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ABSTRACT 

The use of ultraviolet photoelectron spectroscopy (UPS) to probe bonding and 

electronic structure in organometallic molecules is explored by development of new 

techniques for obtaining and interpreting valence ionizations in photoelectron spectra. 

Methods used in this work include understanding molecular functional group cross 

sections, determining communication between groups separated by alkane chains and the 

development of a new method of obtaim'ng high quality UPS of surface-bound species. 

Our understanding of orbital nruxing and the behavior of atomic orbitals in 

molecules is probed by investigation of a series of molecules containing functional 

groups separated by an alkane chain. The conununication between functional endgroups 

is probed by varying the lengdi of the alkane chain separating them. An investigation of 

these systems by variable photon energy photoelectron spectroscopy is presented and 

discussed. Molecules containing long (>10) alkane chains are described as models for 

gas-phase "solvation". 

Metallocene-terminated alkanethiol monolayers are prepared and analyzed as the 

first-ever method of obtaining high quality photoelectron spectroscopy organometallics in 

the condensed phase. The UPS of ferrocene and osmocene terminated monolayers are 

presented, showing that self-assembled monolayer technology can be successfully 

adapted to a method of producing UPS spectra of non-volatile molecules. Due to the 

unique environment of the metallocene, these terminated alkanethiol monolayers also act 

as an effective system to probe the effects of solvation on electronic structure and 

electron ionizations. 
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CHAPTER I 

INTRODUCTION 

Ultraviolet photoelectron spectroscopy (UPS) has been instrumental in the 

development of modem molecular electronic structure theory.' The energy difference 

between the neutral molecule ground state and low-lying cationic states is measured in 

UPS as the energy required to ionize an electron from an atom or molecule. This energy 

is directly related to the orbital eigenvalue of the vacated orbital. Photoelectron 

spectroscopy is therefore inextricably linked to the electronic structure of atoms and 

molecules." Additionally, UPS preferentially ionizes electrons in the valence or frontier 

orbital energy region, thereby providing exceptionally high quality measures of valence 

electrom'c structure. Not only do ionization energies and intensities provide independent 

information on electron configurations, charge potentials, bond strengths and other 

molecular properties,^ they also have been used as a point of reference for computational 

methods and their ability to predict electrom'c structure and molecular behavior.'*'^ ® 

On the whole, high quality valence photoelectton spectroscopies have been 

limited to gas-phase studies of small organic, organometallic and coordination 

compounds due to die higher resolutions available in the gas-phase experiment. This 

work aims to extend traditional uses of UPS by developing new methods for collecting 

and interpreting high quality photoelectron spectra. In the spirit of testing boundaries, 

work is in this dissertation that investigates photoelectron intensity behavior of functional 

groups in molecules; and explores intramolecular effects in the gas phase and 

intermolecular effects in surface-bound species. Specifically, Chapter 3 uses variable 
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photon energy photoelectron spectroscopy to make experimental measurements of 

photoionization cross sections in molecules with the goal of developing a database of 

molecular cross sections that can be used to aid in spectral assignments. Chapter 4 

analyzes the substituent effects of long alkyl functional groups on the electronic structure 

as a foray into the electronic structure studies of metallocenes adsorbed onto gold 

substrates via terminally fiinctionalized n-alkanethiol self-assembled monolayers. 

This chapter contains a survey of photoionization theory and experimental 

knowledge with the goal of describing chemical information obtainable from the 

ionization process. Because much of the work presented in this dissertation is centered 

on derivatives of biscyclopentadienyliron, commonly known as ferrocene, this chapter 

contains a descriptive analysis of the UPS of ferrocene as an example of how detailed 

analysis of valence photoelectron spectra can result in a wealth of electronic structure and 

chemical information. The chapter is concluded with an introduction into the structural 

and chemical properties of «-alkanethiol self-assembled monolayers, which are employed 

in Chapters 5 and 6 to obtain UPS of surface bound species. 

Ionization Energies 

Throughout this dissertation, molecular properties are analyzed via ionization 

energies in UPS. It is, therefore, instructive to explore the theoretical relationship 

between electronic structure and iom'zation energies. The premise of photoelectron 

specOroscopy is the photoelectric effect,^ in which ionization of an electron is caused by 

interaction of a monoenergetic photon beam with an atom, molecule or material. The 

energy required to remove a bound electron &om a ground state molecule to a continuum 
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state is measured in UPS as ionization energy. The importance of photoelectron 

spectroscopy to the chemist in general and this work in particular is the direct correlation 

between ionization energies and molecular electronic structure. The negative of the 

ionization energy is, according to Koopmans' theorem,^ an approximation of the 

eigenvalue for the vacated molecular orbital, which provides a solid basis for 

photoelectron spectral interpretation. Koopmans' theorem neglects two important 

factors, however, which can change the ionization energy: electron relaxation' and 

electron correlation.'" Electron relaxauon is the instantaneous reorganization of charge 

that occurs in the cationic state upon ionization and has the effect of lowering the total 

energy of the final state and hence reduces the measured ionization energy. Electron 

correlation describes the interdependent nature of electrons in an atom or molecule and 

has the effect of stabilizing the total energy of the neutral ground state relative to the 

positive ion state, resulting in an increase in the measured ionization energy. Although 

these factors tend to compensate each other, occasionally the order of ionization peaks 

does not accurately reflect the energy ordering of molecular orbitals owing to large 

electron relaxation or electron correlation effects. It is important to note that because of 

the direct relationship between molecular orbital eigenvalues and ionization energies 

implied by Koopmans' theorem, UPS is conunonly used as a benchmark to test the 

accuracy of computational methods.'*'^ 

Another important source of electronic structure information comes &om the 

shape of the ionization band.'' The timescale of the experiment (10"'^) is too short for 

nuclear reorganization, but iom'zation of electrons from bonding orbitals results in a 
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vibrational progression with preferential population of higher vibrational levels in the 

cationic state. The position and shape of the potential energy curve changes if the orbital 

from which the electron is removed by photoionization has bonding or antibonding 

character. The potential energy curves of cationic states involving little or no bonding (or 

antibonding) character, on the other hand, remain similar to the ground state and 

transitions to the lowest energy vibrational state are favored resulting in sharp ionization 

peaks. Additionally, changes in peak widths can reflect variations in electronic 

environments experienced by a molecular orbital as the environment of the molecule is 

altered, which is explored in Chapter 4. 

Ionization Peak Intensities 

Ionization peak intensities also contain chemical information pertaining to the 

atomic character of a molecular orbital. A series of molecules are studied in Chapter 3 in 

order to develop an empirical understanding of iom'zation peak intensities in molecules. 

This type of detailed understanding of ionization peak intensities is new to our research 

and an overview of the factors affecting peak intensities is presented here as 

background.'^ 

The intensity measured at a given iom'zation energy is proportional to the 

probability of ionizing an electron from a particular orbital. Photoelectron probabilities, 

commonly termed cross-sections, are dependent on the atonuc composition and radial 

a{hv) = P{hv)H{hv) (l.l) 

nature of the ionized molecular orbital as well as the energy of the ionizing photon.'^ At 



15 

the photon energies used in ultraviolet and x-ray photoelectron spectroscopy, 16-1500 

eV, competing processes are negligible and it is reasonable to assume that every photon 

absorbed results in a photoelectron. The photoionization cross-section is, therefore, the 

probability that a photon of a given energy will produce a photoelectron. The 

photoionization cross-section is given by the Equation 1.1, where P(/iv) is the number of 

photons absorbed by an atom per unit time (sec"') at photon energy, hv, and I(/iv) is the 

incident monochromatic photon flux (l/cm^*sec). The cross section, a, is conveniently 

expressed in megabams'"* (1 bam=10"^''cm^). From this relationship the cross section is a 

fictitious area representing the percentage of photons absorbed (equivalent to the number 

of photoelectrons produced) during the photoionization process. Integration with respect 

to the distance the photon travels through a sample containing n atoms per unit volume 

results in the Beer's law type absorption (or cross-section) relationship given in Equation 

1.2 where lo is the incident photon flux and a(Av) is the photoabsorption coefficient. The 

photoabsorption coefficient, expressed in cm"\ is defined as the product of the absorption 

/(.r) = /„exp(-ac) (1.2) 

cross section and the number density, n, of molecules in the sample {a=n(cm*^)CTni(cm^)). 

Photoelectron cross-sections for ionization from atomic orbitals vary with each 

atom. Appendix A.1 contains plots showing theoretical atomic cross-section profiles'^ 

for atoms commonly found in transition metal and organometallic complexes smdied in 

the Lichtenberger group. Generally, an atomic cross section is most intense just above 

the ionization threshold and decreases rapidly with increasing kinetic energy. Deviations 



16 

from this behavior in atoms are common as can be seen in Appendix A.1 and are 

attributable to many phenomena, such as indirect ionization processes. Cooper minima, 

and delayed maxima'^ to name a few. It is exactly these deviations that make cross-

sections useful in chemistry. For the range of photon energies used in valence 

photoelectron spectra, typically 15-45 eV, the cross sections of main group atoms 

commonly found in ligands (H, C, N, 0, P, S) decrease with increasing ionization source 

energies, while transition metal d iom'zations typically demonstrate modest increases as 

the photon energies are increased above the minimum energy necessary for ionization. 

This cross-section behavior translates to a convenient method of distinguishing electrons 

ionized out of predominantly metal-based orbitals from those originating in ligand-based 

orbitals. Cross-section behavior in molecules is somewhat more complicated than atomic 

cross-section behavior and is discussed in detail below. 

An additional complication of photoelectron intensities is the angular distribution 

of observed photoelectrons firom a given molecular orbital. The intensity profiles 

presented and discussed in Chapter 3 require careful consideration of the angular 

dependency of iom'zation peak intensities. Assuming random orientation of the sample 

and using the dipole approximation'^ on a single electron model die angular dependence 

of photoelectron flux (da/dQ) for unpolarized incident radiation is given by the Equation 

1.3.'^ The angle-dependent differential cross section of photoionization is represented in 

units of cm^ "steradian"'. The value P is known as the asymmetry parameter and 0 is the 

/(e)=^=^[l-|(3cos^e-l)] (U) 
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Table l.l Theoretical atomic asymmetry parameters for selected atomic subshells with 
ionization from Ne I, He I and He U photon sources.'® 

Atomic Nel He I HeU 
Subshell (16.7 eV) (21.2 eV) (40.8 eV) 

H Is 2.00 2.00 2.00 

C2s — 2.00 2.00 

C2p 1.16 1.31 1.51 

N2p 0.80 1.07 1.43 

0 2p 0.25 0.74 1.31 

F2p — 0.25 1.16 

P3p 1.87 1.58 0.48 

S3p 1.70 1.85 0.12 

CI 3p 1.39 1.77 -0.19 

Mn3d 0.02 -0.14 0.27 

Fe3d 0.21 -0.16 0.18 

Co 3d — -0.13 O.IO 

Ni 3d 0.74 -0.05 0.02 

Br4p 1.52 1.78 1.38 

Mo4d 0.09 0.29 1.03 

Ru4d -0.18 0.01 0.80 

Rh4d -0.28 -0.13 0.69 

I5p 1.83 1.88 0.98 

W5d 0.04 0.24 0.92 

Re5d -0.10 -0.01 0.79 

Os5d 0.01 -0.12 0.72 

IrSd 0.09 0.29 1.03 
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54.73 

Figure I.l Changes in the angular distribution of photoelectrons (da/dQ) for different values of the asymmetry parameter. 
(p=-l,0. 1 ,2).'' 
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angle between the direction of photoelectron ejection and the propagation direction of the 

ionizing radiation. The asymmetry parameter determines the angular distribution 

displayed by ionized photoelectrons and is dependent on the nature of the vacated orbital 

and the energy of the ionizing photon source. 

Table 1.1 contains theoretical asymmetry parameters'® for selected atoms at the 

photon sources employed in our laboratory, Ne I (16.7 eV), He I (21.2 eV), and He II 

(40.8 eV). Only when the asymmetry parameter is equal to zero are photoelectron 

intensities strictly independent of the angle of the experiment. When 9 has a value of 

54.73°, however, the 3cos"0-l term in the above equation is equal to zero. At this angle, 

known as the magic angle, the intensity of the cross-sections for all atoms have equal 

dependency on the angle at which photoelectrons are measured. Spectra collected at the 

magic angle provide a direct measure of the absolute value of the total cross section for 

all values of p. The effect of P is illustrated in Figure 1.1. which demonstrates a two-

dimensional slice of the angular distribution of photoelectrons for different p values. 

This diagram demonstrates how photoelectron angular distributions for all values of the 

asymmetry parameter intersect at the magic angle. It is important to note that all data 

collected as a part of this work are obtained on an instrument in which the angle between 

the measured photoelectrons and the propagation direction of the photon beam 

approaches 90°. In this scheme, measurements made with an instrumental geometry of 

90° of photoelectrons from an s orbital (p=2) will demonstrate a larger intensity over a 

metal d orbital where p typically ranges from -0.05 to +0.05. Clearly, intensity analyses 

require careful consideration of the asymmetry parameter and angular effects. 



Yeh and coworkers'® have used the dipcie approximation to calculate theoretical 

one-electron photoionization cross-sections and asymmetry parameters for all atomic 

subshells. These theoretical atomic cross sections are commonly used as a basis for 

intensity interpretation in photoelectron spectra of organometallic and transition metal 

complexes.'^"'^ Attempts to calculate theoretical cross sections for molecules, however, 

are fraught with difHculties. Not only does a computational method have to accurately 

model the various, sometimes competing, photoionization processes, the transition from a 

neutral molecule to a cadonic state requires description of the free electron continuum 

wave function. The continuum wave function is particularly problematic at the low 

electron kinedc energies measured in UPS. Simple plane waves (e'*^) have been used, but 

are poor at describing the behavior of low kinetic energy photoelectrons measured in 

UPS. The problem arises because plane waves are not orthogonal to the occupied 

valence molecular orbitals. The orthogonalized plane wave (OPW)'^ method is a better 

approximation, particularly for photodetatchment, but in this method the continuum states 

are no longer orthogonal to each other and the approximation is not accurate for low 

photon energies. For example in H2, OPW results show good agreement only for /tv>30 

eV.'® The limitation of this method is its inability to account for long-rage coulomb 

effects. Other types of functions, such as spherical waves (e'''*^*r) and orthogonalized 

coulomb waves, have been used with some success to describe the unbound state but the 

OPW method is still the most conmion method. Considering that the bulk of valence 

photoelectron spectra are collected widi He I (21.2 eV) photons, lack of a good 

computational model at low kinetic energies is problematic. Recentiy, theoretical studies 
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of many-electron molecules have been undertaken using time dependent density 

functional theory, which has the advantage of reducing computational resources needed 

to describe many electron systems such as molecules containing transition metals. In 

particular, Stener, Decleva and coworkers have recently calculated the photoionization 

cross-section profiles for dibenzenechromium"° and ferrocene^' using density functional 

methods. These results generally compare well with the experimentally observed 

photoiom'zation cross-sections obtained over a large range of photon energies (15-115 

eV) using a synchrotron photon source^ but are still unable to account for 

autoionization processes that are important for very low photon source energies such as 

NeI(16.7eV).^^ 

The Gelius model,^ an effective and widely used model for the interpretation of 

photoelectron intensities in molecules, is explored in Chapter 3. The Gelius model states 

that the trend of photoionization cross-sections as a function of photon energy for a 

molecular orbital is mainly determined by that of its predominant atomic orbital 

components. In accordance with this model, the one electron cross section for a 

molecular orbital can be represented by Equation 1.4 in which the molecular orbital 

cr,v,.o=2PuCrla (1-4) 

cross-section is summed over all atomic orbitals on the atoms that contribute to the 

molecular orbital. The cTa.o values are the one electron atomic orbital cross sections. The 

Pr^ values are the weighting factors describing the contribution of an atomic orbital to the 

molecular orbital. The Gelius model combined with theoretical atomic subshell cross-
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Figure 1.2 He I photoelectron spectrum of ferrocene. to 
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section values is used to understand the relationship between atomic characters in a 

molecular orbital and the intensity profile of ionization peaks in Chapter 3. 

Ferrocene 

Ferrocene"® is one of the first organometallic molecules to be studied by 

ultraviolet,"'"® x-ray^'*^" and synchrotron" photoelectron spectroscopies as well as many 

theoretical techniques/"^' Because the iron group metallocenes have been extensively 

studied by many spectroscopic and theoretical techniques, they provide a well-defined 

launching point for the investigations of inter- and intramolecular interactions involving 

ferrocene and osmocene in Chapters 4-6. 

Many reports of the photoelectron specu^a of the group VI metallocenes with 

various ionization sources have been discussed in the literature.""'"®"'^^'^"*'^'''® The He I 

valence photoelectron spectrum of ferrocene is presented in Figure 1.2 as a foundation for 

following chapters. It is immediately apparent that the three groups of well-resolved 

ionizations in the low ionization region are reflected in the three groupings of valence 

molecular orbitals in the ferrocene molecular orbital diagram shown in Figure 1.3. The 

iom'zation energy region from 6.5-7 eV (Region A) corresponds to the iron 3d based ^E2g 

and ^Atg ionizations. lom'zations from the Cp-based etu and etg combinations of ring 

carbon :c orbitals span the energy region from 8.5 to 10.5 eV (Region B). Above 11 eV 

(Region C) lie ionizations from the aau and aig ;c-based molecular orbitals and the a-bond 

framework of the Cp rings. This energy region is typically referred to as the "forest" 

region due to highly overlapping ionization peaks, which for the most part contain littie 

electronic structure and reactivity information. 
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Figure 1.3 Molecular orbital diagram for ferrocene. 



Figure 1.4 Contour plots of several of the highest occupied molecular orbitals of 
ferrocene. 
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The molecular orbital diagram in Figure 1.3 and the molecular orbital pictures in 

Figure 1.4 are generated from a simple Fenske-Hall transformation calculation. Idealized 

structure coordinates were employed for ferrocene with staggered Cp rings possessing 

Dsd symmetry. A right-handed coordinate system centered at the iron atom where the z-

axis is coincident with the centroids of Cp rings has been used. The left side of the 

diagram depicts linear combinations formed from the valence k orbitals of the two Cp 

rings. On the right hand side of the diagram the iron atomic orbitals and their symmetry 

labels in the Dsj point group are given. Due to poor energy and overlap matching, the aig 

and a2u symmetry ligand orbitals do not strongly interact with metal d orbitals of the same 

symmetry and form largely non-bonding (with respect to the metal) molecular orbitals. 

The eig and eiu Cp k orbital combinations are energetically available for interaction with 

the iron 3d atomic orbitals. The eiu orbital, however, does not have an appropriate 

symmetry-matched iron 3d orbital and although the eiu is of appropriate synunetry to 

interact with the metal p-type orbitals this interaction is relatively weak because of poor 

energy matching. The eiu is thus uransformed into an orbital that is primarily non-

bonding between the metal and the Cp rings. The Cp eig symmetry orbitals interact 

strongly with the iron dxz and dy^ orbitals to form a strongly bonding and anti-bonding 

molecular orbital pair. The bonding combination of this interaction is largely responsible 

for the strong covalent bond between the metal and the Cp rings. The metal ezg orbital set 

(dxy, dx2_y2) has a small symmetry overlap and poor energy matching with an empty Cp 

based e2g linear combination and forms a principally non-bonding molecular orbital 

slightly stabilized by this interaction. The aig (dz2) metal-based molecular orbital is 
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destabilized a small amount due to a symmetry interaction with the filled ligand n aig 

orbital at lower energy. The Cp pJi orbitals are near the radial node of the d^i orbital, the 

overlap is small and the resultant aig metal-based molecular orbital is predominantly 

non-bonding. 

The intensities and shapes of the two iron-based ionization peaks provide 

important insight towards their assignment. The peak at 6.86 eV has a greater area than 

the peak at 7.24 eV, indicating that the peak appearing at 6.86 eV can be assigned to the 

doubly degenerate ionization from the e2g orbital and the ionization at 7.24 to the singly 

degenerate aig orbital. Additionally, the "Ejg ionization is significantly broader than the 

*Aig ionization peak indicating differing bonding characters. The e^g molecular orbital 

has a small bonding interaction between the metal and Cp ring resulting in population of 

vibrational modes in the cationic state increasing the peak width of the ionization. 

Theoreticians have had a notoriously difficult time predicting the relative energy ordering 

of the e2g and aig orbitals observed in the photoelectron spectra prompting improvements 

in computational methods such as improved treatment of electron relaxation and electron 

correlation effects."* 

Similarly, the shape of the Cp k iom'zation profile in the 8.5-10 eV energy region 

gives information regarding assignment of the iomzations. The two ionizations located 

under this band are from the etg and eiu molecular orbitals, which have very different 

contributions from the iron atom. The etu is largely nonbonding and contains no metal d 

character while the bonding eig orbital contains a large bond contribution from the dxz 

and dyz iron atomic orbitals. The relative bonding characters translate to a sharp 



ionization from the nonbonding eiu orbital followed by a broad ionization from the 

bonding eig orbital. 

Using variable photon energy photoelectron spectra to further probe the ferrocene 

molecular structure gives interesting insight into both electronic structure and the nature 

of ionization spectra. As is expected, the Ne I, He I, and He II photoelectron spectra in 

Figure 1.5 show the metal-based "E2g and "Aig growing in intensity with respect to the 

predominately carbon and hydrogen "Eiu and "Eig ionizations as the photon energy is 

increased. In this range of these photon energies " the cross section profiles for carbon 

and hydrogen demonstrate sharp decreases with increasing photon energy while the iron 

3d cross section increases modestly. Within the Cp ionization envelope, the metal 

character in the eiu molecular orbital causes an increase in intensity of the "Eiu ionization 

peak respect to the "Eig ionization that contains ionizations from the an orbital with no 

metal d character. The observed intensity behavior of "Aig and "Eig ionizations relative 

to each other do not, however, follow the trends predicted by theoretical atomic cross 

sections. The "Aig ionization loses intensity in relation to the •E2g as the photon energy 

of the experiment is increased from He I to He H. The "Eig ionization comes from a 

molecular orbital diat does contain some carbon character, which would lead to an 

expected decrease in intensity when compared to the ionizations from the aig orbital 

which contains no contribution from the Cp ring. This intensity behavior is observed in 

all ferrocene derivatives we have studied and despite a recent theoretical analysis of 

ferrocene molecular cross-sections, die behavior has not been adequately explained by 

theory. Stener and Decleva have shown, however, that the ^Eig ionization intensity 
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Figure 1.5 Ne I, He I and He II photoelectron spectra of ferrocene. 
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profile shows little structure as photon energy is increased while the "Aig intensity profile 

does contain structure due to resonance phenomena that are not adequately treated by 

current computational methods. 

iV-Alkanethiol Self-Assembled Monolavers^^ 

Clearly, much can be learned from systematic investigations of molecular systems 

with photoelectron spectroscopy. Questions presented in this work focus on expanding 

the breadth and type of information obtainable from valence photoelectron spectroscopy 

of novel systems. To this goal, the UPS of organometallics tethered to a self-assembled 

monolayer surface are investigated for the first time in Chapters 5 and 6. 

Since the early 1980's when self-assembled monolayers were first 

studied,^'"'"'"'*'''^" these exceptional systems have made their way into all aspects of 

chemical and physical studies as well as a host of real-life applications."'^ Many 

surface/adsorbate combinations form well-ordered monolayers,"" but of all the self-

assembled monolayers studied to date, those produced from the adsorption of 

organosulflir molecules onto metal substrates are unique in their ease of preparation, 

stability and the variety of chain terminating groups that can be incorporated to change 

functionality at the monolayer surface, ^-alkanethiol monolayers on gold have been the 

subject of extensive theoretical and experimental studies.'*^ 

Structure and Characterization. Organosulfiir compounds coordinate strongly 

to many metal surfaces and form highly ordered monolayers. A cartoon depicting the 

ordered structure of an alkanethiol monolayer is given in Figure 1.6. The adsorption 

kinetics of n-alkanethiol monolayers are well understood. The kinetics of self-assembly 
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Rgure 1.6 Cartoon depicting an alkanethiol self-assembled monolayer. 



comprise two important steps; an initial fast chemisorption resulting in formation of a 

strong metal-thiolate bond and loss of the thiol proton followed by a slower 

crystallization process in which van der Waals attractions between methylene groups 

drive tight packing of the polymethylene chains. The rate of monolayer formation has 

been shown to be dependent upon the concentration of thiol in the adsorption solution 

and higher concentrations require shorter adsorption times. While initial adsorption of 

the thiol is independent of chain length, longer deposition times are required for 

crystallization for monolayers with longer alkyl chains. 

The sm'tability of alkanethiol self-assembled monolayers to the work in Chapter 5 

and Chapter 6 lies in their remarkable, long-range two-dimensional order. UPS is a 

"snapshot" of the electronic environment on the surface and a uniform electronic 

environment is thus required to obtain high quality spectra of solid systems. Much 

research has been done to understand and explain the morphology of these monolayers by 

investigating the nature of the gold-thiolate bond, the molecular orientation of the alkane 

chains and the order and orientation of the tail substituent groups. By and large the body 

of research supports a monolayer structure in which the thiol atoms arrange themselves 

on the surface with a sulfiir-suifiir distance of 4.99 A and the alkyl chains are tilted 

approximately 30' from the surface normal in order to mimmize the distance between 

methylene groups in the alkyl chains. This tightly packed structure has been observed by 

many independent experimental approaches including electron diffiraction methods,'*^ 

surface morphology techniques such as STM^^ and AFM^ and infrared reflection 

absorption spectroscopy (IRRAS/^ to name a few. 



Mixed Monolayers. A particularly interesting area of research in self-assembled 

monolayers is the ability to tune surface properties through variation of the tail group. N-

alkanethiol self-assembled monolayers have been prepared using a wide variety of 

substituent tail groups, ranging from small organic functional groups'" such as OH, CF3, 

CN and halogens to large organometallic molecules such as ferrocene,^" CpMnCOs,^' 

metallated porphyrins,^'"^^ and large bio molecules.^"* Care must be taken when creating a 

surface with a large functional group because a bulky tail group easily compromises the 

order in the monolayer. Typically, large substituents are offset by coadsorption with a 

methyl-substituted alkanethiol of equivalent or shorter chain length in order to retain 

monolayer order as depicted in Figure 1.6.''^ Another important consideration is the 

concentration of the terminal functional group on the surface. X-ray photoelectron 

spectra (XPS) and wetting studies of mixed monolayers have shown that while the 

relative concentrations of the two alkanethiol molecules on the surface are similar to that 

of the deposidon solutions, concentration in the monolayer is dependent upon the 

solubility of the components in the deposition solution.'""^^ If the two components in the 

mixture have significantly different chain lengths, this may also affect their relative 

concentration in the monolayer. Bain and Whitesides found that the longer alkane chain 

is preferentially adsorbed onto the underlying surface.^^ 

Ultraviolet Photoelectron Spectra of Monolayers. UPS of unsubstituted n-

alkanethiol monolayers have been reported for chain lengths ranging firom methanethiol 

to l8-octadecanethiol.^®'^'^®'^'"®°'®''®^ [n UPS studies, the thickness of the monolayer is 

critical to obtaining usefiil photoelectron spectra. The underlying gold surface has high 
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photoelectron intensity in the ultraviolet region. The monolayer must have sufficient 

thicicness to significantly attenuate the photoelectrons from the gold. UPS studies of 

alkanethiols adsorbed on gold have shown that a chain length of 16 carbons is required to 

completely attenuate photoelectrons ejected from the gold substrate.®" 

Metallocene-Terminated Monolayers. While ferrocene-terminated monolayers 

have not been studied by UPS they have been subjected to many 

characterization®^®^'®^"®®'^''®®'®' and electrochemical^®'™'^''^*'^''"* studies, which give a 

good deal of insight into their nature. Ruthenocene and osmocene tenninated alkanethiol 

self-assembled monolayers, on the other hand, have not been reported to date. Infrared 

studies have shown that the ferrocene molecules align on the surface in an orderly 

fashion.'^ Chidsey studied the coadsorption of electroactive ferrocene-terminated and 

electroinert methyl-terminated alkanethiols on gold by combined electrochemical and 

IRRAS studies of monolayers as the relative concentration of ferrocene in solution is 

changed.^" When the concentration of ferrocene groups is low (less than 25%), 

electrochemical results confirm that the ferrocene molecules are evenly dispersed on the 

surface and reproducible reversible potential curves are measured. Additionally, 

electrochemical activity drops off exponentially as the number of alkyl groups in the 

chain (i.e. the electron transfer distance) is increased.'^ '® 

The valence photoelectron spectra of ouxed monolayer alkanethiol self-assembled 

monolayers presented in Chapters 5 and 6 represent a novel approach using self-

assembled monolayer technology to effectively expand the scope of high quality 

photoelectron electronic structure studies. Not only does this allow the researcher to 
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study molecules previously inaccessible by UPS but it also provides a unique model for 

analyzing the effects intermolecular interactions on the electronic structure of previously 

well-known organometallic systems, such as the iron group metallocenes. 
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CHAPTER 2 

EXPERIMENTAL 

This chapter describes in detail techniques of sample preparation, data collection, 

data analysis, and electronic structure calculations general to this work. Experimental 

details specific to later chapters are reserved for each chapter. Only synthetic and data 

collection procedures um'que to this work are described here. References to literature and 

previous dissertations are provided where appropriate. 

Preparation of materials. 

A list of compounds studied in this work along with pertinent data collection and 

preparation information is presented in Table 2.1. A list of surfaces and materials studied 

by surface phase photoelectron spectroscopy are collected in Table 2.2. 

Synthesis of 1^3)4^*pentamethyl ferrocene. 1,2,3,4,5-pentamethyl ferrocene 

{Cp*FeCp} was kindly prepared by Mike Herman as a project for the inorganic 

preparations course (CHEM412) using a literature preparation.^^ Briefly, an equimolar 

solution of LiCp and NaCp* in dry, deoxygenated THF was added to one equivalent of 

FeCli and allowed to stir under argon for 15 minutes. The reaction mixture was filtered 

and the reaction liquor transferred to a basic-alumina column. All yellow fractions were 

eluted with diethyl ether and the solvent was removed, yielding a solid mixture of FeCpa, 

FeCpCp* and FeCp*2- The relative concentrations of ferrocene derivatives in solution 

(roughly 1:3:1) are easily determined using cyclic voltanmietry in CH2CI2 contaimng O.I 

M BU4NBF4 as the supporting electrolyte. Once relative concentrations are known, the 

components in the mixture are conveniently separated by taking advantage of the large 



differences in oxidation potentials among these molecules. Removal of 

decamethylferrocene from the mixture is achieved by dissolving the mixture in a solution 

of diethyl ether containing an excess of HBF4. Partial oxidation of the mixture by slow 

addition of 1,4-benzoquinone in ether leads to preferential precipitation of the 

ferrocenium salts of decamethylferrocene and pentamethylferrocene. The amount of 

oxidant added is adjusted in order to oxidize all of the decamediylferrocene and the 

majority of the pentamethylferrocene. The mixture is filtered to give a yellow-orange 

solution and a green solid. If recovery of ferrocene is desired, the oxidation process can 

be repeated to remove the small amount of remaining pentamethylferrocene from the 

solution. Subsequent reduction of the green ferrocinium salt mixture with excess sodium 

ascorbate in a 1:1 by volume solution of ether and methanol produces a yellow mixture of 

decamethylferrocene and pentamethylferrocene. The mixture is extracted with water and 

the organic layer is collected as a yellow ether solution. Removal of the solvent leaves a 

mixture of decamethylferrocene and pentamethylferrocene solids in an approximate 1:3 

ratio. As previously, the exact ratio is determined by cyclic voltammetry and reactant 

amounts are adjusted accordingly. This solid mixture is dissolved in an ether/methanol 

solution and enough 1,4-benzoquinone is added to oxidize all of the decamethylferrocene 

and a small portion of the pentamethyl ferrocene. The oxidized decamethylferrocene is 

removed as a precipitant leaving pure pentamethylferrocene in solution. The 

decamethylferrocene can then be recovered by subsequent reduction with sodium 

ascorbate and another oxidation/reduction cycle. 'H NMR in CDQa provided definitive 

characterization of the pentamethylferrocene {5=3.72 ppm (5 H), 5=1.86 ppm (15 H)} 
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and also showed a small amount of ferrocene contaminant in the final product {6=4.15 

ppm}. 

Synthesis of monosubstituted alkylmetallocene derivatives.^' The syntheses of 

the metallocene derivatives used throughout this dissertation follow a general procedure 

originally developed by Chidsey et al.^° for ferrocene. The synthesis is outlined in Figure 

2.1. ^-bromoalkylmetallocene is prepared via Freidel-Crafts acylation of a metallocene®° 

(1) with the appropriate a)-broraoalkanoyl chloride in the presence of aluminum chloride 

to form an Q)-bromoacyImetallocene. If an alkylmetallocene is desired, a clean reduction 

of the acylmetallocene is obtained by treatment with a combination of 

cyanotrihydroborate and boron trifluoride-diethyl ether in anhydrous tetrahydrofuran^' 

(2). The bromide can dien be converted to a thiol via two possible synthetic routes: (i) 

treatment with thiolacetic acid and sodium methoxide (3), which is subsequently refluxed 

with acid (4) yielding the final thiol,or (ii) treatment with thiourea (5), followed by 

reflux in base*^ (6). Syntheses involving ferrocene and osmocene were performed using 

both the acidic (4) and the basic (5) method of bromine to thiol conversion. The 

ferrocene analog was stable under both reaction conditions, the osmocene analog, on the 

other hand, gave better yields under basic conditions. 

Monolayer preparation. Alkanethiol self-assembled monolayers (SAMs) are 

prepared on a Au(lll) surfaces epitaxially grown on mica purchased firom Advanced 

Ceramics. Thin-film Au(lll) substrates are prepared using a procedure developed by 

Chidsey et al.®^ in which pure Au metal is vapor deposited onto freshly cleaved mica in 

vacuum. The mica substrate is heated under vacuum (<5 x 10'^ Torr) at a rate of 32'C 
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Figure 2.1 Schematic of monosubstituted alkyhnetallocene synthesis. VO 
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per hour until it reaches a temperature of 340*C. The mica is held at this temperature for 

18 hours at which point the gold is deposited at 0.1 nm/s onto the mica surface to obtain a 

total thickness of 120 nm. The sample is annealed at 340°C for one hour and 

subsequently allowed to cool to room temperamre in vacuum for 18 hours. Immediately 

upon removal from vacuum the gold substrate is immersed in a I-IO mM solution of n-

alkanethiol in ethanoi. Immersion times varied from 12-36 hours to allow for completion 

of the self-assembly process. Immersion times longer than 48 hours often produced 

damaged films not of sufficient quality for data collection. At the end of the self-

assembly phase, the samples were removed from solution, rinsed with copious amounts 

of ethanoi, dried under a stream of nitrogen gas and immediately placed in the vacuum 

system for analysis. 

Two-component or mixed monolayers were produced from immersion of the gold 

substrate in ethanolic solutions containing two different alkanethiols, typically a 

metallocene-terminated n-alkanethiol and a methyl-terminated n-alkanethiol of 

comparable chain length. Generally, the relative concentration of the metallocene-

terminated n-alkanethiol in solution is kept to 50 percent or less. In all cases the total 

thiol concentration is less than S mM. Mixed solutions with concentrations above 5 mM 

do not achieve complete dissolution. Although no effort was made to determine the 

relative concentrations of species in the monolayer in two-component systems, it was 

assumed the concentration in the monolayer roughly reflects the concentration in 



41 

Spectroscopic Methods 

Gas-phase photoelectron spectra. 

Gas-phase photoelectron spectra were collected on a modified McPherson ESCA 

36 photoelectron spectrometer. The analyzer is essentially unchanged but the excitation 

sources {Ne(I), He(I), He(II) and Mg sample cell," vacuum system,®' data 

collection procedures^® and electronics^® have been substantially modified. Dr. Darsey 

collected the gas-phase x-ray photoelectron spectra presented in Chapter 3 on a similarly 

modified McPherson ESCA 36 spectrometer with a McPherson Mg Ka x-ray source. 

The reader is referred to the dissertation work of Dr. Darsey®' and Dr. Kellogg®® for a 

complete description of gas-phase XPS instrumental parameters and data collection 

techniques. 

For the helium excitation sources, the argon •P3/2 ionization at 15.759 eV was 

used as an internal calibration lock of the absolute ionization energy, and for the Ne I 

data, the xenon "P3/2 and the methyl iodide 'E\a ionization at 9.538 eV was used to 

calibrate the ionization energy scale. Instrumental resolution was measured as the 

EWHM of either the argon or the xenon ^Pb/i peak and was typically in the range of 17-25 

meV for Ne I and He I excitation sources and 18-30 meV when the He II photon source is 

employed. 

Sample Handling. Depending upon the characteristics of the sample several 

different sample-handling techniques were used to obtain gas-phase photoelectron 

spectra. In all cases the sample delivery systems were thoroughly cleaned to remove 

previous samples and to ensure no contamination in the spectra reported here. 
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Liquid Samples, All liquid samples, namely CeHe, CeMee, Cl(CH2)3SH, 

Cl(CH2)Br, Cl(CH2)3Br, Cl(CH2)4Br, Cl(CH2)6Br, were collected from a glass sample 

tube from outside the spectrometer. The glass sample tube was swage-locked onto the 

vapor admission port with Teflon ferrules and an ApezionQ® sealing compound to ensure 

a sealed vacuum environment. Introduction of the sample into the spectrometer was 

controlled by a variable leak needle valve directly connected to the ionization chamber 

via a copper tube and monitored by an ionization gauge used to measure internal 

spectrometer pressure. Sample pressure was kept between I x 10"^ and 2 x 10'^ Torr in 

order to maintain reasonable working resolution and adequate signal-to-noise. Prior to 

collection, liquid samples were degassed in-situ by alternate opening and closing of the 

sample tube screw cap and the needle valve. 

Solid Samples. Solid, crystalline samples were run from inside the instrument in 

an aluminum sample cell that has been described in detail previously. EMor to use the 

cell was cleaned, coated with a graphite based coaUng, DAG 154® (Acheson) and baked 

out in the spectrometer at temperatures 30-S0° higher than the sample's sublimation 

temperature for 3-4 hours, ensuring no contamination in the spectra collected. The highly 

volatile ferrocene derivatives were run from a cooled sample cell. Typically die cell was 

loaded with the solid sample, sealed in a Ziploc® bag and left in the freezer for 30-60 

minutes, prior to being loaded into the spectrometer. Another technique used was 

immersion of the sample cell into liquid nitrogen just prior to being placed in the 

spectrometer. The cell temperature was monitored using a thermocouple passed through 

a vacuum electric feed-through attached direcdy to the sample cell. 



Waxy Solid Samples. The metallocene derivatives mono-substituted with alkane 

chains are in all cases waxy solids. Spectra of waxy solids are collected from the sample 

cell as previously described with one modification. The compound is rubbed onto a 

small piece of glass wool, which is then positioned in the sample chamber. The use of 

glass wool as a sample delivery method ensures even heating and steady sublimation as 

well as preventing collection of material in the sample cell. 

Data Reduction. All data are intensity corrected with an experimentally 

determined instrument analyzer sensitivity function. The excitation sources employed 

are not monochromatic and the spectra require correction for "shadow spectra". He I raw 

data contains ionizations from the Hel-a (21.2 eV) resonance line overlapping with 

ionizations from a He I-p (19.3 eV) satellite line with intensity equal to 3% of the total 

He emission. Spectral intensity due to the He I-P line is removed from the He I data by 

subtraction of a spectrum with the same features as the original at 3% of the He I spectral 

intensity and shifted by 1.9 eV to lower ionization energy. The He II source also emits a 

and p lines at 40.8 and 48.4 eV respectively. A similar subtraction is performed on He II 

spectrum of a shadow spectrum with 12% the intensity of the raw spectrum and shifted 

by 7.2 eV to lower ionization energy. The Ne I spectra are affected by the spin-orbit 

coupling of the emission source. A shadow spectrum at 0.12 eV higher binding energy 

with an intensity equal to approximately 15% that of the Ne I raw spectrum is subtracted 

from the collected data. The relative peak intensities of the Xe "P3/2 ionization peaks 

produced from the two spin-orbit split ionization photon source energies are monitored 
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during collection to determine the precise intensity of the shadow spectrum, which varied 

between 12-18%. 

The gas-phase spectra in this work are all presented in the same manner. The 

vertical length of each data point represents the experimental variance inherent to that 

point. The ionization bands are represented analytically with asymmetric Gaussian 

peaks'® using the program FP.^' Each peak is defined by its position, amplitude, half-

widths on the high and low ionization side of the peak. In order to represent vibrational 

structure in die iom'zation peaks the half-width on the high ionization energy of the peak 

is constrained to be equal to or larger tlian the low-energy half-width.'" The confidence 

limits (3 CT) of the peak positions and widths are typically ± 0.02 eV. The confidence for 

the integrated peak areas is generally 2-5% for baseline resolved peaks, but can reach 

20% for low intensity highly overlapping peaks.®^ 

Monolayer spectra. 

Ultraviolet Photoelectron Spectra. The monolayer ultraviolet photoelectron 

spectra presented in Chapters 5 and 6 were acquired at room temperature with a Vacuum 

Generators (VG) ESCALab MKII ultrahigh vacuum (UHV) photoelectron spectrometer. 

A water-cooled VG differentially pumped gas discharge lamp capable of producing both 

He I (21.2 eV) and Hell (40.8 eV) radiadon was used as the excitation source. A 

hemispherical analyzer with a mean radius of 40 cm was employed to measure the kinetic 

energy of photoelectrons ejected from the sample. Unless otherwise noted the 

hemispherical analyzer was operated in the constant analyzer energy (CAE) mode with a 

pass energy of 100 eV for full spectra and 50 eV for close-up spectra. 



Data Reduction. Calibration of the ionization (or binding) energy scale is 

complicated by the fact that the sample and the vacuum level of the analyzer are 

differen^^ as illustrated by the energy diagram in Figure 2.2. The kinetic energy of the 

electron measured by the analyzer is lower than its actual kinetic energy upon 

photoemission from the sample by an amount (o) equal to the workfunction difference 

between the analyzer and the sample. In the case of a clean metal foil with a known 

workfunction, the Fermi edge is easily identified as an increase in intensity at high kinetic 

energy (low ionization energy) and cr can be measured, making calibration 

straightforward. The difficulty encountered with calibration of the ionization energy 

scale here is due to the nature of the monolayer samples studied. The overlaying 

monolayer obscures identification of the Fermi edge of the underlying metal surface, 

necessitating an alternative method of calibration of the iomzation energy scale. 

A relatively simple solution to the calibration problem is achieved by the applied 

bias method. A surface ultraviolet photoelectron spectrum consists of a series of peaks 

corresponding to the density of states superimposed on a background of secondary 

electrons as is shown in the spectrum of hexadecane-l-diiol (Figure 2.3a). These 

secondary electrons, essentially photoelectrons that have lost kinetic energy through 

collisions within the sample and spectrometer, can be utilized to determine a reference 

energy for calibration. Application of a retarding potential (typically a negative 5 or 10 V 

bias) results in a dramatic increase in low kinetic energy photoelectrons (Figure 2.3b) 

enhandng die signal in this region of the spectrum. When no bias is applied, the 

secondary onset is poorly defined^ Since the onset of secondary electrons corresponds to 
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hu = K.E. + I.E. + o 

Final 
State z z 

hu 

Fermi 
Energy 

K.E. 

LE. 

Initial i 
State 

Sample 

K.E. 

o 

Analyzer 
Rgure 2.2 Energy diagram depicting energetic levels in the surface UPS sample and 

analyzer. 
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(a) No Bias 

(b) - 5.0 V Bias 

Secondary 
Electron 
Onset 

0 15 20 5 10 25 
Kinetic Energy (eV) 

Rgure 2.3 UPS of a monolayer of hexadecane-1 -thiol on the kinetic energy scale. 
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electrons with zero kinetic energy, the ionization energy scale for the photoelectron 

spectrum can be determined according to the Equation 2.1 below generated from the 

principle of energy conservation, where I.E. is ionization energy, hu the incident photon 

lE. = hv-{K.E.-K£.o) (2.1) 

energy, K.E. the kinetic energy measured for a given photoelectron and K.E.o the kinetic 

energy measured at the secondary electron onset. Since the retarding potential shifts the 

entire spectrum to lower kinetic energy by the same amount, the calibration of a spectrum 

collected with a retarding potential can be used to calibrate the ionization energy scale of 

any specuiim collected under identical instrumental and sample conditions as has been 

done in Figure 2.4. This method of calibration provides the closest relationship to 

ionization energies measured in the gas phase, which are referenced to the vacuum level. 

Raw photoelectron spectra of mixed monolayers contain a very large intensity in 

the 8-13 eV ionization energy region due to the large number ionizations from the C-C a 

and C-H CT in the alkane chains as can be seen in the spectra of a mixed monolayer 

containing 50% ferrocene-substituted alkanethiol presented Figiure 2.5. In order to obtain 

a clear picture of the metallocene ionizations, a methyl-terminated alkanethiol monolayer 

was prepared and analyzed along with the mixed monolayers. Monolayer preparation 

and data collection for the unsubstituted monolayer was performed at the same time as 

the mixed monolayers in order to insure identical instrumental and sample preparation 

conditions. An intensity weighted analytical fit of the photoelectron spectrum firom an 

unsubstituted monolayer is subtracted from the mixed monolayer photoelectron spectra. 

Determination of the intensity-weighting factor is determined by visual inspection as is 



(a) No Bias 

(b) - 5.0 V Bias 

I I 1 ' I ' ^ I 

25 20 15 10 5 0 

Ionization Energy (eV) 

Rgure 2.4 Monolayer UPS spectrum of hexadecane-l-thiol on the ionization 
scale. 



Figure 2J UPS of a mixed monolayer containing 50% 16-ferrocenylalkanethiol and 
50% hexadecane-l-thioI. 



demonstrated in Figure 2.6. Essentially, varying weights of the unsubstituted spectrum 

are subtracted from the mixed-monolayer spectrum until a near-baseline resolved 

spectrum is obtained. 

X-ray Photoelectron Spectra (XPS). Monolayer X-ray photoelectron specu-a 

were obtained with the same VG ESCALab system used in UPS data collection. The 

analyzer was operated in the constant analyzer energy (CAE) mode with pass energies of 

100 eV for full spectra and 50 eV for close-up spectra. XPS studies were performed 

using either aluminum or magnesium x-rays as an excitation source, with primary 

energies of I486 eV and 1254 eV, respectively. Full spectra were acquired over 0 to 

1000 eV with a step energy of 2.0 eV. Close up specura were generally obtained over a 

range of 20 eV centered at the ionization of interest with step energies of O.l eV. The 

XPS data obtained as a part of this work were only used to verify that the monolayer 

sample composition reflected what was expected. The data did not require any special 

analysis and only peak positions are reported here. 

Sample Handling. The monolayer samples were mounted on a sample stub via a 

Niobium wire clip, which acted to hold the sample in place and insure electrical contact 

between the sample and spectrometer important in preventing a build up of charge on the 

surface during data collection. As soon as the sample is successfully mounted, the 

sample and stub are checked for conductivity and transferred to the UHV chamber of the 

spectrometer for data collection. X-ray photoelectron spectra were obtained for 

monolayers to ensure the atomic composition roughly corresponded to expected 

composition. The film is only exposed to the x-ray beam after pertinent data is obtained 
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Mixed 
Monolayer 

n-Alkanethiol 
Monolayer 

12 10 8 6 

Ionization Energy (eV) 

Figure 2.6 Subtraction of hexadecane-l-thiol monolayer photoelectron spectrum from 
the mixed monolayer spectrum. 
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in order to minimize radiation damage to the No noticeable changes in the 

photoelectron spectra occurred after up to one hour of exposure to the x-ray beam. 

Reflection-Absoqition Infrared Spectroscopy (RAIRS). 

FT-DR spectra were obtained with a dry-air purged Nicolet 550 spectrometer with 

a tungsten source and a liquid nitrogen cooled MCT detector. RAIRS spectra were 

obtained with an FT-80 fixed 80* grazing angle accessory (Spectra-Tech). All spectra 

were collected as the sum of 256 individual scans with a 2.0 cm'' resolution. Spectra of 

mixed monolayers of Fc(CO)(CH2)i5Br and CH3(CH2)i5SH compared favorably with 

spectra of ordered monolayers reported previously.'^"®^"®' 

Computations. 

Computational work was performed using Gaussian98,^® ADF 2000'^ '°°''°'""'" '°^ 

and Spartan"^ computational packages. The specific computational methods and basis 

sets are described in the body of the text in context of the specific task. 



Table 2.1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
cc) 

Photon 
Source 

Working 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/{ref} 

Ferrocene 
Cp2Fe 

19-22 

He(I) 18-23 

jkmOLP*" 

jkmOl.a* 

jkmOl.b* 

jkmOl.c* 

15.5-5.3 

10.5-5.9 

7.6-6.4 

10.2-8.7 
Aldrich Ferrocene 

Cp2Fe 
19-22 

He(II) 20-23 
jkmOl.x* 

jkmOl.y* 

19.8-6.0 

10.5-5.9 

Aldrich 

decamethylferrocene 
Cp*2Fe 

93-101 

He(I) 20-21 

jkm02,f* 

jkm02.a* 

jkm02.b* 

jkm02.c* 

15.7-5.5 

9.0-5.1 

7.0-5.2 

9.2-7.0 
Aldrich decamethylferrocene 

Cp*2Fe 
93-101 

He(ll) 18-20 
jkm02.x* 

jkm02,y* 

19.9-5.6 

8.9-5.2 

Aldrich 

1,1 -dimethylferrocene 
Cp'aFe 

10-23 

He(l) 18-21 

jkm03.f* 15.7-5.5 

Aldrich 1,1 -dimethylferrocene 
Cp'aFe 

10-23 

He(l) 18-21 
jkm03.a* 10.5-5.9 

Aldrich 1,1 -dimethylferrocene 
Cp'aFe 

10-23 

He(l) 18-21 
jkm03,b* 7.5-6.3 

Aldrich 1,1 -dimethylferrocene 
Cp'aFe 

10-23 

He(l) 18-21 

jkm03.c* 10.1-7.9 
Aldrich 1,1 -dimethylferrocene 

Cp'aFe 
10-23 

He(Il) 18-21 
jkm03.x* 20.0-5.5 

Aldrich 1,1 -dimethylferrocene 
Cp'aFe 

10-23 

He(Il) 18-21 
jkm03.y* 10.7-5.9 

Aldrich 



Table 2.1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
rc)  

Photon 
Source 

Working 
Resolution 

Pile 
Names 

Energy 
Region 

Preparation 
Source/{ref} 

6-bromohexanoyIferrocene 100-111 

He(I) 17-21 

jkin04.f* 

jkm04.b* 

jkm04.a* 

15.5-5.4 

7.8-6.5 

11-6.3 150) 
6-bromohexanoyIferrocene 100-111 

He(il) 17-25 
jkm04.x* 

jkm04.y* 

20-5.57 

11-6.2 

150) 

potassium hydrotris( 1 -pyrazolyl)borate 
K(Tp) 100-300 He(I) 15-20 jkmOS.P 15.5-5.5 

Prof. 
Reger 

bis 1 hydrotris( 1 -pyrazolyl)borato} lead(II) 
Pb(Tp)2 

130-166 He(I) 18-21 
jkm06.f* 

jkin06.a* 

15.5-5.5 

12.0-,2 
Prof. 
Reger 

bis (hydrotris( 1 -pyrazolyl)borato) strontiuin(II) 
Sr(Tp)2 

139-187 He(I) 15-19 
jkin07.f* 

jkm07.a* 

15.5-5.3 

12-7.2 

Prof. 
Reger 

bis (hydrotris(3,S-dimethyl-1 -pyrazolyI)borato} lead(ll) 
Pb(Tp*)2 

85-300 He(I) 16-18 
jkm08,f* 

jkmOS.a* 

15.5-5.3 

11-7.0 
Prof. 
Reger 



Table 2.1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
(°C) 

Photon 
Source 

Working 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/(ref) 

6-broinohexylferrocene 
75-104 

Ne(I) 19-22 jkin09.n* 11.0-6.0 

{50} 6-broinohexylferrocene 
75-104 

He(I) 19-24 

jkm09,f* 

jkin09.a* 

jkm09.b* 

jkm09,c* 

15.5-5.4 

11.0-6,0 

7.5-6.4 

9.7-8.0 

{50} 6-broinohexylferrocene 
75-104 

He(n) 22-31 
jkin09.x* 

jkm09.y* 

20.0-5.6 

11.0-6.0 

{50} 

6-ferroceny 1-1 -hexanethiol 
FC(CH2)6SH 

59-109 

Ne(I) 25-27 jkmlO.n* 10.0-6.2 

{50} 6-ferroceny 1-1 -hexanethiol 
FC(CH2)6SH 

59-109 
He(I) 25-28 

jkmlO.f* 

jkmlO.a* 

15.5-5.4 

10.0-6.3 {50} 6-ferroceny 1-1 -hexanethiol 
FC(CH2)6SH 

59-109 

He(n) 28-32 
jkmlO.x* 

jkmlO.y* 

20.0-5.6 

10.0-6.1 

{50} 

bis|6-(ferrocenyl)hexyl) disulfide 
(FC(CH2)6S)2 

213-220 He(I) 23-29 
jkml l.f* 

jkmll.a* 

15.5-5.4 

10.0-6.3 

Prof. 
Reger bis {hydrotris(3,5-dimethyl-1 -pyrazolyl)borato} tin(Il) 

Sr(Tp»)2 
126-267 

He(I) 27-39 
jkinl2.f* 

jkinl2.a* 

15.5-5.5 

11.4-7.3 

Prof. 
Reger bis {hydrotris(3,5-dimethyl-1 -pyrazolyl)borato} tin(Il) 

Sr(Tp»)2 
126-267 

Hc(II) 28-41 
jkml 2.x* 

jkml2.y* 

20.0-5.5 

11.4-7.3 

Prof. 
Reger 



Table 2,1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
CC)  

Photon 
Source 

Working 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/(ref} 

16-bromohexadecyIferrocene 
130-163 

Ne(I) 19-26 
jkmlS.q* 

jkml3.n* 

15.5-5.4 

11.0-6.0 

150) 
16-bromohexadecyIferrocene 

130-163 
He(I) 

17-23 
jkml3,f* 

jkml3.a* 

15.5-5.5 

10.6-6.2 
150) 

16-bromohexadecyIferrocene 
130-163 

He(Il} 17-27 
jkml3.x* 

jkml3.y* 

20.0-5.5 

10.8-6.2 

150) 

16-ferrocenyl-1 -hexadecanethiol 
FC(CH2)i6SH 124-148 

Ne(l) 21-33 jkml4.n* 11.0-6.0 

(50) 16-ferrocenyl-1 -hexadecanethiol 
FC(CH2)i6SH 124-148 

He(I) 22-40 
jkml4.f* 

jkmH.a* 

15.5-5.4 

10.0-6.2 (50) 16-ferrocenyl-1 -hexadecanethiol 
FC(CH2)i6SH 124-148 

He(ll) 22-30 
jkml4.x* 

jkml4.y* 

20.0-5.6 

10.0-6.1 

(50) 

lodomethane 
CH3I 

n/a 

Ne(l) 20-23 JkmlS.n* 12.0-9.0 

Aldrich 
lodomethane 

CH3I 
n/a 

He(l) 19-21 jkmlS.f* 15.5-7.9 
Aldrich 

lodomethane 
CH3I 

n/a 

He(n) 19-21 
jkmlS.x* 

jkmlS.y* 

20.0-7.7 

15.5-7.9 

Aldrich 



Table 2,1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
CO 

Photon 
Source 

Woridng 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/{ref} 

1 -Broino-3-chloro-propane 
n/a* 

Ne(l) 17-21 jkml6.n* 12.0-9.9 

Aldrich 1 -Broino-3-chloro-propane 
n/a* 

He(I) 18-24 
jkml6.f* 

jkml6.a* 

15.5-9.0 

12.0-10.2 
Aldrich 1 -Broino-3-chloro-propane 

n/a* 

He(II) 19-27 

jkml6,x* 

jkml6.y* 

jkml6.z* 

20.0-5.5 

15,5-9.0 

12-9.9 

Aldrich 

3-chIoro-1 -propanethiol 
C1(CH2)3SH 

n/a* 

Ne(I) 19-23 jkinl7.n* 12.0-8.9 

Aldrich 3-chIoro-1 -propanethiol 
C1(CH2)3SH 

n/a* 
He(I) 21-24 

jkinl7.f 

jkml7.a* 

15.5-8.4 

12.0-8.9 Aldrich 3-chIoro-1 -propanethiol 
C1(CH2)3SH 

n/a* 

He(ll) 19-27 
jkml7.x* 

jkml7.y* 

20.0-5.6 

12-8.9 

Aldrich 

1 -Bromo-4-chloro-butane 
Br(CH2)4CI 

n/a* 

Ne(I) 22-29 jkinl8.n* 12.0-9.5 

Aldrich 1 -Bromo-4-chloro-butane 
Br(CH2)4CI 

n/a* 

He(I) 23-27 
jkmlS.f* 

jkml8,a* 

15.5-9.4 

12.0-9.5 
Aldrich 1 -Bromo-4-chloro-butane 

Br(CH2)4CI 
n/a* 

He(II) 23-37 

jkinlS.x* 

jkinlS.y* 

jkmlS.z* 

20.0-11.0 

15.5-9.4 

12.0-9.8 

Aldrich 

U\ 
00 



Table 2.1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
("O 

Photon 
Source 

Working 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/{ref} 

1 -Bromo-1 -chloro-methane 
n/a* 

Ne(l) 24-41 
jkml9.m* 

jknnl9.n* 

jkinl9.f* 

jkinl9.a* 

jkml9.x* 

jkml9.y* 

12.5-11.8 

13.0-10.4 

15.5-10.3 

13.0-10.4 

20.0-10.5 

13.0-10.4 

Aldrich 1 -Bromo-1 -chloro-methane 
n/a* He(I) 28-43 

jkml9.m* 

jknnl9.n* 

jkinl9.f* 

jkinl9.a* 

jkml9.x* 

jkml9.y* 

12.5-11.8 

13.0-10.4 

15.5-10.3 

13.0-10.4 

20.0-10.5 

13.0-10.4 

Aldrich 1 -Bromo-1 -chloro-methane 
n/a* 

He(II) 29-41 

jkml9.m* 

jknnl9.n* 

jkinl9.f* 

jkinl9.a* 

jkml9.x* 

jkml9.y* 

12.5-11.8 

13.0-10.4 

15.5-10.3 

13.0-10.4 

20.0-10.5 

13.0-10.4 

Aldrich 

1 -Bromo-6-chloro-hexane 
Br(CH2)6CI 

n/a* 

Ne(l) 27-33 jkin20.n* 

jkin20.f* 

jkin20.a* 

jkin20.x* 

jkm20.y* 

12.0-9.5 

15.5-9.4 

12.0-9.5 

20.0-9.5 

12.0-9.5 

Aldrich 1 -Bromo-6-chloro-hexane 
Br(CH2)6CI 

n/a* 
He(I) 27-33 

jkin20.n* 

jkin20.f* 

jkin20.a* 

jkin20.x* 

jkm20.y* 

12.0-9.5 

15.5-9.4 

12.0-9.5 

20.0-9.5 

12.0-9.5 

Aldrich 1 -Bromo-6-chloro-hexane 
Br(CH2)6CI 

n/a* 

He{II) 28-33 

jkin20.n* 

jkin20.f* 

jkin20.a* 

jkin20.x* 

jkm20.y* 

12.0-9.5 

15.5-9.4 

12.0-9.5 

20.0-9.5 

12.0-9.5 

Aldrich 

6-bromohexylruihenocene 
Rc(CH2)6Br 

65-68 

Ne(I) 25-28 jkm21.n* 10.7-6.6 

Aldrich 6-bromohexylruihenocene 
Rc(CH2)6Br 

65-68 
He(!) 22-27 

jkm21.P 

jkm21.a* 

15,5-5.3 

10.7-6.6 

Aldrich 



Table 2.1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
CoiiecUon 

Temp 
(°C) 

Photon 
Source 

Woriting 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/{ref) 

1,2,3,4,5-pentamethylferrocene 
25-33 

He(l) 21-27 

jkm22.f* 

jkm22.a* 

jkm22.b* 

jkm22.c* 

15.7-5.52 

9.9-5.7 

7.5-5.7 

9.8-7.3 

Mike Herman 1,2,3,4,5-pentamethylferrocene 
25-33 

He(Il) 23-29 
jkm22.x* 

jkm22.y* 

20.0-5.5 

9.9-5.6 

Mike Herman 

benzene 
CeHe 

20-23 

He(l) 23-26 

jkm23.f* 

jkm23.a* 

jkm23.b''' 

jkm23.c* 

15.7-5.5 

13.5-8.6 

10.2-8.8 

13.5-11.28 
Aldrich benzene 

CeHe 
20-23 

He(II) 29-45 
jkm23.x* 

jkm23.y* 

20.0-5.5 

13.5-8.6 

Aldrich 

hexamethylbenzene 
CaMeg 

25-27 He(l) 22-27 

jkm24.f* 

jkni24.a* 

jkm24,b* 

jkm24.c* 

15.7-5.5 

11.6-7.5 

9.0-7.2 

11.6-9.4 

Aldrich 



Table 2.1 List of Molecules Studied by Gas-Phase Photoelectron Spectroscopy. 

Compound Name and Abbreviation 
Collection 

Temp 
cc) 

Photon 
Source 

Working 
Resolution 

File 
Names 

Energy 
Region 

Preparation 
Source/(ref} 

hexane-1-thiol 
n/a He(l) 18-25 

jkin25.f* 

jkin25.a* 

15.6-8.5 

10.1-8.5 
Aldrich 

ethylferrocene 
(C5H5)Fe(C3H4Et) 

n/a He(I) 18-23 

jkin26.f* 

jkm26.a* 

jkin26.b* 

jkm26.c* 

15.0-4.8 

10.4-5.6 

7.9-6.1 

10.5-7.8 

Aldrich 
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Table 2.2. List of Monolayer Systems Studied by Photoelectron Spectroscopy. 

Analyte 1 Analyte 2 
Total Thiol 

Concentration 
(mM) 

Mole Fraction of 
Analyte 1 

Sample 
Name 

Au on Mica 

FcCCH.JeSH CH3(CH2)sSH 1.8 
1.0 
0.5 
0.0 

121A 
121B 
121C 
121D 

Au on Mica 
Au foil 

FC(CH2)I6SH CH3(CH2)I5SH 

Fc(CH2)16SH 

1.0 

1.0 

1.0 
0.5 
0.0 

5 drops 

127A 
127B 
127C 
127D 
127E 
127F 

Au on Mica 
Au on Mica 

FC(CH2)I6SH CH3(CH2)I5SH 

Soaked in ETOH 

1.0 

1.0 
0.6 
0.5 

0.25 
0.0 

131A 
131B 
131C 
131D 
13 IE 
13 IF 
131G 

Au on Mica 
0.9 
0.8 

135G 
135B 
135C 

Fc(CH2)i6SH CH3(CH2)I5SH l.O 
0.6 
0.4 
0.5 
0.2 

135D 
135E 
135F 
135H 

Au on Mica 

FC(CH2)I6SH CH3(CH2)I5SH 1.0 

1.0 
7.5 
0.5 
2.5 
0.0 

139F 
139A 
139B 
139C 
139D 
139E 

Au on Mica 

FC(CH2)I6SH CH3(CH2)I5SH 1.0 

1.0 
.75 
0.5 
0.25 
0.0 

153F 
153A 
153B 
153C 
I53D 
153E 
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Table 2.2. List of Monolayer Systems Studied by Photoelectron Spectroscopy. 

Analyte 1 Analyte 2 
Total Thiol 

Concentration 
(mM) 

Mole Fraction of 
Analyte 1 

Sample 
Name 

Au on Mica - - 161F 
1.0 161A 

0.75 161B 
FC(CO)(CH2)I5SH CH3(CH2)I5SH 1.0 0.5 161C 

0.25 161D 
0.0 161E 
.75 171A 

OC(CO)(CH2)I5SH CH3(CH2)I5SH 1.0 .50 171B 
0.0 171C 

FC(CO)(CH2)I5SH CH3(CH2)I5SH 1.0 
0.5 
0.25 

173A 
173B 

0.5 177A 

FC(CO)(CH2)I5SH CH3(CH2)I5SH l.O 
0.5 
0.25 

177B 
177C 

0.0 177D 
0 183 A 

FC(C0)(CH2)ISSH CH3(CH2)IISH 1.0 
0.25 
0.5 

183B 
183C 

0.75 183D 
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CHAPTERS 

RELATIVE PHOTOIONIZATION CROSS-SECTIONS FOR FUNCTIONAL GROUPS 
IN MOLECULES 

Variable photon energy photoelectron spectroscopy has long been used as an 

effective tool in the interpretation and assignment of molecular ionizations.'^ Unlike 

most photon spectroscopies, photoionization is not a resonant process. Photoelectrons 

are produced from the interaction between a molecule and photons with energies above 

the minimum required for removal of an electron from a molecule. The probability of 

ionization, termed a cross-section, has been shown to be dependent on the energy of the 

ionizing photon and the energy, radial distribution and nodal character of the orbital.'"^''"^ 

Experimentally observed cross sections for ionization from molecules roughly follow the 

trends (if not the quantitative values) predicted by the Gelius model,^ which equates 

molecular cross sections to the sum of the atomic cross sections for atoms that contribute 

to the molecular orbital character. Generally, as the ionization source energy is increased 

above the threshold energy cross sections for halogens decrease dramatically, cross 

sections for main group elements (C, N, 0, P) decrease slighdy and transition metal cross 

sections increase modestly to significantly. A result of these traits is that the cross 

sections of orbitals predoounantly Ugand in character decrease with increasing source 

energy and those from primarily metal-based orbitals increase; a convenient 

differentiation between ionizations from metal-based and ligand-based orbitals in the 

photoelectron spectra of organometallic and coordination compounds. These general 

trends break down at low photon energies where molecular effects and resonance 
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phenomena^'* are important and in molecular orbitals with a high degree of orbital 

mixing. 

In recent years there have been many efforts through high-level theory'"' and 

experiments on small molecules'"® to understand the complex nature of phenomena that 

influence cross-sections. Despite the theoretical difficulties, empirically observed 

photoionization cross-section profiles have been used qualitatively to aid in spectral 

assignments since the early days of photoelectron spectroscopy.Indeed, the 

importance of cross-sections in chemistry is in supporting ionization peak assignments 

with the goal of elucidating molecular electronic strucmre information. 

Theoreticai one-electron cross sections have been calculated for all atomic 

subshells by Yeh and Lindau"' using the Hartree-Fock-Slater dipole approximation. 

Examples are presented in Table 3.1 for elements relevant to the present work. Each 

cross section value represents the probability of ionizing one electron from its atomic 

subshell relative to the probability of ionizing one electron from the H Is orbital with He 

I excitation. Theoretical atomic cross sections are commonly used to aid in predicting or 

analyzing intensity changes in variable photon energy photoelectron spectra.'® We have 

noticed, however, significant deviations fi'om these calculated values when comparing 

relative intensities between functional groups in molecules, particularly for ionizations 

from highly deiocalized orbitals or with low energy ionizing photons."^"^ These 

deviations derive from many sources, most notably factors associated with Instrumental 

d e s i g n ,  a s s u m p t i o n s  u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e o r e t i c a l  v a l u e s  f o r  a t o m s , a n d  

contributions from molecular effects.^"* In particular, the instrumental arrangement for 
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Table 3.1 Theoretical Atomic Cross Sections (in Mb=lO*bams).' 

Nel 
(16.7 eV) 

He I 
(21.2 eV) 

Hell 
(40.2 eV) 

H Is 1.929 LOGO 0.154 

C 2 p  2.197 1.624 0.499 

S 3 p  2.422 0.580 0.080 

C13p 5.041 1.473 0.068 

Br4p 4.101 1.653 0.102 

Fe3d 0.316 0.428 0.774 

'Values calculated from Yeh's iheoteu'cal atomic subshell cross-section values'" and nonnalized 

to the H Is cross section with He I excitation. Cross section nrpresents ionization of one 

electron from the atomic subshell. 
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detection of photoelectrons can strongly affect cross-section behavior due to the 

dependence of atomic cross sections on the angle between the ionizing source vector and 

the path of the analyzed electrons. Our goal is to extend the current theoretical model for 

interpreting cross-sections based on atoms in molecules to an empirical model based on 

functional groups in molecules using experimentally determined ionization intensity 

ratios, which can be used for future interpretations of intensity behavior in the variable 

photon energy photoelectron spectra of more complex molecules and materials. 

Preiiminarv Considerations 

In order to further understand "molecular" cross section behavior and begin 

building a useful database of empirical cross-section ratios for functional groups in 

molecules, a method of measuring cross sections directly relatable to the photoelectron 

spectra of molecules is required. Absolute cross-section measurements in photoelectron 

spectroscopy are inconsistent between instruments due to variations in photon flux, 

sample flux and instrument geometries. Furthermore, in a practical sense, it is not the 

absolute cross-section value for a single atom or functional group that is important for 

photoelectron spectra of molecules but the ratio of that cross-section to other functional 

groups in the molecule or material. Cross-section ratios are easily extrapolated to 

molecular systems without the complication of arbitrary intensity units. To fiirther the 

goal of obtaining cross-section ratios for functional groups, we set about collecting 

ultraviolet photoelectron spectra for a series of molecules containing two fiinctional 

groups separated by a linker unit as depicted below. Careful consideration of the 

construction of this model system is critical for obtaim'ng useful cross-section ratios. For 
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aid with comparison to ratios from Yeh's calculated atomic cross sections (Table 3.1) we 

have chosen, as our starting point, functional groups with one or more molecular orbitals 

dominated by a single atomic orbital. These results provide a foundation for extension to 

functional groups containing several atoms (olefins, carbonyls, amides, nitrates, etc.). 

We chose an alkane chain to act as the linking unit connecting the functional groups to 

one another. The advantage of this system is that through judicious choice of functional 

group electronegativities and the number (n) of CHi groups in the alkane chain, the 

degree of orbital mixing between functional groups is easily controlled. It is important to 

keep the length of the chain relatively short (n<6) in order to prevent two important 

drawbacks: interference of the alkane chain ionizations with ionizations of interest and 

the formation of conformers, which often lower symmetry and increase the possibiUty of 

orbital mixing between functional groups. The interaction between the alkane chain and 

the functional groups will be assessed. 

As mentioned previously, the cross-section numbers reported here are ratios of 

one functional group cross-section relative to another in the same molecule. Cross-

section ratios are determined from relative photoelectron peak areas. These ratios allow 

development of a series of molecular cross-section ratios and assessment of the 

transferability of functional group cross-section ratios between molecules. We report 

experimentally determined ratios for bromine relative to chlorine (Br/Cl), chlorine 

relative to sulfur (G/S), sulfur relative to metallocene iron (S/Fe) and metallocene iron 



relative to bromine (Fe/Br) in molecules in which the atoms/groups are connected by 

alkane chains. This series provides an internal check of transferability of functional 

group cross sections between molecules in that the product of three ratios will provide a 

test of the fourth (as depicted below). This internal consistency is illustrated by the cross 

Br a S Br 

a *  S *  F e ~  F e  

section ratios derived from Yeh's theoretical atonuc cross-section values in Table 3.2. 

The product of three of the ratios exactly predicts the fourth for the isolated atomic 

values. For the functional groups, each ratio is measured for a different molecule, and the 

relationship applies only to the extent that the cross sections demonstrate transferability 

between molecules. 

The He I photoelectron spectra for 1-chloropropane, 1-propanethiol, and 3-chIoro-

1-propanethiol presented in Figure 3.1 illustrates the approach used in this study. The 

photoelectron spectrum for 1-chloropropane is donunated by the sharp chlorine lone pair 

ionization at 10.86 eV followed by ionizations of electrons from the Cl-C, C-C, and C-H 

a bonds at higher ionization energy. The sharp peak at 9.19 eV in the photoelectron 

spectrum for 1-propanethiol is attributed to ionizations from the sulfur lone pair and the 

broad ionization envelope between 10.5 and 15 eV is due to electrons ionized from the o-

bond framework. The prominent features of the photoelectron spectra for 1-

chloropropane and I-propanethioI are present in the 3-chloro-l-propanethioI spectrum, 

essentially the sum of its parts. The chlorine lone pair and the sulfur lone pair ionization 

peaks retain their sharp profiles and are both slightly stabilized in energy indicating little 



Table 3.2 Theoretical Atomic Cross-Section Ratios.* 

Nel 
(16.7 eV) 

He! 
(21.2 eV) 

Hen 
(40.2 eV) 

Br/Cl 0.813 1.122 1.502 

Cl/S 2.082 2.540 0.849 

S/Fe 7.655 1.357 0.104 

Br/Fe 12.963 3.866 0.132 

Predicted Br/Fe^ 12.963 3.866 0.132 

% Difference 

o
 

o
 

o
 

'Ratios determined using the theoretical atomic cross-sections in Table 3.1. 
'Predicted by product of the first three rows 
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Ionization Energy 

Rgure 3.1 Valence He I photoelectron spectra of the model system. He I UPS of l-
chloropropane, 1-propanethioI and 3-chloro-I-propanethioL 



interaction between functional groups. The chlorine lone pair ionization energy at 11.02 

eV is stabilized 0.16 eV and the sulfiir lone pair from the thiol group (9.40 eV) is 

stabilized 0.21 eV. The sulfur lone pair iomzation is stabilized to a greater degree than 

the chlorine lone pair ionization in accord with the higher electronegativity of chlorine. 

Additionally ionizations from the a-bond framework in l-propanethiol have been 

stabilized from 11.34 eV to 11.72 eV and do not obscure the chlorine lone pair ionization 

in the 3-chloro-l-propanethiol spectrum. The lone pair ionizations are well separated and 

baseline resolved from each other ensuring a high certainty in the measurement of their 

relative peak areas. 

Assessment of orbital character in the lone pair molecular orbitals is important for 

accurate comparison to theoretical cross-section ratios. The orbital characters for 3-

chloro-l-propanethiol from an ADF calculation, presented in Table 3.3, show that the 

sulfur lone pair orbital is 93% sulfur in character and the in-plane (||) and out-of-plane 

(±) chlorine lone pair ionizations are 88 and 89% chlorine in character, respectively. 

These values indicate the chlorine and sulfur lone pair ionizations are nearly atonruc in 

character with essentially no interaction between the functional groups and small orbital 

mixing between the functional groups and the alkane chain. The variable photon energy 

photoelectron spectra profiles for these ionizations should provide reliable experimental 

molecular cross-section ratios for comparison to the theoretical atomic cross-section 

ratios. 

It is important to note that the photoelectron spectra presented in this dissertation 

have been collected with an instrumental geometry such that the angle between the 
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Table 3.3 Molecular Orbital Atomic Character as predicted by ADF." 

CI(CH2)3SH C-Co C-So CKII) CK-^) SI. p. 
Eigenvalues -8.84 -8.16 -6.96 -6.94 -5.60 

S [ %  61% 93% 
CI 2% 88% 89% 
c 48% 21% 6% 4% 2% 
H 46% 13% 2% 6% 4% 

Br(CH2)Cl C-Co CI (II) CK-L) Br (II) Br(-L) 

Eigenvalues -10.44 -7.62 -7.54 -6.95 -6.88 
Br 44% 21% 9% 84% 87% 
Cl 17% 73% 86% 14% 5% 

C 35% 2% 
H 2% 2% 3% 4% 

Br(CH2)4CI €-€« CKII) CK-L) Br (II) Br(-L) 

Eigenvalues -8.607 -7.017 -6.974 -6.557 -6.538 
Br 27% 5% 90% 94% 

Cl 10% 85% 89% 3% 
C 44% 5% 4% 3% 2% 
H 11% 6% 3% 

Br(CH2)6CI C-Co CKII) CK-J-) Br (II) Br(-L) 

Eigenvalues -8.242 -6.869 -6.851 -6.445 -6.428 
Br 22% 1% 91% 94% 
Cl 8% 86% 89% 3% 
C 53% 5% 2% 1% 

H 2% 6% 3% 

Fc(CH2)6SH C-Co SLP Fe(als) Fe(e2g) Fe (e2g) 
Eigenvalues -5.602 -5.355 -4.206 -3.828 -3.804 

Fe 93% 82% 82% 

S 5% 92% 
C 82% 2% 13% 9% 
H 2% 2% 

Fc(CH2)6Br Br (II) Br(-L) Fe(alB) Fe(e2g) Fe (e2g) 
Eisenvalues -6345 -6.284 -4.175 -3.776 -3.698 

Br 93% 92% 
Fe 93% 82% 83% 

C 2% 8% 5% 

H 3% 
* II indicates the in-plane tone paircooAinabon and x the out-of-plane lone pair 
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ionizing photon source and the photoelectron propagation vector is centered at 90*. The 

angle-dependent differential photoionization cross section (doni/dfl) for a randomly 

oriented sample of atoms in an unpolarized field at this geometry is given by Equation l'' 

where p, known as the asymmetry parameter, determines the angular distribution 

displayed by ionized photoelectrons. The asymmetry parameter for ionization from an 

atomic orbital is characterized by the orbital as well as the energy of the iom'zing photon. 

range of photon energies (Table 3.4). These theoretical atomic asymmetry parameters are 

used to qualitatively assess the potential dependence of the cross-section ratios reported 

in this work on the asymmetry parameter. 

Photoelectron Spectra 

The variable photon energy {Ne 1(16.7 eV), He 1(21.2 eV), and He n(40.8 eV)} 

photoelectron spectra for four molecules comprised of functional groups separated by 

alkane chains are presented in this section. The ionization peak areas from this data are 

normalized to the area per electron in order to facilitate comparison of experimental 

cross-section ratios with theoretical ratios. General comparisons between the 

experimental molecular and theoretical atomic cross-section ratios are made here and will 

be discussed in detail in the next section. 

A series of bromochloroalkanes (Br(CH2)nCl n=l,3t4,6) was analyzed to assess 

the effect of changing the length of the alkane chain separating two fiinctional groups. 

dQ. Anl 4 
(3.1) 

Yeh and Lindau'^' have calculated asymmetry parameters for atomic orbitals over a wide 

Br/Cl 



Table 3.4 Theoretical Atomic Asymmetry Parameters (P).'® 

N e l  
(16.7 eV) 

He I 
(21.2 eV) 

H e U  
(40.2 eV) 

H Is 2.000 2.000 2.000 

C 2 p  1.162 1.309 1.505 

S 3 p  1.696 1.850 0.123 

CI 3p 1.390 1.774 -0.194 

B r 4 p  1.521 1.783 1.377 

Fe3d 0.211 -0.160 0.181 
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The He I photoelectron spectra for this series are presented in Figure 3.2. The single 

peak at higher ionization energy is assigned to the chlorine lone pair. The doublet at 

lower ionization energy is the spin-orbit split bromine lone pair ionization. The spin-

orbit splitting on this ionization remains constant (0.28-0.30 eV) for the series. As CHj 

groups are added intensity appears in the 11.5-15 eV range. This intensity is attributable 

to the C-C and C-H a-bond ionizations. It can be seen from the spectrum for the n=6 

case that the C-C and C-H <T-ionization profile is beginning to overlap with the ionization 

peaks of interest. 

The variable photon energy photoelectron spectra for l-bromo-4-chlorobutane are 

shown in Figure 3.3. These spectra are fit with slightly overlapping Gaussians in order to 

obtain peak areas. No special constraints were used for obtaining spectral fits. The 

theoretical atomic cross sections in Table 3.1 predict a steady increase in bromine 

ionization intensity relative to chlorine as photon energy is increased. Comparison of die 

He I and He II spectra shows this trend in the form of a clear but small increase in the 

bromine lone pair ionizations relative to the chlorine lone pair ionizations. The chlorine 

and bromine lone pair intensities show little change, however, between the Ne I and He I 

spectra. 

Cl/S 

Figure 3.4 contains the variable photon energy photoelectron spectra of 3-chloro-

1-propanethiol used to obtain experimental functional group cross-section ratios for 

chlorine to sulfur. As the photon energy is increased from Ne I to He I, the chlorine lone 

pair demonstrates a significant increase in cross-section with respect to the sulfur lone 
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Rgure3.2 Valence He I photoelectron spectra for a series of chlorobromoalkanes, 
Cl(CH2)nBr, where n=l, 3,4 and 6. 
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Figure 3.3 Variable photon energy photoelectroa spectra of l-bromo-4-chIorbutane 
with Ne I, He I, and He II ionization sources. 
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Figure 3.4 Variable photon energy photoelectron spectra of 3-chloro-l-propanethiol 
with Nie I, He I, and He n ionization sources. 



pair ionization analogous to the trend predicted by the theoretical photoionization cross-

section values for chlorine 2p and sulfiir 3p atomic orbitals (Table 3.1). On the other 

hand, the relative chlorine and sulfur lone pair ionization peak intensities show littie 

change between the He I and He II spectra despite the significant decrease in chlorine 

atomic photoionization cross section relative to sulfur predicted from Yeh's atomic 

values in Table 3.1 

S/Fe 

Presented in Figure 3.5' are the variable photon energy photoelectron spectra for 

6-ferrocenylhexanethioL Apart from the ionization at 9.21 eV, the spectra are similar to 

the variable photon energy UPS of unsubstituted ferrocene."'' The ionization envelope 

from 6.5-7.5 consists of ionizations from die metallocene iron-based orbitals. The broad 

ionization peak at 6.72 eV originates from the doubly degenerate molecular orbital 

predominantiy iron dxy, d*2.y: in character and the sharp ionization at 7.09 eV from a 

molecular orbital almost entirely iron dz2 in character.'' Using familiar notations from Dsd 

ferrocene, these orbitals will be referred to as the eig and aig symmetry orbitals, 

respectively. The Cp JC-based ionization envelope from 8-9.5 eV and the sulfur lone pair 

ionization at 9.21 eV overlap extensively. The high degree of overlap between these 

ionizations requires special constraints in this region for an analytical fit. The Cp Jt-

ionization profile for this molecule was fit using the iom'zation profile shape from the Cp 

Ji-ionization peaks in the 6-bromohexylferrocene spectra (Figure 3.6). Any extra 

intensity in this range is attributed to die sulfur lone pair ionization. Clearly, as the 

ionization source energy is increased the sulfiir-based ionization peak dramatically falls 
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Hell 

Ionization Energy 

Figure 3.5 Variable photon energy photoelectron spectra of 6-ferrocenylhexanethiol 
with Ne r. He I, and He II ionization sources. 
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Figure 3.6 Variable photon energy photoelectron spectra of 6-bromohexyIferrocene 
with Ne r. He I, and He II ionization sources. 
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off in intensity when compared to the metal-based ^E2g and "Aig ionization peaks as is 

predicted by Yeh's theoretical atomic cross sections (Table 3.1). 

Br/Fe 

6-Bromohexylferrocene was used to obtain iron to bromine cross-section ratios 

(Figure 3.6). The spectrum has very similar features to the spectrum of 6-

ferrocenylhexanethiol (Figure 3.5) in the region below 7.5 eV. This region is easily 

assigned to ionizations firom the ferrocene-based e2g and atg orbitais. These molecular 

orbitais are predominantly iron 3d in character and are used for iron intensity in the iron 

to bromine cross-section ratio. The area from 8-10 eV represents electrons ionized from 

the Cp 7i-based molecular orbitais. The two sharp ionizations at 10.05 and 10.36 eV 

correspond to the spin-orbit split bromine lone pair ionizations. The spin-orbit splitting 

value of 0.31 eV observed for this molecule is comparable to the bromochloroalkane 

series. Each section of the spectrum was fit with a separate linear baseline to best 

approximate the increased scattering at higher kinetic energies. Similar to the predicted 

trends for iron 3d and bromine 3p atomic orbitais (Table 3.1), the metal-based ionizations 

demonstrate a striking increase in intensity relative to bromine as photon energy is 

increased. 

Discussion 

Table 3.5 collects the experimentally determined functional group cross-section 

ratios for the molecules in this study. The circular series of functional groups chosen 

provides an estimate of the internal consistency in these numbers. Specifically, the 

product of the first three ratios Br/Q, Cl/S, Fe/S should closely predict the value 



Table 3.5 Experimental Molecular Cross-Section Ratios. 

N e l  
(16.7 eV) 

He I 
(21.2 eV) 

He II 
(40.2 eV) 

Br/CI 0.89 0.85 1.66 

cys 1.07 1.75 1.59 

S/Fe 4.36 2.15 0.21 

Br/Fe 3.76 3.43 0.53 

Predicted Br/Fe 4.13 3.20 0.54 

% Difference 9% 7% 2% 

'Rauos obtained from gas-phase variable energy pholoelectron spectra of Br(CH2)tCI. CKCHi^SH. 
Fc(CHi),SH and Fc(CHi)4Br. 
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measured for Fe/Br. The difference between the predicted Br/Fe cross-section ratio and 

the actual value is a measure of the transferability (or lack thereof) between molecules. 

The transferability of the empirical functional group cross-section ratios is very good 

(<10%) and is commented on in detail below. 

To simplify comparisons between individual molecular cross-section ratios and 

their corresponding theoretical atomic ratios, complete Gelius analyses have been 

performed for all molecules in this study (Table 3.6). The Gelius analysis for a particular 

molecular orbital (MO) is given by Equation 2 where (Smo is the one electron cross 

^no ~ £ kuojio ^(O 
AO 

section for the molecular orbital and khtoj^o describes the extent each atomic orbital (a^o) 

contributes to the molecular orbital. For this analysis, kMOAO is taken to be equal to the 

atomic orbital character in the molecular orbital as calculated by ADF (Table 3.3). The 

Gelius cross-section ratios account for atomic orbital characters in molecules but do not 

account for photoiom'zation processes particular to orbital mixing in molecules, known in 

general as "molecular effects". Theoretical assessment of molecular effects requires 

high-level time-dependent computational treatment'"^ not in the scope of this work. The 

theoretical predictions using the Gelius ratios more than account for the sUght deviations 

from transferability of the He I and He Q cross-sections, but indicate deviation in die 

opposite direction for Ne I cross sections. This suggests that molecular effects are more 

important for low kinetic energy electrons, as might be expected. 

The bromochloroalkane series in Figure 3.2 demonstrates how, as the number of 

alkyl groups in the linking chain (n) is increased, the increasingly destabilized 



Table 3.6 Theoretical Molecular Cross-Section Ratios 
(Full Gelius Analysis).* 

Nel 
(16.7 eV) 

He I 
(21.2 eV) 

He a 
(40.2 eV) 

Br/Cl 0.844 1.116 1.228 

Cl/S 1.958 2.327 0.998 

S/Fe 5.323 1.212 0.127 

Br/Fe 10.451 3.557 0.148 

Predicted Br/Fe 8.793 3.148 0.155 

% Difference 19% 13% 5% 

'Ratios cblained rrom complete Celius analyses on the valence molecular orbitals of Bt(CH:)4CI. 
acCHJjSH. Fc(CH:).SH and FcCCHJ^Br. 



combinations of C-C a filled bonding orbitals cause the alky I ionization envelope (11.5-

15 eV) to spread to lower ionization energy. This spreading can, depending on the 

functional group electronegativities, eventually encroach upon the functional group 

orbitals as is seen in the n=6 case. This spectral crowding produces overlapping 

ionization peaks, reducing certainty in determining the individual peak areas and 

increasing error in the functional group cross-section ratios. 

Because bromine and chlorine have similar electronegativities they have good 

energy matching and their functional group orbitals will be prone to orbital mixing unless 

prevented by symme07 or spatial considerations. 1-Bromo-l-chloromethane with a Br-

C1 distance of 3.19 A demonstrates significant mixing between the chlorine and bromine 

in-plane (||) lone pair orbital. The molecular orbital characters from ADF in Table 3.3 

assign 14% of the predominantly bromine (||)-lone pair to chlorine atomic character and 

21% of the predominantly chlorine (||)-lone pair to atomic bromine character. This 

degree of mixing can significantly alter intensity profiles for ionizations from these 

orbitals. The amount of orbital mixing between the chlorine and bromine lone pairs is 

reduced to less than 5% in the four (Br-Cl: 9.68 A) and six (Br-Cl: 9.39 A) carbon chain 

analogs. The reduction in mixing with increasing chain length is clearly depicted in the 

lone-pair molecular orbital pictures for 1-bromo-l-chloromethane and 6-brorao-l-

chlorohexane in Figure 3.7. Weighing the degree of orbital mixing and the resolvability 

of the ionization peaks, the n=4 analog is the best choice for intensity analysis and 

comparison to theoretical atomic cross-section ratios. 
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Figure 3.7 Molecular orbital pictures for Q(CH2)Br (left) and Q(CH2)6Br (right). 



Figure 3.8 relates the bromine to chlorine cross-section ratios for the entire series. 

The n=l-4 analogs demonstrate parallel intensity trends in their Ne I, He 1 and He II 

spectra. The trend observed for tliis series clearly does not exactly follow the stepwise 

increase in the Br/Cl ratio from Ne I to He I to He H excitation as predicted by the atomic 

cross-section ratios. Additionally, the experimental Br/Cl ratio values from He II spectra 

are somewhat larger than is predicted from the theoretical atomic and Gelius models. 

Proceeding from n=l to n=4 the ratios are approaching the ratios for "pure" isolated 

functional groups, but the ratios for n=6 deviate from this convergence. The deviation for 

n=6 from the three other molecules is likely a function of crowding in the spectra and the 

inherent difficulty of obtaining reliable ionization peak areas in a crowded spectrum. 

The differences between the functional group ratios and the theoretical ratios 

depicted in Figure 3.8 do not include consideration of the asymmetry parameters. 

Asymmetry parameters for functional groups in molecules are not known but atomic 

asymmetry parameters have been calculated.'® Consideration of the effect of the 

theoretical asymmetry parameters for chlorine and bromine on the Br/Cl cross-section 

ratio has little effect on the Ne I and He I bromine to chlorine cross section ratios, but in 

He U the atonuc asymmetry parameters have the effect of increasing the bromine to 

chlorine ratio by about 30% which becomes a much better prediction of the 

experimentally determined ratios. The validity of using theoretically determined 

asymmetry parameters for atoms to predict or explain molecular cross section behavior is 

suspect, however. While both the bromine and chlorine functional groups are relatively 

"atomic-like" in the molecule (the functional group orbitals remain highly localized on 
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Rgure3.8 Theoretical atomic, Gelius and fiinctional group Br-to-CI cross-section 
ratios for a series of chlorobromoalkanes, Cl(CH2)nBr where n=l, 3,4,6. 
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the atom and do not significantly shift in energy) the asymmetry parameters and cross-

section values calculated for atoms use a spherical atonuc model and atoms in molecules 

are not spherical. 

The chlorine to sulfur functional group cross-section ratios in Figure 3.9 obtained 

from the photoelectron spectra for l-chloro-3-propanethiol roughly reflect the trend 

predicted by Yeh's theoretical atomic cross-section values and the Gelius analysis, 

although the magnitude of the changes are considerably smaller. The prevalent deviation 

occurs in the He n spectrum where theory predicts a significant decrease in CI 3p 

ionization intensity relative to S 3p when compared to He I. Instead, little change in the 

relative intensities is observed. The carbon character introduced into the functional group 

orbitals does not explain the reduction in the cross-section ratio changes. This effect is 

small as can be seen from the Gelius aoss-section ratios, which take into account orbital 

mixing within the molecule. Adjustment of the theoretical atomic and Gelius cross-

section ratios for the atomic asymmetry parameters at our instrumental geometry leave 

the theoretical chlorine to sulfur ratios essentially unchanged. 

The bar graph in Figure 3.10 makes a comparison between cross-section ratios 

derived from 6-ferrocenylhexanethioi and theoretical cross-section ratios for sulfur 3p 

and iron 3d atomic orbitals. The theoretical cross-section ratios for the S 3p atomic 

orbitals compared to Fe 3d atomic orbitals predict a dramatic fall-off of sulfur intensity 

relative to iron with increasing photon energy. While the sulfiir lone pair ionization 

intensity does indeed follow this prediction, the relative decrease between Ne I and He I 

is approximately half of that predicted. 
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Rgure 3.9 Theoretical atomic, GeUus and fiinctional group Cl-to-S cross-section ratios 
for 3-chloropropanethioL 
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Rgure 3.10 Theoretical atomic, Gelius and functional group S-to-Fe cross-section ratios 
for 6-ferrocenylaIkanethiol. 



The theoretical atomic ratios predict a sharp decrease in bromine intensity relative 

to iron (Figure 3.11) with increasing photon energy. This trend is not observed in the 

photoelectron spectra. Instead, the spectra demonstrate a small decrease in the bromine 

lone pair ionization intensities relative to the iron-based ezg and aig ionizations between 

Ne I and He I and a large decrease between He I and He II. The difference between 

theoretical and experimental ratios is, in part, due to the intensity behavior of the "Eag and 

"Aig ionizations relative to each other. The "Aig ionization grows in intensity with 

respect to the E2g ionization in the Ne I spectrum. These orbitals are essentially iron 3d 

in character and are expected to retain similar intensities with respect to each other. 

According to ADF, the ferrocene eig-based molecular orbitals contain an average of 11% 

carbon character. Carbon has a larger cross section than iron at this ionization source 

energy and if orbital mixing were responsible for the observed intensity changes the "Eig 

ionization peak would be expected to grow in intensity relative to the "Aig peak. 

Differing atomic characters in the eig and aig molecular orbitals cannot, therefore, 

account for this unusual intensity behavior. Unusual intensity changes at low photon 

source energies are typically attributed to "molecular effects" and it is likely electrons 

from the aig orbital are ionized preferentially over the eag orbital at this photon energy 

due to a resonance process or some type of autoiom'zation process particular to ferrocene. 

This intensity behavior has been observed in the Nel spectrum of unsubstituted 

ferrocene^and every ferrocene derivative we have studied. The reader is referred to 

recent work by Stener and Decleva^' for a detailed density functional theoretical 

treatment of photoionization cross sections in ferrocene. 
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The difference between the Fe/Br cross-section ratio predicted from the product 

of experimental ratios and the empirically measured Fe/Br cross-section ratio for ail 

photon energies are less than 10% (Table 3.5). This high degree of internal consistency 

is a testament to the transferability of these functional group cross-section ratios among 

the group of molecules chosen in this study. Discrepancies among empirical functional 

group cross-section ratios can arise firom many sources. Most notably the error in the 

individual peak areas, ranging from 2% for well-resolved ionization peaks to 20% for 

highly overlapping peaks (see experimental section). Other, less obvious sources come 

from molecular effects; individual variations in photoelectron intensities due to 

photoionization phenomena that occur only in molecules. Molecular effects are little 

understood for most large molecules and vary for each molecular system. Additionally, 

molecular effects tend to be more important as the photon energy is decreased which is 

reflected by die fact that the largest internal difference occurs in the Ne I ratios and the 

smallest in He Q. The overall high internal consistency in these ratios indicates that 

neither the error in the fits or changes in molecular effects between molecules play a 

large role in the spectra presented in this work. 

Conclusions 

The experimental photoelectron intensity ratios reported provide a foundation for 

an empirical understanding of cross-section behavior in molecules. Gathering ratios for 

small molecules will eventually assist in the task of explaining unusual intensity changes 

in the photoelectron spectra of larger more complex molecules. In general, as the photon 

energy is varied the ionization intensity differences observed for molecules are typically 
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more gradual than is predicted by theory in the low photon energy region (15-45 eV). 

Although, this is partially due to assumptions made in theoretical calculations, molecular 

effects play a large part. The nature of an atomic orbital is significantly different in a 

molecule, making molecular spectroscopy uniquely different from atomic spectroscopy. 

Regardless of the theoretical explanation for these differences, the empirical ratios 

reported here and in the future will be of use for developing a familiarity with the low 

photon energy photoelectron spectra of large molecules containing common functional 

groups and will aid the assignment of complicated photoelectron spectra. 

Experimental 

Sample Preparation. l-Chloropropane, 1-propanethiol, and 3-chloro-l-

propanethiol were used as obtained from Aldrich. The bromochloroalkanes were 

purchased firom Fluka and used without modiHcation. 6-Ferrocenylhexanethiol and 6-

bromohexylferrocene were prepared according to published procedures^" modified to 

obtain appropriate alkane chain lengths. 

Photoelectron Spectra. All of the samples, with the exception of the ferrocene 

derivatives, are liquids and were introduced to the spectrometer firom a sealed glass tube 

with a sidearm attached to an internal copper tube via a variable leak valve. No heating 

was necessary for sublimation. Spectra for the ferrocene derivatives were measured firom 

an aluminum sample cell at 90-100°C. The instrumental and sample cell designs have 

been described in detail previously."® It is important to note, however, that the angle 

between the incident photon flux and the outgoing electron path in our experimental 

design is centered at 90°. The ionization source photons used in this work are generated 
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from the Ne la (2s^ <- 2s3p, 16.85 eV), He la (Is^ i- ls2p, 21.128 eV) and He Ila (Is 

2p, 40.372 eV) resonance lines. 

Fitting details. The ionization bands are fitted analytically with asymmetric 

Gaussian peaks defined by peak position, high and low halfwidths, amplitude and a linear 

baseline.'The peak areas, used for intensity analyses, are determined using 

Simpson's rule for integration of parabolic peaks.''® For this work, an analytical 

representation of the area is sufficient for intensity analysis. In the case of overlapping 

peaks more sophisticated analysis is required, oftentimes requiring special constraints to 

obtain the best fit. Once peak areas are obtained, they are normaiized to the number of 

electrons in the ionized orbital providing one-to-one electron cross-section ratios that can 

be directly compared to the calculated atomic cross-section ratios. The error in the area 

for well-resolved iom'zation peaks as is the case for 3-chloro-l-propanethioi (Figure 3.4) 

is typically less than 2%."^ Peak areas for highly overlapping peaks with reasonable 

intensity such as the sulfur lone pair iom'zation in the Ne I and He I photoelectron spectra 

of 6-ferrrocenylhexanethiol (Figure 3.5) possess an uncertainty in the 5-10% range. In 

the case of highly overlapping ionizations with low intensity such as the sulfur lone pair 

ionization in the He H spectra can result in an uncertainty in the 10-20% range for peak 

areas depending upon specific constraints used and baseline placement. Appendix A.2 

contains a descriptive analysis of the uncertainty introduced into ionization peak area 

values by changes in the baseline. 

Calculations. Density functional molecular orbital calculations were performed 

using the Amsterdam Density Functional 2000®'''°^ package to assess the atomic 
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character in the functional groups of interest. Density functional calculations were also 

performed using the B3LYP method in Gaussian98'® for comparison. The orbital 

compositions firom Gaussian98 are very similar to those obtained with ADF, however, 

and only the ADF results are presented here. The GGA (BLYP) method in ADF was 

implemented with basis from set IV (triple-ij Slater-type orbitals (STOs)) with a frozen 

core for all atoms except hydrogen. The hydrogen basis set was derived from set II 

(double-1; STOs). For longer alkane chains (n>4), the lowest energy conformers were 

determined from a systematic search and molecular mechanics comparison of conformers 

performed by Spartan"" using the AMI force field for simple organic molecules and the 

MMFF94X force field for ferrocene derivatives. These conformers were subsequently 

geometry optimized in ADF. In all cases the lowest energy conformer adopted an all 

trans conformation, thus keeping the functional groups well separated in space. No 

special convergence criteria were employed. 
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Appendix 

Illustrations of all spectra collected for this work along with visuals of the 

individual spectral fits are included in Figure 3.12 to Figure 3.20. The peak areas for 

these fits along with their assignments are collected in Table 3.7 and Table 3.8. These 

fits are not meant to represent any chemical significance and are merely an attempt to 

obtain the best analytical representation of the area under each peak. Due to the higher 

pressures required when collecting data in the He II mode, the spectra are often collected 

at lower resolution. Lowering the resolution in this manner generally has the effect of 

broadening out the ionization envelopes often requiring additional Gaussians in order to 

obtain the best analytical fit as is seen in Figure 3.14. 
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Table 3.7 Peak areas for a series of bromochloroalkanes {Br(CH2)„Cl, /z=l,3,4,6}. 

Compound Peak Energy 
Nel 

(16.7 eV) 
He I 

(21.2 eV) 
Hen 

(40.8 eV) 
Brl 10.78 123.00 1164.72 92.68 
Br3 10.89 74.77 689.39 418.82 

Br(CH2)CI Br4 11.06 194.52 1882.63 608.45 
Gil 11.81 169.65 1890.01 308.18 
C12 11.93 105.47 1214.01 314.05 
Brl 10.35 583.81 1081.93 205.58 
Br2 10.52 397.30 638.53 155.62 

Br(CH2)3Cl Br3 10.65 759.88 1227.28 191.78 
Gil 11.21 916.91 2342.81 262.23 
G12 11.40 645.38 738.00 73.54 
Brl 10.14 n/a n/a 39.98 
Br2 10.29 206.71 227.50 191.88 
Br3 10.44 54.91 59.59 97.05 

Br(CH2)4CI Br4 10.59 208.40 235.17 192.94 
Br5 10.76 78.95 82.75 88.63 
Gil 11.02 618.42 708.24 368.09 
a 1 11.97 308.65 317.46 336.52 
Brl 10.18 325.12 251.08 356.90 
Br2 10.33 50.17 33.29 52.76 

Br(CH2)6Cl 
Br3 10.47 374.83 341.84 457.93 

Br(CH2)6Cl 
Gil 10.82 296.15 258.52 291.82 
G12 11.49 398.89 325.03 252.31 
a 1 11.04 638.95 421.61 1015.04 
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Table 3.8 Peak areas for a series of molecules with the formula {X(CH2)nY}. 

Compound Peak Energy 
Nel 

(16.7 eV) 
He I 

(21.2 eV) 
Hen 

(40.8 eV) 
Brl 10.14 n/a n/a 39.98 
Br2 10.29 206.71 227.50 191.88 
Br3 10.44 54.91 59.59 97.05 

Br(CH2)4Cl Br4 10.59 208.40 235.17 192.94 
Br5 10.76 78.95 82.75 88.63 
Cll 11.02 618.42 708.24 368.09 
(TI 11.97 308.65 317.46 336.52 
SI 9.38 1404.78 273.84 241.41 

C1(CH2)3SH Cll 11.02 2995.60 956.63 766.63 
al 11.70 1766.74 335.68 661.95 
Fcl 6.72 338.60 944.13 615.01 
Fc2 7.09 137.74 213.35 166.36 
Cpl 8.41 228.75 391.45 90.42 

Fc(CH2)4SH 
Cp2 8.59 369.31 739.09 174.86 

Fc(CH2)4SH 
Cp3 8.88 444.04 929.98 243.55 
Cp4 9.21 358.72 698.25 220.41 
Cp5 9.48 215.00 384.40 112.86 
SI 9.08 692.55 827.78 53.77 
Fcl 6.74 163.90 768.73 767.74 
Fc2 7.12 61.71 171.00 200.05 
Cpl 8.47 96.71 318.47 137.58 
Cp2 8.63 126.54 482.53 220.60 

Br(CH2)6Fc Cp3 8.92 17333 667.77 345.41 
Cp4 9.28 214.89 724.53 436.33 
Brl 10.05 258.21 997.08 165.74 
Br2 10.36 307.06 1149.06 176.85 
al 10.80 308.14 962.32 290.43 
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Rgure 3.12 Fitted variable photon energy UPS of l-bromo-l-chloromethane. 
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Rgure 3.13 Rtted variable photon energy UPS of l-bronio-3-chloropropane. 
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Rgure 3.14 Rtted variable photon energy UPS of I-bromo-4-chlorobutane. 
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Rgure 3.15 Rtted variable photon energy UPS of l-bromo-6-chIorohexane. 
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Rgure 3.16 Htted variable photon energy UPS of 3-chloro-l-propanethiol. 
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Figure 3.17 Fitted variable photon energy UPS of 6-ferrocenyIhexanethioi. 
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Ionization Energy 

Figure 3.18 Fitted variable photon energy UPS of 6-bromohexylferrocene. Close-up of 
bromine lone pair ionizations. 
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Figure 3.19 Fitted variable photon energy UPS of 6-bromohexylferrocene. Qose-up of 
Cp ionization band. 
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Rgure 3.20 Fitted variable photon energy UPS of 6-bromohexyIferrocene. 
iron "E2g and ^Aig ionizations. 

Qose-up of 
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CHAPTER 4 

SUBSTTTUENT EFFECTS OF LONG ALKANE CHAINS ON FERROCENE: THE 
BEGINNING OF A GAS-PHASE MODEL FOR SOLVATON 

In an effort to bridge the gap between the photoelectron spectra of discrete 

molecules measured in the gas-phase and surface-bound systems presented in the 

'following chapters, monosubstituted metallocene molecules, with the formula 

Fc(CH2)nX (Fc=ferrocene, X=CH3, Br or SH, n=l, 6,16) were studied by gas phase UPS. 

The objective is to set a foundation for monolayer studies of these molecules and initiate 

study of intramolecular effects between the alkane substituent and the sandwich complex 

in the gas-phase. Rotations around the carbon-carbon bonds in hydrocarbon substituents 

allow the molecule to adopt many low energy conformational structures, increasing die 

likelihood of electronic interactions between the metal and the atoms or functional groups 

in the chain. If indeed the molecule adopts conformers in the gas-phase in which the long 

alkane chain is wrapped around or in close proximity to the metal, such a system would 

be an excellent first step towards a model for studying solvation effects in the gas phase. 

ExDcrimental 

Preparation of Materials. Ferrocene, ethylferrocene and all starting materials 

were purchased from Aldrich and used without further purification. Ferrocenes modified 

with alkane chains were prepared by a modified literature method.For example 6-

bromohexylferrocene was prepared by acylation of ferrocene with 6-bromohexanoyl 

chloride, followed by a mild reduction of the ketone group® ^ to an alkyl group by means 

of sodium cyanotrihydroborate and boron trifluoride-diethyl ether. 6-

ferrocenylhexanethiol was subsequently prepared by conversion of the bromine 
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functional group to a protected thiol with thioacetate, followed by acidic ethanolysis to 

remove the protecting group." 

Photoelectron Spectroscopy.'^' A modified McPherson photoelectron 

spectrometer was utilized to obtain the gas-phase ultraviolet photoelectron spectra. The 

substituted ferrocene samples are all waxy solids and required modest heating for 

sublimation with a temperature range of 50-100° for six-carbon chains and 75-150' for 

sixteen-carbon chains. Spectral peak positions, widths and areas are determined from 

analytical fits of the spectra with asymmetric Gaussian functions'" defined by position, 

intensity and high and low energy half-widths using RT,'' a program developed for this 

purpose in the Lichtenberger research group. The average and low energy half-widths 

reported here are taken from the analytical representations of the data obtained from the 

fit. 

Results and Discussion 

In order to adequately understand the electronic effects of adding a long alkane 

chain with a terminal functional group on the electronic structure of ferrocene, it is 

instructive to first investigate how the terminal functional group is affected by increasing 

the length of the hydrocarbon chain. To this end the He I photoelectron spectra of a 

series of alkanethiol molecules with the formula CH3(CH2)„SH where n=2, 5, 15 and 17 

are presented in Figure 4.1. The sharp ionization peak around 9 eV represents electrons 

ionized from the thiol lone pair and is followed in energy by ionizations from the C-C 

and C-H a bonds. The most noticeable changes in the spectra of this series are observed 

in the region from 10-15 eV. As is expected this region increases significantly in 



114 

15 14 13 12 11 10 9 

Ionization Energy (eV) 

Figure 4.1 He I spectra of a series of n-alkanethiois with the formula CH3(CH2)„SH 
where n=2,5,15 and 17. 
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intensity with respect to the thiol ionization as the number of a-bonds in the alkane chain 

is increased. Interestingly, what little structure there is in this energy region is quickly 

lost as methylene groups are added to the chain. Perhaps the more intriguing result 

present in these spectra is observed in the energies of the sulfiir lone pair ionization 

energies, average half-widths and the low-ionization energy half-widths of this ionization 

peak is presented in Table 4.1 for this series, along with the thiol lone pair energies of 

methanethiol and ethanethiol taken from Kimura's handbook.'"" The energy of the thiol 

lone pair ionization is destabilized significantly (0.38 eV) as the number of ethylene 

groups is increased from zero in methanethiol to five in CH3(CH2)5SH. The thiol 

iom'zation energy stabilizes in the 9.06-9.09 eV energy range for n=5, 15 and 17. The 

inductive effect of adding methylene groups to the alkyl chain is not felt by the thiol 

functional group beyond five methylene groups. In other words, for chain lengths greater 

than n=5, the thiol functional group is inductively isolated from the other end of the 

polymethylene chain. 

The thiol lone pair ionizations in these spectra all demonstrate a vibrational 

progression on the high ionization energy side of the peak. As the alkane chain gets 

longer, the average and low ionization energy half-widths increase (Table 4.1) signifying 

a peak broadening. The peak width increases are small, but lend support to the deduction 

that though the sulfur lone pair orbital does not feel an inductive effect when length of the 

hydrocarbon chain is increased beyond five carbon atoms, the ensemble of states has 

increased. Either the vibrational manifold of the positive ion states has changed, which is 

unlikely, or the different conformations that are accessible to the molecule lead to slightly 
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Table 4.1 Energies and widths of the thiol lone pair ionization in a 
series of molecules with the formula X(CH2)nSH (X=CH3, Fc''). 

Ionization 
Energy 

Average 
Half-width 

LEHW 

CHsSH" 9.46 - -

CHsCHaSH" 9.36 - -

CH3(CH2)2SH 9.19 0.17 0.06 
CH3(CH2)5SH 9.08 0.20 0.10 
CH3(CH2)I5SH 9.10 0.19 0.10 
CH3(CH2)i7SH 9.06 0.21 0.14 
Fc(CH2)6SIf 9.10 0.22 0.16 
Fc(CH2)i6Sff 9.10 0.21 0.15 

' LEHW=Half-width on the low ionization energy side of the peak. I'eak positions taken from reference 
{122]. Tc = ferrocene. 
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different ionization energies. Since this does not happen until n is large, it suggests direct 

interaction of the long chain with the sulfiir lone pair, similar to the interaction of the lone 

pair with hydrocarbon solvent. The spectrum of hexane-l-diiol shows additional 

structure on the high ionization energy side of the thiol lone pair ionization not observed 

in other /i-alkanethiols. A close-up of this band (Figure 4.2) shows the presence of a 

small peak with significant intensity at 9.69 eV (stabilized 0.59 eV firom the thiol lone 

pair). It is conceivable that this peak is due to the presence of another low-energy 

conformer in the gas phase in which die thiol lone pair molecular orbital has a stabilizing 

intramolecular interaction. 

The He I photoelectron spectrum for ferrocene along with monosubstituted 

ethylferrocene is shown in Figure 4.3. Ethylferrocene represents the minimum electronic 

structure perturbation effect of a single alkyl substitution at the Cp upon the valence 

iom'zations of ferrocene. The photoelectron spectra of ferrocenes substituted at the Cp 

ring, here and in the literature, are simple perturbations of the ferrocene spectrum; all 

posses the familiar iron-based and ^Aig ionizations at low iom'zation energy followed 

by the Cp ionizations in the 8 to 10 eV energy region."* Above 10 eV, the strongly 

overlapping C-C a and C-H a ionizations appear. Ionizations &om the a framework of 

the molecule lead to litde electronic structure information and will not be considered 

further. The spectrum of ferrocene compares favorably with previous reports"^"^® and the 

ty 'y 

peak positions and widths for the metal-based "Bag and *Aig of all substituted ferrocenes 

studied in this chapter are presented in Table 4.2. 



9.6 8.8 8.6 10.0 9.4 9.0 9.2 9.8 

Ionization Energy (eV) 

Figure 4.2 He I close-up specira of the thiol lone pair ionization in CH3(CH2)5SH. ;i: 
00 
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Rgure 4.3 He I spectra of ferrocene and ethylferrocene. 
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Table 4.2 Energies and widths of the iron-based *E2g and "Aig ionizations of substituted 
ferrocenes with the formula (RC5H4)Fe(CsH5). 

^Aie 
R Ionization 

Energy 
Average 

Half-Width 
LEHW 

Ionization 
Energy 

Average 
Half-Width 

LEHW" 

H 6.86 0.33 0.21 7.24 0.12 0.08 
CiHs 6.72 0.35 0.22 7.09 0.13 0.07 

CeH^Br 6.75 0.39 0.27 7.12 0.17 0.13 
CfiHtiSH 6.71 0.41 0.29 7.08 0.17 0.14 
C16H32SH 6.68 0.42 0.30 7.06 0.17 0.14 
CieHsiBr 6.66 0.41 0.28 7.05 0.17 0.15 
' LEHW=HaIf-width on the low ionizadon energy side of the peak. 



121 

Perturbation of the ferrocene molecule by replacing one of the Cp hydrogens with 

an ethyl group results in subtle, but interesting, changes in the photoelectron spectrum 

(Figure 4.3). The metal-based ionizations are destabilized approximately 0.14 eV upon 

ethyl substitution and the Cp-based ionizations are destabilized 0.15 eV. The fact that 

both the metal and Cp ionizations in ferrocene are destabilized by nearly the same energy 

indicates the shift is due to the greater inductive donor ability of ethyl compared with 

hydrogen. In ferrocene, the doubly degenerate eiu molecular orbital is prevented, by 

symmetry, from interacting with the iron 3d atomic orbitals, which gives the 

corresponding ionization peak at 8.75 eV its sharp quality. Ethyl substitution at the Cp 

ring removes this symmetry restriction as well as the degeneracy. Both of the Cp Ti-based 

molecular orbitals now have bonding character with the metal and the sharp "Eu 

ionization peak at 8.75 eV is subsequently broadened significantly. 

The He I spectra of Fc(CH2)6SH and Fc(CH2)i6SH are shown in Figure 4.4 along 

with the spectrum of CH3(CH2)5SH for comparison. The iomzation energies for the thiol 

lone pair occur at 9.10 eV in both of these molecules, which is exactly the ionization 

energy at which the thiol lone pair in CH3(CH2)5SH occurs. This indicates an inductive 

effect of adding a ferrocene moiety to the alkane chain is not translated through the 

hydrocarbon chain to the thiol functional group. The average and low-energy half-widths 

in Table 4.1 of die n-ferrocenylalkanethiols are comparable with the longer chain n-

alkanethiols, indicating that the thiol lone pair molecular orbital is also not affected by a 

through-space interaction with the ferrocene moiety. 
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Figure 4.4 He I close-up spectra of l6-hexadecanethioI, 6-ferrocenylhexanethiol and 
16-ferrocenyIhexadecanethioL 
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The He I spectra of 6-bromohexylferrocene and 16-bromohexadecylferrocene are 

presented in Figure 4.5. The spectra are similar to that of ferrocene and ethylferrocene in 

Figure 4.2 aside from the presence of the spin-orbit split pair of bromine lone pair 

ionizations in the energy region from 9.8 to 10.5 eV, which overlap significantly with the 

low ionization energy tail of the forest region. As can be seen by the ionization peak 

energies given in Table 4.3 the spin orbit split bromine lone pairs in the He I 

photoelectron spectra of Fc(CH2)6Br and Fc(CH2)i6Br are nearly coincident in ionization 

energy, indicating that the bromine lone pair in the primary conformation is unaffected by 

the addition of ten methylene groups to the alkane chain separating the two functional 

groups. Ionization energies for several n-bromoalkanes reported in the literature'"'^"'" 

also reported in Table 4.3 show that the peak energies for the spin-orbit split ionization of 

bromine experience a through-bond destabilization as the chain length is increased from 

one carbon to six, at which point the energies start to level off at (10.09 and 10.40 eV). 

The bromine lone pair ionization energies observed in the primary conformations of 

Fc(CH2)6Br and Fc(CH2)i6Br are only slighdy destabilized (-.02 to -.03 eV) from the 

bromine lone pair ionizations in the longest n-bromoalkane, CH3(CH2)9Br. The spin-

orbit splitting energy can also be used as an indication of the extent of mixing between 

the bromine lone pair orbital with other atomic or functional group orbitals in the 

complex.'^ The bromine spin-orbit splitting energy for the series of the n-bromoalkanes 

and the primary conformations of two n-bromoalkylferrocene complexes reported in 

Table 4.3 range from 0.30 to 032 eV. The consistency in the spin-orbit splitting energy 

indicates that the molecular bromine in the primary conformations of n-
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Figure He I close-up spectra of 6-bromohexyIferrocene and l6-bromohexadecyl-
ferrocene. 
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Table 4.3 Energies of the spin-orbit split bromine lone pair ionization 
in a series of molecules with the formula X(CH2)nBr (X=CH3, Fc''). 

Ionization 
Energy 

Spin-Orbit 
Splitting Energy 

Fc(CH2)6Br^ 10.05,10.35 0.30 
Fc(CH2)i6Br' 10.04,10.34 0.30 

CHsBr" 10.53,10.85 0.32 
CHsCHiBr' 10.30,10.61 0.30 

CH3(CH2)3Br' 10.19,10.51 0.31 
CH3(CH2)4Br' 10.13,10.44 0.33 
CH3(CH2)5Br- 10.09,10.40 0.31 
CH3(CH2)8Br' 10.06,10.37 0.31 
CH3(CH2)9Br' 10.07,10.37 0.30 

'Peak position^aker^onueferenc^l24}^ft^fe^ 
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bromoalkylferrocenes is in an environment very similar to n-bromoalkanes, essentially 

the bromo functional group in the ferrocene complex is analogous to the bromo 

functional group in an alkylhalide. 

The effect of ethyl substitution on the iron-based and "Aig ionization peaks is 

surprising. As mentioned above, the ionizations are shifted by 0.14 eV to lower 

ionization energy indicating an inductive effect is felt at the metal from the ethyl group 

on the Cp ring. The interesting occurrence in the iron-based ionizations in ethylferrocene 

when compared to ferrocene is the fact that the widths of the ionization peaks and their 

relative intensities are virtually unchanged. The average half-width of the "Aig ionization 

in ferrocene and its counterpart in ethylferrocene is in both cases equal to 0.13 eV. 

Similarly the average half-width of the "Eig ionization peak is 0.34 eV in ferrocene and 

0.35 eV in ethylferrocene. Clearly the substitution of an ethyl group has litde effect on 

the metal orbitals other than an inductive destabih'zation. There is no observable peak 

broadem'ng of the metal ionizations attributable to the significant symmetry reduction 

from Dsd in ferrocene to Cs in ethylferrocene. 

Analysis of the energies and bandwidths of the metal-based and ^Aig 

ionizations in ferrocene derivatives provides a method to probe the effect of alkyl 

substitution at the Cp ring. A close-up of this band for the series of substituted ferrocenes 

is shown in Figure 4.6 and the energies and peak widths are included in Table 4.2. The 

metal ionization peak positions are significantly destabilized upon perturbation of the Cp 

ring in ferrocene with an alkyl functional group represented in the ionizadon energies in 

ethylferrocene where both ionizations are shifted by (-0.14 eV). Generally, the ionization 



127 

lonizatfon Entfgy (tV) 

Figure 4.6 He I ^Eag and 'Aig ionizations of a series of monosubstituted ferrocenes: (a) 
ferrocene, (b) ethylferrocene, (c) 6-ferrocenyIhexanethioI, (d) 6-
bromohexylferrocene, (e) 16-ferrocenylhexadecanethioI, and (f) 16-
bromohexadecylferrocene. 
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energies are destabilized as the chain length is increased from an ethyl group, but the 

shifts are small (0.01 to 0.06 eV) indicating that die increased chain length and the 

addition of a thiol or bromine fiinctional group at the terminus of the alkane chain has a 

small inductive (through-bond) effect on the iron atom. The trends in peak width show 

an increase in the peak widths as the ethyl substituent is replaced by longer substituents 

with temunal functional groups. The "E2g and 'Aig ionizations overlap so that the low 

ionization energy half-width of the "Eag ionization has the highest degree of certainty and 

shows significant increases (0.05 to 0.08 eV) when compared to ethylferrocene. This 

suggests an important intramolecular (through-space) effect involving the metal and the 

methylene groups in the chain leading to the possibility that molecules adopt structures 

other than the all-trans conformation in the gas-phase. A conformational search of 

Fc(CH2)6SH using the MMFF94 force field in Spartan produced several low energy 

conformers in which the alkyl groups in the chain are in close proximity to the metal 

atom (distance). A similar search for conformer structures of Fc(CH2)6Br also showed 

several conformers in which the alkane chain has wrapped around towards the iron atom. 

Conclusions 

The series of molecules studied in diis chapter begin to bridge the gap between 

electronic structure studies in the gas phase and "real-life" chemistry in solution. 

Admittedly the observed effects are small in magnitude and it is expected that the effects 

of solvation upon electronic structure are small. The large volume of gas-phase 

spectroscopic data that is applicable to solution phase experiments supports small 

electronic structure changes upon solvation for the bulk of organic and organometallic 
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complexes. The photoelectron spectra in this chapter show that functional groups 

separated by an alkane chain longer than six or so carbon atoms are inductively isolated 

from each other and no longer are affected by through bond charge effects. Any changes 

in the spectra of the functional group ionizations, therefore, can be attributed to through-

space interactions. 
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CHAPTERS 

HIGH QUAUTY PHOTOELECTRON SPECTROSCOPY OF ORGANOMETALLICS 
IN CONDENSED PHASES 

In the previous chapter ultraviolet photoelectron spectroscopy (UPS) was used to 

evaluate intramolecular effects on the electronic structure of ferrocene due to the addition 

of a long w-alkanethiol substituent to the Cp ring. In this chapter, the effects of adsorbing 

the same species on a metal surface with similarly adsorbed unsubstituted n-alkanethiols 

are investigated by UPS. High-resolution UPS has proven itself an invaluable tool in the 

valence electronic structure studies of many molecular systems ranging from small 

organic molecules to complex organometallic molecules.'"^ The greater part of these 

investigations have been limited to gas-phase studies, requiring that the analyte possess a 

reasonable sublimation temperature and a reasonable vapor pressure at temperatures less 

that 400'C. Many molecules decompose under these conditions, particularly those 

containing weakly bound ligands, such as phosphines or carbon monoxide. This 

restriction has resulted in the exclusion of many interesting systems from invesdgadon by 

UPS.'*^ A method of obtaining high quaUty valence spectra in a condensed phase would 

therefore be a significant accomplishment, opening many areas of research. Previously, 

the Lichtenberger research group reported the ionizations of molecules containing metal-

metal quadruple bonds'^' and the first ever valence photoelectron spectrum of 

and found that the valence ionizadons of these molecules in thin films are molecular in 

nature and closely resemble their gas-phase photoelectron spectra. The differences (and 

similarities) between thin film and gas-phase data provide interesdng insight into 

intermolecular interactions and electron relaxation in bulk materials. In particular. 
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intemiolecular interactions in a thin film of vapor-deposited dimolybdenumtetraacetate 

led to the definitive assignment of ionizations from the a-bond. Unfortunately, the use of 

bulk solid samples is not usually an effective means of studying "molecular" electronic 

structure with UPS for most systems due to the complications introduced by the extended 

electronic structure and the significant intermoiecular interactions in solids, as well as 

charging in nonconductive solids. In order to obtain discrete molecular electronic 

structure information from a solid sample, the analyte requires a matrix in which strong 

intermoiecular interactions are minimal. Additionally, as much as possible, the 

molecules in the solid phase need to be in a uniform environment. In an effort to provide 

high quality electronic structure data for complexes in condensed phases we are 

investigating methods for obtaining photoelectron spectra of molecules in thin films in 

which the surface-molecule and intermoiecular interactions are relatively weak; thus 

approaching the gas phase limit. 

We propose a method in which organometallic molecules are chemically modified 

such Uiat they can be anchored to a metal surface in order to create a uniform surface 

amenable to thin film UPS. The recent development of many highly ordered self-

assembled monolayers (SAMs) provides the basis for such a system,^ specifically, long 

chain n-alkanethiols which form uniform SAMs on Au(lll) surfaces.^^ The tail groups 

of the n-alkanethiol chains are readily modified with a wide variety of molecules and 

functional groups™*^'resulting in well-ordered surfaces containing fixed functional 

groups or molecules anchored to the surface via a hydrocarbon tether. The SAM system 

eliminates many of the common problems associated with solid phase photoelectron 



132 

spectroscopy, namely non-uniform charging, contamination and inhomogeneity in the 

sample. A/-alkanethiol monolayer thin films have been shown to transfer electrons 

through the hydrocarbon chain with reasonable efficiency under photoemission 

conditions,'^" thus preventing build-up of charge on the surface during data collection. 

Additionally, the use of mixed monolayers of the modified alkanethiols with methyl-

terminated rt-alkanethiols of comparable chain lengths provides control over the 

concentration and morphology of the analyte molecules (or functional groups) on the 

surface. These systems also provide an entry into the investigation of how close 

intermolecular interactions, similar to interactions in solvation, affect the electronic 

structure of a molecule. The SAM is a model for a well-ordered solvent-solute system, 

where the analyte is solvated in a sea of fixed hydrocarbon solvent, providing a bridge 

between the gas-phase electronic structure data and solution chemistry. 

The organometallic system we chose to begin this technique is based on the group 

Vin metallocenes. The electronic structure and gas-phase PE spectra of these systems 

are well understood""'"^® and provide an excellent benchmark for evaluating the 

effectiveness of this technique. Deviations from the gas-phase spectrum give a unique 

idea of how "molecular" the monolayer environment is as experienced by the tail group. 

The limit of a crystalline or solid environment would have an extended electronic 

structure, or band structure, while something closer to the gas-phase spectrum represents 

a "molecular" electronic structure in the monolayer.'^^ UPS measures valence electronic 

structure and is uniquely capable of maidng the distinction between molecular and band 

structure. 
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The /i-ferrocenylalkanethiol self-assembled monolayers studied here have been 

prepared^" and characterized by several independent studies, including infrared 

spectroscopy/^*'^'* x-ray photoelectron spectroscopy,®^ ellipsometry,'^^ and Auger 

spectroscopy " Additionally, Chidsey and others have extensively characterized the 

electrochemical behavior of these systems.'^® The emerging picture from these studies is 

that ferrocene-terminated alkanethiols coadsorbed with methyl-terminated alkanethiols of 

comparable chain length form ordered monolayers containing evenly dispersed ferrocene 

functional groups that sit above the diluting alkanethiols. Photoemission from n-

alkanethiol monolayers has been studied by but to date the only terminally 

functionalized monolayers that have been studied by UPS are cycloalkyl functional 

groups at the chain terminus.^®'®' 

Experimental'^^ 

Materials 

iV-alkanethiols {CH3(CH2)n-/SH, n=6 and 16) and all starting materials were 

purchased from Aldrich and used without further purification. The n-

ferrocenylalkanethiols {Fc(CH2)„SH, n=6 and 16} were prepared from simple 

modification of a literature preparation.^" For example, 6-bromohexylferrocene was 

prepared by acylation of ferrocene with 6-bromohexanoyl chloride, followed by a mild 

reduction of the ketone group®' to an allcyl group by means of sodium 

cyanotrihydroborate and boron trifluoride-diethyl ether. The 6-ferrocenylhexanethiol 

was subsequently prepared by conversion of the bromine fiinctional group to a protected 

thiol with thioacetate, followed by acidic ethanolysis to remove the protecting group.®^ 
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Monolayer Preparation 

Gold substrates were prepared by epitaxially depositing gold onto a freshly 

cleaved mica substrate.'^^ The thiol monolayers were prepared by soaking the gold 

substrates in ethanol solutions of 16-ferrocenylhexadecanethiol and 1-hexadecanethiol 

with total thiol concentrations ranging from 1 to 5 mM. The mole fraction of ferrocene-

terminated alkanethiol relative to total thiol is denoted as Xfc throughout this chapter and 

was varied in order to obtain adequate surface coverage while minimizing intermolecular 

interactions between ferrocene molecules on the surface. Typically Xfc ranged from 0.5 

to 0.75. The samples were removed from the solution after 24-36 hours, rinsed with 

copious amounts of ethanol, and immediately placed into the vacuum chamber for 

analysis. XPS of monolayer samples was obtained after data collection to determine 

atomic composition. Reflection-absorption infrared spectra (RAIRS) of the monolayers 

compared favorably to spectra previously reported for well-ordered ferrocene terminated 

monolayers.'® 

Ultraviolet Photoelectron Spectra (UPS). The gas-phase ultraviolet 

photoelectron spectra were recorded using a modified McPherson instrument that has 

been described previously.^'® The surface UPS experiments were performed with a VG 

ESCALAB Mkn UHV Photoelectron Spectrometer equipped with a VG differentially 

pumped gas discharge lamp for He I UPS.'^' Whenever possible, the spectra are 

referenced to the vacuum level by shifting the energy scale so that electrons with zero 

kinetic energy have an ionization energy equal to the energy of the photon source.'''" 
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This method of calibrating the ionization scale provides the closest comparison to 

ionization energies measured in the gas phase, which are referenced to the vacuum level. 

X-Ray Photoelectron Spectra (XPS). X-ray photoelectron spectra were 

obtained with the same VG ESCALab system used in UPS data collection. The analyzer 

was operated in the constant analyzer energy (CAE) mode with pass energies of 100 eV 

for full spectra and 50 eV for close-up spectra. XPS studies were performed using either 

aluminum or magnesium x-rays as an excitation source, with primary energies of I486 

eV and 1254 eV, respectively. 

Reflection-Absorption IR Spectroscopy (RAIRS). FT-IR spectra were obtained 

with a dry-air purged Nicolet 550 spectrometer with a tungsten source and a liquid 

nitrogen cooled MCT detector. RAIRS spectra were obtained with an FT-80 fixed 80° 

grazing angle accessory (Spectra-Tech). All spectra were collected as the sum of 256 

individual scans with a 2.0 cm'^ resolution. 

Results and Discussion 

In the development of this work an initial question must be answered: "How long 

must the alkane chain be in order to obtain reliable and useful spectra?" To this end an 

initial study was undertaken using chlorine-terminated self-assembled monolayers on 

gold. In Rgure 5.1 the He I photoelectron spectrum of this monolayer (a) referenced to 

the Fermi level of gold is shown in along with the spectrum of the gold substrate (b). The 

features of the valence photoelectron spectrum of 3-chloro-l-propanethiol adsorbed onto 

a gold on mica surface are clearly dominated by photoelectrons from the underlying gold 
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Figure 5.1 (a) He I spectrum of C1(CH2)SH adsorbed on gold and (b) He I spectrum of 
gold/mica substrate. 
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surface, suggesting a longer alkane chain is required to attenuate the photoelectrons 

measured from the gold substrate. 

The He I spectra of two monolayers of 6-ferrocenylalkanethiol coadsorbed with 

CH3(CH2)5SH on gold substrates, in which the mole fraction (Xr) of ferrocene-terminated 

alkanethiol in the deposition solution is (a) 0.0 and (b) 0.5 are presented in Figure 5.2. 

Although the spectral features are somewhat modified from that of the gold substrate 

shown Figure 5.1, the features of the underlying gold are still clearly observable at 10.41 

and 8.27 eV on the ionization energy scale. Addiuonally, in the low ionization energy 

region around 4-6 eV where metal ionizations are expected to appear, there is significant 

intensity from the Fermi level of gold around 4 eV. It is interesting to note that the 

monolayer containing ferrocene moieties does a slightly better job attenuating 

photoelectrons from the gold, indicating that this monolayer is thicker than the methyl-

terminated monolayer. 

In an attempt to better attenuate the photoelectron signal from the gold substrate, 

photoelectron spectrum for longer monolayers (/i=16) were obtained. Figure 5.3 contains 

(a) the He I photoelectron spectrum of l6-hexadecanethiol adsorbed on a gold/mica 

substrate along with (b) the gas-phase He I spectrum of 16-hexadecanethiol for 

comparison. The spectrum shows none of the sharp features of the gold seen in Figure 

5.1 and Figure 5.2 and the area around 4 eV where the gold Fermi level would be 

expected to appear shows no intensity indicating complete attenuation of photoelectrons 

from the underlying gold substrate. This result agrees with angle-resolved UPS studies of 

n-alkanethiols on gold where Duwez and coworkers established that no signal firom the 



138 

14 12 10 8.0 6.0 4.0 

Ionization Energy (eV) 

Figure 5.2 He I spectrum of Fc(CH2)6SH coadsorbed with CH3(CH2)5SH on gold for 
monolayers prepared from solutions with mole fractions of Fc(CH2)6SH 

(Xft) in solution equal to (a) 0.0 and (b) 0 J. 
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Figure 5.3 (a) He I spectrum of a monolayer of CH3(CH2)i6SH. (b) Gas-phase He I 
spectrum of CH3(CH2)i6SH. 
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gold substrate was detected at take-off angles of 90° and 20° for monolayers where 

The monolayer spectrum is dominated by a large featureless peak (the forest 

region) centered at 10.5 eV representing electrons ionized from the large number ff-bonds 

in the hydrocarbon chain on top of a large background of backscattered electrons from 

the sample and substrate. The center of this peak is shifted about 1 eV to lower energy 

when compared to the same ionization peak in the gas-phase spectrum. A shift of I eV is 

commonly observed when comparing gas-phase and surface photoelecU'on spectra and is 

attributable to the ability of a condensed phase system to redistribute charge upon 

photoionization over a large area when compared to a single molecule in the gas phase. 

This has the result of reducing the total energy of the cationic state and a lower ionization 

energy is measured.'"*' The region below 8 eV in the monolayer spectrum is relatively 

free of ionizations providing a canvas for low energy ionizations from fiinctional groups 

or molecules incorporated into the monolayer. The most obvious deviation of the 

monolayer spectrum from the gas-phase spectrum of 16-ferrocenylalkanethiol is the loss 

of the thiol lone pair ionization at 9.10 eV. There are several reasons why it is not 

observed in the surface spectrum. The sulfiir lone pair is most likely involved in the 

bonding scheme between the sulfur head group and the gold substrate and experiences 

significant intermolecular interactions due to the close proximity to other alkanethiol 

chains. These energetic interactions would be expected to result in a change in iom'zation 

energy when compared to the gas-phase spectrum. Secondly, IRRAS and ellipsometry 

studies have estimated a monolayer thickness of 21 A and the attenuation length of 
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photoelectrons in alkanethiol self-assembled monolayers at the kinetic energies measured 

with ionization from a He I source (<23 eV) is 10 therefore photoelectrons from the 

base of the monolayer are unable to escape the monolayer and reach the detector. 

The He 1 photoelectron spectrum of a mixed monolayer of ferrocene-terminated 

and methyl-terminated alkanethiol chains prepared from a mixture of 16-

ferrocenylhexadecanethiol and l6-hexadecanethiol in ethanol is shown in 

Figure 5.4 along with the He I gas-phase spectrum of l6-ferrocenylhexadecanethiol for 

comparison. The monolayer spectrum is again donunated by a large intensity band in the 

energy region from 10 to 14 eV from elecUrons in the a-bonds of the hydrocarbon chains 

of both species present in the monolayer. lom'zations from molecular orbitals localized at 

the ferrocene terminal group are observed on top of this large background of o-

ionizations. The Cp k region appears as a shoulder on the large forest region between 7 

and 9 eV and the metal-based ionizations appear as a near baseline resolved peak in the 

low energy region centered around 6 eV. As observed for the methyl-terminated 

monolayer above, the thiol lone pair ionization peak is not present in the monolayer 

spectrum due to its position at the base of the monolayer. The ionization peaks observed 

in the monolayer spectrum are significantly broadened from those observed in the gas 

phase as is evidenced by the presence of one low energy ionization peak for the metal-

based iom'zations. 

In order to more clearly observe the ionizations from orbitals localized at the 

ferrocene tail group the spectrum of an unsubstituted alkanethiol monolayer prepared and 

analyzed under identical deposition and instrumental conditions was subtracted from the 
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Figure 5.4 (a) He I spectrum of a monolayer of Fc(CH2)i6SH coadsorbed with 

CH3(CH2)i6SH on gold (Xfc=0.75). (b) Gas-phase He I spectrum of 
FC(CH2)i6SH. 
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spectrum of the mixed monolayer sample.'"*^ A pictorial example of the subtraction 

process is given in Figure 5.5. Experimental and sample constraints make determination 

of absolute background difficult and this subtraction procedure not only removes 

intensity caused by secondary electrons, but also from the large number of ionizations of 

electrons originating in the alkanethiol chains in the sample, circumventing the need to 

determine the shape and intensity of an absolute background. Only enough of this 

background was subtracted from the spectra in order to obtain near baseline resolved 

peaks at low ionization energy. 

The difference spectrum for a mixed monolayer (Xfc=0.75) is shown in Figure 5.6 

along with the gas-phase He I photoelectron spectrum of ethylferrocene. Ethylferrocene 

has been chosen for comparison because it represents the minimum electronic structure 

perturbation of a mono-alkyl substitution at the Cp-ring on the gas-phase electronic 

structure of ferrocene. The spectrum of ethylferrocene has similar features to that of 

ferrocene (see Chapter 4). lom'zations in the valence energy region (6-10 eV) are 

destabilized from that of ferrocene an average of 0.14 eV due to the greater inductive 

donor ability of the ethyl functionality. There are three distinct types of ionizations 

observed in ferrocene derivatives. The broad band of overlapping ionizations above 12 

eV which contains ionizations firom the C-H and C-C a bonds as well as the atg and a2u 

ring Jt ionizations. The ionization energy region from 8.5 to 11 eV involves ionization of 

electrons from the eiu and eig symmetry combinations of orbitals of the Cp it-system. 

The low energy region from 7 to 8 eV derive from the iron 3d orbitals. The difference 

spectrum in Figure 5.6 displays all three regions indicating the ferrocene is in a molecular 
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Figure 5.5 (a) Surface UPS of a mixed monolayer contaim'ng ferrocene-terminated 
alkanethiol (solid line) and the UPS of methyl-terminated aikanethiol 
(dashed line), (b) Difference Spectrum. 



145 

14 13 12 11 10 9 8 7 6 5 

Ionization Energy (eV) 

Figure 5.6 (a) He I Difference spectrum from a mixed monolayer (Xfc=0.75). (b) He I 
spectrum of gas-phase ethylferrocene. 



146 

state in the monolayer. The most apparent difference between these spectra is the 

broadening present in the thin film difference spectrum, resulting in a loss of the sharp 

features seen in the gas-phase ethylferrocene spectrum. The slightly lower resolving 

power of the instrument used for the thin film studies is a negligible contribution to this 

broadening. Instead, the broadening is surface dependent, caused by intermolecular 

interactions on the surface. This peak broadening implies that the ferrocene tail groups 

are in a range of environments on the surface implying significant disorder of the 

adsorbed species. 

In an effort to flush out the source of the peak broadening on the surface and 

determine optimum concentration of ferrocene tail groups in the monolayer, monolayers 

were prepared with varying relative concentrations of ferrocene-terminated alkanethiol in 

the deposition solution. The He I spectra of monolayers where Xfc=1.00, 0.75,0.50,0.25 

and 0.0 are shown in Figure 5.7 and close-up spectra of the ferrocene-based ionizations in 

Figure 5.8. As the concentration of ferrocene-terminated thiol molecules is decreased in 

the deposition, the photoelectron spectra show an decreased intensity for the ferrocene-

based ionizations in the 5-9 eV range, indicating an decrease in the number of ferrocene 

moieties incorporated into the monolayer. It is interesting to note that at low 

concentrations (XrfO.25) there is very little observable signal from the ferrocene-based 

molecular orbitals. This concentration represents one ferrocene-terminated alkanethiol 

for every three methyl-terminated alkanethiol. 

Difference spectra for these same monolayers are presented in Figure 5.9 and 

Figure 5.10. At low concentrations of ferrocene (Xfc=0.25) the signal to noise is 



147 

I 

Ionization Energy (eV) 

Figure 5.7 He I spectra from mixed monolayers with varying concentrations of 

ferrocene: XFC=1.00 (a), XFC=0.75 (b), XFC=0.50 (C), XFC=0.25 (d) and 

XFC=0.00 (e). 
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Figure 5.8 Close-up He I spectra from mixed monolayers with varying concentradons 

of ferrocene of the ferrocene-based iom'zadons: Xfc=1.00 (a), Zfc=0.75 (b), 

XFC=0.50 (C), XFC=0.25 (d) and XFC=0.00 (e). 
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significantly decreased because the majority of the intensity from the raw spectrum has 

been subtracted out as background. Although the difference spectrum at this 

concentration is unresolved and considerably noisy in the region from 8 to 14 eV, the two 

ferrocene-based ionizations are still clearly observable in the low energy region. In fact, 

the difference spectrum has many similar features to the gas phase spectrum of 

ethylferrocene in Figure 5.6(b). The peak centered at 6.0 eV representative of ionizations 

from ferrocene-based metal orbitals is wider on the high ionization energy side hinting 

that the two metal ionizations are present under this peak. Additionally, the ionization 

band from 7-9 eV shows some structure and appears to be two strongly overlapping 

ionizations. The difference spectra look very much like a poorly resolved version of the 

gas-phase ethylferrocene spectrum. Analytical fits of the peak centered at 6.0 eV show a 

decrease in peak width with decreasing concentration of ferrocene (Xfc) as demonstrated 

in Table 5.1. This decreasing peak width with decreasing concentration supports an 

decrease in intermolecular interactions felt by the ferrocene. If the ferrocene moieties 

were all in exactly the same environment, a spectrum similar to the gas-phase 

ethylferrocene spectrum would be expected. The fact that there is significant peak 

broadening in these spectra indicates that the ferrocene is experiencing a significant 

degree of disorder (variation in environment) on the surface which is dependent on the 

relative concentration of ferrocene moieties in the monolayer. 

Conclusions 

These results show that self-assembled monolayers of anchored organometallic 

molecules provide a usefiil method of obtaining valence ionization information, albeit 
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Rgure 5.9 He I difference spectra from mixed monolayers with varying concentrations 

of ferrocene: ZFC=LOO (a), XFC=0J5 (b), (C) and XFC=0.25 (d). 
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Figure 5.10 Close-up difference spectra from mixed monolayers with varying 

concentrations of ferrocene: XFC=1.00 (a), XFC=0.75 (b), XF<FO-50 (C) and 

ZB:=0.25(d). 



Table 5.1 Energies and widths of the ferrocene-based ionization. 

(XFC) 
Ionization 

Energy 
Average 

Half'Width 
LEHW 

1.00 5.97 0.64 0.56 
0.75 5.92 0.61 0.52 
0.50 5.96 0.61 0.52 
0.25 5.97 0.60 0.52 

'LEHW=H alf-width on the low ionization energy side of the peak. 
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with significantly reduced resolution as compared to gas-phase studies. The primary 

valence ionization features are observed and the signal-to-noise ratio is reasonable. With 

spectra of this quality, variable photon energy and angle-resolved studies can provide 

additional information concerning the nature of the ionizations and molecular ion states. 

The observed broadening is indicative of a non-uniform range of conformations on the 

surface, and the ionization shift to lower energies is a characteristic feature of electron 

relaxation and charge stabilization in a thin film matrix. The results of this experiment 

show that important structural and electronic information can be gained from UPS study 

of molecules anchored to surfaces. 
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CHAPTER 6 

SURFACE UPS OF AN OSMOCENE-TERMINATED ALKANETfflOL 
MONOLAYER 

In the next step toward extending the study of organometallic terminated self-

assembled monolayers with UPS and verification of the work in the previous chapter, an 

osmocene-temunated alkanethiol monolayer was prepared and analyzed by UPS. This is 

the first time an osmocene-teniunated monolayer has been reported. Replacing the iron 

atom with osmium results in interesting electronic structure changes that have been 

observed by gas-phase UPS.'"" Osmocene is a third row metal and thus more electron 

rich than ferrocene. This is reflected in the relative chemistry of these two complexes. 

Osmocene is much more susceptible to electrophilic attack at the Cp ring than ferrocene 

and has a lower oxidadon potential relative to ferrocene.''*^ Additionally, molecular 

orbitals containing osmium character are significantly split in energy by osmium's 

signiHcant spin-orbit coupling energy, which is generally an important characteristic of 

third row transition metals. Osmocene was chosen for diis study because the valence 

ionizations of osmocene contain several sharp spin-orbit split ionizations. 

Experimental''*  ̂

Materials 

l6-hexadecanethiol {CH3(CH2)i5SH) and all starting materials were purchased 

from Aldrich and used without fiirther purification. The 16-osmocenylhexadecanethiol 

{0c(CH2)i6SH} were prepared in the same manner as the n-ferrocenylalkanethiols in 

Chapters 3-5.^° Briefly, l6-bromohexadecylosmocene was prepared by acylation of 

osmocene with 16-bromohexadecanoyl chloride. The aromatic ring in osmocene is 
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significantly more reactive to acylation than ferrocene'"*^ and the reaction amounts must 

be adjusted in order to prevent complete conversion to a diacylated osmocene species. 

Where an excess of acylating agent is typically used with ferrocene, equivalent amounts 

of osmocene and the acylating agent are used here. The ketone group in the 

monoacylated osmocene is then reduced to an alkyl group by means of gentle reduction 

method using sodium cyanotrihydroborate and boron trifluoride-diethyl ether.®' The 

acylosmocene species showed some signs of decomposition during this reaction step and 

care must be taken to avoid decomposition. The 16-osmocenylhexadecanethiol was 

subsequently prepared by conversion of the bromine functional group to a protected thiol 

with thioacetate, followed by acidic ethanolysis to remove the protecting group. 

Monolayer Preparation 

The thiol monolayers were prepared by the same method as the ferrocene-

terminated monolayers in Chapter 5. Gold on mica substrates were soaked in ethanol 

solutions of 16-osmocenyllhexadecanethiol and 1-hexadecanethiol with total thiol 

concentrations ranging from 1 to 5 mM. 

Photoelectron Spectroscopy 

The gas-phase ultraviolet photoelectron spectra were recorded using a modified 

McPherson instrument that has been described previously.The surface UPS 

experiments were performed with a VG ESCALAB MkH UHV Photoelectron 

Spectrometer equipped with a VG differentially pumped gas discharge lamp for He I 

UPS.'**® The spectra are referenced to the vacuum level by shifting the energy scale so 
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that electrons with zero kinetic energy have an ionization energy equal to the energy of 

the photon source.'"'' This method of calibrating the ionization scale provides the closest 

comparison to ionization energies measured in the gas phase, which are referenced to the 

vacuum level. 

Results and Discussion 

The spectra presented in this chapter are based on the He I photoelectron 

spectrum of osmocene'"*"* shown in Figure 6.1. There are three distinct types of 

ionizations observed in this spectrum. The broad band of overlapping ionizations from 

above 12 eV contains the C-H and C-C a ionizations as well as the aig and a2u ring Jt 

ionizations. The ionization energy region from 8.5 to 11 eV involves ionization of 

electrons from the ei" symmetry combinations of orbitals of the Cp Ji-system. The low 

energy region from 7 to 8 eV derives from the metal d orbitals. Osmocene, in particular, 

was chosen for this study because of the highly structured nature of its valence 

ionizations. Considering the difficulty with broadem'ng in the spectra of ferrocene-

terminated monolayers, osmocene provides a varied ionization structure at low energy 

which might be better resolved in the monolayer spectra. 

Figure 6.2 contains the He I photoelectron spectrum of an osmocene-tenninated 

monolayer (Xoc=0.75) along with the spectrum of a methyl-terminated monolayer for 

comparison. The osmocene-tenninated monolayer spectrum is dominated by ionizadons 

from the C-C and C-H a-bonds in the hydrocarbon chains, but there are two broad peaks 

below 8 eV not present in the spectrum of the methyl-terminated monolayer. These low 

energy iom'zations represent electrons ionized from molecular orbitals localized on the 
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Figure 6.1 He I photoelection spectram of gas-phase osmocene. 
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Ionization Energy (eV) 

Figure 6.2 He I photoelectroa spectra of (a) a monolayer of Oc(CH2)i6SH coadsorbed 

with CH3(CH2)i6SH oa gold (Xoc=0.75) and (b) a monolayer of 
CH3(CH2)i6SHongold. 
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osmocene functional group and are shifted approximately I.I eV from the lowest valence 

ionizations in the gas-phase spectrum of osmocene. 

In order to more clearly observe the ionizations firom orbitals localized at the 

osmocene tail group the spectrum of an unsubstituted alkanethiol monolayer prepared 

and analyzed under identical deposition and instrumental conditions was subtracted from 

the spectrum of the mixed monolayer sample.'^" A pictorial example of the subtraction 

process is given in Figure 6.3. Experimental and sample constraints make determination 

of absolute background difficult and this subtraction procedure not only removes 

intensity caused by secondary electrons, but also from the large number of ionizations of 

electrons originating in the alkanethiol chains in the sample, circumventing the need to 

detennine the shape and intensity of an absolute background. Only enough background 

was subtracted from the spectra in order to obtain near baseline resolved peaks at low 

ionization energy. 

The Hel spectra for low ionization energy region are presented in Figure 6.4 for 

difference monolayer spectrum and the gas-phase osmocene spectrum for comparison. 

The three ionization energy regions present in the gas phase spectrum of osmocene 

appear in the difference spectrum but show very little of the structure observed in the gas 

phase. Although the general shape of the gas-phase iom'zations of osmocene is mimicked 

in the difference spectrum of the osmocene-terminated monolayer, the ionizations are 

extensively broadened when compared to the high-resolution gas-phase data. This 

broadening is sample dependent and is most likely caused by significant intermolecular 

interactions experienced by the osmocene functional group. This suggests that the order 
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Ionization Energy (eV) 

Figure 6.3 (a) Surface UPS of a mixed monolayer containing osmocene-terminated 
alkanethiol (solid line) and the UPS of methyl-terminated alkanethiol 
(dashed line), (b) Difference Spectrum. 
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Rgure 6.4 (a) He I Difference spectrum from a mixed monolayer (Xoc=0.75). (b) He I 
spectrum of gas-phase osmocene. 
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in the self-assembled monolayer is less than ideal for large metallocene tail groups at this 

concentration (Xoc=0.75). The center of each energy region is destabilized by l.l eV in 

the monolayer difference spectrum with respect to the corresponding region in the gas-

phase spectrum. A shift of approximately leV to lower ionization energy when 

comparing gas-phase to thin film monolayer is commonly observed due to the greater 

ability of the thin film distribute increased positive charge upon ionization compared to 

the gas-phase molecule. This shift of 1.1 eV is comparable to the shift of 1 eV observed 

for the ferrocene-terminated monolayer system discussed in Chapter 5. 

Conclusions 

These results confirm that molecular states of terminal functional groups in self-

assembled monolayers are observed in the valence ionizations of UPS. This method is, 

plagued, however, with a significant peak broadening, which does not allow for detailed 

electronic structure studies of organometallics or functional groups tethered to the 

surface. Indeed, little more than a first iom'zation potential energy can be extracted from 

the monolayer spectra. Interestingly, understanding the source of this broadening may 

lead to a more complete understanding of the structure of the monolayer. 
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CHAPTER? 

CONCLUSIONS AND FUTURE DIRECTIONS 

Throughout this work, interpretations and uses of valence photoelectron 

spectroscopy have been explored with the goal of extending the field of UPS to new 

systems and interpretations. In Chapter 3 functional group cross-section measurements 

were made in order to aid in interpretation of complicated spectra containing one or more 

of these functional groups. Experimental cross-section measures of functional groups in 

molecules have never before been made and this work should go a long way in aiding 

future research in the Lichtenberger research group as well as other researchers. The 

success of this project is dependent on the continued collection of variable energy 

photoelectron spectra of functional groups separated by an alkane chain linker, 

incorporating an increasing variety of functional groups as well as investigating their 

intensity behavior as die functional group orbitals begin to mix with each other. As we 

develop a familiarity with the intensity behavior of functional groups in this controlled 

environment, assignment of spectra containing ionizations firom orbitals with significant 

orbital nuxing will become achievable in cases where assignments have been previously 

debated, such as die valence iom'zations in the series of molecules with the formula 

CpM(C0)2 (M=Co, Rh, Ir).'^' 

The work in Chapters 4-6 demonstrates that while intermolecular and 

intramolecular interactions in both gas-phase and monolayer configurations are subtle, 

they demonstrate important perturbations on valence electronic structure observable in 

valence photoelectron spectra in the form of peak shifts and broadening. In chapter 4, 
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intramolecular interactions in an isolated gas-phase molecule are studied as a model for 

gas-phase solvation. Continuing to develop systems that can adopt conformations with 

significant intramolecular interactions that can still be sublimed will clarify the blurred 

line between gas-phase studies and solution-phase reactions. We know as chemists that 

generally the majority of the spectroscopic information we obtain in the gas-phase is 

highly applicable to solution phase behavior, which indicates that the effects of solvation, 

while extremely important, are subtle. Developing techniques and molecular systems to 

model this behavior requires a sophisticated investigative approach in order to separate 

inherent electronic structure properties from solvent-induced behavior. Comparison of 

gas-phase and thin film photoelectron spectroscopy is a real start in this direction. 

In Chapters 6 and 7, a new method is developed for obtaining high quality 

photoelectron spectra of species incorporated into a monolayer thin film. This technique 

was launched with the motivation of being able to provide photoelectron spectra of 

species that we have not been able to coax into the gas-phase. The technique ended up 

providing more than just electronic structure information, but a window into how a 

molecule is affected by close intermolecular interactions with other molecules arranged 

in an orderly fashion. This type of arrangement can only be achieved via self-assembly. 

Additionally the type and breadth of molecules and functional groups that can be studied 

this way is limited only by a means of incorporating the moiety into a highly ordered self-

assembled monolayer. This area of chemistry is expanding exponentially as researchers 

discover new applications for these remarkable systems. Recently a monolayer 

terminated with cyclopentadienyhnanganesetricarbonyl {CpMnCOa} has been reported^' 
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to investigate photochemistry of a surface-bound molecule. This system would provide, 

in my opinion, an excellent supplement to the extensive spectroscopic and theoretical 

research available for CpMnCOs and its derivatives. Additionally, much progress has 

been made in the development of porphyrin-terminated monolayers.^^^ UPS of 

porphyrin-terminated monolayers would m'cely complement an ongoing project in the 

Lichtenberger research group aimed at obtaining high quality photoelectron spectra of 

these molecules, which are sometimes difficult to sublime. Another collection of 

monolayers that are beginning to emerge are those incorporating large biomolecules. 

These systems may provide the only possibility of obtaining ionization potential 

information other than electrochenucai studies. 

In Chapters 6 and 7, the low energy ionizations from predominantly metal orbitals 

were somewhat difficult to observe due to their low intensity relative to the enormous 

volume of electrons ionized from carbon and hydrogen-based a orbitals. Obtaining 

valence photoelectron spectra with different ionization sources could go a long way into 

increasing the intensity observed in the low ionization energy region. As is discussed in 

Chapter 3, photoiomzation cross-sections of metals are typically larger when using higher 

energy photon sources. Equipping the surface photoelectron spectrometer with a reliable 

HeQ photon source would allow observation of organometallic terminal group 

iom'zations at lower concentrations. Taking this a step further, a synchrotron source 

could be used to tune the iou'zation source energy to the terminal group being studied. 

Qearly, the continuation of this work must first focus on the factors attributing to 

the increased broadening in the monolayer spectra when compared to gas-phase spectra. 
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Investigating the order on the surface is a first step. Researchers have shown that the 

number of defects in the monolayer surface is decreased as the temperature of the sample 

is lowered,indicating that obtaining UPS of monolayers as they are cooled may 

give insight into the source of the peak broadening. Additionally, the body of research on 

n-alkanethiol monolayers shows that very long alkane chains (18-24) demonstrate even 

higher drive to form well-ordered monolayers. Use of these longer chains with the bulky 

metallocene may be required to obtain the high degree of order observed for 

unsubstituted monolayers. 

Another difficulty encountered in these systems was the apparent lack of order at 

higher concentrations of the metallocene on the surface. Recent work has shown that the 

order on the surface is signiHcantly enhanced by taking advantage of hydrogen bonding 

by incorporation of polar functional groups, such as a carbonyl or even a peptide bond, in 

the middle of the chain. Fortuitously, these species allow for better fiinctionalization of 

the monolayer by synthetically connecting two molecules with different functional 

groups at this juncture. 

Additionally, it would be advisable to first study a monolayer with small terminal-

functional groups, such as CI, Br, I or OH. These small functional groups will minimize 

the effect of the terminal group on the underlying monolayer structure thus ruling out any 

disorder caused by a bulky fiinctional group as a cause of the peak broadening in the 

monolayer spectra. 

Ultimately, the work presented in this dissertation provides new directions for the 

traditional photoelectron spectroscopist. Bridging the other disciplines of chemistry with 



167 

organometallic chemistry as is done here is important, not only to obtain comprehensive 

chemical knowledge, but also in order to take advantage of systems and techniques not 

commonly employed by the inorganic chemist. 
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APPENDIX A.I: THEORETICAL ATOMIC CROSS SECTIONS AND ASYMMETRY 
PARAMETERS FOR SELECTED ATOMS 

Graphical representations of the valence atomic subshell photoionization cross 

sections for atoms commonly found in organometallic and coordination compounds are 

given here as an aid to spectral interpretation. Table A. I gives the asynunetry parameters 

(P) of these atoms at the photon energies used in our laboratory. The photoionization 

cross-section profiles and asymmetry parameters are taken from Yeh's work,'® which 

uses the dipole approximation to calculate one-electron cross-section values and 

asymmetry parameters. A more detailed description of cross-sections and computational 

techniques is given in Chapter 1. The cross-section values for each subshell at the photon 

energies employed by our instrument, Ne I (16.7 eV), He I (21.2 eV) and He II (40.8 eV) 

are highlighted in each chart. Square data points represent cross-section values with 

ionization from the Ne I line source, triangle data points correspond to He I and circle 

data point correspond to He II. An expansion of the region of photon energies from 10 to 

45 eV is included to better demonstrate theoretically predicted atomic cross-section 

behavior in UPS. 
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Table A. I Theoretical atomic asymmetry parameters for selected atomic subshells with 
ionization from Ne I, He I and He II photon sources. 

Atomic N e l  He I He II 
Subshell (16.7 eV) (21.2 eV) (40.8 eV) 

H i s  2.00 2.00 2.00 

C 2 s  — 2.00 2.00 

C 2 p  1.16 1.31 1.51 

N 2 p  0.80 1.07 1.43 

0 2p 0.25 0.74 1.31 

F 2 p  — 0.25 1.16 

P 3 p  1.87 1.58 0.48 

S 3 p  1.70 1.85 0.12 

CI 3p 1.39 1.77 -0.19 

Cr3d 0.01 0.01 0.44 

M n 3 d  0.02 -0.14 0.27 

Fe3d 0.21 -0.16 0.18 

Co 3d — -0.13 0.10 

Ni 3d 0.74 -0.05 0.02 

B r 4 p  1.52 1.78 1.38 

Mo4d 0.09 0.29 1.03 

R u 4 d  -0.18 0.01 0.80 

Rh4d -0.28 -0.13 0.69 

I 5 p  1.83 1.88 0.98 

W5d 0.04 0.24 0.92 

Re5d -0.10 -0.01 0.79 

Os5d 0.01 -0.12 0.72 

IrSd 0.09 0.29 1.03 
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APPENDIX A.2: ESTIMATING ERROR IN IONIZATION PEAK AREAS 

Error in the measurement of ionization peak areas can be largely influenced by 

the placement of the baseline. Determining where to put the baseline in highly 

overlapping spectra is particularly troublesome. In an effort to determine a high bound 

for error in the peak areas of such a spectrum several analytical fits were performed for 

the photoelectron spectrum of 6-ferrocenylhexanethiol (Chapters 3 and 4) in the 8.0-9.0 

eV energy region, which contains ionizations from the Cp n framework coincident with 

the sulfur lone pair ionization at 9.08 eV. Peaks used to fit the Cp ionizations were 

constrained to retain the same relative peak intensiues and the peak intensity of the peak 

at 9.08 eV was allowed to vary. This provides a clear indication of the effect of changing 

baseline on the area of the peak at 9.08 eV. In the He I (Figure A.l) spectra the sulfur 

lone pair ionization peak demonstrates a baseline dependence of 3%. This is the 

variation expected for well-resolved ionization peaks'^' and the sulfur lone pair 

ionization in the He I spectrum is effectively independent of the baseline. The sulfur lone 

pair ionization peak in the Ne I spectrum (Figure A.2) is slightly more dependent on the 

baseline with a maximum variation in peak area of 12%. The highly obscured sulfur lone 

pair ionization in He II (Figure A.3) shows a significant dependence (up to 24% variation 

in area). Clearly, the values in obtained from this spectra contribute the largest degree of 

error. 
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Figure A.L Ne I photoelectron of l6-ferrocenyIhexanethiol - variation of the baseline. 
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Figure A.2 He I photoelectron of 16-ferrocenylhexanethiol - variation of the baseline. 
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Rgure A3 He H phoioelectron of 16-ferrocenylhexanethiol - variation of the baseline. 



185 

REFERENCES 

1. Lichtenberger, D. L.; Kellogg, G. E. "Experimental Quantum Chemistry; The 
Photoelectron Spectroscopy of Organotransition Metal Complexes", Acc. Chem. 
Res. 1987,20,379. 

2. Lichtenberger, D. L.; Copenhaver, A. S. In Bonding Energetics in Organometallic 
Compounds; Marks, T. J., Ed.; American Chemical Society: Washington, D.C., 
1990; Vol. ACS Symposium Series 428, pp 84. 

3. Lichtenberger, D. L.; Rai-Chaudhuri, A.; Hogan, R. H. In Inorganometallic 
Chemistry; Fehlner, T. P., Ed.; Plenum: New York, 1992, pp 223. 

4. Gruhn, N. E.; Lichtenberger, D. L. In Inorganic Electronic Structure and 
Spectroscopy; Lever, A. B. P., Solomon, E. I., Eds.; John Wiley and Sons, New 
York, 1999; VOL n, pp533. 

5. Albright, T. A.; Burdett, J. K.; Whangbo, M. H. Orbital Interactions in Chemistry; 
Wiley: New York, 1985. 

6. Comil, J.; Vanderdonckt, S.; Lazzaroni, R.; Dos Santos, D. A.; Thys, G.; Geise, H. 
J.; Yu, L. M.; Szablewski, M.; Bloor, D.; Loegdiund, M.; Salaneck, W. R.; Gruhn, 
N. E.; Lichtenberger, D. L.; Lee, P. A.; Armstrong, N. R.; Bredas, J. L. "Valence 
Electronic Structure of Ti-Conjugated Materials: Simulation of the Ultraviolet 
Photoelectron Spectra with Semiempirical Hartree-Fock Approaches", Chem. 
Mater. 1999,11,2436. 

7. Einstein, A. "On a Heuristic Point of View Concerning the Production and 
Transformation of Light", Annals of Physics 1905,17,549. 

8. Koopmans, T. "Uber die Zuordnung von Wellenfunktionen und Eigenwerten zu den 
Einzelnen Elektronen eines Atoms", Physica 1933,1,104. 

9. Calabro, D. C.; Lichtenberger, D. L. "Comments on Koopmans' Theorem and 
Electron Relaxation with Valence Ionization", Inorg. Chem. 1980,19,1732. 

10. Bawagan, A. D. 0.; Davidson, E. R. "Undentanding Electron Correlation: Recent 
Progress in Molecular Synchrotron Photoelectron Spectroscopy", Adv. Chem. Phys. 
1999,110,215. 

11. Turner, D. W.; Baker, C.; Baker, A. D.; Brundle, C. R. Molecular Photoelectron 
Spectroscopy; Wiley: London, 1970. 

12. For a comprehensive discussion of photoionization cross sections the reader is 
referred to Chapter 6 in Ghosh, P. K. Chemical Analysis, Vol. 67: Introduction to 
Photoelectron Spectroscopy, Wiley: New York, 1983. 

13. Manson, S. T.; Dill, D. In Electron Spectrosc.: Theory, Tech. AppL, 1978; Vol. 2, pp 
157. 



186 

14. Interestingly enough, the units of bams is said to originate from the phrase "as big 
as a bam". Physicists Holloway and Baker proposed the term "bam" in 1942 
because a cross section of I0-24cm2 for nuclear processes seemed "as big as a 
bam". 

15. Green, J. C. "Variable Photon Energy Photoeiectron Spectroscopy of Transition 
Metal Molecules", Acc. Chem. Res. 1994,27,131. 

16. Yeh, J. J. Atomic Calculation of Photoionization Cross Sections and Asymmetry 
Parameters' Gordon and Breach Science Publishers: Langhome, 1993. 

17. For a comprehensive discussion of the angular distribution of photoelectrons, see 
Chapter 7 in reference {12}. 

18. Li, X. R.; Bancroft, G. M.; Puddephatt, R. J. "Variable Energy Photoeiectron 
Spectroscopy; Periodic Trends in d-orbital Energies for Organometallic Compounds 
of the Transition Metals", Acc. Chem. Res. 1997,30,213. 

19. Huang, L T. J.; Rabalais, J. W. In Electron Spectroscopy: Theory, Techniques and 
Applications; Brundle, C. R., Baker, A. D., Eds.; Academic; London, 1977; Vol. 2, 
pp 225. 

20. Stener, M.; Fronzoni, G.; Furlan, S.; Decleva, P. "Photoionization of [(eta-
C6H6)(2)Cr] with the Explicit Continuum P-spline Density-Functional Method", J. 
Chem. Phys. 2001,114,306. 

21. Fronzoni, G.; Colavita, P.; Stener, M.; De AIti, G.; Decleva, P. "Theoretical Study 
of Photoionization Processes in Fe(C5H5)2", J. Phys. Chem. A 2001,105,9800. 

22. Cooper, G.; Green, J. C.; Payne, M. P. "Relative Partial Photoionization Cross 
Sections and Photoeiectron Branching Ratios of the Valence Bands of the Group 
VnX Metallocenes of Iron, Ruthenium and Osmium", Mol. Phys. 1988,63,1031. 

23. Brennan, J.; Cooper, G.; Green, J. C.; Payne, M. P.; Redfera, C. M. "A Study of 
Valence Level Photoeiectron Cross-Sections for the Metallocenes of Vanadium, 
Chromium, Cobalt and Nickel from 20 to 100 Ev", J. Electron Spectrosc. Relat. 
Phenom. 1993,66,101. 

24. The Nel spectrum of oxygen is a dramatic example of autoionization effects at low 
photon energies. The reader is referred to Price, W. C. In Electron Spectrosc.: 
Theory, Tech. AppL, 1977; Vol. 1. 

25. Gelius, U.; Siegbahn, K. "Esca Studies of Molecular Core and Valence Levels in 
Gas-Phase", J. Chem. Soc., Faraday Trans. 1972,257. 

26. Haaland, A. "Molecular Structure and Bonding in the 3d Metallocenes", Acc. Chem. 
Res.im, 72,415. 



187 

27. Turner, D. W. In Physical Methods in Advanced Inorganic Chemistry, Hill, H. A. 
O., Day, P., Eds.; Wiley-Interscience: London, 1968, pp 74. 

28. Cauletti, C.; Green, J. C.; Kelly, M. R.; Powell, P.; Van Tilborg, J.; Robbins, J.; 
Smart, J. "Photoelectron Spectra of Metallocenes", /. Electron Spectrosc. Relat. 
Phenom. 1980,19,327. 

29. Bakke, A. A.; Jolly, W. L.; Schaaf, T. F. In /. Electron Spectrosc. Relat. Phenom., 
1977; Vol. 11. 

30. Jolly, W. L.; Bomben, K. D.; Eyermann, C. J. "Core-Electron Binding-Energies for 
Gaseous Atoms and Molecules", Atom. Data NucL Data Tables 1984,31,433. 

31. Fey, N. "Organometallic Molecular Modelling - The Computational Chemistry of 
Metallocenes: A Review", J. Chem. Technol. BiotechnoL 1999, 74,852. 

32. Evans, S.; Green, M. L. H.; Orchard, A. F.; Jewitt, B.; Pygall, C. F. "Electronic-
Structure of Metal-Complexes Containing Pi- Cyclopentadienyl and Related 
Ligands .1. He(I) Photoelectron Spectra of Some Closed-Shell Metallocenes", J. 
Chem. Soc., Faraday Trans. 1972,68,1847. 

33. Rabalais, J. W.; Werme, L. O.; Bergmark, T.; Karlsson, L.; Hussain, M.; Siegbahn, 
K. "Electron Spectroscopy of Open-Shell Systems - Spectra of Ni(C5h5)2, 
Fe(C5h5)2, Mn(C5h5)2, and Cr(C5h5)2", J. Chem. Phys. 1972,57,1185. 

34. Barber, M.; Connor, J. A.; Derrick, L. M. R.; Hall, M. B.; Hillier, I. H. "High energy 
photoelectron spectroscopy of transition metal complexes. 2. Metallocenes", J. 
Chem. Soc., Faraday Trans. 2 1973,69,559. 

35. Evans, S.; Green, M. L. H.; Jewitt, B.; Orchard, A. F.; Pygall, C. F. "Electronic 
structure of metal complexes containing .pi.-cyclopentadienyl and related ligands. I. 
Helium(I) photoelectron spectra of closed-shell metallocenes", J. Chem. Soc., 
Faraday Trans. 2 1972,68,1847. 

36. Vonwald, G. A.; Taylor, J. W. "An Initial Study of the Gas-Phase Angle-Resolved 
Photoelectron- Spectroscopy of Some Organometallic Compounds", J. Electron 
Spectrosc. Relat. Phenom. W88,47,315. 

37. See Appendix A.1 for theoretical atomic cross-section profiles of iron, carbon and 
hydrogen over a wide range of photon energies. 

38. For a comprehensive review of the chemistry and physics of self assembled 
monolayers see Schreiber, F. "Structure and Growth of Self-Assembling 
Monolayers", Prog. Surf. Sci. 2000,65,151. 

39. AUara, D. L.; Nuzzo, R. G. "Spontaneously Organized Molecular Assemblies .1. 
Formation Dynamics, and Physical-Properties of Normal-Alkanoic Acids Adsorbed 
from Solution On an Oxidized Aluminum Surface", Langmuir 1985, /, 45. 



188 

40. Mara, D. L.; Nuzzo, R. G. "Spontaneously Organized Molecular Assemblies .2. 
Quantitative Infrared Spectroscopic Determination of Equilibrium Structures of 
Solution-Adsorbed Normal-Alkanoic Acids On an Oxidized Aluminum Surface", 
Langmui'r 1985,1,52. 

41. Nuzzo, R. G.; Fusco, F. A.; Allara, D. L. "Spontaneously Organized Molecular 
Assemblies .3. Preparation and Properties of Solution Adsorbed Monolayers of 
Organic Disulfides On Gold Surfaces", J. Am. Chem. Soc. 1987,109,2358. 

42. Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. "Spontaneously 
Organized Molecular Assemblies. 4. Structural Characterization of «-Alkyl Thiol 
Monolayers on gold by Optical Ellipsometry, Infrared Spectroscopy and 
Electrochemistry", J. Am. Chem. Soc. 1987,109,3559. 

43. Swalen, J. D.; Allara, D. L.; Andrade, J. D.; Chandross, E. A.; Garoff, S.; 
Israelachvili, J.; McCarthy, T. J.; Murray, R,; Pease, R. F.; et al. "Molecular 
monolayers and Hlms. A panel report for the Materials Sciences Division of the 
Department of Energy", Langmuir 1987,3,932. 

44. Ulman, A. "Formation and Structure of Self-Assembled Monolayers", Chemical 
Reviews 1996, 96,1533. 

45. Dubois, L. H.; Nuzzo, R. G. "Synthesis, Structure, and Properties of Model Organic 
Surfaces", Annu. Rev. Phys. Chem. 1992,43,437. 

46. Gerdy, J. J.; Goodard, W. A. "Atonustic Structure for Self-Assembled Monolayers 
of Alkanethiols on Au(lll) Surfaces", J. Am. Chem. Soc. 1996,118,3233. 

47. Delamarche, E.; Michel, B.; Biebuyck, H. A.; Gerber, C. "Golden Interfaces. The 
Surface of Self-Assembled Monolayers", i4</v. Mater. (Weinheim, Fed. Repub. Ger.) 
1996,5,719. 

48. Liu, G. Y.; Xu, S.; Cruchon-Dupeyrat, S. "Atomic Force Microscopy Studies of 
Self-Assembled Monolayers of Thiols", Thin Films 1998,24,81. 

49. Bain, C. D.; Evall, J.; Whitesides, G. M. "Formation of Monolayers by die 
Coadsorption of Thiols On Gold Variation in the Head Group, Tail Group, and 
Solvent",/. Am. Chem. Soc. 1989, IIIj 7155. 

50. Chidsey, C. E. D.; Bertozzi, C. R.; Putvinsld, T. M.; Mujsce, A. M. "Coadsorption 
of ferrocene-terminated and unsubstituted alkanethiols on gold: electroactive self-
assembled monolayers", J. Am. Chem. Soc. 1990,112,4301. 

51. Wollman, E. W.; Kang, D.; Frisbie, C. D.; Lorkovic, L M.; Wrighton, M. S. 
"Photosensitive Self-Assembled Monolayers on Gold: Photochemistry of Surface-
Confined Aryl Azide and Cyclopentadienylmanganese Tricarbonyl", J. Am. Chem. 
Soc. 1994,116A395. 



189 

52. Offord, D. A.; Sachs, S. B.; Ennis, M. S.; Eberspacher, T. A.; Griffin, J. H.; 
Chidsey, C. E. D.; Collman, J. P. "Synthesis and Properties of Metalloporphyrin 
Monolayers and Stacked Multilayers Bound to an Electrode via Site Specific Axial 
Ligation to a Self-Assembled Monolayer", X Am. Chem. Soc. 1998,120,4478. 

53. Nishimura, N.; Ooi, M.; Shimazu, K.; Fujii, H.; UosaJd, K. "Post-Assembly 
Insertion of Metal Ions into Thiol-Derivatized Porphyrin Monolayers on Gold", 
Journal of Electroanalytical Chemistry 1999,473,75. 

54. Arnold, S.; Feng, Z. Q.; Kakiuchi, T.; Knoll, W.; Niki, K. "Investigation of the 
Electrode Reaction of Ccytochrome c Through Mixed Self-Aassembled Monolayers 
of Alkanethiols on Gold(l 11) Surfaces", Journal of Electroanalytical Chemistry 
1997,438,91. 

55. Bain, C. D.; Whitesides, G. M. "Formation of Monolayers by the Coadsorption of 
Thiols On Gold Variation in the Length of the Alkyl Chain", J. Am. Chem. Soc. 
1989,///, 7164. 

56. Brueckner, M.; Heinz, B.; Morgner, H. "Molecular orientation in organic 
monolayers probed by UPS and MIES (metastable induced electron spectroscopy)", 
Suif. Sci. 1994,319, 370. 

57. Rieley, H.; Price, N. J.; White, R. G.; Blyth, R. L R.; Robinson, A. W. "A NEXAFS 
and UPS study of thiol monolayers self-assembled on gold". Surf. Sci. 1995,333, 
189. 

58. Duwez, A. S.; Riga, J.; Ghijsen, J.; Pireaux, J. J.; Verbist, J. J.; Delhalle, J. "Surface 
molecular structure of self-assembled alkaneduols evidenced by UPS, Synchrotron 
Radiation and HREELS", J. Electron Spectrosc. Relat. Phenom. 1995, 76,523. 

59. Duwez, A. S.; Riga, J.; Han, B. Y.; Delhalle, J. "Probing the surface molecular 
structure in the UPS spectra of octadecanethiol and l-cyclohexyl-I2-dodecanethiol 
self assembled on gold", J. Electron Spectrosc. Relat. Phenom. 1996,81,55. 

60. Duwez, A. S.; Pfister-Guillouzo, G.; Delhalle, J.; Riga, J. "Probing organization and 
structural characteristics of alkanediiols adsorbed on gold and of model alkane 
compounds through their valence electronic structure: An ultraviolet photoelectron 
spectroscopy study", J. Phys. Chem. B 2000,104,9029. 

61. Duwez, A.-S.; Di Paolo, S.; Ghijsen, J.; Riga, J.; Deleuze, M.; Delhalle, J. "Surface 
Molecular Structure of Self-Assembled Alkanethiols Evidenced by UPS and 
Photoemission with Synchrotron Radiation", /. Phys. Chem. B19^, 101,884. 

62. Monjushiro, H.; Watanabe, L "Probing Depth of Ultraviolet Photoelectron Yield 
Spectroscopy in Hydrocarbon Films", Anal. Sci. 1995, II, 797. 



190 

63. Walczak, M. M.; Popenoe, D. D.; Deinharnmer, R. S.; Lamp, B. D.; Chung, C. K.; 
Porter, M. D. "Reductive desorption of alkanethiolate monolayers at gold - a 
measure of surface coverage", Langmuir 1991, 7,2687. 

64. Frisbie, C. D.; Martin, J. R.; Duff, R. R.; Wrighton, M. S. "Use of High Lateral 
Resolution Secondary Ion Mass-Spectrometry to Characterize Self-Assembled 
Monolayers On Microfabricated Structures", J. Am. Chem. Soc. 1992,114,7142. 

65. Hickman, J. J.; Ofer, D.; Zou, C.; Wrighton, M. S.; Laibinis, P. E.; Whitesides, G. 
M. "Selective Functionalization of Gold Microstructures with Ferrocenyl 
Derivatives via Reaction with Thiols of Disulfides: Characterization by 
Electrochemistry and Auger Electron Spectroscopy", J. Am. Chem. Soc. 1991,113, 
1128. 

66. Shimazu, K.; Yagi, L; Sato, Y.; Uosaki, K. "In Situ and Dynamic Monitoring of the 
Self-Assembling and Redox Processes of a Ferrocenylundecanethiol Monolayer by 
Electrochemical Quartz Crystal Microbalance", Langmuir 1992,8, 1385. 

67. Shogen, S.; Kawasaki, M.; Kondo, T.; Sato, Y.; Uosaki, K. "Structural study of self-
assembled monolayers of ferrocenylalkanethiols on gold by angle-resolved x-ray 
photoelectron spectroscopy". Applied Organometallic Chemistry 1992,6,533. 

68. Sondaghuethorst, J. A. M.; Fokkink, L. G. J. "Potential-Dependent Wetting of 
Electroactive Ferrocene Terminated Alkanethiolate Monolayers On Gold", 
Langmuir 1994,10,4380. 

69. Bar, G.; Rubin, S.; Taylor, T. N.; Swanson, B. I.; Zawodzinski, T. A.; Chow, J. T.; 
Ferraris, J. P. "Patterned self-assembled monolayers of ferrocene and methyl 
terminated alkanethiols on gold: a combined elecQrochemical, scanning probe 
microscopy, and surface science study". Journal of Vacuum Science and Technology 
1996,14, 1794. 

70. Chidsey, C. E. D. "Free Energy and Temperature Dependence of Electron Transfer 
at the Metal-Elecrolyte Interface", Science 1991,251,919. 

71. Uosaki, K.; Sato, Y.; Kita, H. "Electrochemical Characteristics of a Gold Electrode 
Modifled with a Self-Assembled Monolayer of Ferrocenylalkanethiols", Langmuir 
1991, 7,1510. 

72. Creager, S. E.; Rowe, G. K. "Competitive Self-Assembly and Electrochemistry of 
Some Ferrocenyl-N-Alkanethiol Derivatives On Gold", Journal of Electroanalytical 
Chemistry \99A,370,im. 

73. Rowe, G- K.; Creager, S. E. "Chain-Length and Solvent Effects On Competitive 
Self-Assembly of Ferrocenylhexanethiol and 1-Alkanethiols Onto Gold", Langmuir 
1994,10, 1186. 



191 

74. Weber, K. S.; Creager, S. E. "Reorganization energetics for ferrocene 
oxidation/reduction in self-assembled monolayers on gold", J. Electroanal. Chem. 
1998,458, 17. 

75. Popenoe, D. D.; Deinhammer, R. S.; Porter, M. D. "Infrared Spectroelectrochemical 
Characterization of Ferrocene-Terminated Alkanethiolate Monolayers at Gold", 
Langmuir 1992,8,2521. 

76. Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; Newton, M. D.; 
Liu, Y. P. "The Kinetics of Electron-Transfer Through Ferrocene-Terminated 
Alkanethiol Monolayers On Gold", J. Phys. Chem. 1995,99, 13141. 

77. Adapted from reference {12}. 

78. Cunningham, K. L.; McMillin, D. R. In Polyhedron, 1996; Vol. 15. 

79. The preparation of metallocene derivatives used in this work is described in detail in 
the supplementary materials provided with reference {50}. 

80. Rausch, M. D.; Fischer, E. O.; Grubert, H. "The Aromatic Reactivity of Ferrocene, 
Ruthenocene and Osmocene", /. Am. Chem. Sac. 1960,82,76. 

81. Bhattacharyya, S. "An expedient, nuld reductive method for the preparation of 
alkylferrocenes", J. Chem. Soc., Dalton Trans. 1996,24,4617. 

82. Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.; Nuzzo, R. G. 
"Formation of Monolayer Films by the Spontaneous Assembly of Organic Thiols 
from Solution onto Gold", J. Am. Chem. Soc. 1989,111,221. 

83. Urquhart, 0. G.; Gates, J. W., Jr.; Connor, R. "AT-dodecyl (lauryl) mercaptan". Org. 
Synth. 1955, ///, 363. 

84. Chidsey, C. E. D.; Loiacono, D. N.; Sleator, T.; Nakahara, S. "STM study of die 
surface morphology of gold on mica". Surf. Sci. 1988,200,45. 

85. Renshaw, S. K. "Photoelectron spectroscopy and bonding of iron and rhodium 
organometallic compounds with metal-carbon and metal-hydrogen bonds", Diss. 
Abstr. Intl. B. 1991,52,5259. 

86. Kellogg, G. E. "Electrom'c factors of C-H and C:C double bond activation: 
experimental information from UV and x-ray photoelectron spectroscopies". Diss. 
Abstr. Intl. B. 1986,46,3838. 

87. Jatcko, M. E. "lom'zation-structure relationships in metal-phosphine interactions". 
Diss. Abstr. Intl. B. 1990,51,200. 

88. Lichtenberger, D. L.; Kellogg, G. E.; Kristofzski, J. G.; Page, D.; Turner, S.; 
Klinger, G.; Lorenzen, J. "An Inexpensive and High Precision Digital Power Supply 
and Counting Interface for UPS, XPS, and Auger Spectrometers", Rev. Sci. Instrum. 
1986,57,2366-



192 

89. Darsey, G. P. "The electronic structure of methyl-substituted ferrocenes and early 
transition metal bent metallocenes by gas-phase ultraviolet and x-ray photoelectron 
spectroscopies". Diss. Abstr. Intl. B 1988,49,3750. 

90. Lichtenberger, D. L.; Copenhaver, A. S. "Ionization band profile analysis in valence 
photoelectron spectroscopy", J. Electron Spectrosc. Relet. Phenom. 1990,50, 335. 

91. Chandramouli, G. V. R.; Lalitha, S.; Manoharan, P. T. "Band fitting of ESCA 
peaks", Comput. Chem. 1990,14,257. 

92. The 20% uncertainty in peak areas for low-intensity ionization peaks which strongly 
overlap with other ionization peaks is estimated from varying the baseline position 
in several analytical fits of a spectra with these characteristics. An example is 
presented in Appendix A.2. 

93. Briggs, D. Handbook of X-ray and Ultraviolet Photoelectron Spectroscopy, 
Heydon: London; Philadelphia, 1977. 

94. Lamont, C. L. A.; Wilkes, J. "Attenuation Length of Electrons in Self-Assembled 
Monolayers of n-Alkanethiols on Gold", Langmuir 1999,15,2037. 

95. Jager, B.; Schurmann, H.; Muller, H. U.; Himmel, H. J.; Neumann, M.; Grunze, M.: 
Woll, C. "X-ray- and low-energy electron-induced damage in alkanethiolate 
monolayers on Au substrates", Zeitschrift fiir Physikalische Chemie 1997,202,263. 

96. Ye, S.; Sato, Y.; Uosaki, K. "Redox-induced orientation change of a self-assembled 
monolayer of 11-ferrocenyl-l-undecanethiol on a gold electrode studied by in situ 
FT-IRRAS", Langmuir 1997,13,3157. 

97. Ye, S.; Haba, T.; Sato, Y.; Shimazu, K.; Uosaki, K. "Coverage dependent behavior 
of redox reaction induced structure change and mass transport at an 1 l-ferrocenyl-l-
undecanethiol self-assembled monolayer on a gold electrode studied by an in situ 
IRRAS-EQCM combined system", Phys. Chem. Chem. Phys. 1999,1,3653. 

98. Gaussian 98, Revision A.7, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 
Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., 
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. 
Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. 
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. 
Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. 
Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. 
Liashenko, P. Piskorz, L Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, 
M. A. AI-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P. 
M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. 
Head-Gordon, E. S. Replogle, and J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998. 

99. ADF 20001.01, Theoretical Chenustry, Vrije Universiteit, Amsterdam, The 
Netherlands 



193 

100. Baerends, E. J.; Ellis, D. E.; Ros, P. "Self-consistent molecular Hartree-Fock-Slater 
calculations. I. Computational procedure", Chem. Phys. 1973,2,41. 

101. Guerra, C. F.; Snijders, J. G.; Te Velde, G.; Baerends, E. J. "Towards an order-N 
DFT method", Theor. Chem. Acc. 1998,99,391. 

102. Te Velde, G.; Baerends, E. J. "Numerical integration for polyatomic systems", J. 
Comput. Phys. 1992,99,84. 

103. Versluis, L.; Ziegler, T. "The determination of molecular structures by density 
functional theory. The evaluation of analytical energy gradients by numerical 
integration", J. Chem. Phys. 1988,88,322. 

104. SPARTAN© SGI, Version 5.1.3 XI1; Wavefunction Inc.: 18401 Von Karman Ave. 
#370, Irvine, CA 92612 

105. Bates, D. R. "Calculation of the cross section of neutral atoms and positive and 
negative ions towards the absorption of radiation in the continuum". Monthly 
Notices Roy. Astron. Soc. 1946,106,432. 

106. Manson, S. T. "Atomic photoelectron spectroscopy. Part I", Adv. Electron. Electron 
Phys. 1976,47,73. 

107. Amusia, M. Y. "Theory of photoiomzation. VUV and soft x-ray frequency region", 
VUVSoft X-Ray Photoioniz. 1996,1. 

108. Hatano, Y. In Radiat. Environ. Biophys., 1999; Vol. 38, 

109. Dechant, P.; Schweig, A.; Thiel, W. "Theory and application of photoelectron 
spectroscopy. 23. Photoionization cross sections. Different relative intensities in 
helium-1 and helium-H photoelectron spectra", Angew. Chem. 1973,85,358. 

110. Guest, M. P.; Hillier, 1. H.; Higginson, B. R.; Lloyd, D. R. "Electronic structure of 
transition metal complexes containing organic ligands. II. Low energy photoelectron 
spectra and ab initio SCF MO calculations of dibenzene chromium and benzene 
chromium tricarbonyl", Mol. Phys. 1975,29,113. 

111. Yeh, J. J.; Lindau, L "Atomic subshell photoionization cross sections and 
asymmetry parameters: 1 .Itoreq. Z .Itoreq. 103", Atom. Data Nucl. Data Tables 
1985, i2,1. 

112. Rempe, M. E. "Electron donor and acceptor properties of trimethylphosphine, 
triphenylphosphine, and related ligands with transition metals by photoelectron 
spectroscopy". Diss. Abstr. Intl. B. 1994,55,1842. 

113. Winfield, K. R. "Photoelectron Spectroscopy of Transition Metal Thiolate 
Complexes.", M.S. Thesis, University of Arizona, 1997. 

114. See Reference {4} for leading references. 



194 

115. Westcott, B. L., Jr. "Investigation of molybdenum sulfur interactions via single 
crystal EPR and photoelectron spectroscopy: implications to molybdoenzymes". 
Diss. Abstr. Intl. B. 1997,58,4218. 

116. Westcott, B. L.; Gruhn, N. E.; Enemark, J. H. "Evaluation of molybdenum-sulfur 
interactions in molybdoenzyme model complexes by gas-phase photoelectron 
specuroscopy. the "electronic buffer" effect", J. Am. Chem. Soc. 1998,120,3382.. 

117. Lichtenberger, D. L.; Fenske, R. F. "The helium(I) photoelectron spectta and 

electronic structure of (Ti^-cyclopentadienyl) dg metal carbonyls", J. Am. Chem. 

Soc. 1976,98,50. 

118. Bevington, P. R. Data Reduction and Error Analysis for the Physical Sciences; 
McGraw-Hill, 1969. 

119. Copenhaver, A. S. "Photoelectron spectroscopy of supported metal-metal 
interactions". Diss. Abstr. Intl. B. 1989,50,3464. 

120. The synthesis of alkyl-substituted metallocenes is described in detail in Chapter 2. 

121. Methods for data collection, reduction and presentation are described in detail with 
leading references in Chapter 2. 

122. Kimura, K.; Kalsumata, S.; Achiba, T.; Iwata, S. Handbook of Helium(He I) 
Photoelectron Spectra of Fundamental Organic Molecules. Ionization Energies, Ab 
Initio Assignments, and Valence Electronic Structure for 200 Molecules; Japan 
Scientific Societies Press: Tokyo, 1981. 

123. Khvostenko, V. I.; Asfandiarov, N. L. "Electron-Suiicture of Ferrocene 
Derivatives", /. Electron Spectrosc. Relat. Phenom. 1993,63,419. 

124. Novak, L; Klasinc, L.; Kovac, B.; McGlynn, S. P. "Electronic Structure of 
Haloalkanes: A High Resolution Photoelectron Spectroscopic Study", J. Mol. 
Struct. 1993,297,383. 

125. Hall, M. B. "The Use of Spin-Orbit Coupling in th Interpretation of Photoelectron 
Spectra. I. Application to Substituted Rhenium Pentacarbonyls", J. Am. Chem. Soc. 
1975,97,2057. 

126. Recendy researchers in our laboratory have attempted to obtain high-quality valence 
photoelectron spectroscopy for many reactive or air-sensitive complexes which 
decomposed before sublimation was obtained. 

127. Lichtenberger, D. L.; Ray, C. D.; Stepniak, F.; Chen, Y.; Weaver, J. H. "The 
electronic nature of the metal-metal quadruple bond: variable photon energy 
photoelectron spectroscopy of Mo2(02CCH3)4", /. Am. Chem. Soc. 1992,114, 

10492. 



195 

128. Lichtenberger, D. L.; Nebesny, K. W.; Ray, C. D.; Huffman, D. R.; Lamb, L. D. 
"Valence and core photoelectron spectroscopy of CgQ. Buckminsterfullerene", 

Chem. Phys. Lett. 1991,176,203. 

129. Lichtenberger, D. L.; Jatcko, M. E.; Nebesny, K. W.; Ray, C. D.; Huffman, D. R.; 
Lamb, L. D. Materials Research Society Symposia Proceedings, 1991; p 673. 

130. Finklea, H. 0.; Liu, L.; Ravenscroft, M. S.; Punturi, S. "Multiple electron tunneling 
paths across self-assembled monolayers alkanethiols with attached ruthenium(II/in) 
redox centers", J. Phys, Chem. 1996,100,18852. 

131. Hutt, D. A.; Leggett, G. J. "Functionalization of Hydroxyl and Carboxylic Acid 
Tenninated Self-Assembled Monolayers", Langmuir 1997,15,2740. 

132. Bumm, L. A.; Arnold, J. J.; Dunbar, T. D.; Allara, D. L.; Weiss, P. S. "Electron 
transfer through organic molecules", J. Phys. Chem. B 1999,103,8122. 

133. Hoffmann, R. Solids and surfaces: a chemist's view of bonding in extended 
structures; VCH Publishers: New York, 1988. 

134. Leavy, M. C.; Bhattacharyya, S.; Cleland, W. E,; Hussey, C. L. "Electrochemical 
and Spectroscopic Characterization of Self-Assembled Monolayers of 
Unsymmetrical Ferrocenyl Dialkyl Sulfide Derivatives on Gold", Langmuir 1999, 
15,6582. 

135. Han, S. W.; Seo, H,; Chung, Y. K.; Kim, K. "Electrochemical and Vibrational 
Spectroscopic Characterization of Self-Assembled Monolayers of Ll'-Disubstituted 
Ferrocene Derivatives on Gold", Langmuir IdW, 16,9493. 

136. Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A. M.; Thorp, H. H. 
"Coadsorption of ferrocene-terminated and unsubstituted alkanethiols on gold: 
electroactive self-assembled monolayers", Chemtracts: Inorg. Chem. 1991,3,27. 

137. Detailed descriptions of sample and monolayer preparation techniques are provided 
in Chapter 2. 

138. Bunmi, L. A.; Arnold, J. J.; Charles, L. F.; Dunbar, T. D.; Allara, D. L.; Weiss, P. S. 
"Directed self-assembly to create molecular terraces with molecularly sharp 
boundaries in organic monolayers", J. Am. Chem. Soc. 1999,121,8017. 

139. Schlaf, R.; Parkinson, B. A.; Lee, P. A.; Nebesny, K. W.; Armstrong, N. R. 
"Detemunation of frontier orbital alignment and band bending at an organic 
semiconductor heterointerface by combined x-ray and ultraviolet photoemission 
measurements", Appl. Phys. Lett. 1998,73,1026. 

140. Calibration of the energy scale is described in detail in Chapter 2. 



196 

141 Refer to Chapter I for a description the process of photoionization. Relaxation 
energy in fihns is discussed in Gutmann, F.; Lyons, L. E. Organic Semiconductors; 
Wiley: New York, 1087.. 

142 Lament, C. L. A.; Wilkes, J. "Attenuation Length of Electrons in Self-Assembled 
Monolayers of ?z-Alkanethiols on Gold", Langmuir 1999,15,2037. 

143. A detailed explanation of die subtraction procedure can be found in Chapter 2. 

144 Lichtenberger, D. L.; Copenhaver, A. S. "Experimental measures of the electron 

distribution and bonding in bis(ii5.cyclopentadienyl)osmium from helium(I) and 
helium(II) valence photoelectron spectroscopy", J. Chem. Phys. 1989,91,663. 

145 Gubin, S. P.; Smimova, S. A.; Denisovich, L. L; Lubovich, A. A. "Redox properties 
of cyclopentadienylmetal compounds. L Ferrocene, ruthenocene, osmocene", J. 
OrganometaL Chem. 1971,30,243. 

146. Sample and monolayer preparation techniques are explained in detail in Chapter 2. 

147 Rausch, M. D.; Fischer, E. 0.; Grubert, H. "The Aromatic Reactivity of Ferrocene, 
Ruthenocene and Osmocene", J. Am. Chem. Soc. 1960,82,76. 

148. Schlaf, R.; Parkinson, B. A.; Lee, P. A.; Nebesny, K. W.; Armstrong, N. R. 
"Determination of frontier orbital alignment and band bending at an organic 
semiconductor heterointerface by combined x-ray and ultraviolet photoenussion 
measurements", AppL Phys. Lett. 1998, 73,1026. 

149. Energy calibration is described in detail in Chapter 2. 

150. A detailed explanation of the subtraction procedure can be found in Chapter 2. 

151 Li, X. R.; Bancroft, G. M.; Puddephatt, R. J.; Hu, Y. F.; Tan, K. H. "Variable-
energy photoelectron spectroscopy of CpM(C0)(2) (M=Co, Rh, Ir): Molecular 
orbital assignments and all evaluation of the difference in ground-state orbital 
characters", Organometallics 1996,15,2890. 

152 Cohen, S. R.; Naaman, R.; Sagiv, J. "Thermally induced disorder in organized 
organic monolayers on solid substrates", J. Phys. Chem. 1986,90,3054. 

153 Delamarche, E.; Michel, B.; Kang, H.; Gerber, C. "Thermal stability of self-
assembled monolayers", Langmuir 1994,10,4103. 


