrum 

was chosen for two reasons. First, it exhibited the best resolution in the valence region and, 

secondly it was an intermediate value as far as source energies are concerned. The bands were 

defined by position, amplitude, halfwidth for the high binding energy side and halfwidth for the 

low binding energy side. These halfwidths are the individual parameters of the Gaussian peaks. 

Once the initial fit was made, these positions were used in the fits of the remaining spectra. In 

all of the spectra, the positions were within experimental eiror (±0.02 eV) of each other and the 

other parameters were allowed to vary to compensate for differences in resolution and cross 

section brought about by changing the source energy. The peak widths and positions were 

reproducible to ±0.02 eV (~3o) for each spectrum. The error bars on the area were 10% with the 

primary error being associated with defining the baseline (which was done in a consistent manner 
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throughout). The results are slightly less reliable in those situations where there are many 

overlapping peaks. This will be discussed in the results section. 

In order for comparison of the cross sections between the spectra to be made, they had 

to be normalized. The normalization was done by measuring the incident photon intensity during 

data collection and obtaining a 'normalized count' number for each spectrum. The areas obtained 

from the fits of each peak were then simply divided by the normalized count for that spectrum. 

This was the method by which normalized areas were obtained. This allowed for cross sectional 

dependence on incident photon energy to be measured. 

RESULTS 

The valence region photoelectron spectrum fit with asymmetric Gaussians is presented in 

Figure 6. The spectrum presented is that collected at 50 eV source energy. Previous 

photoelectron3,15'20 and computational studies2,10'23 allow for absolute assignment of the 

ionizations arising from the metal-metal bond (peaks 1-3 in Figure 6) and general assignments 

for the remainder of the spectrum (peaks 4-10 in Figure 6). The leading ionization at 6.98 eV 

is assigned to the Mo-Mo 8 interaction (labelled 1 in the spectrum). The second ionization band 

is assigned to the nearly coincident n and o components of the Mo-Mo interaction. Due to the 

large asymmetry of this band on the low ionization side (which is observed in every spectrum), 

it is better fit with two peaks, one at 8.71 eV and another at 8.02 eV, which have approximate 

relative areas of 2:1. This agrees with the previously reported observations and assignments for 

the Hel surface spectra collected on MoS2 and graphite substrates.15 Therefore, the peak fit on 

the low ionization energy side at 8.02 eV (peak 2) is assigned to the Mo-Mo sigma orbital and 
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Figure 6: Valence region photoelectron spectrum at 50 eV source energy. This spectrum 
was fit with 10 asymmetric Gaussians, as were all the spectra. 



the larger peak at 8.71 eV (peak 3) to the Mo-Mo pi orbital. The peaks labelled 4-6 arise from 

oxygen lone pairs and Mo-0 interactions. Peaks 7 and 8 result from the ionization of Mo-0 o 

bonds and C-0 n bonds, while 9 and 10 result from C-C bonding interactions. However, due 

to their proximity and uncertainty in the fit (in reality many more peaks should be fit in this 

region), peaks 4-10 in the spectrum are not discussed in detail. However, they are included for 

the sake of completeness in studying the cross sections. In this study the relative areas are 

measured directly. The relative areas can be thought of as experimentally measured cross 

sections. 

The valence region photoelectron spectra collected at a variety of incident photon energies 

are presented in Figure 7 and Figure 8. Figure 7 shows the spectra collected at 40, 43, 45, 47, 

and 50 eV, while Figure 8 shows the same region collected in 10 eV increments between 40 and 

90 eV. These plots give a rough visual picture as to what is happening to the various relative 

areas. It can be seen that the relative areas of the ionizations assigned to the metal-metal bond 

(peaks 1, 2 and 3 in Figure 6) remain strong in the range 40-60 eV, in comparison with the 

remainder of the spectrum. However, these relative areas fall off dramatically at higher source 

energies. In these spectra, the ionization region (5-19 eV) is shown, with the spectra aligned so 

the absolute binding energies agree with each other as well as those previously reported results 

for the surface UPS Hel data15. 

The areas obtained from the fits of the spectra are normalized (as described in the 

experimental section) so that comparisons between the spectra collected at different source 

energies can be made. Figure 9 shows the results of these comparisons by plotting the relative 

area for each peak (or set of peaks) against the incident photon energy. For the most part, the 

relative areas of peaks 6-10 are at a maximum at 40 eV and drop off at higher energies. From 
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Figure 7: Valence region photoelectron spectra collected with source energies 40-50 eV. 
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Figure 8: Valence region photoelectron spectra collected with source energies 40-90 eV. 



30 

Delta 

Sigma 

R 

Bands 
—M— 
Bands 

4-6 

7 & 8 

Bands 9 & 10 

40 45 50 55 60 65 70 75 80 85 90 

Photon Energy (eV) 

Figure 9: Relative area comparison for all peaks in the valence region. 

considering the calculated cross section dependence on photon energy,24 this is consistent with 

the behavior predicted for ionization of orbitals which have a large amount of carbon and oxygen 

character. A noticeable aberration to this occurs at 47 eV for peaks 4-10, where the relative area 

for these peaks increases (as in the case of peaks 7 & 8) or does not decrease uniformly (peaks 

4-6, 9 & 10). This is attributed to the fact that some of these ionizations contain metal character 

from the Mo-0 bond. Another possibility is that it could be due to molecular shape 

resonance.34 A closeup of the Mo-Mo quadruple bond ionizations is included in Figure 10, 

because in Figure 9 it is difficult to assess the changes in the relative areas of these ionizations 

as their areas are so much smaller than the others listed. 
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Figure 10: Relative areas for ionizations of the Mo-Mo bond. 

Figure 10 shows the effect of changing the incident photon energy on the relative area of 

the ionizations assigned to the metal-metal quadruple bond. The relative areas for these 

ionizations show a maximum centered at 47 eV. This maximum is most pronounced for the 

ionization assigned to the Mo-Mo re bond. This proves to be true even when the relative orbital 

populations of these ionizations are taken into account The enhancement in the sigma and delta 

ionizations, while being smaller is still significant. After the maximum at 47 eV, the relative 

areas decrease uniformly and more dramatically than their ligand based counterparts (peaks 4-10). 

This is expected behavior for orbitals which contain Mo 4d character based on calculated cross 

sections24 for the ionization of a Mo 4d orbital. Therefore, the relative amount of Mo 4d 

character in a particular ionization can be told by the magnitude of this enhancement. This 
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maximum centered at 47 eV is a clear indication of a p-»d resonant enhancement followed by 

autoionization through super Coster-Kronig (SCK) Auger decay process as defined by Davis.35 

DISCUSSION 

The metal-metal sigma ionization has been observed as it causes asymmetry on the low 

binding energy side of the second ionization band (see Figure 6). In the gas phase photoelectron 

spectroscopy studies the metal-metal sigma and pi ionizations have been observed as coincident. 

However, due to intermolecular Mo-0 interactions in the surface experiments,15 shown in 

Figure 2, the sigma ionization has been destabilized. Figure 2 shows how the lone pair of 

electrons on the oxygen atom interact with the Mo 4dz2 orbitals on the adjacent molecule in 

solid, bulk samples. The intermolecular Mo-0 distance, determined by crystallographic data,14 

of 2.645 A is considerably larger than a typical Mo-0 bond length (2.20 A), but the distance is 

still small enough to disrupt the Mo-Mo sigma bond. The effect of this interaction is that the 

sigma bond is destabilized in the surface experiments. The other consequence of this interaction 

is the stabilization of the oxygen lone pairs. This effect, however, is not observable due to the 

overlapping peaks in that region (peaks 4 and 5 in Figure 6). The destabilization of the sigma 

bond is fortuitous as it allows for interpretation of this component. This makes it possible to 

separately analyze the sigma, pi, and delta components of the metal-metal quadruple bond. 

Overall, this allows for a better understanding of these individual components of the metal-metal 

bond. 

When conducting synchrotron studies, the p-»d giant resonant enhancement is 

characteristic of d-block transition metal compounds. This enhancement autoionizes through a 



super-Coster-Kronig (SCK) Auger decay process,35 and occurs in addition to the direct ionization 

which is normally observed in this experiment For example, in the case of compounds 

containing molybdenum formally in the 2+ oxidation state, such as this system, the processes arc: 

4p64d4 —> 4ps4d5 —>4p64d3 + e" enhancement ionization 

4p64d4 —> 4p64d3 + e" direct ionization 

The enhancement ionization involves two steps. The first step involves the incident photon 

exciting one of the 4p electrons into a 4d orbital. In the second step, the system in the excited 

state simultaneously ejects an electron and returns an electron to the 4p shell. In contrast, the 

direct ionization is a one step process where the incident photon ejects a 4d electron. It should 

be noted that the starting and ending configurations of these two processes are identical. They 

are experimentally indistinguishable, yet they are two distinct processes. As a consequence, when 

the incident photon energy is of the correct frequency both processes occur causing the observed 

cross section (the relative areas) of the Mo 4d orbitals to be 'enhanced'. 

This resonant enhancement occurs for other systems at an energy nearly equal to the 

ionization energy of the transition metal np (where n is the valence shell) electrons. In some 

systems this phenomena creates a 'double hump' enhancement in the cross section profiles due 

to the small difference in the energy of the enhancements. This small difference is due to the 

differences in energy between the Mo 4p1/2 and 4p3/2 ionizations. For reference, the calculated 

values for the Mo ionizations are 42 and 45 eV24 which compare well to the experimental 

enhancement values reported for Mo(CO)6 of 42 and 46.5 eV.26 The 'double hump' is observed 
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in the variable energy PES experiments performed on Mo(CO)6, but not in this study of 

Mo2(02CCH3)4. Absence of observation of this phenomena in this study of Mo2(02CCH3)4 

might be attributed to several sources. First of all, the system has much more complicated 

electronic structure and the second smaller enhancement could have been masked because of a 

large overlap with the ligand based orbitals. Another possible explanation is the fact that the 

spectra were collected every 2-3 eV in the region where the enhancement shows up, therefore this 

'double-hump' may have been missed. 

From the above discussion it can be concluded that the more Mo 4d character an 

ionization contains, the larger the enhancement of its cross section. It was previously noted in 

Figure 10 that this enhancement is larger for the ionization assigned to the Mo-Mo % bond, than 

for those assigned to the a and 8 bonds. This result indicates that the Mo 4d contribution to the 

o and 5 components is less than for the JC components. This experimental result agrees with what 

has been previously published about the nature of the components in the Mo-Mo quadruple 

bond.2-10-23 

The 8 bond is characterized as a weak interaction, where the Mo d^ orbitals interact not 

only with each other, but with the oxygen p orbitals on the carboxylate ligand as well. The metal 

oxygen interaction is shown in Figure 11. These orbitals are of the correct symmetry to overlap 

with each other as their lobes are directed at each other. In Figure 11 the signs of the orbitals 

are taken from the calculation of Mo2Cl4(PMe3)4.2 The chlorine lone pairs in this molecule 

should interact with the metal-metal delta bond in the same fashion as the oxygen p orbitals in 

Mo2(02CCH3)4. This filled-filled interaction gives the delta bond some ligand character, which 

in turn lessens the observed enhancement in the cross section of this band in the variable PES 

experiment. 
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Figurf 11: Interaction of the Mo-Mo 5 bond (composed of dxy orbitals) with the oxygen p 
orbitals. Signs of the orbitals are taken from computations of Mo2Cl4(PMe3)4. 
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The Mo-Mo a bond has been referred to as the "valence a non-bond",2 where the Mo <^2 

orbital has a filled-filled interaction with both the oxygen on the carboxylate ligand and the 4pz 

orbital on the adjoining molybdenum. These interactions are shown in Figure 12 and Figure 13 

respectively. Figure 12 shows that the dz2 orbital has the correct symmetry to interact with the 

oxygen atoms in a sigma fashion. This filled-filled interaction, which has the effect of 'spreading 

out' the electron density through the ligand, will diminish the magnitude of this enhancement. 

Calculations10'23 show that the metal-metal o bond also has contribution from the Mo 4pz 

orbitals which will also dampen the enhancement. As shown in Figure 13, the pz orbital has the 

correct symmetry to interact with the dz2 orbital on the adjoining atom. This is also a four 

elcctron/two orbital (filled-filled) interaction. The signs of the orbitals presented in Figure 13 are 

representative of the computational results 2 

The ionization from the Mo-Mo n bonds show larger enhancement than their o and 5 

counterparts. The it bonds are formed from the mixing of d^ and dyZ orbitals, which do not 

have the correct symmetiy to permit as much overlap with the ligand orbitals as their a and 5 

counterparts. All of this supports the previous assertions2 concerning the nature of the metal-

metal quadruple bond. These assertions were discussed in the introduction. They include the pi 

components being the greatest contributors to the overall bond strength, while the sigma and delta 

components are much weaker. These results also provide experimental evidence for the 

interaction of the delta and sigma components with ligand orbitals. 
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Figure 12: Diagram showing how the sigma bond interacts with the oxygen on the 
carboxylate ligand. The shaded portion of the d^2 orbital is oriented to interact 
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shadings of the orbilals represent the signs derived from computational results. 
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CONCLUSIONS 

The variable energy photoelectron study of Mo2(02CCH3)4 has provided additional insight 

into the nature of the components of the molybdenum-molybdenum quadruple bond. 

Experimental evidence has been provided that the n components contain the largest relative 

amount of Mo 4d character. The o component likely contains contributions from both the ligand 

and the pz orbital of the adjoining Mo atom. The 8 component contains orbital contributions 

from the oxygen p orbitals on the acetate ligands. These findings indicate that there is electronic 

communication between the carboxylate ligands and the metal-metal bonding interaction. 
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Chapter III 

Surface and Gas Phase Photoelectron 

Spectroscopy of Mo2(02CC6H5)4 

INTRODUCTION 

The gas phase and surface ultraviolet (UV) Hel photoelectron spectra have been reported 

(see Figure 4) for the series Mo2(02CR)4 where R= H,3,22 CH3,3,15,20 C(CH3)3 
3,22,36 

CH2CH3,3,22 and CF3
3 (no surface spectrum reported for R= CF3). As previously stated, these 

studies have primarily focused on studying the S, 7C, and a components of the Mo-Mo quadruple 

bond. The results of these studies have shown how the inductive effect of the R group affects 

the stability of the metal-metal bond. This was observed in the experimental ionization energies 

of the metal-metal bonding components as the carboxylate ligand was changed. For example, 

in Figure 4 the trifluoroacetate (R=CF3) ligand has the noticeable effect of shifting these bands 

to higher ionization energies as compared with the rest of the compounds presented. These 

studies have assigned the HOMO to the Mo-Mo 5 bond. After considerable debate, it has also 

been shown that the second ionization band is due to the nearly coincident Mo-Mo a and it 

bonding components.2 However, until now none of the compounds studied by UV photoelectron 

spectroscopy have contained bridging ligands with 'he capability of large resonance overlap with 



the [MolMo]4+ portion of the molecule. In this study, the benzoate (R= C6H5) analogue, 

Mo2(02CC6H5)4> is added to the series. 

Obtaining the UV photoelectron spectrum of Mo2(02CC6H5)4, which will sometimes be 

referred to as the benzoate analogue, is an important addition to the Mo2(02CR)4 series. It is 

the first concrete example where the molecular orbitals of the R group interact with those of the 

metal-metal quadruple bond in a resonance fashion. Previously, only the inductive effects of the 

R group on the metal-metal bonding interaction were observed. However in this compound, the 

phenyl ring has a more diffuse JI electron cloud than the R groups in the previous studies. In 

order for resonance overlap to occur two criteria must be met. First of all, the orbitals must have 

the correct symmetry, and secondly, they must be reasonably close to each other in energy. A 

crystallographic study of Mo2(02CC6H5)4
37 shows that the molecule possesses a virtual D4h 

symmetry (Figure 14). Consequently, two of the benzoate ligands are nearly planar with the 

phenyl rings being bent only 2-3° out of plane, and the other two are twisted =15° out of plane. 

It should also be noted that the energy difference between the orbitals involved is 2-3 eV (JI 

ionizations for free benzene are typically 9.25 eV38 and the delta ionization is typically about 

7 eV3'20) which indicates a reasonable similarity in energy. These facts point to the possibility 

of the phenyl pi orbitals interacting with the metal d orbitals, especially the dxy orbital which 

forms the metal-metal 8 bond. 

The UV photoelectron spectrum of Mo2(02CC6H5)4 had not been previously collected 

partially due to its high sublimation temperature (~280°C). Until recent instrumental 

improvements were made on the sample cell (it is now made of stainless steel),39 such 

temperatures were unattainable. It was also thought that the resulting spectrum might be too 



Figure 14: Skeleton representation of Mo2(02CC6H5)4 from crystallographic data. 
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complicated with the phenyl ionizations having a binding energy nearly equal to those due to the 

metal-metal bond, making resolving and assigning the peaks very difficult. This proved to be 

true for the surface spectrum where the bands due to the phenyl ionizations 'swamp out' the 

metal-metal pi and sigma bands (Figure 15). However the gas phase experiments, with their 

better resolution, showed a nice separation of the bands and allowed for interpretation. 

EXPERIMENTAL 

The Mo2(02CC6H5)4 was prepared by literature techniques as reported by Cotton.40 

The synthesis was conducted under a dry N2 atmosphere using Schlenk techniques. The solvent, 

2-methoxyethyl ether, was freshly distilled at 162 °C over sodium to insure the solvent was free 

of water. The solvent was then deoxygenated using the freeze-thaw technique. To a round-

bottomed flask containing 75 mL of the solvent, 2.0603 g of Mo(CO)6 and 2.5795 g of benzoic 

acid were added. The mixture was refluxed at 160 °C for 4 hours. The resulting mixture was 

filtered over a frit to remove the solvent, and rinsed twice with 2-methoxyethyl ether to insure 

removal of impurities, dried under vacuum at 100 °C for several hours, and 1.9700 g of orange-

yellow product was obtained (38 % yield). 

The gas phase photoelectron spectra were collected using a McPherson ESCA 36 

instrument featuring a 36 cm mean radius hemispherical analyzer with a 10 cm gap between the 

spheres (see Figure 16). This instrument has been modified and improved over the years as 

reported by earlier group members, most recently by Dr. S. K. Renshaw.41 Due to the high 

sublimation temperature of the compound, 279 °C, a stainless steel sample cell39 was used for 

collecting these spectra. The cell was specially designed by Dr. M.E. Jatcko for high temperature 
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Figure IS: Comparison of full gas phase (A) and surface (B) Hel UV photoelectron spectra. 
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Figure 16: Schematic of McPherson ESCA 36 instrument The sample is sublimed in the 
sample chamber and the experiment proceeds as described in the figure. 
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data collection. The spectra collected were internally calibrated to the Ar 2p3^ ionization at 

15.759 eV. An external calibration of the energy scale was provided by the Ar 2pjy2 ionization 

and the CH3I 2E1/2 ionization (9.538 eV). At room temperature the base pressure was 2 x 10"7 

torr with 23 mV resolution (fwhm of the Ar 2p3/2 ionization). During collection the pressure was 

5 x 10"6 torr with 19 mV resolution. A full spectrum (5.95 - 15.70 eV) and a close up (5.93 -

7.15 eV) were collected. The full gas phase spectrum was intensity corrected with an 

experimentally determined instrument analyzer sensitivity function. 

The surface spectra were obtained by connecting our vacuum station (Figure 17) to a VG 

ESCALAB MKII spectrometer. The spectra were collected in the analyzer chamber where the 

pressure was 1 x 10"9 torr. A sample stub was mounted with a freshly cleaved graphite or MoS2 

substrate (held together by silver paste). When a gold foil substrate was used the foil was 

wrapped around the stub and sputtered clean with Ar+. This was entered into the system through 

the fast entry lock. The integrity of the substrate was checked with XPS and UPS to insure the 

absence of impurities. The sample preparation vacuum chamber equipped with a newly installed 

Balzers TPU 170 and an Edwards E2M5 rough pump obtained typical base pressures of 1 x 10"8 

torr with an operating pressure of 5 x 10"7 torr. These pressures were monitored with a newly 

iastalled nude ionization gauge and a Perkin Elmer Model DGC II Digital Ion Gauge Control 

unit. This was an improvement over the previous method of using a quadrupole mass 

spectrometer and calculating the pressure, as it was a direct measure of pressure and much 

simpler to use. The Mo2(02CC6H5)4 was loaded into a boron nitride crucible and resistively 

heated with tantalum wire. Using a type k thermocouple (labelled TC in Figure 17) the 

sublimation temperature was measured to be 270 °C. The rate of deposition onto the substrate 

was monitored with a quartz crystalline microbalance (QCM). The QCM was attached to a 
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Figure 17: Schematic for sample preparation vacuum chambcr. 



48 

Hewlett Packard 5384A frequency counter so that changes in the frequency over time could be 

noted. The QCM was aligned so that it was exposed to nearly the same experimental conditions 

as the substrate (temperature, and amount of compound especially). Ideally, during the 

experiment the QCM and the substrate will obtain the same level of sample coverage. Using 

back of the envelope calculations, the change in frequency observed on the frequency counter can 

be converted into the amount of coverage. These calculations make use of several 

approximations (1 Hz change = 4 ng of compound and 1 monolayer = 1014 molecules), and only 

rough estimates can be obtained. However, these estimates were checked by examining the 

sample on the MoS2 for attenuation of the sulfur 2p ionization by XPS. The results indicate that 

experimentally determined coverage was 33 Hz/monolayer, and the calculations yield 29 

Hz/monolayer so the agreement is good. 

When preparing samples for these experiments, a deposition rate of 2-3 Hz/minute was 

maintained to insure evenness and consistency of coverage. The experiment was performed by 

collecting the full Hel UPS and full XPS of the clean substrates. The sample preparation 

chamber was directly connected to the VG and a magnetically coupled feedthrough allowed for 

transfer of samples between the two vacuum chambers without breaking vacuum. The sample 

stub was then moved into the deposition chamber where a five minute deposition was performed. 

After the deposition another lull UPS spectrum was collected (on the MoS2 substrate XPS was 

also collected). This process was repeated until coverages of 50 A or greater were obtained 

(additional deposition showed no significant changes in the spectra). These experiments were 

performed on graphite, MoS2, and gold foil substrates. No observable differences in the spectra 

were found using the different substrates. 
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The spectra collected were fit by the program GFIT as described in the experimental 

section of the previous chapter. The molecular orbital computation was performed using the 

Fenske-Hall42 method (11/4/88 version, from the Hall group at Texas A & M). The basis sets 

used were default values, and are listed in the program output. The molecular modeling and total 

strain energy calculations were performed on SYBYL.43 Changing the electrostatic conditions 

appeared to have little effect on the comparative results; hence, those reported are for the case 

where the electrostatics are ignored. There were also no boundary conditions used. 

RESULTS AND ANALYSIS 

The sample for surface UPS was prepared by evaporating a sample of Mo2(02CC6H5)4 

onto a freshly cleaved substrate (as described in the experimental section). The growth of this 

film was monitored by UPS and the results are summarized in Figure 18. It should be noted that 

the ionization energies in these surface spectra are relative and not absolute. The bottom 

spectrum (labeled A) was collected before deposition had begun and is a surface spectrum of the 

freshly cleaved graphite substrate, which matches previously reported results.44 The integrity 

of the sample was also checked with XPS (x-ray photoelectron spectroscopy) which indicated the 

presence of one form of carbon and no other elements. Spectrum B was collected after less than 

a monolayer of Mo2(02CC6H5)4 was deposited, and some of the graphite features can still be 

discerned. After approximately one monolayer of Mo2(02CC6H5)4 was deposited, spectrum C 

was recorded. With deposition of one monolayer, no graphite features are distinguishable. The 

depth of coverage on spectrum D is about 50 A (4-5 monolayers), showing the same features as 

spectrum C with slightly better resolution. The thickness of the samples was determined with 
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Figure 18: Stackplot of UPS spectra monitoring growth of Mo2(02CC6H5)4 on graphite. 
A) freshly cleaved graphite, B) < 1 monolayer, Q 1 monolayer, and D) 50 A. 
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the use of a quartz crystalline microbalance. This was calibrated by conducting the experiment 

on a MOS2 substrate and noting how changes in the frequency of the QCM correlated with the 

attenuation of the sulfur 2p ionization as measured by XPS. 

A stackplot showing the comparison between the gas phase and surface spectra is 

presented in Figure 15. The scale in these spectra represent binding energies relative to the 

vacuum level. This is done by aligning the delta band of the surface spectra with that of the gas-

phase data, as has been done previously.22 This figure shows the solid state broadening effects 

of the surface experiments. Because of this difference, the surface spectrum of Mo2(02CC6H5)4 

does not show as clear of a separation of peaks, with the exception of the one due to the metal-

metal delta ionization. 

There are several inherent contributions to the differences between gas phase and surface 

experiments. First of all, the gas phase spectrometer has a larger hemispherical analyzer which 

is superior to that of the surface instrument. Hence, all things being equal the gas phase 

spectrum will have better resolution. However, this difference is a negligible contribution to the 

overall band widths seen in these spectra. There are also the inherent problems in collecting data 

from a surface. The main contributors here are scattering and charging effects. It is true that in 

surface UPS studies only approximately the top 5 A of the sample is actually analyzed, however 

the incident photons actually penetrate several microns into the sample. This causes 

photoionization throughout the depth of penetration of these photoelectrons. Once these 

photoelectrons are ejected they may interact with neighboring molecules. Scattering and 

capturing of these photoelectrons before they exit the surface are part of this interaction. This 

will undoubtedl' cause the ionization bands to broaden out. In addition, since the technique itself 

causes emission of electrons from the surface, if the sample and substrate are nonconducting, a 
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buildup of charge can occur on the surface. This will also cause broadening of the peaks in the 

spectrum. In fact, in this study if the samples are too thick the charging effect will be large 

enough so that the entire spectrum will be swamped out. If charging were a problem, it was 

thought that better resolution might be obtained if more conductive substrates were used. 

However, identical results were obtained when gold foil and single crystal MoS2 were used as 

substrates. 

The difference in average half-width of the 5 ionization band (0.39 eV for gas phase and 

0.49 eV for the surface experiments) shows the results of the aforementioned effects. However, 

the ionization band associated with the phenyl rc electrons exhibits a much larger broadening (~ 

0.3 eV). This is observed in Figure 15 where the third (phenyl n) ionization band in the gas 

phase spectrum (labelled A) becomes a much broader second ionization band in the surface 

experiment (labelled B). This phenomenon can be attributed to one of two sources, or to a 

combination of the two. It could be due to (1) intermolecular interactions of the phenyl n clouds 

in the bulk samples or (2) the fact that there are two distinct types of phenyl rings in bulk solid 

samples of this compound. 

Intermolecular interactions require that the phenyl rings will be close enough to each other 

to allow their n clouds to interact. Crystallographic data37 indicate that the intermolecular 

distance between phenyl rings is 3.7 A. Molecular modeling in SYBYL indicates that the 

distance is right at the van der Waals distance. This compares with the distance between sheets 

of graphite which is 3.4 A, making this argument plausible. This will cause the phenyl k 

electrons to become more diffuse, thus widening their ionization band. 

Another possibility is the fact that in the solid samples there are two distinct types of 

phenyl rings. In the gas phase experiments, the geometry is not affected by intermolecular 
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interactions so the lowest energy conformer is spectroscopically observed. According to strain 

energy computations, performed using SYBYL, the most stable conformer of a single molecule 

of Mo2(02CC6H5)4 is one which consists of four completely planar benzoate ligands. The planar 

conformer is 6 kcal/mol more stable than the conformer obtained from crystallographic data. In 

the case of the more stable conformer, all four phenyl rings would be equivalent and would be 

observed as such in the gas phase UPS experiment. However, in the crystallographic study37 

where the structure in bulk samples is observed, it is noted that one of the phenyl rings was 

nearly planar with the remainder of the carboxylate ligand, while the other is twisted out of plane 

=15°. While the ionization energies of these two distinct types of phenyl rings would still be 

very close to each other, they would no longer be degenerate. It is conceivable that one of the 

sets of ionizations would shift to lower ionization energy and become nearly coincident with the 

metal-metal o and 7t ionizations. This would account for the observed broadening in the surface 

experiments. Either one of these effects, or a combination of the two, would "swamp out" the 

metal-metal k and a ionizations in the surface spectra. 

It was hoped that the surface spectra would show better resolution, so that a clear 

separation of the metal-metal k and c components could be resolved. The surface spectrum of 

MO2(02CCH3)4 exhibits a small, but noticeable separation (Figure 3).15 This phenomena is 

attributed to perturbations of the Mo-Mo sigma bond brought about by intermolecular 

interactions. This, in conjunction with the increased electronic perturbation of the metal-metal 

bond caused by the presence of a phenyl ring it was thought that the benzoate analogue may have 

shown a greater separation; unfortunately, the broadening of the phenyl n cloud ionizations did 

not allow for observation of these features. 
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The full gas phase spectrum (A in Figure 15) can be divided into several regions. These 

0 1S 11 
regions can be tentatively assigned by comparing it to previous spectra ' • and calculations 

performed on analogous compounds. First, the region from 6-9 eV contains the ionizations from 

the Mo-Mo quadruple bond. The ionization band which stands out at 6.54 eV results from the 

Mo-Mo delta symmetry interaction. This HOMO is removed nearly 2 eV from the next 

ionization band which is assigned to the nearly coincident Mo-Mo sigma and pi interactions. The 

next large peak results from ionization of the phenyl pi electrons. The following broad peak is 

due to overlapping peaks which are assigned to the oxygen lone pairs and Mo-0 n bonds. The 

remaining peaks in the spectrum are due to ionizations of Mo-0 a bonds, O-C o and it bonds, 

and C-C o bonds. The discussion here will concentrate on the Mo-Mo bonding region from 6-9 

eV. 

A close-up of the bands resulting from the ionization of the metal-metal bond is shown 

in Figure 19. The spectrum is fit with two asymmetric Gaussians. The leading ionization at 6.54 

eV is assigned to the 2B2g 
state which results from the ionization of the Mo-Mo 6 bond, a 

closcup of which is shown in Figure 20. This band does not show vibrational fine structure as 

was also observed in the UPS study of Mo2(02CCH3)4.21 The second band at 8.49 eV is due 

to the nearly coincident 2AJg and 2EU states which are assigned to the Mo-Mo sigma and pi 

ionizations, respectively. These peaks are not resolvable in all the compounds listed, and fitting 

two peaks under this band is not warranted in this case. This agrees with the assignments of the 

spectra of Mo2(02CR)4 (where R=H,3'22 CH3,3-22 C(CH3),3,22'36 CH2CH3,3 and CF3
3), and was 

supported by performing a Fenske-Hall calculation (pertinent results shown in Table I). 
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Ionization Energy (eV) 

8 7 6 

Figure 19: Close-up of metal-metal bonding region of Mo2(02CC6H5)4. The 5 ionization 
is seen at 6.54 eV and the n/o ionizations at 8.48 eV. 



Ionization Energy (eV) 
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Figure 20: Closeup of delta ionization in Hel photoelectron spectrum 
MO2(02CC6H5)4. 
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Table I: Percent orbital contribution for the 4 highest energy filled M.O.'s in 
MO2(02CC6H5)4 as calculated by Fenske-Hall method. All M.O.'s are from the 
Mo-Mo quadruple bond. 

<dz2> <dx2.y2> A o
. 

X 

A N 
•d

* V <dxz> oxygen 0 ** 
2B2e (5) 0 0 78.8 0 0 12.3 8.9 

2E2U (*) 0 0 0 41.0 36.1 21.8 0 

2E2u 00 0 0 0 36.1 41.0 21.8 0 

2Ai£ (O)c 54.8 0 0 0 0 11.5 0 

a) <j) = Phenyl Pi Contribution; b) The Contribution from all four phenyl rings have been 
summed; c) Sigma Bond also has a 26.5% Contribution from 5s and a 4.2% Contribution 
from 4pz orbitals of Mo. 

DISCUSSION 

To see how the phenyl ring affects the metal-metal bond, it is necessary to make 

comparisons with a whole series of compounds (Table II). The absolute position of the 

ionizations for the series is presented as well as the separation between the metal-based bands. 

The most interesting feature shown in the gas phase spectrum of Mo2(02CC6H5)4 is the 

separation between the delta and pi/sigma ionizations (Table II). The delta and pi/sigma 

ionizations are separated by an average of 1.74 eV (range 1.69-1.78 eV). However, in the case 

of the benzoate analogue the separation is much larger. A separation of 1.95 eV is observed, 

which is well outside the range even when experimental and fitting errors (usually ± .02 eV) arc 

considered. Fenske-Hall calculations (results summarized in Table I) indicate that this can be 



attributed to the destabilization of the 5 ionization as shown in Figure 21. This is a filled-filled 

(or 2 orbital-4 electron) interaction where the net effect is that the delta bond is shifted to a lower 

ionization energy and the benzoate orbital is shifted to higher ionization energy (unobservable 

due to overlapping bands). 

As seen in Table II, the metal sigma/pi and delta bands usually move in tandem. They 

maintain the same separation and their absolute ionization energies are primarily determined by 

the inductive effects of the R group in the Mo2(02CR)4 series. One method of looking at purely 

inductive effects is the polar substituent constant for inductive effects (Oj).45 This method is 

primarily used by organic chemists especially in dealing with the inductive effects in aromatic 

substitution reactions. So, if this reasoning is extended to the Mo2(02CR)4 systems when looking 

Table II: Comparison of metal ionizations for Mo2(02CR)4 series. 

Compound S-band o/jc-band Separation (a/rc-5) 

Mo2(02CC6H5)4 6.54 eV 8.49 eV 1.95 eV 

MO2(02CCH3)4 6.98 eV 8.68 eV 1.70 eV 

MO2(02CH)4 7.61 eV 9.30 eV 1.69 eV 

MO2(02C(CH3)3)4 6.76 eV 8.54 eV 1.78 eV 

MO2(02CCF3)4 8.57 eV 10.32 eV 1.75 eV 

MO2(02CCH2CH3)4 6.85 eV 8.61 eV 1.76 eV 
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Mo-Mo 02C-CeH5 

Figure 21: Interaction of the Mo-Mo delta bond with the benzoate ligand. 
represent the correct signs, however sizes are approximate. 

Orbital shadings 
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Table HI: Correlation of the polar substituent constants (Oj) and absolute ionization 
energies. 

MO2(02CR)4 
where R= 

°I45 8 (eV) a/n (eV) 

-C(CH3)3 -0.07 6.76 8.54 

-CH2CH3 -0.05 6.85 8.61 

-CH3 -0.04 6.98 8.68 

-H 0.00 7.61 9.30 

-C6H5 0.10 6.54 8.49 

-CF3 0.45 8.57 10.32 

at the inductive effects of the R group on the absolute binding energy of the Mo-Mo delta band 

an interesting trend is observed (Table III). With the exception of the benzoate compound, the 

value of the polar substituent constant increases as the absolute binding energy of the 5 and o/tc 
ionizations increases. This trend is what would be expected, because the larger the value of the 

polar substituent constant the more electron withdrawing the group. Also, the more electron 

withdrawing a group is the more electron density it will pull away from the Mo-Mo quadruple 

bond. This effect will stabilize the Mo-Mo quadruple bond. This translates into those 

compounds which have an R group with a larger polar substituent constant will be characterized 

by a larger ionization energy associated with the metal bands. Keeping this in mind, one would 

predict that the ionizations due to the Mo-Mo 5 bond of the benzoate compound would have a 

binding energy between 7.61 and 8.57 eV, between the Mo2(02CH)4 (R=H) and Mo2(02CCF3)4 
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(R=CF3) analogues, based on inductive arguments alone. However, the position of the delta 

ionization in Mo2(02CC6H5)4 is 6.56 eV. This indicates a stronger resonance interaction between 

the ligand and the metal-metal bond in the benzoate analogue as compared with the rest of the 

series. A similar, yet slightly smaller discrepancy is observed for the pi/sigma ionizations. This 

is explained by the fact that the resonance interaction with the delta component is greater than 

with pi or sigma components. The use of the polar substituent constant may not be completely 

accurate in analyzing the data, however, it does show that there exists a factor in addition to the 

inductive effects which has a large influence on the position and spacing of the metal ionizations. 

The main difference in this series of compounds is the fact that the benzoate analogue has 

a much more delocalized electron character than the rest of the compounds. Because of this fact, 

it can be surmised that this benzoate ligand could exhibit more overlap with the orbitals involved 

in the metal-metal quadruple bond. More specifically, the pi electrons in the phenyl ring of the 

benzoate ligand can overlap with the orbitals involved in the metal-metal quadruple bond. The 

metal-metal delta bond, which primarily involves the metal dxy orbitals, has the correct symmetry 

and energetics to overlap with the pi orbitals of the phenyl ring (see Figure 21). Fenske-Hall 

calculations confirm this assertion. Such an overlap will destabilize the metal-metal 6 bond. 

Some overlap is also possible between the phenyl pi orbitals and the metal dz2, dxz, and dyZ 

orbitals, which are involved in the metal sigma and pi bonds, respectively. They are closer in 

energy to the phenyl n ionizations and from that standpoint may have a considerable interaction. 

However, due to symmetry considerations this overlap should not be as large as that involving 

the metal d^ orbital, and the data supports this argument 

It should be noted that this effect is not large. It does not cause a noticeable change in 

the metal-metal or metal-ligand bond lengths (Table IV). Table IV shows a summary of metal-
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Table IV: Comparison of Mo-Mo and Mo-0 bond lengths for the Mo2(02CR)4 series. 

Compound d Mo-Mo (A) d Mo-0 (A) 

Mo2(02CC6H5)4
37 2.095 2.107 

MO2(02CCH3)4
46 2.092 2.117 

MO2(02CH)4
47 2.091 2.112 

MO2(02C(CH3)3)4
37 2.088 2.111 

MO2(02CCF3)4
48 2.090 2.057 

metal and metal-ligand bond lengths from the literature.37,46,47'48 One would also not 

expect to see a large change in bond lengths as the structure itself is very rigid, so even as the 

electronic structure changes slightly bond distances and angles will remain essentially constant. 

This interaction does not show a large phenyl contribution to the delta bond (5% for each phenyl 

ring) in Fenske-Hall calculations (Table I). However, this overlap is observed from the PES as 

indicated by a separation in peaks of 0.2 eV larger than expected, and absolute ionization 

energies 1 -2 eV smaller than would be predicted if no resonance overlap was occurring. 

CONCLUSIONS 

The UPS study of Mo2(02CC6H5)4 shows that the orbitals of the benzoate ligand do 

interact with those of the Mo-Mo quadruple bond. This is indicated by the absolute positions of 

the ionizations, which are considerably different than would be predicted from inductive effects 

alone. The increased separation of the metal-metal cf/jc and 8 bands indicates that the interaction 
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is slightly stronger with the delta bonding electrons than the sigma and pi components. This is 

supportive of what would be predicted from qualitative symmetry and energy arguments alone. 
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Chapter IV 

Conclusions and Future Directions 

CONCLUSIONS 

Several interesting insights have been gained into the nature of the Mo2(02CR)4 species. 

These insights should hold true for compounds which contain the same symmetry. The 

information can be applied to a variety of systems such as inorganic oligomers and polymers, 

industrially useful metathesis and catalysis compounds, and to compounds which contain a variety 

of carboxylate groups. 

The foremost aspect which has been addressed by these studies has been the electronic 

communication between the carboxylate ligands and the metal-metal bonded center. The variable 

energy photoelectron study of Mo2(02CCH3)4 provided evidence that the metal-metal bonding 

center was in fact communicating with the carboxylate ligand, especially the oxygens which are 

directly bound to the molybdenum. The gas phase and surface PES studies of Mo2(02CC6H5)4 

showed that if the R group on the carboxylate ligand contains a diffuse enough electron cloud 

of the correct symmetry, then communication between the R group and the metal-metal bond is 

more readily observed. 

More specifically, the variable photoelectron spectroscopy study of Mo2(02CCH3)4 

showed that the o and 5 components of the metal-metal bond mix with the carboxylate ligand. 

This is allowed because the Mo 4dxy and Mo 4dz2 orbitals have the correct symmetry to overlap 

with the oxygen orbitals. The extent of communication throughout the entire carboxylate ligand 
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cannot be ascertained by this technique. However, it can be concluded that there is significant 

resonance overlap between the ligand and the metal-metal bonded center. 

The gas phase and surface UPS studies of Mo2(02CC6H5)4 showed that by using a 

carboxylate ligand with an extensively delocalized electron cloud, communication between the 

entire ligand and the metal-metal bonded center can be observed. Resonance effects can be 

attributed to the shifting of the ionization energies of the metal-metal bond to lower values by 

about 1.5 eV. It was also shown that the metal-metal delta interaction showed a greater overlap 

with the carboxylate ligand than its c and n counterparts. This can be attributed to the fact that 

the dxy orbitals on the molybdenum have the connect symmetry to interact with the phenyl jc ring. 

Overall, these studies indicate that there is significant mixing between the components of 

the metal-metal bond and the carboxylate ligand. These results agree with what has been 

previously noted about the nature of the components of the metal-metal bond. These include the 

fact that the n components are the greatest contributors to the overall bond strength of the 

[MoiMo]4+ moiety. This conclusion is drawn from evidence which indicates that the JC 

components have little overlap with the carboxylate ligand, and contain the largest relative 

amounts of Mo 4d character. Previously, it was also concluded that the o component interacts 

with the carboxylate ligand. This study confirms these presumptions and gives additional 

information into the exact nature of these interactions. Of great importance is the nature of the 

8 bond, the HOMO for the entire molecule, which appears to be diffuse throughout the entire 

molecule. This allows for orbital communication throughout the entire molecule, which is 

necessary for the potential electrical uses (i.e. NLO, conduction) of these compounds. 
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FUTURE DIRECTIONS 

As far as variable energy photoelectron spectroscopy is concerned, the next logical choice 

is Mo2(02CCF3)4. This would be interesting, as in this compound the ionization energies of the 

molybdenum-molybdenum bonding components more closely match those predicted for the lone 

pairs on the oxygen of the carboxylate ligand. This should afford greater overlap between the 

5 bonding interaction in the metal-metal bond and the carboxylate ligand. Also, the a bond 

ionization should more closely match the energy of the Mo-0 bond thus affording a mechanism 

for greater overlap between these two entities. So, if the conclusions drawn in this work are 

correct, these phenomena should be observed in a synchrotron study of Mo2(02CCF3)4. 

Future UPS projects would include a study of a Mo2(02CAr)4 series (where Ar = 

aromatic). The compounds of primary focus would be substituted benzoates as the ligands. 

Electron donating groups (i.e. NR2, CH3, etc.) at the para position would constitute the first set 

of substituted benzoates for study. Electron withdrawing groups (i.e. CI, N02, etc.) at the para 

position would constitute the second area of study. A combination of electron withdrawing and 

donating groups is the key to NLO properties in organic compounds, application of this 

methodology to organometallics is a logical step. So a study of how the substituent affects the 

resonance overlap between the metal-metal center and the carboxylate ligand could prove to be 

very interesting. This project would require the synthesis and characterization of many new 

compounds which have not yet been reported in the literature. 

Ideally, a compound which contained a mixed carboxylate ligand set may provide some 

interesting results in the photoelectron spectroscopy study. The compound to be tried first would 

be Mo2(02CCF3)2(02CC6H5)2. This compound would r.ilow for the inductive effects of the 
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triiluoroacetate ligand on the metal-metal bond without grossly affecting the benzoate ligand. 

This should allow maximum overlap between the metal-metal bond and the benzoate ligand. 

Potentially, this could also diminish the problems of the broadening due the phenyl n ionizations 

and allow for observation of the k and o components of the metal-metal bond as separate peaks 

in the surface experiments. This project would also require the synthesis and characterization of 

a novel compound. 

Another interesting project, which is currently being pursued, is that of STM (Scanning 

Tunneling Microscopy) imaging of thin film samples of Mo2(02CC6H5)4. The PES study 

indicates that the HOMO, the Mo-Mo 8 bond, is diffuse throughout the molecule. Since the 

STM experiment measures the electron density of the HOMO, the entire molecule should be 

observable. This experiment would also give a definitive picture as to how the molecules are 

packing on the various surfaces analyzed. This would afford a greater understanding of the 

surface UPS experiments on Mo2(02CC6H5)4 as a better picture of the conformation of the 

phenyl rings would be obtained. 
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