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Electron transfer at organic/metal interfaces is fundamental to a large number 

of problems in surface science. Electronic interactions at such an interface are 

responsible for charge injection from an electrode to the molecular film. The 

efficiency or rate of charge injection is determined by the energetic alignment of 

molecular orbitals to the metal Fermi level and the electronic coupling strength 

(wavefunction mixing) between molecular orbitals and metal bands. Two 

experimental investigations were performed with two-photon photoemission 

spectroscopy (2PPE). First, the energetic alignments of naphthalene/Cu(111) were 

probed.  Three transitions involving unoccupied orbitals were found and identified as 

having π* molecular orbital character—the first lying 0.4 eV above the vacuum level 
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(π*
 b1u), the second 0.3 eV below the vacuum level (π*b3g), and the third 1.1 eV 

below the vacuum level (π*b2g). In the second experiment, the interfacial electronic 

structures of chemisorbed styrene on Cu(111) were successfully investigated.  We 

observed unoccupied states 3.5 eV above the Fermi level and occupied states 2.0 eV 

below the Fermi level. Polarization results reveal that the occupied and unoccupied 

states arise from bonding and antibonding orbitals formed by hybridization of copper 

(surface state and d-band orbitals) and styrene (π1* and π2* orbitals).  

For the first time, two-photon photoemission spectroscopy was employed to 

explore a surface chemical reaction: epoxidation of styrene on Cu(111). With 100 L 

oxygen on a Cu(111) surface, the atomic oxygen occupies three-fold hollow HCP 

sites rather than FCC sites. Its 2p states hybridize strongly with the dz2 states of the 

Cu atoms in the second layer. After styrene is adsorbed on Cu metal sites of this 

oxygen-covered surface, it undergoes efficient epoxidation to styrene oxide. The 

2PPE results show that the change in the electronic structures of the adsorbed 

reactant is consistent with the surface reaction: the oxygen-induced feature from the 

Cu-O bonding disappears and a new state appears. However, 1000 L oxygen-covered 

Cu(111) is catalytically inert for styrene epoxidation: as styrene is added, no new 

features appear in 2PPE, and there is no evidence for chemical reaction in thermal 

desorption. This study could open up a new area of solid state and surface catalytic 

chemistry. 

 viii



Table of Contents 

List of Tables.............................................................................................................xiii 

List of Figures............................................................................................................xiv 

Chapter 1: Introduction.................................................................................................1 

1.1 Concepts and applications of surface science.............................................1 

1.2 Surface techniques......................................................................................4 

1.2.1 2PPE.........................................................................................6 

1.2.2 TOFMS-TPD..........................................................................15 

1.2.3 AES.........................................................................................18 

1.2.4 XPS.........................................................................................21 

1.2.5 UPS.........................................................................................24 

1.2.6 RAIRS....................................................................................27 

1.3 Overview of Dissertation..........................................................................29 

1.3.1 Chapter 2: Two-photon photoemission spectroscopy:  
Naphthalene on Cu(111).........................................................29 

1.3.2 Chapter 3: Adsorption of Styrene on Ag(111)........................30 

1.3.3 Chapter 4: Directly probing the hybrid bonding of styrene     
on Cu(111)..............................................................................32 

1.3.4 Chapter 5: Two-photon photoemission spectroscopy:       
atomic oxygen on Cu(111) ....................................................33 

1.3.5 Chapter 6: Reaction of styrene on oxygen-covered Cu(111).34 

1.4 Chapter 1 references.................................................................................36 

Chapter 2: Two-photon photoemission spectroscopy:  Naphthalene on Cu(111)......42 

 ix



2.1 Overview...................................................................................................42 

2.2 Introduction...............................................................................................43 

2.3 Experimental.............................................................................................47 

2.4 Results ......................................................................................................51 

 2.4.1 TPD of Naphthalene (C10H8)….................................................51 

 2.4.2 2PPE of clean Cu(111)…………..............................................53 

 2.4.3 2PPE of submonolayer (0.46 ML) C10H8 on Cu(111)...............55 

 2.4.4 2PPE of multilayer (4.58 ML) C10H8 on Cu(111)….................58 

 2.4.5 Annealing effect……………………………………………….61 

2.5 Discussion.................................................................................................63 

 2.5.1 Naphthalene adsorption.............................................................63 

 2.5.2 Naphthalene-surface interaction................................................63 

 2.5.3 Naphthalene molecular surface orientation...............................69 

2.6 Conclusion……………….........................................................................70 

2.7 Chapter 2 references..................................................................................71 

Chapter 3: Adsorption of Styrene on Ag(111)...........................................................75 

 3.1 Overview...................................................................................................75 

 3.2 Introduction...............................................................................................76 

 3.3 Experimental………….............................................................................78 

 3.4 Results…………………….......................................................................80  

 x



 3.5 Discussion.................................................................................................86 

 3.6 Conclusion………………........................................................................97 

 3.7 Chapter 3 references.................................................................................98 

Chapter 4: Directly probing the hybrid bonding of styrene on Cu(111)..................102 

 4.1 Overview.................................................................................................102 

 4.2 Introduction.............................................................................................102 

 4.3 Experimental...........................................................................................104 

 4.4 Results and discussion............................................................................104 

 4.7 Chapter 4 references...............................................................................111 

Chapter 5: Two-photon photoemission spectroscopy: atomic oxygen on Cu(111).113 

 5.1 Overview.................................................................................................113 

 5.2 Introduction.............................................................................................113 

 5.3 Experimental...........................................................................................116 

 5.4 Results and discussion…........................................................................117 

5.4.1 100 L oxygen on Cu(111)……................................................117 

 5.4.2 1000 L oxygen on Cu(111)……..............................................123 

5.5 Conclusion……………………………………………………………..127 

 5.6 Chapter 5 references...............................................................................128 

Chapter 6: Reaction of styrene on oxygen-covered Cu(111)……………………...130 

 6.1 Overview.................................................................................................130 

 xi



 6.2 Introduction.............................................................................................131 

 6.3 Experimental...........................................................................................134 

 6.4 Results and discussion…........................................................................136 

6.4.1 Adsorption of styrene on clean Cu(111) .................................136 

6.4.2 Adsorption of styrene on 100 L oxygen-covered Cu(111)......141 

6.4.3 Adsorption of styrene on 1000 L oxygen-covered Cu(111)....147 

6.4.4 Further discussion....................................................................150 

6.5 Conclusion……………………………………………………………..152 

 6.6 Chapter 6 references...............................................................................152 

Bibliography.............................................................................................................156 

Vita............................................................................................................................169 

 xii



List of Tables 

Table 1.1 Survey of popular surface techniques...................................................5 

Table 3.1 Assignments of Observed IR Bands for C8H8/Ag(111) 
 at 100 K…………………………………………………..................85 

 xiii



List of Figures 

Figure 1.1  Schematic energy diagrams for photoemission and two-photon 
photoemission.......................................................................................8 

 
Figure 1.2  Schematic of electron transfer between metal and 

adsorbates...........................................................................................10 
 
Figure 1.3a Electric field and potential energy diagram of an electron in  

front of a Cu(100) surface...................................................................12 
 

Figure 1.3b Energy-resolved 2PPE spectrum obtained after excitation  
by photons of energy ħωa and ħωb......................................................12 
 

Figure 1.4 Schematic of a TOFMS-TPD experiment..........................................17 

Figure 1.5 Schematic of Auger electron emission...............................................20 

Figure 1.6 The energetics of an X-ray photoemission experiment......................22 

Figure 1.7 Schematic of the energetics of an ultraviolet photoemission 
experiment..........................................................................................26 

 
Figure 2.1 Schematic of 2PPE experimental setup..............................................48 

Figure 2.2 Naphthalene TPD spectra. The inset is for lower coverages..............52  

Figure 2.3 2PPE spectra of clean Cu(111) gathered using photon energies  

of 3.68 eV and 4.1 eV.........................................................................54 

Figure 2.4 The low energy, 4 to 6.6 eV, region of the 2PPE spectra of 
submonolayer, 0.46 ML, naphthalene on Cu(111) ............................56 

   
Figure 2.5 The high energy, 6.6 to 8.7 eV, electron kinetic energy  

region of the 2PPE spectra of 0.46 ML naphthalene  
on Cu(111) .........................................................................................57 

 

 xiv



Figure 2.6 The low energy section of the 2PPE spectra for  
multilayer (4.58 ML) naphthalene on Cu(111) ..................................59 
 

Figure 2.7 The high energy part of the 2PPE spectra of multilayer (4.58 ML) 
naphthalene on Cu(111) .....................................................................60 

 
Figure 2.8 Annealing effect on the 2PPE spectra................................................62 

Figure 2.9 Proposed energy level diagrams describing.......................................68  

Figure 3.1 Temperature programmed desorption spectra of styrene  
adsorbed on Ag(111) at 100 K............................................................81 

 
Figure 3.2 RAIRS spectra of styrene adsorbed on Ag(111) at 100 K..................83   

Figure 3.3 RAIRS spectra of styrene adsorbed on Ag(111) at 100 K..................87   

Figure 3.4 RAIRS spectra for 0.54 ML styrene adsorbed on Ag(111)  
at 100 K and then annealed to the indicated temperatures  
for 5 minutes.......................................................................................88   

Figure 3.5 Integrated IR absorption intensity of C-H out-of-plane bending  
mode of the vinyl group at 990 cm-1 versus the styrene  
coverage (ML) adsorbed on Ag(111) at 100 K..................................93   

Figure 3.6 Schematic diagram of the structure proposed for the  
styrene bilayer on Ag(111) ................................................................95   

Figure 4.1a 2PPE spectra of clean Cu(111) (bottom) and 0.7 ML  
styrene-covered Cu(111) (top) with hυ = 3.94 eV at 90K................105 

Figure 4.1b Photon energy dependence of the surface state (SS), the d-band,  

and the styrene-induced features, A and B.......................................105 

 

Figure 4.2 Polarization dependence of 2PPE spectra of clean Cu(111) (a)  
and 0.2 ML styrene-covered Cu(111) (b).........................................108 

 
 

 xv



Figure 4.3 Schematic energy level model for the bonding of  
adsorbed on Cu(111).........................................................................108 

 
Figure 5.1a  2PPE spectra of clean Cu(111) (bottom) and 100 L oxygen-covered 

Cu(111) (top) with hν = 3.94 eV at 90K TOFMS-TPD  
of multilayer TBN on clean Cu(111)................................................118 

Figure 5.1b Polarization dependence of the oxygen-induced peak......................118 

Figure 5.2 Proposed surface structures of 100 L oxygen-covered Cu(111)......122  

Figure 5.3a 2PPE spectra of clean Cu(111)(bottom) and 1000 L  
oxygen-covered Cu(111)(top) with hν = 3.94 eV.............................124 

 
Figure 5.3b Polarization dependence of the oxygen-induced peak......................124 

Figure 5.4 Proposed surface structures of 1000 L oxygen-covered Cu(111)…126 

Figure 6.1 Temperature programmed desorption spectra of styrene on  
Cu(111).. ..........................................................................................137 

Figure 6.2 2PPE spectra of Clean Cu(111) and 0.7 ML styrene-covered  
Cu(111) ............................................................................................140 

Figure 6.3 TPD spectra for styrene (m/z = 104) and styrene oxide (m/z = 91) 
from clean Cu(111) (a,b), 100 L oxygen-covered Cu(111) 
 (c,d) and 1000 L oxygen-covered Cu(111) (e,f) .............................143 

 
Figure 6.4 2PPE spectra of styrene on various oxygen-covered Cu(111) 

 surfaces with hν = 3.94 eV at 90 K..................................................145 
 
Figure 6.5 2PPE spectra of styrene on 1000 L oxygen-covered Cu(111) 

surfaces with hν = 3.94 eV at 90 K………………………………...149  
 

 

 

 xvi



Chapter 1: Introduction 

1.1 CONCEPTS AND APPLICATIONS OF SURFACE SCIENCE 

Surface science is the study of the physical and chemical processes that occur 

on or at surfaces, as well as the structures and properties of surfaces [1.1]. The field 

of surface science was founded by Sabatier, Haber, Langmuir, Taylor, and many 

others between the end of the 19th century and the beginning of the 20th century. 

Their research, using relatively simple tools, led to the development of many 

fundamental surface principles that form the basis for current scientific 

understanding. Currently, surfaces are among the most dynamic and fastest growing 

areas of research in the fields of science and engineering.  Surface science has a wide 

range of applications that include semiconductor processing, catalysis, vacuum 

technology, microelectronics, flat-panel displays, compact discs, televisions, 

computers, environmental monitoring of pollutants, biomaterials, artificial joints, 

soft tissues, and food safety. The goal of current surface science research using 

modern instruments is to understand surface behavior at the ultimate limit of atomic 

detail, and expand it to three major commercial (or potential commercial) 

technologies: flat-panel displays, molecular electronics and catalysis.  

The nature of the molecule-metal interface is one of the key factors 

governing the performance of molecular-semiconductor devices, such as organic 
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light-emitting devices, field-effect transistors, molecular electronics and solar cells 

[1.2]. Electronic interactions at such an interface are responsible for charge injection 

from an electrode to the molecular film. The efficiency or rate of charge injection is 

determined by the energetic alignment of molecular orbitals to the metal Fermi level 

and the electronic coupling strength (wavefunction mixing) between molecular 

orbitals and metal bands. In this dissertation, Chapter 2 uses a naphthalene/Cu(111) 

system as an example to show how the energetic alignments are probed by using 

two-photon photoemission spectroscopy, and Chapter 4 demonstrates this 

technique’s applicability to investigate the electronic coupling strength of molecule-

metal interfaces. 

Surfaces are very important to our daily life since many chemical reactions 

actually occur on surfaces [1.3]. Particularly, many metal surfaces are known to be 

very good catalysts for a large number of chemical reactions. Thus, understanding 

chemical reactions on metal surfaces – or in particular, how gas molecules adsorb on 

metal surfaces and then react – is currently a “hot topic” for many chemical 

physicists worldwide. In the last several decades, experiments designed to elucidate 

how gas molecules adsorb on metal surfaces, and how they react at the molecular 

level, have achieved great success. By utilizing surface sensitive techniques such as 

scanning tunneling microscopy (STM) [1.4], low energy electron diffraction (LEED) 

[1.5], high resolution electron energy loss spectroscopy (HREELS) [1.6], ultraviolet 
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photoemission spectroscopy (UPS) [1.7], X-ray photoemission spectroscopy (XPS) 

[1.8], and high-resolution electron microscopy [1.9], many surface processes have 

become more thoroughly understood. 

In Chapter 4, 5, and 6 we employ temperature-programmed desorption 

(TPD), X-ray photoemission spectroscopy (XPS) and two-photon photoelectron 

spectroscopy (2PPE) to investigate the epoxidation of styrene on oxygen-covered 

Cu(111).  This surface science approach helps to explain the greatly increased rates 

of certain chemical interactions on solid catalysts with the modification of the 

constituent chemicals when adsorbed on the solid surface, and their enhanced ability 

to interact with the other constituent(s) in this state. We try to address the questions 

such as the nature of these modifications, whether new intermediate species form, 

what are the rate limiting steps and activation energies, what kinds of catalyst surface 

sites are active, and how these processes depend on the catalyst material. It is the 

first attempt to investigate a surface chemical reaction using two-photon 

photoemission spectroscopy. This study could open up a new area of solid state and 

surface catalytic chemistry. 
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1.2 SURFACE TECHNIQUES 

Over the last several decades, a large number of techniques [1.10] have been 

developed to study various surface properties, including structure, composition, 

oxidation states, and changes in chemical, electronic, and mechanical properties. The 

most commonly used techniques involve the scattering, adsorption, or emission of 

photons, electrons, atoms and ions (Table 1.1), although some important surface-

analysis techniques cannot be classified this way.  Electrons, atoms, and ions are 

used primarily to investigate external surfaces and require low ambient pressures 

during their application. Photons can be used to study both internal and external 

surfaces because of their much lower scattering cross sections. In this dissertation, 

six techniques—2PPE, TPD, Auger electron spectroscopy (AES), XPS, UPS, and 

Reflection adsorption infrared spectroscopy DEFINE (RAIRS)—have been used 

extensively and will be described in more detail. 
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Table 1.1: Survey of popular surface techniques 

 
Stimulation Detected Technique Depth detected 

Electron in KeV Electron Auger electron spectroscopy 3-5 ML 

Electron in 10eV Electron Low energy electron diffraction 1-3 ML 

Electron in 10eV Electron Electron energy loss spectroscopy 1 ML 

Electron in 10Kev Electron Reflection high energy electron diffraction 1-3 ML 

Ion (Cs+) Ion Secondary ion mass spectroscopy 3-5 ML 

Ion (He+) Ion Ion scattering spectroscopy 1 ML 

Light (X-ray) Electron in 100eV X-ray photoelectron spectroscopy 3-5 ML 

Light (X-ray) Electron in 10eV Ultraviolet photoelectron spectroscopy 3-5 ML 

Light (IR) Light Reflection adsorption infrared spectroscopy 1 ML 
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1.2.1. Two-photon photoemission spectroscopy (2PPE) 

 Photoelectron spectroscopy has been used extensively and comprehensively 

to study the electronic states in solids and solid surfaces [1.11]. In principle, 

photoemission measurement is a particularly simple process: if the photon energy hν 

is known and the kinetic energy Ekin of the photoelectron is measured, the energy of 

the initial state Ei with respect to the vacuum energy Evac can be determined; if the 

work function φ = Evac - EF is known, the more interesting information on Ei relative 

to the Fermi level EF can be obtained. The photoelectron spectrum, i.e., the energy 

distribution curve, is a picture of the density of the initial states, provided the final 

states form a smooth continuum and the transition probability is homogeneous. 

 This method of investigating the electronic structure has been developed and 

refined over the past several decades to great perfection [1.12]. Obviously, the 

energy range accessible to photoelectron spectroscopy is limited to initial states 

below EF and to final states above Evac. Most information obtained by photoemission 

relates to occupied states below EF.  Results pertaining to final states are scarce and 

far from complete. In order to investigate the unoccupied states, particularly the 

range between EF and Evac, one has to use other methods. 

 Before the use of 2PPE, the most widely used method was inverse 

photoemission [1.13]. In principle, it is simply the time reversal of the photoemission 
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process: the kinetic energy and the angle of incidence of the impinging electrons are 

chosen and the energy of the photons emitted is measured. The main disadvantage of 

this method is the limited energy resolution, which is inferior to photoemission by 

more than an order of magnitude. Energy resolution in photoemission is generally 

limited by the energy analyzer: a resolution of a fraction of a tenth of an eV is quite 

easily achieved. In inverse photoemission, the energy distribution of the incoming 

electrons – typically several hundred meV – limits the energy resolution. 

 Two-photon photoemission spectroscopy is a technique that offers the 

required combination of high resolution and applicability to the range between Evac 

and EF [1.12].  The principle is illustrated in Figure 1.1 (b). The first photon excites 

an electron from the initial state Ei, an occupied state located below the Fermi level 

EF, to a normally unoccupied state, the intermediate state Eim that is located between 

the Fermi level EF and the vacuum level Evac. The second photon excites the electron 

from this transiently populated state to a final state above the vacuum level. Clearly 

the photon energy must be less than the work function of the system to avoid the 

one-photon photoemission. On the other hand, hν ≥  Eim − EF is necessary to 

populate the intermediate state by photon excitation. 
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Figure 1.1 Schematic energy diagrams for photoemission and two-photon photoemission. The 
shaded areas indicate the occupied states below the Fermi level EF of the metal. The kinetic 
energy Ekinof the electron leaving the surface is measured relative to the vacuum energy Evac. 
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In the process of 2PPE [1.2], the initial state could be the pure bulk metal 

state (for example the 3d band  of Cu(111)) or an occupied surface state, which 

originates from bulk states at the metal surface due to broken translational symmetry 

and has substantial probability density at the surface. The intermediate state could be 

an image state of the metal surface, an unoccupied molecular state, or an unoccupied 

molecular state with relatively strong coupling to the metal substrate. For all of these 

cases, there is a requirement that it must have a non-vanishing transition dipole 

moment for the first optical excitation step. This indicates that there must be spatial 

overlap in the wavefunctions involved. For example, if the initial state is a pure bulk 

metal state, the intermediate state must have non-zero probability density inside the 

metal. 

 In addition to the direct photoexcitation mechanism involving an initial state 

in the metal, the intermediate state can also be populated by indirect channels (Figure 

1.2) [1.14]. The first photon produces hot electrons in the metal substrate; the 

intermediate state may be populated via inelastic or quasi-elastic scattering of hot 

electrons. Alternatively, the intermediate state may be populated from the relaxation 

of a higher lying state that is excited by the first photon. The indirect mechanism 

differs from the direct mechanism in terms of coherence. While coherence is lost in 

the scattering event in the indirect mechanism,  
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Figure 1.2: Schematic of electron transfer between metal and adsorbates. 
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it is partially preserved in the dephasing time of the intermediate state in the direct 

photoexcitation mechanism. Experimentally, the indirect mechanism can be 

distinguished from the direct photoexcitation mechanism based on the photoemission 

signal's dependence on light polarization. 

The 2PPE process does not necessarily involve metal states. The absorption 

of the first photon may induce intra-molecular excitation, followed by ionization of 

the excited molecular state by the second photon. In this case the metal substrate 

serves as a bystander or as a source for competitive decay channels. 

The mechanism involving an initial state, an unoccupied intermediate state, 

and a final state can be easily distinguished based on the dependence of 

photoelectron energy on photon energy. For 2PPE involving a normally unoccupied 

intermediate state, the change in electron kinetic energy (∆Ekin) scales with that of 

the second photon, i.e., ∆Ekin = 1 × ∆hν (Figure 1.1 (b)) (for one color experiment 

like ours). For 2PPE involving a virtual state, ∆Ekin scales with the change of both 

photon energies, i.e., ∆Ekin = 2 × ∆hν (Figure 1.1 (a)). For 2PPE to a final state above 

the vacuum level, the change in electron kinetic energy is independent of photon 

energy,  ∆Ekin = 0 × ∆hν. Note that this discussion is  
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Figure 1.3: (A) Electric field and potential energy diagram of an electron in front of a Cu(100) 
surface (z = 0). The potential well formed by the sp band gap (unshaded area in the metal) 
and the Coulomb tail leads to a series of discrete hydrogen-like electronic states that extend 
into the vacuum (z > 0). The squares of the wave functions of the lowest three states are 
shown. (B) Energy-resolved 2PPE spectrum obtained after excitation by photons of energy 
ħωa and ħωb (taken from [1.15]). 
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valid only for surface and interfacial states/resonance where there is no dispersion in 

the surface normal direction. 

The image potential states need to be emphasized here, since they are a class 

of electronic states unique to the metal surface [1.15]. These states may play an 

important role in electron transport at metal-molecule interfaces or serve as a model 

for understanding interfacial electron dynamics. 

An electron placed at a distance z in front of a metal surface induces an 

electric field. This field leads to a rearrangement of the charge in the metal such that 

the parallel component of the field vanishes at the surface of the conductor. The 

electron and an opposite charge placed at –z produce an electric field that is 

perpendicular to the surface in the whole surface plane in vacuum. This describes the 

field outside the surface correctly. The field inside the metal is due to a suitable 

rearrangement of the metal electrons that produces a field satisfying the appropriate 

boundary conditions at the surface. If the electron comes closer to the surface, the 

charge rearrangement changes such that the hypothetical opposite charge moves like 

an image of the electron towards the surface. This concept leads to an attractive 

image force 

F(z) = -e2/4πε0(2z)2
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acting on the electron in front of a metal surface. It can be derived from a Coulomb-

like potential approaching the vacuum energy, Evac, for large distances, z: 

V(z) = Evac - e2/4πε0(4z)

The factor 4 in the denominator of this image potential arises due to the separation of 

the electron and the image charge by a distance 2z. The electron may not be able to 

penetrate into the metal along certain directions, due to band-structure effects. If its 

energy is below Evac it cannot overcome the vacuum barrier and becomes trapped in 

front of the surface. This situation corresponds to the Coulomb problem in one 

dimension, and the quantum-mechanical solution is analogous to the hydrogen atom. 

The resulting image states form a series of bound states (numbered by n) converging 

towards Evac with energies  

E(n) = Evac- 0.85 eV/n2   n= 1, 2,… 

where n is the quantum number. 

Previous applications of 2PPE have been most successful in probing image 

states on metal surfaces [1.12, 1.16, 1.17]. In recent years, it has been used to study 

the adsorbate induced intermediate states of adsorbate/metal systems [1.18-1.24]. 
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The adsorbates range from atoms to large molecules that strongly (chemisorption) or 

weakly (physisorption) interact with the substrate. 

1.2.2 Time-of-flight mass spectrometry TPD (TOFMS-TPD) 

Temperature programmed desorption (TPD) [1.25] is a powerful surface 

science technique that provides important information about species present and their 

reaction history on a surface.  The gas phase products, generally monitored by mass 

spectrometry (MS) under vacuum or gas chromatography (GC) under high pressure, 

must be closely related to the adsorbed species.  When the thermal energy is high, 

T∆S > ∆H, surface species can either desorb or react.  The former is a relatively 

simple process and is called desorption-limited desorption.  The analysis of surface 

reactions by TPD, also named temperature programmed reaction spectroscopy 

(TPRS), is more complicated analytically and can provide information about reaction 

pathways.  Adsorbates that undergo surface reactions may dissociate or rearrange to 

form new molecules that either desorb promptly, in what is known as reaction-

limited desorption, or stay on the surface in their new forms.  Species from reaction-

limited desorption contain both elemental and chemical information about their 

surface precursor(s). It is not always straightforward to resolve different species in 

MS data acquired during a TPD; e.g., both N2O and CO2 have base peaks at the same 

mass-to-charge ratio. This puzzle can be solved either by experiments using 

isotopically labeled adsorbates or by carefully examining the full desorption mass 
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spectrum for other identifying or excluding evidence.  A full desorption mass 

spectrum not only helps in identifying the desorbing species, but also guarantees all 

desorption species are detected.  Acquisition of full range MS data quickly over the 

temperature ramp can be realized by using time-of-flight mass spectrometry 

(TOFMS) with fast data collection systems [1.26]. 

Figure 1.4 shows the schematic diagram of TOFMS-TPD experiments.  An 

adsorbate is activated and desorbs as the temperature rises.  Meanwhile, full range 

MS data are collected by a digital signal averager (DSA)-powered TOFMS, which 

can sum 10,000 individual scans (1-450 amu) within 0.6 s.  After both MS and 

temperature data are transferred to a personal computer (PC), final TPD results are 

presented as an intensity-mass-temperature three-dimensional surface.  A cross 

section along the temperature axis gives a full mass spectrum at a temperature of 

interest and a cross section along the mass-to-charge axis nets a traditional 2-D TPD. 
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Figure 1.4: Schematic of a TOFMS-TPD experiment. After the substrate is dosed, its 
temperature is raised through a controlled ramp. The adsorbed molecules are activated and 
desorb from the surface. The desorbing species and temperature are monitored using TOFMS 
and coordinated to thermocouple measurements as a function of time.  The final output is a 3-
dimensional TOFMS-TPD spectrum (see Figure 2.1): Intensity vs. temperature (time) and 
mass. 

 17



1.2.3 Auger electron spectroscopy (AES) 

AES [1.27] is widely used to investigate the elemental and chemical 

composition of the first few atomic layers and to map elemental distribution in very 

small (µm) features.  The Auger process was first described by Pierre Auger in 1925 

[1.28] to explain the radiationless relaxation of excited ions observed in a cloud 

chamber.  Following core level ionization caused by high energy incident electrons 

(Figure 1.5), an atom can relax to a lower energy state through a two electron 

coulombic rearrangement that leaves the atom in a doubly ionized state.  The energy 

difference between these two states is carried away by the ejected Auger electron.  

The emitted electrons can be detected with an energy analyzer (conventionally, 

cylindrical mirror analyzer) and are characteristic of each elemental species, 

reflecting elements as unique quantum systems.  Every element except hydrogen and 

helium emits Auger electrons, thus allowing identification by its Auger spectrum 

(Intensity vs. Electron Energy).   

Besides AES’s primary use in elemental quantitative and qualitative analysis, 

some information about the chemical environment of the source ion can also be 

provided by the energy position and line shape of an Auger peak.  Referring to 

standard samples, one can define the chemical state of detected atoms. Another very 

useful application of AES is to estimate overlayer thicknesses [1.29].  When an 
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Auger electron passes through an overlayer, both elastic and inelastic scattering may 

occur.  Inelastic scattering will decrease the AES signal intensity.  The probability of 

inelastic scattering is determined by the effective attenuation length (EAL) of the 

overlayer.  For any material, the further an Auger electron must travel, the greater the 

probability of it undergoing inelastic scattering, losing some kinetic energy.  So, 

knowing the EAL of the overlayer and AES intensity of a clean surface, the 

overlayer thickness can be estimated by the attenuation of AES intensity.   
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Figure 1.5: Schematic of Auger electron emission from oxygen, O(KLL). The incident electron 
causes the ejection of a K shell electron and the hole in the K shell is refilled by an electron in 
LII, releasing energy to emit an LIII electron to vacuum.  
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1.2.4 X-ray photoemission spectroscopy (XPS) 

XPS is one of the most versatile techniques used for chemically analyzing 

surfaces [1.8]. It was developed in the middle 1960s by K. Siegbahn and his research 

group, who was awarded the Nobel Prize for Physics in 1981 for his work in XPS 

[1.3]. The basis of the technique [1.30] lies in Einstein’s explanation of the 

photoelectric effect, whereby photons can induce electron emission from a solid 

provided the photon energy (hν) is greater than the work function. The work function 

of a solid is defined as the minimum energy required to remove an electron from the 

highest occupied energy level in the solid to the “vacuum level” and usually is given 

the symbol φ. The vacuum level is the energy of an electron at rest (zero kinetic 

energy) in a vacuum far removed from neighboring particles, such that it has no 

interaction with them (zero potential energy). The vacuum level may be used as an 

“energy zero.” 

In XPS, a monochromatic beam of X-rays is incident upon a solid surface, 

causing photoemission from both core and valence levels of surface atoms into the 

vacuum. Core levels are defined as the inner quantum shells, which do not 

participate in chemical bonding, while valence levels are electrons more weakly 

bound, partially filled outer quantum shells. Figure 1.6 illustrates schematically the  
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Figure 1.6: The energetics of an X-ray photoemission experiment. 
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energetics of a photoemission experiment. The key to chemical identification is that 

core electrons deep inside atoms are largely insensitive to their surroundings when 

condensed into the solid phase and retain binding energies, Eb, that are signatures of 

the atom type, i.e., the number of protons in the nucleus. The outermost electrons, 

which participate in chemical bonding in a solid, are broadened into a ‘valence 

band.’ Emission from the valence band is most effectively probed by ultraviolet 

photoemission spectroscopy (UPS). Applying the principle of energy conservation 

(Einstein’s photoelectric equation), one may estimate the kinetic energy of emitted 

photoelectrons Ekin: 

Ekin = hν - (Eb + φ) 

where hν is the incident x-ray photon energy. 

 By convention, the binding energy of a core level (Eb) is measured with 

respect to the highest occupied level of the solid, the Fermi level. The total energy 

available to excite a core electron is clearly equal to the photon energy (hν). 

However, some of the photon energy must be consumed in overcoming the potential 

energy barrier, associated with attraction of the electron for the nucleus, (Eb + φ). 

The remaining energy is transformed into the kinetic energy of the photoemitted 

electrons. Hence, it is clear that for a fixed photon energy, photoemission from an 
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atom with well-defined core levels (of a particular binding energy) will produce 

photoelectrons with well-defined kinetic energies and that vary systematically from 

element to element. The higher the nuclear charge of an atom, the higher the binding 

energy of a given core level. 

 While it is the kinetic energy of the outgoing electrons that is measured, 

spectra are usually displayed on a binding energy scale to allow ease of elemental 

identification. This is achieved by utilizing  

Eb = hν– Ekin - φ 

If hν and φ are known, it is trivial to convert the measured kinetic energy to a 

binding energy scale.

1.2.4 Ultraviolet Photoemission Spectroscopy (UPS) 

A wide range of surface properties is controlled by the loosely bound valence 

electrons of surface atoms and molecules [1.30]. For example, it is the increase in 

energy experienced by these valence electrons upon loss of bulk coordination when a 

surface is created that determines the “surface energy.” The distribution of charge at 

the solid/vacuum interface also determines the value of the work function. Finally, 

the strength of adsorbate-surface bonds and the stability of reactive intermediates in 
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catalysis require a detailed understanding of the valence energy levels of both 

adsorbate and substrate. The UPS technique is related to XPS but, where XPS is used 

for elemental identification by study of the strongly bound “core” electrons, UPS 

involves the study of the weakly bound valence levels that participate in chemical 

bond formation. 

Generally a large number of valence levels (originating from both the 

substrate and the adsorbate) are contained within a rather narrow energy range 

(typically 10 eV). X-ray photon sources are unsuitable for valence bands studies 

since their inherent energy spread of 1 eV leads to poor resolution of valence peaks. 

Lower energy UV photons exhibit a much narrower energy width and hence are 

more useful in studying valence band structure. Low energy UV-photons are 

produced by striking an electrical discharge inside a low pressure or noble gas. As 

electronically excited noble gas atoms relax back to their ground state, they emit 

highly monochromatic UV photons. The most popular sources are helium and neon 

discharges, whose primary emission lines yield photons of energy 21.22 eV (He1) 

and 16.85 eV (Ne1). As most valence levels of the substrate and adsorbate are 

observed between the Fermi level to a binding energy of 10 eV, such sources are 

sufficiently energetic to excite photoemission from valence levels. Energy of 

photoemitted electrons can be analyzed with an electrostatic analyzer, as described 

previously in the section on XPS (Figure 1.6). 
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Figure 1.7: Schematic of the energetics of an ultraviolet photoemission experiment. 
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Figure 1.7 illustrates photoemission from the valence band of a solid and 

from an adsorbate with a single valence level using monochromatic UV photons of 

energy hν. The highest kinetic energy electrons are emitted from the Fermi level. 

Superimposed on the emission from the substrate valence band are electrons 

photoemitted from the weakly bound valence level of the adsorbate. The binding 

energies of these levels can be measured by UPS using the Einstein equation in an 

analogous manner to XPS.   

1.2.6 Reflection-adsorption infrared spectroscopy (RAIRS) 

 The fact that infrared spectroscopy provides specific information on the types 

of bonds present in a molecule, is non-destructive, and does not require UHV has 

made it a highly versatile technique for surface analysis [1.30]. However, many 

surfaces are opaque to infrared radiation, so transmission experiments are not viable. 

Hence, most studies use the so-called reflection mode. In a typical experimental set-

up for a vacuum RAIRS experiment, infrared radiation is focused through an IR-

transparent window (usually an alkali halide) onto the sample surface at grazing 

incidence. The light is generally polarized prior to focusing. The sample, acting as a 

mirror, reflects the beam out of a second vacuum-sealed window, where it is 

recollimated onto a photoconductive semiconductor detector such as mercury 

cadmium telluride (MCT) (detection range 5000-800 cm-1). Typically, the path of the 
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beam external to the UHV chamber is purged with dry nitrogen to minimize 

interference from gas phase adsorption bands associated with atmospheric H2O and 

CO2.

 A monolayer of molecular adsorbate has coverage of about 1015 

molecules/cm2, and the total area of a typical sample probed is less than a square 

centimeter. In order to improve the sensitivity of RAIRS, the experiment is 

performed in a grazing incidence geometry, which tends to maximize surface 

sensitivity for the following reasons. 

 First, in the reflection mode a “double pass” geometry is used. The incident 

beam must pass once through the surface layer before hitting the reflected substrate, 

and a second time on its outward journey to the detector. The adsorption of grazing 

incidence geometry also leads to a rapid increase in path length, hence increasing the 

sensitivity for very thin adsorbate layers. Second, the magnitude of the electric 

vector  of the radiation also changes dramatically as the angle of incidence 

approaches grazing. When infrared radiation is incident on a surface, its amplitude 

and phase change upon reflection. The net result is an enhancement in the electric 

field vector of the IR photon (Ê) perpendicular to the surface for grazing incidence 

geometry, and zero magnitude of Ê parallel to the surface. Since the intensity of the 

IR band depends on Ê2, this means that only molecular vibrations giving rise to the 
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dynamic dipole moment perpendicular to the surface will yield IR adsorption; this is 

termed the surface selection rule for surface vibration spectroscopy. 

 RAIRS has extremely high inherent resolution (< 4 cm-1), so   inspection of 

the spectra for simple molecules yields important information. RAIRS is seen as 

extremely useful in elucidating molecular adsorption geometry and molecular 

reaction mechanisms at surfaces. 

1.3 OVERVIEW OF DISSERTATION 

1.3.1 Chapter 2: Two-photon photoemission spectroscopy:  Naphthalene on 

Cu(111). 

Charge transport at metal/organic interfaces constitutes an essential step in 

the function of molecular electronics. The chemically inert interfaces formed 

between linear aromatic semiconductors and noble metal electrodes have been 

utilized in organic light-emitting devices (OLED) and organic field-effect transistors 

(FET) [1.31-1.33]. These organic/metal systems provide a class of interfaces with 

which to study the influence of interfacial electronic structure on electron injection. 

The energetic position of the organic semiconductor conduction band (or electron 

affinity (EA) level), with respect to the electrode Fermi level, influences device 

function by determining the height of the electron injection barrier. Therefore, 

characterizing the interfacial electronic structure at the union of the organic 
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semiconductor and the device electrodes becomes essential to understanding electron 

injection in organic electronics [1.34-1.37].  

Chapter 2 describes how two-photon photoemission (2PPE) spectroscopy 

was employed to investigate the electronic structures of naphthalene dosed on 

Cu(111) at 90 K.  Three transitions involving unoccupied orbitals were found and 

identified as having π* molecular orbital character—the first lying 0.4 eV above the 

vacuum level (π*
 b1u), the second 0.3 eV below the vacuum level (π*b3g), and the 

third 1.1 eV below the vacuum level (π*b2g).  These results are in accord with both 

inverse photoemission spectroscopy (IPES) and electron transmission spectroscopy 

(ETS) studies of naphthalene/Cu(111).  The interesting unique features in the 

temperature programmed desorption (TPD) spectra indicate the structural 

reorganization of adsorbed naphthalene.  Thermal processing also has a marked 

influence on 2PPE intensities and is taken as reflecting changes, with respect to the 

Cu(111) surface, in the ensemble average orientation of the naphthalene overlayer. 

 

1.3.2 Chapter 3: Adsorption of Styrene on Ag(111) 

The interactions of organic molecules with metals and the growth of 

corresponding thin films are receiving more and more attention because of their 

practical implications in surface and materials science, such as the creation of 
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organic thin film semiconductor devices [1.38] and nanotribology [1.39]. Recent 

advances in molecule-based electronic and optoelectronic devices have inspired the 

need for a fundamental understanding of the structure and growth of thin molecular 

films.  

In Chapter 3, temperature-programmed desorption (TPD) and reflection 

absorption infrared spectroscopy (RAIRS) have been used to investigate the 

adsorption, desorption and molecular conformation of styrene adsorbed on Ag(111) 

at 100 K.  Styrene adsorbs and desorbs molecularly.  Three peaks are resolvable in 

TPD—257 K (α1), 187 K (α2) and 167 K (α3)—depending on the coverage.  RAIRS 

indicates that the α1 and α2 adsorption states are in contact with silver surface.  For 

α1, the aromatic ring lies parallel to the Ag(111) surface and for α2, nearly parallel.  

Although the α3 state in TPD is ascribed to the bulk-like multilayer desorption, 

RAIRS indicates that, as-dosed, this coverage region is separable into two 

components—a second layer and subsequent layers.  In the second layer, the 

principle axis of styrene lies between 5º and 8º away from the surface normal, 

making a T-like configuration with the first layer.  For subsequent layers, the RAIRS 

data are consistent with a mixture of orientations.   
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1.3.3 Chapter 4: Directly probing the hybrid bonding of styrene on Cu(111) 

 When a molecule is chemisorbed on a metal surface, its electronic structure is 

significantly modified by interactions with the substrate electronic states.  These 

interactions typically involve the low-lying unoccupied molecular orbitals (LUMOs) 

and high-lying occupied molecular orbitals (HOMOs) of the adsorbate and can be 

described theoretically in terms of hybridization with substrate bands.  Experimental 

information on the electronic structures of these adsorbate-substrate complexes is of 

central importance for understanding chemical bonding and charge transfer at metal 

surfaces.  Among the methods for probing the interfacial electronic structure 

between organic molecules and metal electrodes, two-photon photoemission (2PPE), 

the method we used, is attractive because both occupied levels lying below the Fermi 

level and, especially, unoccupied levels lying between the Fermi and vacuum levels 

can be interrogated in a single experiment [1.40-1.43].   

In chapter 4, the interfacial electronic structure of chemisorbed styrene on 

Cu(111) was successfully investigated with two-photon photoemission (2PPE) 

spectroscopy.  We observed unoccupied states 3.5 eV above the Fermi level and 

occupied states 2.0 eV below the Fermi level. Polarization results reveal that the 

occupied and unoccupied states arise from bonding and antibonding orbitals formed 

by hybridization of copper (surface state and d-band orbitals) and styrene (π1* and 

π2* orbitals).  
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1.3.4 Chapter 5: Two-photon photoemission spectroscopy: atomic oxygen on 

Cu(111) 

The adsorption of oxygen on metal surfaces has attracted much interest 

because it constitutes an elementary step in oxide formation. Precise knowledge of 

adsorbate-derived electronic states [1.44-1.53] is an essential clue for a complete 

understanding of the oxygen chemisorption process. Considerable efforts [1.44] have 

been made to determine these states for atomic oxygen adsorbed on Cu(100), but 

photoemission data for oxygen on Cu(111) is scarce.  

In chapter 5, two-photon photoemission (2PPE) spectroscopy was employed 

to investigate the unoccupied electronic states at surfaces of Cu(111) dosed with O2 

at 400 K.  The spectrum after 100 L O2 exhibits an occupied Cu-derived surface state 

and an unoccupied state at 2.8 eV above the Fermi level.  Consistent with 

polarization results, we attribute the latter to strong hybridization and covalent 

bonding between the 2p states of oxygen atoms located in three-fold hollow sites and 

the dz2 states of the Cu atoms in the second layer.  For a 1000 L O2 exposure, the 

occupied Cu-based surface state vanishes, and there is a broad unoccupied state 

located at 2.8 eV above the Fermi level.  These results are consistent with a surface 

structure that is a precursor to Cu2O.   
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1.3.5 Chapter 6: Reaction of styrene on oxygen covered Cu(111) 

Heterogeneously catalyzed alkene epoxidation is of great interest from both 

academic and technological points of view. Ag is an apparently unique catalyst for 

ethylene epoxidation and has thus received extensive study [1.54-1.55].  Much 

surface science research on this system has been conducted to gain a better 

understanding of the detailed mechanism, although it is still a subject of debate 

[1.56-1.63]. Recently, using styrene as a model terminal alkene, this chemistry has 

been broadened to the selective oxidation of certain higher terminal alkenes on other 

alternative catalysts to Ag, for example, Cu [1.64].  

In Chapter 6, temperature-programmed desorption (TPD), X-ray 

photoemission spectroscopy (XPS) and two-photon photoelectron spectroscopy 

(2PPE) were used to study the chemical reaction of styrene (C6H5CH=CH2) on 

oxygen-covered Cu(111). When the molecule is adsorbed on Cu metal sites in the 

presence of 100 L pre-adsorbed oxygen, it undergoes efficient epoxidation to styrene 

oxide. The 2PPE results show that the change in the electronic structure of the 

adsorbed reactant is consistent with the surface reaction: the oxygen-induced feature 

from the Cu-O bonding disappears and a new state appears. However, the 1000 L 

oxygen-covered Cu(111) is catalytically inert for styrene epoxidation: as styrene is 

added, no new features appear in 2PPE, and there is no evidence for chemical 
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reaction in thermal desorption. This is the first demonstration of a chemical reaction 

on the surface by means of two-photon photoemission spectroscopy. 
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Chapter 2: Two-photon photoemission spectroscopy:  Naphthalene on Cu(111) 

 

2.1 OVERVIEW 

Two-photon photoemission (2PPE) spectroscopy was employed to 

investigate the electronic structures of naphthalene dosed on Cu(111) at 90 K.  Three 

transitions involving unoccupied orbitals were found and identified as having π* 

molecular orbital character—the first lying 0.4 eV above the vacuum level (π*
 b1u), 

the second 0.3 eV below the vacuum level (π*b3g), and the third 1.1 eV below the 

vacuum level (π*b2g).  These results accord with both inverse photoemission 

spectroscopy (IPES) and electron transmission spectroscopy (ETS) studies of 

naphthalene/Cu(111).  There are interesting unique features in the temperature 

programmed desorption (TPD) spectra that indicates the structural reorganization of 

adsorbed naphthalene.  Thermal processing also has a significant influence on 2PPE 

intensities and is taken as reflecting changes, with respect to the Cu(111) surface, of 

the ensemble average orientation of the naphthalene overlayer. 
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2.2 INTRODUCTION 

The transport and dynamics of photoexcited electrons at interfaces are 

important in surface chemistry, electronic materials, electrochemistry, and optical 

properties of materials [2.1, 2.2].  The electronic structures of organic molecules 

located at interfaces often control electron and hole charge transfer across those 

interfaces, which is an important technological consideration in electronic devices 

based on organic materials, e.g., organic light-emitting diodes (OLED) and organic 

field-effect transistors (OFET) [2.3-2.5]. 

Among the adsorbate-derived orbitals, there is a common focus on the 

highest occupied molecular orbital (HOMO), the lowest unoccupied molecular 

orbital (LUMO) [2.6], and others with energies close to these since charge can 

transfer among them (and the substrate) with the least input of energy (thermal or 

non-thermal).  For example, photophysics and photochemistry often involve 

electronic excitation or relaxation between orbitals with character of the HOMO and 

LUMO or LUMO+1 (the first empty orbital above the LUMO).  Taking an example, 

when a monolayer of an organic molecule is adsorbed on a metal substrate, the 

energy of adsorbate-derived HOMO typically lies near the Fermi level, while the 

LUMO’s lies between the Fermi level and the vacuum level.  Even in the absence of 

chemical interactions, adsorbate-derived orbital energies will differ from 
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corresponding gas phase or bulk condensed phase values due to polarization 

interactions with the metal.  

Determining HOMO and LUMO orbital energies at these interfaces is 

experimentally challenging.  Inverse photoemission spectroscopy (IPES) [2.7, 2.8] is 

useful for investigating unoccupied orbitals between the Fermi and vacuum levels, 

but the process often lacks adequate resolution and sensitivity to address questions of 

interest in surface photochemistry and surface photophysics.  Two-photon 

photoemission (2PPE) has emerged as a powerful tool to study occupied states lying 

below and unoccupied states lying above the Fermi level [2.9-2.26].   

In 2PPE, kinetic energies of photoelectrons are measured as a function of the 

incident photon energy.  The slope of a plot of kinetic energy versus photon energy 

determines the kind of photoemission process and, combined with the absolute 

kinetic energies, makes it possible to position various orbitals with respect to the 

Fermi or vacuum level of the adsorbate-substrate system [2.27].  If the change of the 

photoelectron kinetic energy is twice the photon energy change, e.g. ∆Ekin = 2 • ∆hν, 

the photoelectrons involve a discrete occupied state below the Fermi level.  If ∆Ekin 

varies as 1 • ∆hν, the photoelectrons are emitted as the result of transiently 

populating an unoccupied state by absorption of one photon and using a second 

photon to eject it before the relaxation to empty lower lying orbitals (metal or 
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adsorbate) of the system.  If the electron kinetic energy does not change as the 

photon energy changes, the two photons are involved in exciting an electron to a 

resonance that lies above the vacuum level (transiently localized but with sufficient 

energy to be free) [2.27].  For copper, emission is observed from the d-band, the 

occupied surface state and the unoccupied image states [2.5], which depend on the 

incidence photon energy. 

Once the local molecular geometry is known and controllable, the correlation 

of charge transports and local structure can be established by using 2PPE. The 

charge transfer across heterogeneous interfaces and among neighboring adsorbates 

involves coupling among orbitals (HOMOs and LUMOs). Since the coupling 

depends strongly on orbital overlap, which varies with local orientation, the 

importance of local structure is clear [2.28].   

In the gas and solid phases, naphthalene (C10H8) is a well-characterized 

planar molecule with two aromatic rings. The molecule is symmetric and mimics 

some properties of molecules used in organic-based electronic materials.  On 

Cu(111), prior 2PPE identified an unoccupied orbital lying 3.1 eV above the Fermi 

level (1.1 eV below the vacuum level) [2.29] at monolayer coverage; polarization 

and dispersion measurements supported the image-like character of this state, i.e., the 

orbital involves hybridization of π*b2g orbital of naphthalene and image state of the 

solid-vacuum interface.  Adsorbed on Ag(111), IPES identified at least two 
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unoccupied molecular orbitals in the energy region around the vacuum level [2.30].  

Based on a HAM/3 calculation [2.31], they were assigned as having b2g and b3g 

character, in agreement with experimental work of Burrows et al. [2.38] using 

electron transmission spectroscopy (ETS).  A third unoccupied state with b1u 

character was not observed in IPES; ETS detected it and a HAM/3 calculation 

predicted its existence.  

The crystallization of naphthalene [2.32] and its adsorption on Al2O3(0001) 

[2.33] have been  studied by monitoring photon emission from optically pumped 

excited electronic states. There was a broad, featureless emission spectrum with an 

intensity maximum near 400 nm when the film was formed on the substrate at 90 K.  

Upon annealing up to 180 K, the emission maximum shifts to shorter wavelength (~ 

340 nm) and vibrational structures begin to be resolved.  The as-dosed film is 

interpreted as disordered and the annealed film as locally ordered. 

In this chapter, we report a 2PPE and TPD investigation of naphthalene on 

Cu(111) that expands the ranges of wavelength, coverage, and thermal processing. 
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2.3 EXPERIMENTAL  

All experiments were done in a two-level ultrahigh vacuum system (base 

pressure of 3 × 10-10 Torr) pumped by an ion pump and two turbo molecular pumps.  

The upper level comprises an Auger electron spectrometer (AES) for surface 

analysis, a time-of-flight mass spectrometer (TOFMS) for temperature-programmed 

desorption (TPD) and residual gas analysis, and an ion sputtering gun for surface 

cleaning.  

The lower level houses 2PPE instrumentation (schematic in Figure 2.1) 

comprising a homemade electron time-of-flight spectrometer with a calibrated 

electron-flight distance of 41 cm and the optics for handling the laser radiation used 

to produce the spectra.  The signal-to-noise ratio was enhanced by uniformly shifting 

the electron energy distribution to higher values (0.5 eV) using an applied bias.  

Electrons were detected using a multichannel plate connected to a Tektronix TDS 

724D digital oscilloscope. 

Photoelectrons were produced using a tunable Spectra-Physics MOPO/FDO-

900 laser system pumped by a Quanta-Ray 170-10 Nd-YAG laser.  In the 

experiments reported here, 6 ns FWHM photon pulses (~ 3 mJ/cm2) with 

wavelengths between 280 and 342 nm were used.  External optics (irises and a 1 m 

focal length lens) were used to direct the incident light at an angle of 45o onto a  
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Figure 2.1:  Schematic of 2PPE experimental setup.
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0.5 mm diameter region at the center of the Cu(111) surface.  A polarizer and a half-

wave plate controlled the polarization of the laser beam.  P-polarized light was used.  

Reflected light was directed away from the detector except when calibrating 

(determining the zero of the flight time scale).  The axis of the electron spectrometer 

was perpendicular to the substrate, i.e., electrons with zero momentum parallel to the 

surface (k|| = 0) were collected.  Signal fluctuations due to laser intensity variation 

were removed by normalizing the 2PPE signal to the intensity of a photodiode that 

monitored the laser intensity.  To test for laser-induced changes, a naphthalene-

covered surface was irradiated much longer time (30 min) than normal.  The 2PPE 

spectra did not change.  

The raw data comprises photoelectron intensity versus time.  The unadjusted 

photoelectron kinetic energy is Ekin,u= mev2/2=me (d/t)2/2, where me is the electron 

mass, d is the electron flight distance and t is the flight time.  The resulting Ekin,u 

distribution exhibits a sharp low energy onset attributed to secondary electrons.  For 

clean Cu(111) these low energy electrons do not appear at Ekin,u= 0.0 because 

electrons leaving the substrate with zero kinetic energy, Ek = 0.0 are accelerated by 

the 0.5 eV bias and by the work-function difference between sample and the detector 

(Φs - Φd).  When adsorbate is added the sharp low energy onset of Ekin,u shifts 

because Φs changes; when napthalene is added the onset shifts to lower kinetic 

energy indicating Φs is decreasing, i.e., ∆Φs < 0.0.   Since Φd is not known, we do 
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not actually perform this calculation; rather, for clean Cu(111), we use Φs = 4.9 eV 

clean Cu(111) and, for one wavelength, set the onset of its secondary electron 

distribution at Ek = 0.0 eV.  In what follows, we plot 2PPE signal intensity versus the 

final state energy above EFermi, i.e. Ek + Φs eV. 

The 12 mm dia Cu(111) crystal surface was mounted on a standard XYZ 

manipulator with rotary motion about an axis lying in the surface of the crystal.  The 

surface can be cooled to 86 K and resistively heated to 800 K.  The copper surface, 

monitored using AES, was routinely cleaned by sputtering with Ar+ (2 to 4 x 10-6 

Torr and 1.6 keV) for 15 min and annealing at 800 K for 10 min.  

Solid naphthalene (Aldrich, 99%) was placed in glass tube connected to a 

stainless steel needle valve that was in turn connected to a 9 mm dia stainless steel 

tube that passed through the vacuum wall and terminated 1 mm in front of the 

Cu(111) surface.  This tube contained an internal barrier with a 25 µm dia pinhole 

through which naphthalene vapors passed.  From the pinhole to the end facing the 

Cu(111), the doser was heated at 420 K to preclude accumulation of naphthalene.  

From the pinhole to the solid naphthalene the temperature was 300  5 K, i.e., the 

vapor pressure of naphthalene at this temperature controls the flux through the 

pinhole.  With this configuration, there was negligible pressure rise in the UHV 

chamber during dosing and TPD peak areas were reproducible to within 5% for 

±
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equal dose times.  Before dosing, naphthalene was degassed using a turbo pump and 

the purity was confirmed using the TOFMS. 

 

2.4 RESULTS 

2.4.1 TPD of Naphthalene (C10H8) 

TPD spectra following dosing at 86 K, Fig. 2, are characterized by two local 

maxima, one near 200 K that moves to higher values with coverage and the other 

between 300 and 340 K, that moves downward with increasing coverage (insert).  

The low and high temperature peaks are ascribed, respectively, to desorption of 

C10H8 from multilayers and in contact with Cu(111).  Note that both the rising edges 

of the low temperature peaks and the decaying edges of the high temperature peaks 

align.  Compared to the multilayers peak, the high temperature peak is much broader 

and the breadth increases significantly with coverage in an asymmetric fashion 

toward lower temperature.  We arbitrarily define monolayer (ML) coverage as the 

peak area corresponding to the largest dose for which there is no 200 K TPD peak.  

Scaling to this area leads to the numerical coverage values indicated on each plot.   
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Figure 2.2:  Naphthalene TPD spectra. The inset is for lower coverages.  1 ML is defined in 
term of the lowest dose that does not show any peak at 200 K.   
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2.4.2 2PPE of clean Cu(111) 

As a test comparison with previous work [2.27], 2PPE spectra of clean 

Cu(111) were acquired using 3.68 and 4.1 eV photons (Fig. 3).  With the photon 

energy scale set as described above for 3.68 eV, the following four features are noted 

as the photon energy increases by 0.42 eV:  (1) as it should, the leading edge of the 

secondary electron peak remains at 4.9 eV for 4.1 eV photons;  (2) a local maximum, 

ascribed to occupied copper d-band density of states shifts by 0.84 eV (from 5.30 to 

6.14 eV); (3) a local maximum attributed to an occupied surface state (n = 0) shifts 

by 0.85 eV (6.95 to 7.80 eV); and  (4) for 4.10 eV, but not 3.68 eV, photons, a 

shoulder appears on the high energy (7.9 eV) side of n= 0 and is attributed to 

contributions from an initially unoccupied image state (n = 1).  As found in earlier 

work [2.27], the peaks associated with ejection from n = 0 and the d-band shift with 

photon energy as 2 • ∆Ephoton.   
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Figure 2.3: 2PPE spectra of clean Cu(111) gathered using photon energies of 3.68 eV and 4.1 
eV. 
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2.4.3 2PPE of submonolayer (0.46 ML) C10H8 on Cu(111) 

For a submonolayer (0.46 ML) of C10H8, we split the spectra into low (Fig. 4) 

and high (Fig. 5) energy plots.  The low energy portions of the 2PPE spectra, 

initiated with photon energies between 3.6 and 4.4 eV (Fig. 4), exhibit features 

ascribed to photoemission involving both the Cu d-band and C10H8.  The local 

maximum ascribed to electrons originating from the Cu d-band shifts to higher 

energy (5.0 to 6.2 eV) as 2 • ∆Ephoton.  For photon energies of 4.22 and 4.28 eV, a 

C10H8-derived local maximum appears near 4.6 eV over the narrow photon energy 

region (0.06 eV), in the position of this feature.  While the photon energy range is 

narrow, by comparison with the easily detected shift of the peak near 6 eV, there is 

no detectable shift of the 4.6 eV peak, i.e., 0 • ∆Ephoton.  When the photon energy 

exceeds the work function, as expected, a one-photon photoemission peak emerges 

(Fig. 4 insert). 

Turning to the high energy portion of the 2PPE spectra, Fig. 5, there is a peak 

moving from 7.0 to 7.4 eV as the photon energy increases from 3.6 to 3.96 eV, i.e., 

∆Ekin = 1 • ∆Ephoton.  For higher photon energies (3.96 to 4.22 eV), there is one 

readily identified local maximum for which ∆Ekin = 2 • ∆Ephoton.  Between 4.22 and 

4.40 eV, there is a peak that shifts as ∆Ekin = 1 • ∆Ephoton.  Assignments are discussed 

below. 
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Figure 2.4: The low energy, 4 to 6.6 eV, region of the 2PPE spectra of submonolayer, 0.46 
ML, naphthalene on Cu(111).  The photon energy is listed on each of the electron kinetic 
energy distributions. 
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Figure 2.5: The high energy, 6.6 to 8.7 eV, electron kinetic energy region of the 2PPE spectra 
of 0.46 ML naphthalene on Cu(111).  The photon energies are listed and each curve is 
vertically offset by an amount proportional to the photon energy change.  The change of 
photoelectron kinetic energy has 2•∆hν or 1•∆hν  dependence as indicated.   
 

 

 

 57



2.4.4 2PPE of multilayer (4.58 ML) C10H8 on Cu(111) 

With the submonolayer data in mind, we turn to a 10-fold higher dose (4.58 

ML) that, in TPD, is dominated by the 200 K desorption (Fig. 2).  Near their low 

energy onsets, the 2PPE spectra (Fig. 6) contain the same local maxima found at 

submonolayer coverage (Fig. 4).  The work function is 4.05 ± 0.02 eV, about 0.2 eV 

lower than at 0.46 ML.  As anticipated, based on scattering by the adsorbate 

overlayer, the secondary electron intensity is weaker than at 0.46 ML.  Interestingly, 

the d-band (2 • ∆hv dependence) intensity is 3 to 4 times more intense.  As in Fig. 4, 

at 4.05 eV excitation, there is a local maximum at 4.6 eV associated with an 

otherwise broadly distributed emission. 

The high-energy regime, 6.5 to 8.5 eV, is depicted in Fig 7.  Overall, the 

intensities are weaker than at 0.46 ML (Fig. 5).  But the resolution of two transitions 

is clearer; for the lower energy peak, ∆Ekin = 1 • ∆Ephoton (dashed line) while for the 

higher energy peak, ∆Ekin = 2 • ∆Ephoton. 
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Figure 2.6:  The low energy section of the 2PPE spectra for multilayer (4.58 ML) naphthalene 
on Cu(111).  The photon energies are listed.  Each curve is vertically offset by an amount 
proportional to the photon energy change.   
 

 

 

 59



 

Figure 2.7: The high energy part of the 2PPE spectra of multilayer (4.58 ML) naphthalene on 
Cu(111). The photon energies are listed and each curve is vertically offset by an amount 
proportional to the photon energy change.   
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2.4.5 Annealing effects 

It is likely that dosing C10H8 at 86 K forms a thermodynamically metastable 

adsorbate layer.  Since the 2PPE spectra are expected to depend on local order, in 

particular for planar molecules like naphthalene, we compared, at constant total 

coverage, spectra taken before and after annealing 0.74 ML C10H8 for 3 min at 180 K 

and re-cooling to 86 K (Fig. 8).  Focusing on the local maximum at 7.0 eV for 3.68 

eV photons and 7.6 eV for 4.10 eV photons, there is a large increase (2 x) after 

annealing for the latter (Fig. 8b), but not the former (Fig. 8a).  While annealing 

increases the work function slightly (0.1 eV, not shown), neither the 2PPE peak 

shapes nor their positions change upon annealing (Fig. 8).  Attempts to study the 

effects of annealing on a multilayer (4.5 ML) failed because the 2PPE signal-to-noise 

ratios were too low to interpret.  
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Figure 2.8: Annealing effect on the 2PPE spectra.  a: 3.68 eV photoexcitation; b: 4.10 eV 
photoexcitation.  The solid curve is the 2PPE spectrum of 0.74 ML naphthalene on Cu(111) 
dosed and measured at 86 K, the dashed curve is the 2PPE spectrum after annealing 0.74 
ML at 180 K for 3 min and recooling to 86 K. 
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2.5 DISCUSSION  

2.5.1 Naphthalene adsorption 

 Naphthalene, C10H8, adsorbs and desorbs molecularly from Cu(111); no H2 

or C-containing species, other than C10H8, were detected during TPD and, as judged 

by AES, there was no carbon retained after TPD in excess of that ascribable to 

background from the vacuum chamber.  While quantitative details differ slightly, 

these observations qualitatively concur with previous experiments involving small 

aromatic molecules on Cu(111) [2.29] and other transition metals [2.34-2.36].  

Multilayers desorption at 200 K and alignment of leading edges is in excellent 

agreement with the literature for zero order desorption of aromatic molecules 

adsorbed on noble metals [2.29].  There is one important difference with earlier 

work; we did not observe multiple local maxima in the multilayer desorption regime 

[2.29].  While this remains to be understood, differences in dosing temperature (86 

vs. 125 K) and TPD heating rate (2 vs. 1.5 K s-1) may contribute; the initial 

orientation distribution may be more random for dosing at 86 K and the time scale 

for conversion to the thermodynamically stable state may be of the same order as the 

time (during TPD) required to reach the multilayer desorption region.   

The very broad monolayer TPD regime (220 to 370 K) is typical for aromatic 

hydrocarbons and is attributed, in part, to increasingly repulsive lateral interactions 

among the adsorbates bound to the surface as the coverage increases and the average 
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distance between adsorbates decreases.  Increased repulsive interactions reduce the 

energy required for desorption thereby lowering the desorption temperature.  It is 

noteworthy (Fig. 2 insert) that the high temperature portion of the TPD intensity 

doubles after the multilayer peak first appears.  As the dose increases, rearrangement 

of previously adsorbed C4H10 to a more densely packed first layer likely occurs 

including the filling of sites left open by “hit and stick” formation of 3D structures.  

In this regard, NEXAFS [43] results point to structures with the naphthalene plane 

not parallel to the surface.  3D "hit and stick" structures could contribute if their 

rearrangement requires nearly the same thermal activation as multilayer desorption. 

 

2.5.2 Naphthalene-surface interaction    

The Cu(111) work function decrease upon adsorption of aromatic species 

[2.27, 2.29, 2.37] is attributed to polarization of π electron density.  The work 

function of a clean Cu(111) surface is 4.9 eV. 0.46 ML of naphthalene reduces it to 

4.3 eV  and multilayers coverages reduce it to as low as 4.0 eV. 

Naphthalene physisorbs on Cu(111), so the molecular orbitals should track 

the vacuum level and move with respect to the Fermi level as the work function 

changes.  As noted in the introduction, two low-lying unoccupied states were 

observed for naphthalene on Ag(111), one at 1.1 eV below the vacuum level and the 

other at 0.3 eV below the vacuum level [2.30, 2.31, 2.38].  These were assigned as 
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deriving from the naphthalene π*b2g and π*b3g orbitals, respectively.  A third π* 

orbital with π*b1u symmetry was not observed in IPES of adsorbed C10H10. 

A previous 2PPE study of naphthalene on Cu(111) reported a peak located 

3.1 eV above EFermi and described as having π*b2g and image state character [2.29].  

Peaks involving the π*b3g and π*b1u orbitals of naphthalene were not reported.  By 

broadening the photon energy range, 3.6 to 4.4 eV in Figs. 4 and 5, we have 

identified features that are interpretable in terms of contribution from all three π* 

orbitals.  Since no shift with photon energy is detectable, the peak at 4.6 eV above 

EFermi, Figs. 4 and 6, is attributed to electrons ejected from a C10H10-derived 

resonance lying above the vacuum level, i.e., a resonance involving the π*b1u orbital 

of naphthalene.  An analogous assignment was proposed in experimental and 

theoretical studies of benzene on Cu(111) [2.27, 2.40]; the unoccupied π* a2u state of 

benzene was located 4.6 eV above EF. 

In the higher kinetic energy regime, Fig. 5, there are three features, 

depending on the photon energy.  First, for 3.60 to 3.96 eV photons, there is a 

maximum in the distribution that shifts as ∆Ekin = 1 • ∆hν.  Second, for 4.05 to 4.28 

eV photon there is a peak that shifts as 2 • ∆hν. Third, between 4.28 and 4.4 eV, 

there is a peak shifting as ∆Ekin = 1 • ∆hν.  Based on analysis of these shifts [2.27], 

we conclude that there is an intermediate orbital located 1.1 eV below Evac that 

 65



controls the intensity for photons lying between 3.6 and 3.96 eV, and another orbital 

0.3 eV below Evac that controls for photons between 4.28 and 4.4 eV.  These results 

are in agreement with IPES results for naphthalene on Ag(111) [2.30], and the 

corresponding molecular orbitals are assigned as having π*b2g and π*b3g symmetry.  

The third peak shifts as 2 • ∆hν indicating that an electron from a filled state below 

EF is ejected by garnering the energy of two photons.  This process should occur 

throughout the photon energy regime that meets the energy requirement 2hν > EF 

and, likely contributes broadly to the 2PPE intensity distribution.   

For multilayer coverages where electron scattering and overlayer 

heterogeneity increase, the peaks are, not surprisingly, somewhat broader compared 

to submonolayer coverage.  By reducing the energy gap between electrons emerging 

from the π*b2g- and π*b3g-derived orbitals, this may account for difference found in 

comparing the high-energy regions of Figs. 5 and 7.  From this viewpoint, the 1 • 

∆hν dependent 2PPE peak (Fig. 7) is assigned as the superposition of the high-

energy side of the π*b2g and the low energy side of the π*b3g molecular orbitals.  

Alternatively, for multilayers the π*b2g- and π*b3g-derived states may both shift 

toward the vacuum level due to decreased polarization of the metal by the 

intermediately formed anion.  If so, the π*b3g-derived state may shift out of range for 
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the photon energies used in Fig. 7.   In agreement with previous work [2.29], the 2 • 

∆hν dependent 2PPE peak of Fig. 7 is attributed to contributions from a surface state.   

Based on the foregoing, we can propose energy level diagrams for 

submonolayer, Fig. 9a, and multilayers, Fig. 9b, naphthalene on Cu(111).  For 0.46 

ML, the surface work function is reduced to 4.3 eV, the π*b1u-derived orbital is 0.4 

eV above the vacuum level and the π*b3g- and π*b2g- derived orbitals are located 

below the vacuum level by 0.3 and 1.1 eV, respectively.  There is a surface state 0.41 

eV below EF and the d-band maxium is 2.2 eV below EF.  Photon energies between 

3.6 and 4.4 eV can eject electrons in 2PPE processes that involve the three lowest π*
 

molecular orbitals, the Cu(111) surface state, and d-band electrons.  For the 

multilayer case, the work function is 4.0 eV and, as constructed here, the upper tail 

of π*b2g and the lower tail of π*b3g overlap.  This representation does not consider the 

plausible shifts towards the vacuum level of these two orbitals resulting, as described 

above, from reduced metal polarization. 
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Figure 2.9: Proposed energy level diagrams describing:  (a) submonolayer and (b) multilayer 
naphthalene on Cu(111). 
 

 

 

 

 

 

 

 68



2.5.3 Naphthalene molecular surface orientation 

According to our TPD results and the coverage definition, 0.74 ML involves 

no second layer naphthalene (Fig. 2) but there is a pronounced effect of thermal 

annealing on the 2PPE intensity for certain photon energies but not others.  With 

annealing we expect the adsorbed species will rearrange to approach minimum free 

energy.  The slightly altered work function observed after annealing indicates some 

structural rearrangement presumably invoving increased local order.  Why the work 

function increases slightly (0.05 eV) is unclear.  Related work [2.30] reported (3x3) 

LEED patterns when C10H10 was dosed on Ag(111) at 80 K.  In-situ scanning 

tunneling microscopy (STM) reports found the naphthalene plane lies parallel to the 

surface of Rh(111), Pt(111) and Cu(111), and that the structure on Cu(111) takes a 

(4x4) arrangement, presumably measured at 300 K [2.41, 2.42]. 

From Fig. 5 we conclude that 3.68 eV photoexcitation involves the π*b2g-

derived orbital of naphthalene and annealing (Fig. 8a) has negligible influence on its 

intensity. On the other hand, excitation using 4.1 eV photons involves the π*b3g-

derived orbital and the intensity doubles upon annealing, Fig. 8b.  While the 

structural alterations underlying the work function and 2PPE changes are not known, 

there is some literature that may be relevant.  Yannoulis et al. studied the orientation 

of aromatic hydrocarbons on Ag(111) and Cu(100) by near edge X-ray absorption 

spectroscopy (NEXAFS) [2.43]. They found, at grazing incidence (θ = 20ο), the 
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NEXAFS intensity is strong for π*b2g orbitals and very weak for π*b3g orbitals.  

Contrariwise, for θ = 90ο, π*b3g becomes more intense than π*b2g.  Although the 

molecular orientation does not change in the NEXAFS experiment, the X-ray 

incident angle changes the angle (and the coupling) between the electric field vector 

and naphthalene molecules.  In our work, we suppose that annealing changes the 

average molecular orientation relative to the surface and, as a result, the coupling of 

π*b3g, but not π*b2g, with the substrate. 

 

2.6 CONCLUSION  

Two-photon photoemission spectroscopy has been employed to study the 

electronic structure of naphthalene on Cu(111). Features attributed to contributions 

from three unoccupied π* naphthalene orbitals were observed.  (1) π*
 b1u contributes 

to intensity 0.4 eV above the vacuum level observed for the first time in 2PPE;  (2)  

π*b3g contributes to intensity 0.3 eV below the vacuum level;  and (3) π*b2g to 

intensity 1.1 eV below the vacuum level.  The results agree with previous 2PPE, 

IPES and ETS data.  In TPD, the monolayer intensity increases even after multilayer 

intensity emerges, and we suggest two plausible contributors.  First, C4H10 dosed at 

90 K does not move laterally from its point of incidence ("hit and stick") and, thus, 

forms 3-dimensional islands with significant probability before the Cu(111) sites are 

fully occupied.  Second, as the surface becomes nearly fully covered, the arriving 
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C4H10, through local repulsions, reorients previously adsorbed C4H10 in ways that 

open Cu(111) sites.  These TPD properties, pointing to a metastable coverage formed 

during dosing at 90 K, are consistent with the observed annealing effect on 2PPE 

spectrum, i.e., annealing rearranges the initial structure toward a thermodynamically 

more stable form that enhances the 2PPE transitions for some, but not other, 

transitions. 
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Chapter 3: Adsorption of Styrene on Ag(111) 

 

3.1 OVERVIEW 

Temperature-programmed desorption (TPD) and reflection absorption 

infrared spectroscopy (RAIRS) have been used to investigate the adsorption, 

desorption and molecular conformation of styrene adsorbed on Ag(111) at 100 K.  

Styrene adsorbs and desorbs molecularly.  Three peaks are resolvable in TPD—257 

K (α1), 187 K (α2) and 167 K (α3)—depending on the coverage.  RAIRS indicates 

that the α1 and α2 adsorption states are in contact with silver surface.  For α1, the 

aromatic ring lies parallel to the Ag(111) surface and for α2, nearly parallel.  

Although the α3 state in TPD is ascribed to the bulk-like multilayer desorption, 

RAIRS indicates that, as-dosed, this coverage region is separable into two 

components—a second layer and subsequent layers.  In the second layer, the 

principle axis of styrene lies between 5º and 8º away from the surface normal, 

making a T-like configuration with the first layer.  For subsequent layers, the RAIRS 

data are consistent with a mixture of orientations.   
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3.2 INTRODUCTION   

Studies of interactions at organic-metal interfaces and of the morphology of 

adsorbed organic films are valuable to a number of scientific disciplines.  The 

interaction of organic molecules with metals and the growth of corresponding thin 

films are of special interest, due to such potential practical applications as the 

creation of organic thin film semiconductor devices [3.1], catalysis and corrosion   

inhibition [3.2].  Recent advances in molecule-based electronic and optoelectronic 

devices have inspired the need for a fundamental understanding of the structure and 

growth of thin molecular films.  

Adsorbate orientation is one key issue to be addressed regarding the growth 

of thin molecular films. Due to the highly anisotropic molecule-molecule and 

molecule-substrate forces, orientational transitions are expected during deposition of 

molecular solids. Particularly at interfaces between different materials, the molecular 

orientation is expected to influence the optical and electronic properties of the 

resulting combined structure. For example, interfacial electronic structures between 

the adsorbate and the substrate are sensitive to the molecular orientation upon 

adsorption: when pyridine adsorbed on Cu(111) was investigated by two-photon 

photoemission (2PPE) spectroscopy, it was found that the energy position of the first 

image state moved from ~ 2.7 eV to ~ 1.8 eV (above the Fermi level) as the 
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molecular orientation changed from nearly flat geometry (π-bonding) to standing-up 

geometry (n-bonding) [3.3].  

Styrene (C8H8) is the monomer of PPV [poly(p-phenylene vinylene)], and its 

derivatives are widely used polymers in organic light emitting devices (OLED) and 

field-effect transistors (FET) [3.4].  In these devices, the molecular packing and the 

morphological properties in thin films influence the optical/electronic properties in 

the conjugated molecular materials [3.5].  In particular, changes in the molecular 

packing influences the characteristics of the excited electronic states, as evidenced in 

the case of aromatic hydrocarbons, because various molecule-molecule geometries 

may lead to a large variety of fluorescence behaviors [3.6, 3.7].  Face-to-face 

packing typically displays strongly disturbed excimer-like fluorescence, while edge-

to-face packing displays weakly perturbed exciton-like fluorescence [3.7].  

Motivated by this, several studies have investigated the structures of adsorbed 

benzene [3.8-3.10], naphthalene [3.11, 3.12] and pyridine [3.3]. Although Lambert 

and others have previously investigated styrene adsorption on metal surfaces [3.13-

3.16], they looked only at the submonolayer to monolayer level; none of these 

studies focused on the structures of the multilayer. 

Here we employed temperature-programmed desorption (TPD) and reflection 

absorption infrared spectroscopy (RAIRS) to examine the adsorption of styrene on 
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Ag(111). We found that the aromatic rings of styrene in the first layer lie parallel or 

nearly parallel to the surface, whereas the second styrene layer adsorbs in an 

orientation with the molecular plane significantly tilted away from the surface.  

 

3.3 EXPERIMENTAL   

The experiments were performed in a two-level ultrahigh vacuum chamber 

with a base pressure of 2.0 × 10-10 Torr.  The upper level is equipped with a Nicolet 

Magna-IR 860 spectrometer for reflection absorption infrared spectroscopy 

(RAIRS), a SRS RGA 200 mass analyzer for residual gas analysis, and an ion-

sputtering gun.  The lower level comprises a UTI quadrupole mass analyzer for 

temperature-programmed desorption (TPD) and a single-pass cylindrical mirror 

analyzer for Auger electron spectroscopy (AES).  

The Ag(111) sample (1 cm dia) was mounted on a tungsten loop attached to 

rectangular cross section copper bars that were thermally connected to, but 

electrically isolated from, a hollow copper block filled with liquid nitrogen.  The 

sample temperature, measured by a type K thermocouple inserted into a hole in the 

edge of the crystal, was controlled between 77 and 900 K with a commercial 

temperature controller.  
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The Ag(111) surface was cleaned by repeated cycles of sputtering and 

annealing until AES detected no contaminants.  Once cleaned, a modest single 

sputter-anneal cycle was sufficient to maintain day-to-day cleanliness.  Prior to use, 

styrene (Aldrich Chemicals) was degassed using multiple freeze-thaw cycles.  To 

dose, 0.75 Torr of styrene was added to a vessel behind a closed butterfly valve 

connected by an evacuated tube to a leak valve preset to give a chamber pressure rise 

of 2.0 × 10-10 Torr when all surfaces (chamber and substrate) were at 300 K.  The 

exit of the leak valve was connected to a 4 mm ID tube terminating 3 cm in front of 

the substrate.  This dosing system was tested in prior work to give uniform dosing 

( 5%) of the substrate.  The butterfly valve was opened to initiate the dose.  The 

dose was terminated by evacuating the gas behind the leak valve with a 

turbomolecular pump.  Coverages are expressed in units of monolayer (ML), which 

is defined by the saturation of corresponding TPD peak. RAIRS spectra were 

collected by co-adding 1500 scans at 4 cm

±

-1 resolution with a mercury-cadmium 

telluride (MCT) detector.  A spectrum of clean Ag(111) was used as the reference.  

TPD spectra were collected at a ramp rate of 2 K/s.   
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3.4 RESULTS  

Figure 3.1 displays a series of TPD spectra for styrene adsorbed on Ag(111) 

at 100 K.  Regardless of styrene coverage, no desorption of H2 or other carbon-

containing species was detected.  AES shows that no carbon remained after TPD to 

800 K.  We conclude that styrene adsorbs and desorbs without dissociation.  With a 

0.11 ML coverage, the spectrum contains two desorption features, peaking at 265 

(α1) and 211 K (α2), the latter less intense.  As the coverage increases, these peaks 

both shift slightly lower (257 and 187 K, respectively), suggesting some repulsive 

lateral interactions among molecules.  These two desorption features are attributed to 

styrene in contact with Ag(111).  For coverages between 0.11 and 0.97 ML, the 

growth is mainly in the α2 peak.  For coverages above 0.97 ML, a third desorption 

feature (α3) appears at 167 K and intensifies without limit as the dose increases.  As 

for styrene on Cu(111) [3.17], we assign α3 to desorption from multilayer. 
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Figure 3.1:  Temperature programmed desorption spectra of styrene adsorbed on Ag(111) at 
100 K.  Three distinguishable desorption peaks α1 (257 K), α2 (187 K) and α3 (167 K) are 
identified.  The coverages are listed from top to bottom in the same order as the spectra. The 
styrene parent ion, C8H8+, was recorded.  The linear heating rate was 2 K/s. 
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Following the simple procedure proposed by Redhead [3.18], i.e., first order 

desorption and a 1013 s-1 preexponential factor, we estimate desorption activation 

energies of α1 and α2 styrene of 66 and 47 kJ/mol, respectively.  These compare 

favorably to values reported for styrene on Ag(100) of 66 to 73 kJ/mol and 47 to 56 

kJ/mol [3.16]. 

Keeping in mind that TPD always involves adding thermal energy to an 

unannealed system and that structural rearrangement of such a sample often occurs 

prior to desorption, we also probed as-dosed and annealed samples using RAIRS.  

As-dosed at 100 K, RAIRS (Figure 3.2) exhibits changes that we attribute to 

differing coverage-dependent structures.  There are two bands in the 980 cm-1 region. 

By comparison with the IR spectrum of liquid phase and adsorbed styrene on Fe2O3 

[3.19-3.21], we assign them to the C-H out-of-plane bending mode of the vinyl 

group –CH=C– (the notation in Table 1 is taken from reference 3.19-3.21).  These 

are, up to 0.97 ML coverage, positioned at 989 and 982 cm-1. Because the band at 

989 cm-1 intensifies with coverage, we assign it to α2 styrene; the 982 cm-1 band 

remains unchanged, and is correlated with α1 styrene. A third peak appears at 994 

cm-1 for coverages above 1.5 ML and is assigned to the C-H out-of-plane bending 

mode of the vinyl group –CH=C– of multilayer (α3) styrene.  Another vibrational 

mode associated with C-H bonds of the vinyl group is located near 900 cm-1 and is   
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Figure 3.2:  RAIRS spectra of styrene adsorbed on Ag(111) at 100 K.  The coverages from 
top-to-bottom in the set of curves are: (a) 0.11, (b) 0.27, (c) 0.54, (d) 0.97, (e) 1.5, (f) 1.7, (g) 
2.2, (h) 3.1, (i) 3.4 and (j) 4.3 ML. 
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associated with the out-of-plane motion of the =CH2 moiety [3.19-3.21]; α1 and α2 

styrene are indistinguishable (903 cm-1), while α3 blue-shifts to 910 cm-1.   

The peaks at 1494 and 1630 cm-1 follow a pattern unlike that for the 903 cm-1 

peak: they appear only for doses exceeding 0.97 ML.  The 1494 cm-1 band we assign 

to the C-C in-plane stretching mode of the aromatic ring, the 1630 cm-1 band to the 

C=C stretching mode of the vinyl group [3.19-3.21].

The distinction between α1 and α2 is clarified in more detail (Figure 3.3) to 

show the out-of-plane skeletal mode (700 cm-1) and C-H out-of plane bending mode 

of the aromatic ring (780 cm-1), along with an expanded version of modes associated 

with the vinyl group.  For a 0.11 ML coverage, α1 styrene dominates the TPD 

spectrum, and the out-of-plane skeletal mode at 700 cm-1 is absent from the RAIRS 

spectrum (Figure 3.3a).  As the coverage increases to 0.27 and 0.54 ML, α2 styrene 

becomes dominant in TPD, and the 700 cm-1 peak appears in RAIRS.  The C-H out-

of-plane bending mode at 780 cm-1 is present in all three RAIRS spectra.   
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TABLE 3.1: Assignments of Observed IR Bands for C8H8/Ag(111) at 100 K 

 
 vibrational frequency (cm-1) 

   C8H8/Ag(111) 
  monolayer 
 

 
mode 

description 

 
C8H8 

[19,20]

 
C8H8/Fe2O3 

[21]  α1 α2 
 

multilayer

out-of-
plane 

ring 
deformation 

698    700 700 

 C-H ring 
bend 

776 775  780 780 780 

 =CH2 
wagging 

909 910  903 903 910 

 C-H ring 
deformation 

980   972 975 975 

 C-H bend of 
–CH=C- 

992 990  982 989 994 

in-
plane 

=CH2 
deformation 

1413 1420    1411 

 C-C ring 
stretch 

1450 1450    1449 

 C-C ring 
stretch 

1495 1500    1494 

 C-C ring 
stretch 

1577     1575 

 C=C vinyl 
stretch 

1631 1630    1630 
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After annealing to 170 or 215 K and recooling, RAIRS (Figure 3.4) confirms 

our assignment of vibrational modes to α1 and α2 styrene.  As-dosed at 100 K, the 

TPD spectrum is dominated by α1 and α2 styrene, and RAIRS exhibits the two 

corresponding vibrational features at 989 and 982 cm-1.  After annealing at 170 K for 

300 s, some α2 styrene desorbs and the intensity of the RAIRS peak at 989 cm-1 

decreases.  After annealing at 215 K for 300 s, the 989 cm-1 peak disappears, leaving 

only the peak at 982 cm-1 corresponding to the C-H bending mode of the remaining 

α1 styrene.  Consistent with TPD and AES, there is no intensity in this region after 

annealing at 300 K.  

 

3.5 Discussion 

The orientation of adsorbed species, important for surface and interface 

chemical and electronic processes, can be assessed from RAIRS data using the well-

known surface infrared selection rule: only vibrational modes having a transition 

dipole moment component perpendicular to the substrate surface will be observed 

[3.22].  For the aromatic ring of styrene, there are two kinds of motion—in-plane and 

out-of-plane—that possess in-plane and out-of-plane transition dipole moments, 

respectively.   
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Figure 3.3:  RAIRS spectra of styrene adsorbed on Ag(111) at 100 K. The coverages from 
top-to-bottom in the set of curves are:   (a) 0.11, (b) 0.27, and (c) 0.54 ML.  
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Figure 3.4:   RAIRS spectra for 0.54 ML styrene adsorbed on Ag(111) at 100 K and then 
annealed to the indicated temperatures for 5 minutes. All spectra were taken at 100 K. 
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No in-plane modes are observed for α1 and α2 styrene (Figure 3.2).  This 

indicates that, for both α1 and α2, the phenyl ring is parallel (or nearly so) to the 

metal surface and presumably interacts with Ag(111) by polarization of the π–

electron density of the ring.  With one exception, the out-of-plane modes are present 

for all coverages dominated by α1 and α2 styrene in TPD, e.g., the C-H out-of-plane 

bending mode at 780 cm-1.  The exception involves the out-of-plane skeletal mode at 

700 cm-1:  for a 0.11 ML coverage, where α1 styrene is the major desorption species, 

this mode does not appear (Figure 3.3a).  For coverages of 0.27 ML or more, this 

mode is easily identified and, in TPD, the α2 intensity dominates.  We infer that, for 

α1, the interactions with Ag(111) are strong enough to suppress the motion 

associated with this normal mode.  For adsorption leading to α2, this constraint is 

relaxed by tilting the plane of the ring slightly away from parallel to the surface, 

possibly the result of repulsive lateral interactions among molecules.  In this context, 

it is noteworthy that, based on X-ray photoelectron spectroscopy and near edge x-ray 

absorption fine structure (NEXAFS), styrene in contact with Ag(100) takes on both 

flat and tilted orientations [3.16].   

For the styrene multilayer (α3 styrene), the in-plane modes appear, e.g., the C-C 

ring stretching mode at 1500 cm-1 and the C=C stretching mode of the vinyl group at 

1630 cm-1.  Thus, we conclude that styrene out-of-contact with Ag(111) is probably 

 89



oriented with the aromatic ring plane tilted with respect to the Ag(111) surface 

normal.  

The ensemble average adsorbate orientation can be calculated using the relative 

intensity of selected modes [3.23, 3.24].  The integrated area of an infrared band can 

be written as [3.23]: 

           A(i) =
3

2
0

32 ( )iz i
n M G

hca
π ν θ                                  (1) 

where Miz is the transition dipole moment component in the direction of the surface 

normal, n is the number of the dipoles, c is speed of light, h is Planck’s constant,  

is the surface area, νi0 is the resonant frequency, and G(θ) is a function that depends 

on the angle of incidence and the dielectric constant of the substrate.  If we let β 

equal the angle between a given transition dipole moment and the surface plane, then 

the magnitude of Miz is given by: 

a

sin( )iz iM M β=                                              (2) 

 

Combining equations (1) and (2) results in 

        
3

2 2
0

( ) 32 ( ) ( )i i
A i M sin G
n hca

π β ν θ=                             (3)         
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For selected θ and νi0 values, this becomes, after collecting all the constants 

into C and rearranging slightly:  

          2 2( ) ( ) niA i CM sin β= ×                                        (4) 

 Figure 3.5 shows the integrated intensity of the C-H out-of-plane bending 

mode of the vinyl group –CH=C– versus the integrated TPD area, which represents 

the number of the dipoles on the surface.  The data can be described in terms of four 

linear segments with slopes k1, k2, k3 and k4.  As shown in the TPD spectrum, the 

coverage region described by k1 is dominated by the growth of α1 and k2 by the 

growth of α2.  When the coverage region described by k3 begins to grow in, TPD 

shows that α1 and α2 are saturated.  In the regions described by k3 and k4, the TPD 

spectra changes involve growth of α3 styrene.  Applying Eq. (4) to the linear 

segments described by k1 and k3, we find two distinguishable average orientations 

characterized by different angles, β1 and β3.  Importantly, in the k3 region there is a 

large increase in the amount of styrene adsorbed but only a slight increase in the 

intensity associated with the vinyl group's out-of-plane C-H bending mode.  This 

indicates that the styrene added in this region is oriented so that there is a small 

contribution of the corresponding transition dipole moment; that is, the plane defined 

by the H2C=CHR region of styrene is nearly perpendicular to the Ag(111) surface.   
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 Assuming that C × Mi in Eq. 4 does not vary with orientation, the ratio of 

angles characterizing regions 1 and 3 is  

                                             
2

1
2

3 3

( )
( )

k sin
k sin

1β
β

=                                                (5) 

Earlier, we concluded that α1 styrene adsorbs such that the plane of the 

phenyl ring and the plane of the vinyl group are both parallel to the Ag(111) surface.  

Thus, β1, the average angle associated with the transition dipole moment of the out-

of-plane mode, is 90º.  From this, Eq. 5 gives an estimate of 5º ± 1º for β3.  If we 

follow the same procedure but use the average of k1 and k2, which involves both α1 

and α2, the calculated β3   is 8º ± 2º. Thus, using either estimate, the average 

orientation of the principle axis of styrene in the coverage region described by k3 is 

less than 10º away from the surface normal. 

 Based on the combined RAIRS and TPD data, we propose that the regions 

defined by k1, k2 and k3 comprise a first layer in contact with Ag(111) and a second 

layer covering the first, to form a T-shaped geometry similar to that of crystalline 

styrene [3.25].  Molecular crystals of aromatic molecules frequently take on this kind 

of structure, e.g., benzene [3.26, 3.27], anthracene [3.28] and naphthalene [3.28]. In 

the styrene crystal, the α- C-H group of the vinyl unit acts as a proton donor to form  

 92



 

 
Figure 3.5:  Integrated IR absorption intensity of C-H out-of-plane bending mode of the vinyl 
group at 990 cm-1 versus the styrene coverage (ML) adsorbed on Ag(111) at 100 K.  Four 
lines are labeled with slopes k1, k2, k3 and k4, respectively.  The highest coverage point is not 
taken from the data of Figures 3.1 and 3.2.  The inset shows an expansion of the low 
coverage region, the error bars and dotted lines are used to estimate the uncertainty of the 
calculated styrene orientation (see text). 
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a hydrogen bond with the phenyl ring of an adjacent molecule [3.25].  In addition, 

the edge-to-face arrangement between adjacent molecules gives rise to C-H---π 

interactions in which the double bond of one vinyl unit acts as a proton acceptor 

from an adjacent vinyl group [3.25].  For styrene on Ag(111), we propose that 

adsorbate-substrate interactions are sufficiently attractive to orient both the phenyl 

ring and the plane of the vinyl group nearly parallel to the substrate.  These attractive 

forces involve polarization of the π-electron density towards the substrate.  In the 

second layer, a stable configuration that mimics that of crystalline styrene forms; that 

is, C-H---π styrene-styrene interactions favor a T-like arrangement.   

Crystalline styrene, however, is different: it does not contain the bilayer 

structure found here and related to the flat geometry of the first adsorbed layer.  

According to Figure 3.5, the areal densities of the two portions of the bilayer differ 

by a factor of 2 ((3.1-1.0)/1.0 ≈ 2).  A model accounting for the bilayer is 

schematically depicted in Figure 3.6.  The two adsorption sites where second layer 

molecules adsorb—one associated with the phenyl ring and the other with the vinyl 

group—may account for the second layer coverage being twice that of the first.    

 

 

 94



 

Ag(111) 
 

 

Figure 3.6: Schematic diagram of the structure proposed for the styrene bilayer on         
Ag(111). It should be noted that the measured ratio of the number of molecules in the second 
layer to the first layer is 2:1 as implied by this schematic.  
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The correlation of RAIRS with TPD (Figure 3.5) indicates that the region 

defined by k4 involves multilayer growth. Although the average orientation of the 

multilayer remains to be determined, one clear conclusion is that the ensemble 

average multiplayer orientation of the plane of styrene lines at an intermediate angle 

(k3 ≤ k4 ≤ k1); that is the styrene molecules in the multilayer do not possess a single 

orientation with respect to the Ag(111) surface.   

While RAIRS identifies a second layer based on molecular orientation, there 

is no distinct second layer in TPD.  This means that the thermal activation energies 

for desorption of the second and higher layers do not differ enough to be resolved by 

TPD.  Apparently, desorption of second layer styrene is not controlled by 

interactions with Ag(111).  Styrene on Cu(111) is different: there is a second layer 

TPD peak located about 12 K higher than for the multilayer [3.17].   

In the contact layer range (α1 and α2), the two TPD peaks at 257 and 187 K 

and the two nearby C-H out-of-plane bending modes (982 and 989 cm-1) of the vinyl 

group, –CH=C–, are interpreted tentatively as adsorption at two different Ag(111) 

sites—plausibly the three-fold hollow sites for α1 and two-fold bridge sites for α2.  

We note that two out-of-plane bending modes are reported for benzene on Pt(111) 

[3.29], and STM shows adsorption at three-fold hollow and two-fold bridge sites 

[3.29, 3.30]. Although care must be exercised in making a comparison with Pt(111), 
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which exerts a stronger interaction with aromatic molecules, it is reasonable to 

suppose that the two out-of-plane bending modes of styrene/Ag(111) are due to 

adsorption at these two sites.  Calculations show that the three-fold hollow site is 

most stable [3.31-3.34].  Further STM studies would be helpful in determining the 

actual adsorption sites associated with α1 and α2.   

 While these results do not directly impact OLED issues, it is relevant that 

styrene takes two orientations in the layer that is in direct contact with the Ag(111) 

substrate.  For the charge transfer processes involved in OLED operation, the two 

orientations may exhibit different coupling strengths.  The study of the interfacial 

electronic structures of pyridine on Cu(111) has shown that the first image state is 

sensitive to the molecular geometry on the surface [3.3]. In principle, these 

properties of styrene/Cu(111) can be investigated by 2PPE spectroscopy [3.35].  

 

3.6 CONCLUSION 

On Ag(111), styrene adsorbs and desorbs molecularly.  Three adsorption states—

two weakly chemisorbed states (α1 and α2) and a multilayer solid (α3)—are 

identified by TPD.  RAIRS indicates that α1 and α2 adsorption states are in direct 

contact with Ag: for α1 species, the aromatic ring lies parallel to the Ag(111) surface 
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and for α2, nearly parallel.  Once α1 and α2 saturate, an unsaturable state (α3) 

emerges, a layer that comprises two portions that are distinguishable in RAIRS—one 

molecular layer forming a T-like configuration, in which the styrene molecules are 

oriented nearly perpendicular to the underlying Ag(111) surface and to the α1 and α2 

styrene species.  In this single layer, the ensemble average orientation of styrene's 

principle axis lies between 5º and 8º away from the surface normal.  For multilayers 

thicker than 3 ML, the RAIRS evidence indicates styrene adsorbs with multiple 

orientations. 
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Chapter 4: Directly probing the hybrid bonding of styrene on Cu(111) 

 

4.1 OVERVIEW 

The interfacial electronic structure of chemisorbed styrene on Cu(111) was 

successfully investigated with two-photon photoemission (2PPE) spectroscopy.  We 

observed unoccupied states 3.5 eV above the Fermi level and occupied states 2.0 eV 

below the Fermi level. Polarization results reveal that the occupied and unoccupied 

states arise from bonding and antibonding orbitals formed by hybridization of copper 

(surface state and d-band orbitals) and styrene (π1* and π2* orbitals).  

 

4.2 INTRODUCTION   

 When a molecule is chemisorbed on a metal surface, its electronic structure is 

significantly modified by interactions with the substrate electronic states.  These 

interactions typically involve the low-lying unoccupied molecular orbitals (LUMOs) 

and high-lying occupied molecular orbitals (HOMOs) of the adsorbate and can be 

described theoretically in terms of hybridization with substrate bands.  Experimental 

information on the electronic structures of these adsorbate-substrate complexes is of 

central importance for understanding chemical bonding and charge transfer at metal 

surfaces.  Among the methods for probing the interfacial electronic structure 
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between organic molecules and metal electrodes, two-photon photoemission (2PPE), 

the method we used, is attractive because both occupied levels lying below the Fermi 

level and, especially, unoccupied levels lying between the Fermi and vacuum levels 

can be interrogated in a single experiment [4.1-4.3].   

Taking organic-light emitting diodes (OLED) and field-effect transistors 

(FET) [4.4] as technologically important examples, electron injection from a metallic 

electrode into the lowest unoccupied molecular orbital (LUMO) of an organic 

overlayer is a critical step.   The device performance is intimately related to the 

interfacial electron transfer rate, a property determined by the adsorbate-substrate 

electronic interactions.  Commonly used organic materials include poly(p-phenylene 

vinylene) (PPV) and its derivatives [4.4].  Although Al and Mg/Ag are common 

electrodes in OLED devices, we choose Cu(111) and styrene (C8H8) to use in a 

model system for a surface science approach. From a 2PPE perspective, Cu(111) is a 

well-characterized metal and styrene has some chemical characteristics that model 

those of PPV.  The approach is similar to that recently reported for benzene/Cu(111) 

[4.5] and naphthalene/Cu(111) [4.6].  Compared to   benzene and naphthalene, 

styrene molecules interact more strongly with Cu(111).  The hybrid bonding and 

antibonding orbitals formed from copper (surface state and d-band orbitals) and 

styrene (π1* and π2* orbitals) are both, for the first time, directly probed.  
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4.3 EXPERIMENTAL   

 Our experiments were performed in a two-level ultra-high-vacuum (UHV) 

chamber with a base pressure of 2 × 10-10 Torr [4.6].  Styrene (C8H8, 99%, Aldrich) 

was used without further purification except for removal of dissolved gases with 

several freeze-pump-thaw cycles. The exposures are given in units of monolayer 

(ML), which is defined by saturation of the styrene temperature-programmed 

desorption (TPD) peak at 278 K [4.7].  Except as indicated, experiments were 

performed with unpolarized light.  A styrene-covered surface was irradiated under 

several different wavelengths for 30 min, with no evidence of laser-induced changes. 

 

4.4 RESULTS AND DISCUSSION 

The 2PPE spectrum of clean Cu(111) at 90K is shown in Figure 4.1 (a, 

bottom), plotted as 2PPE intensity versus final kinetic energy relative to the Fermi 

level. The spectrum contains four main features: a secondary electron onset (the 

vacuum energy edge), Cu d-band peak, the peak of the Cu(111) surface state (SS), 

and the Fermi edge.   Figure 4.1 (a, top) displays the 2PPE spectrum of 0.7 ML 

styrene adsorbed on the Cu(111) surface. The spectra are normalized at their low-

energy sides, where the 2PPE signal is dominated by secondary electrons [4.8], as 

indicated in Figure 4.1 (a).  The surface state intensity is suppressed due to the  
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Figure 4.1:  (a): 2PPE spectra of clean Cu(111) (bottom) and 0.7 ML styrene-covered Cu(111) 
(top) with hυ = 3.94 eV at 90K. The spectra are normalized at their low energy cut-offs where 
the 2PPE signal is dominated by secondary electrons. Clearly, two new features, A and B, 
appear after introduction of styrene. (b): Photon energy dependence of the surface state (SS), 
the d-band, and the styrene-induced features, A and B. 
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presence of chemisorbed styrene.  Two new features appear clearly, at 5.9 eV (A) 

and 7.4 eV (B). 

In 2PPE spectroscopy, the kinetic energy of photoelectrons varies with the 

photon energy as 

∆Ekin = 2 × ∆hν                                  (1) 

if a transition starts from a fixed occupied state, or 

∆Ekin = 1 × ∆hν                                   (2) 

if photoelectrons are emitted from a fixed intermediate state.  Thus, we can 

discriminate between the two processes by measuring 2PPE spectra at various 

photon energies. 

 

Figure 4.1 (b) shows the photon energy dependence of the peak energies of 

the surface state, the d-band of Cu(111), and styrene-induced features (A and B). The 

result from A fits to a line with a slope of 2, as do the surface state and the d-band. 

We attribute A to emission from an occupied state lying below the Fermi level. 

Extrapolating the fitted line to hν = 0 eV provides the energy and location of this 

state— 2.0 ± 0.1 eV below the Fermi level.  For B, the kinetic energies vary as 1 × 

∆hν, indicating that this transition involves an unoccupied intermediate state with an 

energy lying 3.5 ± 0.1 eV above the Fermi level. 
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The symmetry of feature B (the unoccupied state) can be deduced from the 

polarization dependence of the 2PPE intensity.  Figure 4.2 (b) shows 2PPE spectra of 

0.2 ML styrene-covered Cu(111) at normal emission with p-polarized (top) and s-

polarized (bottom) laser light, respectively.  Since intensity in state B is observed for 

both p- and s-polarized light, an intermediate state with π-symmetry must be 

involved; observation of intensity along the surface normal for both s and p polarized 

light requires that the component of the electric field parallel to the surface plane 

contributes in the 2PPE process.  This intermediate state cannot be a surface state, 

since it has σ-symmetry.  This is demonstrated in Figure 4.2 (a), where the 2PPE 

signal from the surface state drops almost to zero when we switch from p- to s-

polarization.   Similar observations are well-established for the image potential states 

on metal surfaces [4.5,4.8].  We conclude that feature B is dominated by contribution 

not from states associated with Cu(111), but from the π* molecular orbital(s) of 

adsorbed styrene. 

The electronic structure of a molecule is a unique fingerprint of its chemical 

state. Information regarding the nature of the bonding between the adsorbate and a 

metal substrate can be derived from the changes in the electronic structure upon 

adsorption [4.9]. For example, if the molecules physisorb, the molecular orbitals of 

the adsorbate undergo a more or less uniform relaxation shift (coulomb relaxation) 

toward lower binding energies; this is attributed mainly to  
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Figure 4.2: Polarization dependence of 2PPE spectra of clean Cu(111) (a) and 0.2 ML 
styrene-covered Cu(111) (b). Inset in (b) shows that the styrene-induced feature B contains 
two components. The two solid curves represent a decomposition into two peaks that give a 
reasonable fit to the measured curve.  
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extramolecular screening by the substrate (a final-state effect) within the adsorbate 

layer. For chemisorbed molecules, an additional differential energy shift of one or 

several molecular orbitals is observed, which reflects the participation of these 

orbitals in the chemical bond to the substrate (an initial-state effect). The inset of 

Figure 4.2 (b) shows that feature B, which is observed for s-polarized light, can be 

resolved into two components.  Regardless of the fitting procedure, the energy 

difference between these two components cannot be more than 0.2 eV. Our energy 

resolution is about 60 meV, as determined by fitting the low-energy cut-off with a 

Gaussian apparatus function [4.10]. This 0.2 eV difference is much smaller than the 

gas phase spacing (0.8 eV) between the two lowest unoccupied orbitals of styrene, 

2B1(π1*) and 2A2(π2*) [4.11], determined using electron transmission spectroscopy.  

This indicates that styrene chemically interacts with Cu(111).   

 We assign feature A to an occupied state at 2.0 eV below the Fermi level. It 

also can be resolved into two components, differing in energy by less than 0.2 eV.  

These states are not from the HOMO(s) of styrene that are located 4.0 eV below the 

Fermi level [4.12].   We conclude that they originate either from the copper bulk or 

from occupied states located at the surface that have predominantly metal character. 
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Figure 4.3:  Schematic energy level model for the bonding of adsorbed on Cu(111). 
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Following the above discussion, we show a schematic energy level model for 

the bonding of styrene adsorbed on Cu(111) (Figure 4.3).  In this model, the two 

lowest unoccupied molecular orbitals (π1* and π2*) of styrene are strongly coupled 

with the surface state and d-band orbitals of Cu(111) to form occupied states 2.0 eV 

below the Fermi level and unoccupied states 3.5 eV above the Fermi level.   

In summary, the interfacial electronic structure of chemisorbed styrene on 

Cu(111) was successfully investigated with two-photon photoemission (2PPE) 

spectroscopy.  We observed unoccupied states 3.5 eV above the Fermi level and 

occupied states 2.0 eV below the Fermi level. Polarization results reveal that the 

occupied and unoccupied states arise from bonding and antibonding orbitals formed 

by hybridization of copper (surface state and d-band orbitals) and styrene (π1* and 

π2* orbitals).  
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Chapter 5: Two-photon photoemission spectroscopy: atomic oxygen on 

Cu(111) 

 

5.1 OVERVIEW 

Two-photon photoemission (2PPE) spectroscopy was employed to 

investigate the unoccupied electronic states at surfaces of Cu(111) dosed with O2 at 

400 K.  The spectrum after 100 L O2 exhibits an occupied Cu-derived surface state 

and an unoccupied state at 2.8 eV above the Fermi level.  Consistent with 

polarization results, we attribute the latter to strong hybridization and covalent 

bonding between the 2p states of oxygen atoms located in three-fold hollow sites and 

the dz2 states of the Cu atoms in the second layer.  For a 1000 L O2 exposure, the 

occupied Cu-based surface state vanishes, and there is a broad unoccupied state 

located at 2.8 eV above the Fermi level.  These results are consistent with a surface 

structure that is a precursor to Cu2O.   

 

5.2 INTRODUCTION    

 When a molecule (or atom) is chemisorbed on a metal surface, the electronic 

structures of the molecule (atom) are significantly modified by interaction with the 

substrate. In general, the interaction involves the lowest unoccupied (LUMO) and 

highest occupied molecular orbitals (HOMO) (atomic orbitals for atom) of 
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adsorbates, which are of special interest for rehybridization with substrate bulk 

bands.  Therefore, precise knowledge of the adsorbate-induced electronic structure is 

essential for a complete understanding of the chemisorption process.  

The occupied states in the valence level have been studied exclusively by 

ultraviolet photoemission spectroscopy (UPS) [5.1-5.2].  For the unoccupied states 

between the Fermi level and vacuum level, inverse photoemission spectroscopy 

(IPES) has been used, but the process often lacks adequate energy resolution and 

sensitivity to address the questions of most interest in surface photoemission and 

surface photophysics.  Two-photon photoemission (2PPE) spectroscopy is an 

alternative technique to study unoccupied states, providing the required combination 

of high-energy resolution and surface sensitivity.  It has an inherent capability to 

probe the occupied states lying below the Fermi level and, especially, unoccupied 

states ranging between the Fermi level and the vacuum level at the same time.  In 

two-photon photoemission [5.3], the first photon excites an electron from an 

occupied state to an intermediate state (normally an unoccupied state located 

between the Fermi and vacuum levels). The second photon excites the electron from 

the transiently populated state to a final state above the vacuum level. Here the initial 

state can be an occupied bulk state of the metal or semiconductor substrate, an 

occupied surface state, or an occupied molecular state. The intermediate state can be 

an unoccupied molecular state, an image potential state, or a mixed state resulting 
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from the coupling of molecular orbitals to the image potential state or surface states 

(i.e., chemisorption). The final state is a free-electron state. 2PPE spectroscopy was 

applied first to probe image-potential states on clean metal surfaces [5.4-5.5] and 

then to investigate unoccupied states of adsorbates, including NO [5.6], CO [5.7], 

benzene [5.8], pyridine [5.9], naphthalene [5.10] and styrene [5.11] on Cu(111).   

Oxygen adsorption on metal surfaces has received much interest in view of 

gas-surface interactions and heterogeneous catalysis. For example, using styrene as a 

model terminal alkene, it was recently found that oxygen-covered single crystal Cu 

surfaces act as highly effective epoxidation catalysts [5.12-5.13]. The electronic 

structures of the oxygen-covered Cu(111) system have been previously examined 

with 2PPE, but all these studies [5.14-5.15] investigated the fully oxygen-covered 

Cu(111) surfaces; none focused on the low coverage of atomic oxygen adsorbed on 

Cu(111). In this paper we describe a detailed study of the electronic structure of 100 

L and 1000 L oxygen-covered Cu(111) surfaces.  

  

 

 

 

 

 

 115



5.3 EXPERIMENTAL   

 Our experiments were performed in a two-level UHV chamber with a base 

pressure of 1 ~ 2 × 10-10 Torr [5.10].  The Cu(111) sample was mounted on a 

tungsten loop attached to rectangular cross section copper bars that were thermally 

connected to, but electrically isolated from, a hollow copper block filled with liquid 

nitrogen.  The sample temperature was measured by a type K thermocouple inserted 

into a hole in the edge of the crystal and was controlled between 85 and 800 K with a 

commercial temperature controller. The Cu(111) surface was cleaned with repeated 

cycles of sputtering and annealing until AES could detect no contaminants.  

Exposure to oxygen was carried out via a leak valve flowing O2 at a pressure of ~ 5 

× 10-7 Torr through the chamber.  The sample was kept at 400K for the O2 exposure 

and then cooled to 90K.   

Photoelectrons were produced using a tunable Spectra-Physics MOPO/FDO-

900 laser system pumped by a Quanta-Ray 170-10 Nd-YAG laser.  The experiments 

reported here used 6 ns FWHM photon pulses (~ 3 mJ/cm2) with wavelengths 

between 300 and 342 nm.  External optics (irises and a 1 m focal length lens) 

directed the incident light at an angle of 45o onto a 0.5 mm diameter region at the 

center of the Cu(111) surface.  Reflected light was directed away from the detector 

except when calibrating (determining the zero of the flight time scale).  The axis of 

the electron spectrometer was perpendicular to the substrate, i.e., electrons with zero 
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momentum parallel to the surface (k|| = 0) were collected.  We removed signal 

fluctuations due to laser intensity variations by normalizing the 2PPE signal to the 

intensity of a photodiode that monitored the laser intensity.  A polarizer and a half-

wave plate controlled the polarization of the incident light.  For p-polarization, the 

electric field vector is parallel to the plane of incidence (defined by the light 

propagation direction and the surface normal).  The s-polarization is perpendicular to 

the plane of incidence.  Except as indicated, all other experiments were performed 

with a mixture of light.  All 2PPE spectra were taken with the sample at 90K.  An 

oxygen-covered surface was irradiated under several different wavelengths for 30 

minutes, with no evidence for laser induced oxygen desorption.  

 

5.4 RESULTS AND DISCUSSION 

5.4.1 100 L oxygen on Cu(111) 

The 2PPE spectrum of clean Cu(111) at 90K is shown in Figure5.1(A, 

bottom), plotted as 2PPE intensity versus final kinetic energy relative to the Fermi 

level. The spectrum contains four main features: a secondary electron peak (the 

vacuum energy edge), the Cu d-band peak, the peak of the Cu(111) surface state, and 

the Fermi edge. Based on this 2PPE spectrum, which was measured with 3.94 eV 

photon energy, the Cu(111) work function is around 4.9 eV. This value and  
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Figure 5.1: A:  2PPE spectra of clean Cu(111) (bottom) and 100 L oxygen-covered Cu(111) 
(top) with hν = 3.94 eV at 90K, plotted as 2PPE intensity vs. final kinetic energy above the 
Fermi level. The inset describes the photon energy dependence of the oxygen-induced 
feature. The symbols are experimental data, and the solid line is the fitted curve. The kinetic 
energies of the peak vary with 1 × ∆hν, indicating that the feature originates from an 
unoccupied intermediate state.   B: Polarization dependence of the oxygen-induced peak. The 
signal intensity is normalized at the low energy edge of secondary electrons, as discussed in 
the text. The peak is more clearly visible in the top spectrum (p-polarized light) than the 
bottom spectrum (s-polarized light).   

 118



also the calculated surface state binding energy of about 0.4 eV below the Fermi 

level agree with previous measurements [5.8].

When oxygen was introduced on the Cu(111) surface at 400K, there were no 

molecular species, but we do  find strongly chemisorbed atomic oxygen [5.16].  The 

oxygen coverage can be approximated using the ratio of the oxygen 508 eV to 

copper 920 eV Auger intensities (peak-to-peak heights in the first derivative 

spectrum) and the calibration of Habraken et al. [5.17].   The surface is saturated with 

an oxygen exposure of ~ 800 L, which corresponds to approximately 50% of a 

monolayer of oxygen on Cu(111). The 100 L oxygen exposure corresponds to 

approximately 10% of a monolayer of oxygen. 

The top curve in Figure 5.1 (A) shows the 2PPE spectrum of 100 L O2 

adsorbed on Cu(111).  After 100 L exposure of oxygen, no change in the Cu(111) 

work function due to oxygen adsorption was detected within our energy resolution 

(about 80 meV), in agreement with previous reports [5.14, 5.16].  The peak at the 

high energy end of the clean spectrum, which arises from the occupied Shockley 

surface state located ~ 0.4 eV below EF inside the sp band gap of the surface [5.18], 

is weakened due to the chemisorbed oxygen atom. The spectra in Figure 5.1 are 

normalized at their low energy sides, where the 2PPE signal is dominated by 

secondary electrons. The secondary electrons originate from photoabsorption in the 

substrate followed by inelastic scattering and relaxation processes, and the 2PPE 
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intensity of secondary electrons is therefore assumed to be proportional to the 

substrate absorption [5.19]. A new feature appears in the spectrum at 6.7 eV. 

In 2PPE spectroscopy, the kinetic energy of photoelectrons varies with the 

photon energy as 

∆Ekin = 2 × ∆hν                                  (1) 

if a transition starts from a fixed occupied state, or 

∆Ekin = 1 × ∆hν                                   (2) 

if photoelectrons are emitted from a fixed intermediate state.  Thus, we can 

discriminate between the two processes by measuring 2PPE spectra at various 

photon energies. 

The Figure 5.1 (A) inset shows the photon energy dependence of the peak 

energies of the new feature (solid squares) induced by adsorbed oxygen atoms. Since 

it is well fitted to the lines with a slope of 1, we attribute this peak to emission from 

transiently occupied intermediate states lying between the Fermi and the vacuum 

levels. Extrapolating the fitted line to hν = 0 eV, we estimate the energy of the 

intermediate state at 2.8 eV above the Fermi level.  

Figure 5.1 (B) shows 2PPE spectra of oxygen covered Cu(111) at normal 

emission recorded with p-polarized (top) and s-polarized (bottom) laser light. 

Clearly, the feature induced by the adsorption of oxygen atoms disappears 

completely when we change from p- to s-polarization. This means, for the given 
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geometry, that the electromagnetic field component perpendicular to the surface 

must be responsible for the excitation steps involving the excited oxygen state. 

For normal emission detection, the final state of a photoemission process 

must be invariant under rotation about the surface normal in order to be observed by 

the analyzer. As both excitation steps are induced by the field component 

perpendicular to the surface, we conclude that the wave function of the oxygen-

induced state, as well as the initial state, must be invariant under rotation about the 

surface normal. Therefore, the oxygen-induced state must be derived from atomic 

orbitals oriented in the z-direction (defined as perpendicular to the surface), e.g., the 

2pz orbital. Contributions from states oriented parallel to the surface (2px, 2py) must 

be excluded. 

Based on these results, we propose the following picture of the 100 L oxygen 

covered Cu(111) surface: oxygen atoms are adsorbed at the three-fold hollow sites 

(hcp) on the Cu(111) surface , slightly above the topmost Cu atoms or even into the 

outermost plane of Cu atoms. The 2pz oxygen orbitals strongly hybridize and 

covalently bond with the dz2 orbitals of the Cu atoms located right under O in the 

second layer and form an unoccupied state located at 2.8 eV above the Fermi level.  

This picture is consistent with the HREELS [5.20-5.21] and SEXAFS [5.22] studies 

and is supported by theoretical calculations [5.23-5.24].  
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Figure 5.2: Proposed surface structures of 100 L oxygen-covered Cu(111).  
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5.4.2 1000 L oxygen on Cu(111) 

2PPE results show that the 1000 L oxygen covered Cu(111) surface is 

different from the 100 L oxygen covered surface. In Figure 5.3 (A), the surface state 

of Cu(111) is completely attenuated due to saturation coverage of oxygen atoms.  As 

with the 100 L oxygen covered surface, a new feature is induced by oxygen 

adsorption.  It appears at around 6.8 eV, and its peak energy dependence on photon 

energy reveals it as an unoccupied state at 2.8 eV above the Fermi level (Figure 5.3 

inset). This value agrees with results from other 2PPE work on a similar system 

[5.15]. Though the peak is located in the same position as in the 100 L spectrum, of 

it is broader; most importantly, Fig. 5.3 (B) contains evidence for this oxygen-

induced feature in spectra obtained with both p- and s-polarized light. 

Unlike the polarization results for the 100 L oxygen covered Cu(111) surface, 

the appearance of the peak in the spectrum of s-polarized light means that the 

oxygen-induced state must include contributions from atomic orbitals oriented in the 

x- or y-direction (defined as parallel to the surface), e.g. 2px, 2py orbitals. We propose 

that the oxygen atoms occupy not only the three-fold hollow HCP site, but also the 

FCC site, where the oxygen 2px (2py) orbitals strongly couple with the 3d orbitals, 

which have a component oriented in the x- or y-direction, of its nearest-neighbor Cu 

atoms in the outermost plane of Cu(111). These strong interactions  
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Figure 5.3: A: 2PPE spectra of clean Cu(111)(bottom) and 1000 L oxygen-covered 
Cu(111)(top) with hν = 3.94 eV. The inset describes the photon energy dependence of the 
oxygen-induced feature. The symbols are experimental data, and the solid line is the fitted 
curve. The kinetic energies of the peak varies with 1 × ∆hν, indicating that the feature 
originates from an unoccupied intermediate state.   B: Polarization dependence of the oxygen-
induced peak. The signal intensity is normalized at the low energy edge of secondary 
electrons, as discussed in the text. The peak is evident in both the top spectrum (p-polarized 
light) than the bottom spectrum (s-polarized light).  
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between oxygen atoms and the Cu(111) surface could contribute to the broadening of 

the oxygen-induced feature and the attenuation of the surface state. Several studies 

suggest that the saturated surface is related to Cu2O island formation; but in our 

experiment, under 400 K with 1000 L exposure, XPS results [5.25] provide no 

evidence that Cu2O forms. We suggest that this surface serves as a precursor state 

that can lead to Cu2O islands, or even bulk cuprous oxide, under long exposure times 

or high temperature annealing [5.20]. 
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1000 L oxygen-covered Cu(111)

 

Figure 5.4: Proposed surface structures of 1000 L oxygen-covered Cu(111).  
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5.5 CONCLUSION 

We have used 2PPE spectroscopy to investigate the interfacial electronic 

structure, particularly the unoccupied states, of oxygen-covered Cu(111) with and 

without adsorbed styrene at 90K. After a 100 L oxygen exposure at 400K, the 

surface was cooled to 90 K. 2PPE spectra are dominated by the electronic structure 

of Cu(111), but an unoccupied state is seen, located at 2.8 eV above the Fermi level. 

Polarization results reveal that the unoccupied state is due to a strong hybridization 

and covalent bonding between the 2pz state of oxygen and the dz2  states of the 

neighboring Cu atoms. We propose that this state is associated with oxygen atoms 

adsorbed at threefold hollow sites and located only slightly above or in the topmost 

plane of Cu atoms. With a 1000 L oxygen exposure, the Cu-based surface state 

vanishes and a broad unoccupied state is found at 2.8 eV above the Fermi level; this 

state may arise from the oxygen atoms adsorbed at both the HCP and FCC sites of 

Cu and could serve as precursors to the Cu2O structure. 
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Chapter 6:  Reaction of styrene on oxygen covered Cu(111) 

 

6.1 OVERVIEW 

Temperature-programmed desorption (TPD), X-ray photoemission 

spectroscopy (XPS) and two-photon photoelectron spectroscopy (2PPE) were used to 

investigate the chemical reaction of styrene (C6H5CH=CH2) on oxygen-covered 

Cu(111). When styrene is adsorbed on Cu metal sites in the presence of 100 L pre-

adsorbed oxygen, it undergoes efficient epoxidation to styrene oxide. The 2PPE 

results show that the change in the electronic structures of the adsorbed reactant is 

consistent with the surface reaction: the oxygen-induced feature from the Cu-O 

bonding disappears and a new state appears. However, 1000 L oxygen-covered 

Cu(111) is catalytically inert for styrene epoxidation. As styrene is added, no new 

features appear in 2PPE, and there is no evidence for chemical reaction in thermal 

desorption. Our research is the first demonstration of a chemical reaction on the 

surface by means of two-photon photoemission spectroscopy. 
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6.2 INTRODUCTION 

Mapping the electronic structure of an adsorbed molecule, both its occupied 

and unoccupied molecular orbitals, is of fundamental importance to surface science. 

The occupied states in the valence level have been studied exclusively by ultraviolet 

photoemission spectroscopy (UPS) [6.1-6.2]. For the unoccupied states between the 

Fermi level and vacuum level, inverse photoemission spectroscopy (IPES) has been 

used, but the process often lacks adequate energy resolution and sensitivity to 

address the questions of most interest in surface photoemission and surface 

photophysics. Two-photon photoemission (2PPE) spectroscopy [6.3] is an alternative 

for studying unoccupied states, providing the required combination of high-energy 

resolution and surface sensitivity.  It has an inherent capability to probe the occupied 

states lying below the Fermi level and, especially, unoccupied states ranging between 

the Fermi level and the vacuum level at the same time. These unoccupied states can 

be unoccupied molecular states, image potential states, or mixed states resulting from 

the coupling of molecular orbitals to the image potential state or surface states (i.e., 

chemisorption). 2PPE spectroscopy was applied first to probe image-potential states 

on clean metal surfaces [6.4-6.5] and then to investigate unoccupied states of 

adsorbates, including NO [6.6], CO [6.7], benzene [6.8], pyridine [6.9], naphthalene 

[6.10] and styrene [6.11] on Cu(111).   
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The molecular orbital approach provides a powerful means for describing 

molecular structures, electronic transition, and chemical reactivity.  Frontier orbital 

theories of chemical reactivity, for example, employ information about the highest 

occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals 

(LUMOs) of the reactants to predict reaction pathways. When two adsorbed 

reactants (molecules or atoms) react with each other on the surface, their interactions 

with the substrate will change, in that their electronic structures are significantly 

modified by interaction with the substrate. In general, the interaction involves the 

LUMO(s) and HOMO(s) (atomic orbitals for atoms) of adsorbates, which are of 

special interest for rehybridization with substrate bulk bands. Once the reaction 

happens, the intermediate species or the final products also appear as adsorbates on 

the surface, and their electronic structures will appear as new features in the 

photoemission spectrum. Therefore, precise knowledge of the change in adsorbate-

induced electronic structures helps to complete our understanding of the chemical 

reaction process.  

The heterogeneously catalyzed epoxidation of higher alkenes is 

experimentally challenging and technologically highly desirable. The epoxidation of 

ethylene on silver catalysts is an exceedingly important catalytic reaction in industry, 

and it has received long and extensive study [6.12, 6.13]. Much surface science 
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research on this system has been conducted to gain a better understanding of the 

epoxidation, although the detailed mechanism is still a subject of debate [6.14-6.21].   

Single-crystal study has played an important role in uncovering the long-

controversial molecular mechanism [6.22].  Due to its weak adsorption on Ag, 

epoxidation measurements with ethylene are difficult under ultrahigh vacuum 

conditions, even in the presence of oxygen.  This limitation can be circumvented, in 

part, by making use of larger terminal alkenes, such as styrene (phenylethene), that 

bind more strongly to clean silver surfaces [6.23- 6.26]. Several studies of styrene 

epoxidation have been carried out on single crystal surfaces such as Ag(111) [6.27] 

and Cu(111) [6.28]. The results demonstrate that both ethylene epoxidation and total 

oxidation (to CO2 and H2O) are entirely due to chemisorbed oxygen adatoms [6.23]. 

This view is now generally accepted by both theorists [6.29] and experimentalists 

[6.30]. Subsequently, it was shown that styrene (C6H5CH=CH2) is a useful probe 

molecule for UHV epoxidation studies [6.31] with the phenyl group serving to 

strengthen the anchoring of the terminal alkene functional group to the Ag surface. 

The phenyl group of styrene does not strongly influence the oxidation chemistry of 

the terminal alkene. The results appear to validate the use of styrene as a model 

adsorbate with which to investigate the catalytic chemistry of terminal alkenes.  
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In this chapter, we report temperature-programmed desorption (TPD), X-ray 

photoemission spectroscopy (XPS) and two-photon photoemission spectroscopy 

(2PPE) studies of the chemical reaction of styrene on oxygen-covered Cu(111).  We 

show that styrene can be epoxidized when co-adsorbed with oxygen on Cu(111). Our 

research is the first attempt to investigate a surface chemical reaction using two-

photon photoemission spectroscopy. Demonstrating the applicability of 2PPE on 

such a reaction could open up a new area of solid state and surface catalytic 

chemistry. 

6.3 EXPERIMENTAL 

Our experiments were performed in a two-level UHV chamber with a base 

pressure of 1 to 2 × 10-10 Torr [6.32].  The Cu(111) sample was mounted on a 

tungsten loop attached to rectangular cross section copper bars that were thermally 

connected to, but electrically isolated from, a hollow copper block filled with liquid 

nitrogen.  The sample temperature was measured by a type K thermocouple inserted 

into a hole in the edge of the crystal and was controlled between 85 and 800 K with a 

commercial temperature controller. The Cu(111) surface was cleaned with repeated 

cycles of sputtering and annealing until AES could detect no contaminants.  

Exposure to oxygen was carried out via a leak valve flowing O2 at a pressure of 5 × 

10-7 Torr through the chamber.  The sample was kept at 400K for the O2 exposure 

and then cooled to 90K for styrene dosing.  Prior to use, styrene (C8H8, 99%, Aldrich 
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chemicals) was degassed using numerous freeze-pump-thaw cycles.  To dose, 0.1 

mbar of styrene was added to a vessel behind a butterfly valve (closed) that was 

connected by an evacuated tube to a leak valve preset to give a chamber pressure rise 

of  4 to 5 × 10-10 Torr when the substrate was at 300 K.  The exit of the leak valve 

was connected to a 4 mm ID tube that terminated 3 cm in front of the crystal surface.  

To initiate the dose, the butterfly valve was opened; dosing was terminated by 

evacuating the gas behind the leak valve with a turbomolecular pump.  Exposures are 

given in units of monolayer (ML), which is defined by the saturation of a 

temperature-programmed desorption (TPD) peak around 280 K. TPD spectra were 

collected at a ramp rate of 2 K/s.  During TPD experiments, we monitored the ion 

signals of styrene, H2 and other possible carbon-containing species. 

Photoelectrons were produced using a tunable Spectra-Physics MOPO/FDO-

900 laser system pumped by a Quanta-Ray 170-10 Nd-YAG laser.  The experiments 

reported here used 6 ns FWHM photon pulses (3 mJ/cm2) with wavelengths between 

300 and 342 nm.  External optics (irises and a 1 m focal length lens) directed the 

incident light at an angle of 45o onto a 0.5 mm diameter region at the center of the 

Cu(111) surface.  Reflected light was directed away from the detector except when 

calibrating (determining the zero of the flight time scale).  The axis of the electron 

spectrometer was perpendicular to the substrate, i.e., electrons with zero momentum 

parallel to the surface (k|| = 0) were collected.  We removed signal fluctuations due to 
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laser intensity variations by normalizing the 2PPE signal to the intensity of a 

photodiode that monitored the laser intensity.  A polarizer and a half-wave plate 

controlled the polarization of the incident light.  For p-polarization, the electric field 

vector is parallel to the plane of incidence (defined by the light propagation direction 

and the surface normal).  The s-polarization is perpendicular to the plane of 

incidence. Except as indicated, all other experiments were performed with 

unpolarized light.  All 2PPE spectra were taken with the sample at 90K.  A styrene-

covered surface was irradiated under several different wavelengths for 30 minutes, 

with no evidence for laser-induced styrene polymerization.  

 

6.4 RESULTS AND DISCUSSION 

6.4.1 Adsorption of styrene on clean Cu(111) 

Styrene adsorbs molecularly on Cu(111), and there is no dissociation upon 

heating. Molecular styrene is the only species observed in the MS during the 

temperature ramp. The clean surface is recovered after each TPD experiment, as 

detected by AES and XPS. These observations agree with previous measurement of 

the adsorption of aromatic molecules, benzene [6.33] and naphthalene [6.10] on 

Cu(111) and similar surfaces [6.34]. 
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Figure 6.1: Temperature programmed desorption spectra of styrene on Cu(111).  
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Figure 6.1 shows a set of thermal desorption spectra of styrene at various 

coverages. At low coverages, there is only one broad desorption peak (A) centered at 

~287 K. As coverage increases, a sharp peak (B) at 182 K appears. This desorption 

peak saturates at coverages above 3 ML. At higher coverages, a third desorption 

peak (C) at 167 K appears and grows. The thermal desorption of styrene from 

Cu(111) is very similar to that of other aromatic molecules on noble metal surfaces 

[6.33, 6.34], including C6H6 on Cu(111) [6.33]. A common observation in these 

systems is the substantial broadening of the thermal desorption peak with increasing 

coverage in the monolayer region, an effect that can be attributed to repulsive 

interactions between adsorbed molecules. Thermal desorption spectra often show a 

second-layer desorption peak at a temperature slightly higher than that from 

multilayer desorption. For example, for C6H6 on Cu(111), the monolayer desorption 

peak starts at 240 K and broadens to ~150 K at near-saturation [6.33]. TPD of 

benzene from Cu(111) features a sharp second-layer peak at 157 K, only 5 K higher 

than the multilayer desorption temperature. The assignment of a second molecular 

layer of benzene on Cu(111) was supported by high-resolution electron energy loss 

spectroscopy (HREELS) and near-edge X-ray absorption fine structure (NEXAFS) 

[6.33]. These techniques also show that benzene adsorbs on Cu(111) with the π-ring 

parallel to the surface in the first molecular layer and perpendicular to the surface in 

the second layer. The same geometry was observed in our experiments for styrene on 
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Ag(111) (Chapter 3). Based on these previous studies of aromatic/metal systems, we 

assign the high-temperature desorption peak (A) to monolayer desorption and the 

two lower-temperature desorption peaks (B and C) to desorption from the second 

layer and multilayers, respectively. 

A previous study of styrene on Ag (111) [6.35] has shown that, like benzene, 

styrene adsorbs with the π-ring parallel to the surface in the monolayer region. In the 

present UHV study, we expect that the first layer of styrene also adsorbs with the 

molecular plane parallel to the Cu(111) surface, with the second layer in a 

perpendicular geometry.  

We have determined the change in surface work function as the adsorption of 

styrene on Cu(111). The data were obtained from the onset of the secondary electron 

signal in the 2PPE spectrum at a particular coverage. Figure 6.2 shows that 

adsorption of 0.7 ML styrene reduces the work function considerably, from 4.9 eV 

for clean Cu(111) to 4.4 eV. A further increase in surface coverage reduces the work 

function to 4.1 eV (1 ML); it then stabilizes around 4.0 eV when the coverage is 

above 2 ML. This observation is typical for the adsorption of aromatic molecules on 

metal surfaces [6.36, 6.37]. The decrease in surface work function can be attributed 

to the polarizability of π-electrons in the aromatic molecule.  
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Figure 6.2: 2PPE spectra of clean Cu(111) and 0.7 ML styrene-covered Cu(111). The low 
energy cut-off shift indicates the change in the work function due to styrene adsorption. 
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The electronic structures of styrene/Cu(111) have been previously studied in 

this dissertation (Chapter 4).  Styrene molecules were chemisorbed on clean Cu(111) 

at 90 K.  The π1* and π2* orbitals of styrene strongly couple with the surface state 

and d-band orbitals of copper and form an unoccupied state at 3.5 eV above the 

Fermi level (or 1.0 eV below the vacuum level) and an occupied state located at 1.9 

eV below the Fermi level at 0.7 monolayer coverage. 

 

6.4.2 Adsorption of styrene on 100 L oxygen-covered Cu(111) 

When oxygen was introduced on the Cu(111) surface at 400K, there were no 

molecular species, but we did  find strongly chemisorbed atomic oxygen [6.38]. The 

oxygen coverage can be approximated using the ratio of the oxygen 508 eV to 

copper 920 eV Auger intensities (peak-to-peak heights in the first derivative 

spectrum) and the calibration of Habraken et al [6.39].   The surface is saturated with 

an oxygen exposure of ~ 800 L, which corresponds to approximately 50% of a 

monolayer of oxygen on Cu(111). The 100 L oxygen exposure corresponds to 

approximately 10% of a monolayer of oxygen. The sample was cooled down to 90 K 

before introducing styrene. The principal ion fragment peaks for styrene (m/z = 104) 

and styrene oxide (m/z = 91) were monitored by the time-of-flight mass 
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spectrometer, providing an unambiguous fingerprint for the desorption of these 

species. 

Figure 6.3 compares the TPD spectra for styrene (m/z = 104) and styrene 

epoxide (m/z = 91) on clean Cu(111) (spectra a and b) and 100 L oxygen-covered 

Cu(111) (spectra c and d).  Spectra a and b show the desorption of styrene from clean 

Cu(111), and the complete absence of styrene epoxide. This is consistent with our 

earlier finding that there is no species other than the molecularly desorbed styrene.  

From spectrum c we can see that the desorption of styrene from 100 L oxygen-

covered Cu(111) is similar to that from clean Cu(111): multilayers, second layer and 

monolayer peaks. The peak shape of monolayer desorption changed somewhat, 

perhaps due to the effect of pre-adsorbed oxygen adatoms. In spectrum d, there is a 

desorption peak centered at 280 K, which provides an unambiguous fingerprint for 

the desoprtion of styrene oxide. This demonstrates that under UHV conditions, 

chemisorbed oxygen is capable of epoxidizing styrene to styrene oxide.  
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Figure 6.3: TPD spectra for styrene (m/z = 104) and styrene oxide (m/z = 91) from clean 
Cu(111) (a,b), 100 L oxygen-covered Cu(111) (c,d) and 1000 L oxygen-covered Cu(111) (e,f). 
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Figure 6.4 compares the 2PPE spectra of clean Cu(111), 100 L oxygen-

covered Cu(111), and 0.2 ML styrene on 100 L oxygen-covered Cu(111) at 90K. 

Note that the kinetic energy is scaled to the Fermi level. For clean Cu(111) (spectrum 

(a)), we see a single peak at 7.5 eV, which results from the two-photon ionization of 

an occupied surface state at about 0.4 eV below the Fermi level. After introducing 

100 L oxygen on that surface at 400 K (b), a new feature appears at 6.7 eV and is 

attributed to an unoccupied oxygen-induced feature at 2.8 eV above the Fermi level. 

With 0.2 ML styrene on the oxygen-covered Cu(111) surface (c), the oxygen-

induced feature vanishes. The work function decreases upon styrene adsorption, in 

agreement with results for styrene on clean Cu(111) [6.11].  In the substrate surface 

state energy range 7.0 to 8.0 eV, two new features appear clearly at around 7.4 eV 

and 7.3 eV, respectively. 

In chapter 5, the details of the electronic structures of 100 L oxygen-covered 

Cu(111) were studied using two-photon photoemission spectroscopy. The feature at 

2.8 eV above the Fermi level was attributed to the strong hybridization and covalent 

bonding between the 2p states of the oxygen atoms and the dz2 states of the Cu 

atoms. Based on these results, we proposed a model for the adsorption of oxygen 

adatoms on Cu(111): oxygen atoms are adsorbed at the three-fold hollow sites (HCP) 

on the Cu(111) surface, centered slightly above the topmost Cu atoms or even into  
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Figure 6.4: 2PPE spectra of styrene on various oxygen-covered Cu(111) surfaces with hν = 
3.94 eV at 90 K. With 0.2 ML styrene on 100 L oxygen-covered Cu(111), the oxygen-induced 
peak is suppressed completely. Two new peaks appear at 7.3 eV and 7.4 eV. 
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the outermost plane of Cu atoms. The 2pz oxygen orbitals strongly hybridize and 

covalently bond with the dz2 orbitals of the Cu atoms located directly under O in the 

second layer and derive an unoccupied state located at 2.8 eV above the Fermi level. 

For the oxygen-covered Cu(111), 100 L corresponds to only 10% monolayer 

surface coverage of oxygen. According to our proposed model, oxygen atoms are 

adsorbed at the three-fold hollow sites and interact with Cu atoms located in the 

second layer. This means that not only do plenty of available Cu atoms remain in the 

outermost plane for styrene adsorption, but also the adsorption behavior is similar to 

that on clean Cu(111).  This statement is consistent with the earlier discussion of 

thermal desorption results, and we can reasonably attribute the feature at 7.4 eV to 

the adsorbed styrene-derived unoccupied state at 3.5 eV above the Fermi level.  

The oxygen-derived feature vanishes upon the adsorption of styrene, 

indicating that the adsorbed styrene reacts with the adsorbed oxygen and breaks the 

Cu-O bonds. In the previous discussion, we noted temperature programmed 

desorption results that show styrene oxide desorption and confirm the reaction 

between chemisorbed oxygen and styrene. As the oxygen-induced feature vanishes, 

we observe the appearance of the peak at 7.3 eV. We propose that this peak is from 

either the adsorbed styrene oxide or an adsorbed styrene oxide-like surface species.  

 

 

 146



6.4.3 Adsorption of styrene on 1000 L oxygen-covered Cu(111)  

In Figure 6.3, spectrum (e) shows the desorption behavior of styrene is very 

different from that on the clean (spectrum (a)) and 100 L oxygen-covered (spectrum 

(c)) metal surfaces, although it still has multilayer and monolayer desorption peaks. 

The monolayer desorption peak moves to around 240K, 40 K lower than that on the 

100 L oxygen-covered Cu(111), indicating that styrene adsorption on the 1000 L 

oxygen-covered surface is much weaker than that on 100 L oxygen-covered 

Cu(111).  Spectrum (f) shows that no styrene oxide forms, consistent with styrene 

adsorption on the oxide-like surface, which is evidently catalytically ineffective. 

2PPE results show that the 1000 L oxygen-covered Cu(111) surface is 

different from the 100 L oxygen-covered surface. Spectrum (a) in Figure 6.5 is  the 

2PPE of 1000 L oxygen-covered Cu(111). Here, the surface state of Cu(111) is 

completely attenuated due to saturation coverage of oxygen atoms. There is a peak 

located at 6.7 eV, which is from an occupied state 2.8 eV above the Fermi level. The 

same oxygen-induced feature is also observed in the spectrum of 100 L oxygen-

covered Cu(111), but the feature in the spectrum of the 1000 L oxygen-covered 

surface is broader.  

 In Chapter 5, we also proposed a model for the 1000 L oxygen-covered 

Cu(111): the oxygen atoms are adsorbed at the three-fold hollow sites, mostly the fcc 

sites, on the Cu(111) surface, and the 2px (2py) orbitals strongly couple with the 3d 
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orbitals, which have a component oriented in the x- or y-direction, of its nearest-

neighbor Cu atoms in the outermost plane of Cu(111). These strong interactions 

between oxygen atoms and the Cu(111) surface may contribute to the broadening of 

the oxygen-induced feature and the attenuation of the surface state.  

Spectrum (b) in figure 6.5 shows the 2PPE results for styrene on 1000 L 

oxygen-covered Cu(111). Compared to the oxygen-covered surface with no styrene, 

no new features appear. The intensity of the oxygen-derived feature is suppressed. 

These results are consistent with our proposed picture for the 1000 L oxygen-

covered surface. The oxygen atoms are adsorbed at the three-fold hollow sites and 

interact with the nearest-neighbor Cu atoms in the outermost plane of Cu(111). The 

1000 L coverage corresponds to 50% monolayer oxygen coverage on Cu(111), 

which means there are almost no available Cu atoms in the outermost plane of 

Cu(111) to adsorb styrene through strong interactions, as occurs on clean Cu(111). 

The styrene molecules are weakly adsorbed on the oxygen-covered surface and 

cannot react with the adsorbed oxygen. The TPD results show that, in fact, styrene 

desorbs molecularly from the surface at 240 K. 
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Oxygen-induced
feature 

Surface state 

Styrene/O/Cu(111) 

O/Cu(111)

Figure 6.5: 2PPE spectra of styrene on 1000 L oxygen-covered Cu(111) surfaces with hν = 
3.94 eV at 90 K. With 0.2 ML styrene on 1000 L oxygen-covered Cu(111), the main features 
of the spectrum are unchanged. The oxygen-induced peak is partially suppressed. 
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6.4.4 Further discussion 

From the above results, it is clear that for heterogeneous alkene epoxidation 

on Cu(111), the minimum necessary and sufficient conditions are (i) π-adsorbed 

alkene and (ii) oxygen adatoms. Both the oxygen and the alkene must be adsorbed in 

the appropriate chemical state. On 1000 L oxygen-covered Cu(111), styrene is 

weakly adsorbed and there is no evidence for chemical bonding upon adsorption. 

With 100 L pre-adsorbed oxygen adatoms on Cu(111), however, styrene molecules 

adsorbed on Cu metal sites in the vicinity of oxygen adatoms, much as they do on 

clean Cu(111), which has been proved to be π-bonded. The 2PPE showed that the 

π1* and π2* orbitals of styrene strongly couple with the surface state and d-band 

orbitals of copper. This means the molecule interacts with the surface mainly through 

the phenyl ring. The phenyl group serves to strengthen the anchoring of the terminal 

alkene functional group to the Cu surface, but the vinyl π-bond has minimal 

rehybridization with the substrate. Therefore, oxygen insertion, to yield the epoxide, 

is possible. In contrast, on some other surfaces, alkene is present as a di-σ-bonded 

species: too strong re-hybridization upon adsorption eliminates the possibility of 

epoxidation, whatever the state of the adsorbate oxygen.  

The difference in the reactions on 100 L and 1000 L oxygen-covered Cu(111) 

also implies that the chemical state of oxygen on the Cu surface plays a key role in 
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determining whether or not epoxidation occurs. For 100 L oxygen-covered metal, the 

electronic structures of Cu is slightly disturbed, although we found strong 

rehybridization of oxygen atoms with Cu in the second layer. The adsorbed oxygen 

atoms are believed to be in a neutral atomic state, without much change in the 

valence charge density. The oxygen adatoms are electrophilic and favor to attack the 

vinyl group double bond to yield styrene oxide. Although we do not have direct 

evidence to show that it is oxidized and the oxygen atom is in ionic state, when the 

surface is fully covered, the disappearance of the Cu(111) surface state upon oxygen 

adsorption strongly implies significant change in the valence charge density of the 

oxygen atoms. We suggest that this surface serves as a precursor state that can lead 

to Cu2O islands, or even bulk cuprous oxide. The electron-rich oxygen adatoms have 

two functions in preventing epoxidation. First, the oxidic-like oxygen atoms prevent 

the strong adsorption of styrene on the surface. Secondly they are poorly 

electrophilic and therefore ineffective for epoxidation.  
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6.5 CONCLUSION 

We have successfully employed two-photon photoemission spectroscopy to 

investigate the chemical reaction of styrene on oxygen-covered Cu(111) at 90K. 

The 100 L and 1000 L oxygen-covered Cu(111) surfaces exhibit different 

chemical activities for styrene epoxidation. With 100 L pre-adsorbed oxygen on the 

surface, styrene undergoes efficient epoxidation.  The electronic structures change 

during the chemical reaction: the unoccupied state arising from oxygen (at 2.8 eV 

above the Fermi level) vanishes upon styrene adsorption, while a new feature 

appears. In contrast, with 1000 L exposure of oxygen, the surface is inert and there is 

no reaction between styrene and adsorbed atomic oxygen. 

The minimum necessary and sufficient conditions for styrene epoxidation on 

Cu(111) are oxygen atoms and styrene molecules co-adsorbed at metal sites.  The 

adsorbed styrene interacts strongly with the surface via the phenyl group. The vinyl 

group interacts slightly with the surface and is available for insertion of oxygen 

adatoms. The oxygen adatoms couple strongly with the substrate, but the interaction 

cannot be too strong to form ionic state, which is electrophobic and does not favor 

the epoxidation. 
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