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Abstract 
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 High-pressure catalytic reactions and associated processes, such as adsorption 

have been studied on a molecular level on single crystal surfaces. Sum Frequency 

Generation (SFG) vibrational spectroscopy together with Auger Electron Spectroscopy 

(AES), Temperature Programmed Desorption (TPD) and Gas Chromatography (GC) 

were used to investigate the nature of species on catalytic surfaces and to measure the 

catalytic reaction rates.   

 Special attention has been directed at studying high-pressure reactions and in 

particular, ammonia synthesis in order to identify reaction intermediates and the influence 

of adsorbates on the surface during reaction conditions. The adsorption of gases N2, H2, 

O2 and NH3 that play a role in ammonia synthesis have been studied on the Fe(111) 

crystal surface by sum frequency generation vibrational spectroscopy using an integrated 

Ultra-High Vacuum (UHV) / high-pressure system. SFG spectra are presented for the 

dissociation intermediates, NH2 (∼3325 cm-1) and NH (∼3235 cm-1) under high pressure 
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of ammonia (200 Torr) on the clean Fe(111) surface. Addition of 0.5 Torr of oxygen to 

200 Torr of ammonia does not significantly change the bonding of dissociation 

intermediates to the surface. However, it leads to a phase change of nearly 180° between 

the resonant and non-resonant second order non-linear susceptibility of the surface, 

demonstrated by the reversal of the SFG spectral features. Heating the surface in the 

presence of 200 Torr ammonia and 0.5 Torr oxygen reduces the oxygen coverage, which 

can be seen from the SFG spectra as another relative phase change of 180°. The reduction 

of the oxide is also supported by Auger electron spectroscopy. The result suggests that 

the phase change of the spectral features could serve as a sensitive indicator of the 

chemical environment of the adsorbates. 

The intermediates were identified by analyzing the SFG vibrational spectra. 

Additional information was obtained by monitoring the non-resonant SFG signal. Clean 

Fe(111) is found to have a large SFG non-resonant signal. The magnitude of the non-

resonant signal was dependent on the adsorption species; O2 and N2 decrease the SFG 

non resonant signal, while H2 and NH3 increase the signal. The change in non-resonant 

signal is correlated to the change in work function of Fe(111) upon adsorption. 

Adsorption induced changes in SFG non-resonant signal was used as an indicator of 

surface conditions and to monitor surface reactions. 

Another concern for high-pressure catalytic processes that has been addressed in 

this work is the deactivation of the catalyst. The CO poisoning effect on the catalytic 

ethylene hydrogenation reaction on the Pt(111) surface has been examined by SFG 

vibrational spectroscopy. It was found that a monolayer of CO prevented the adsorption 

of ethylene on the Pt(111) surface in the presence of high pressure ethylene (up to 35 
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Torr). In contrast, CO can adsorb on the ethylene pretreated Pt(111) surface by increasing 

the CO pressure. However, the coasdsorbed ethylidyne molecules weakened CO bonding, 

which was evident by the red-shift in the vibrational frequency. In the presence of high 

pressure CO (>0.1 Torr), the catalytic ethylene hydrogenation was poisoned due to a site 

blocking effect of the CO adsorption. No catalytic reactivity was observed at 

temperatures lower than the CO desorption temperature (400K). The measured apparent 

activation energy of the CO poisoned ethylene hydrogenation reaction was about 20.5 

kcal/mol. 

 The use of sum frequency generation has been extended to study heat of 

adsorption of CO on Pt(111). Carbon monoxide is a player in many important catalytic 

reactions and heat of adsorption and adsorption geometry are fundamental aspects of its 

behavior CO adsorption on Pt(111) was studied at temperatures between 373K and 463K 

in a pressure range of 1x10-8 to 3x10-5 Torr. Adsorption isotherms were obtained using 

sum frequency generation. By correlating the normalized SFG signal to the surface 

coverage, the obtained isotherms are in satisfactory agreement with Langmuir adsorption, 

which is suitable for coverages up to a monolayer. Close to saturation coverage the heat 

of adsorption was determined to 98kJ/mol, which is in close agreement with values 

obtained by single crystal adsorption calorimetry, low energy electron diffraction (LEED) 

and temperature programmed desorption (TPD). 
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Chapter 1. Introduction 

 

Catalytic reactions play an essential role in our lives. Most biological reactions in 

our bodies are catalytic and catalytic processes also control photosynthesis, which is vital 

for our survival. Beside the reactions that Mother Nature has provided for us there are 

many technologically important reactions utilized in the chemical industry that are 

catalytic reactions. Given the immense importance of catalytic reactions, a tremendous 

effort to understand the process has been provided by the scientific community.  

Catalysis can be defined as an increase in reaction rate in the presence of a 

material that is unchanged at the end of the reaction. The first observation of the 

phenomena was reported in the early 19th century when Kirchhoff saw that acids aid the 

hydrolysis of starch to glucose. Additional observations were soon made, but Faraday 

was the first to explore the reasons for the increase in reaction rate when he studied the 

influence of platinum on oxidation reactions. However, it wasn’t until 1836 that Berzelius 

originated the expression “catalysis”. From here on much effort was put into the field of 

catalysis. One particular reaction that pushed both science and technology forward was 

ammonia synthesis. Ammonia was needed to make fertilizers to feed an increasing 

population, and to make explosives during the First World War. The first discovery was 

the use of osmium and uranium as catalysts at high pressure and high temperature to 

make ammonia. The high-pressure reaction pushed technology and engineering to allow 

large-scale production. The catalyst was also changed to iron, which was a much cheaper 

material.  In spite of these and many other advances, the science and technology of 

catalysis remained very much empirical. One way to improve the understanding of how 
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catalysts work came with the advances of surface science. With ultra-high vacuum 

techniques it was possible to study heterogeneous catalytic reactions on an atomic scale. 

The studies were aimed at identifying the active sites where the adsorption, bond 

breaking and rearrangement take place and to detect reaction intermediates. Model 

catalysts were largely used to reduce the complexity of the real catalyst and the 

information was obtained by low-energy electron diffraction (LEED), Auger electron 

spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), high-resolution electron 

energy loss spectroscopy (HREELS) and other techniques. [1-5] Although, an astonishing 

amount of knowledge emerged from these studies they had one major drawback: they 

were limited to low pressures because of the large mean free path required for the 

electrons to reach the sample or the detector. The results obtained at low pressures could 

not easily be extrapolated to actual high-pressure reactions since the surface compositions 

could be significantly different under these conditions. The next logical step to obtain a 

better understanding of catalytic reactions was to perform experiments on model catalyst 

under high pressures. Photon based techniques provided the necessary tool for such 

studies. Vibrational spectroscopy, such as infrared (FTIR) and Raman have been useful 

because they provide molecular information of adsorbates on the surface. [5-7] However, 

one difficulty is that both the bulk material of the catalyst and the gas-phase reactants can 

interfere with surface measurement. A technique that utilized photons and was surface 

sensitive was needed. Recently, sum frequency generation (SFG) has fulfilled those 

requirements and it has been utilized to study a variety of surfaces and interfaces. [8-13] 

SFG is a non-linear optical process where two beams, one in the infrared and one in the 

visible, are overlapped on a surface and a third beam is generated with the sum frequency 
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on the incoming two. By tuning the infrared frequency, while monitoring the intensity of 

the sum frequency, a vibrational spectrum can be obtained. The vibrational mode has to 

be both infrared and Raman active, i.e. have a change in dipole and change in 

polarizability for the process to occur. This requirement is only met in matter with no 

inversion symmetry, which exclude most bulk materials, and isotropic phases, such as 

liquids and gases. However, it allows generation of a sum frequency signal from 

interfaces and surfaces where the symmetry is broken. Hence, the technique has a unique 

surface sensitivity, and allows studies of catalytic surfaces under high pressure.  

The goal of the studies presented in this thesis has been to gain molecular 

information, in situ, of catalytic reactions and to obtain a better understanding of the 

process by performing experiments on heterogeneous catalytic systems. Ultimately, a 

better understanding of the process could lead to an improved industrial process. Several 

reactions and specific problems have been investigated. Effort has been directed at 

understanding the catalytic reaction of ammonia synthesis on iron and to identify the 

reaction intermediates. The influence of ammonia pressure and the presence of oxygen 

have been investigated for the ammonia decomposition. In addition, it was found that the 

intensity of the non-resonant SFG signal was an indicator of the surface composition 

during reaction conditions.  

Another concern for high-pressure catalytic processes that has been addressed in 

this work is the deactivation of the catalyst. Various reactants, intermediates, products or 

even unexpected foreign atoms and molecules may cover the catalyst’s surface during the 

catalytic reaction. Specifically, the effect of CO poisoning on ethylene hydrogenation on 

platinum was investigated. It was found that introduction of CO stopped the reaction at 
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room temperature by blocking the reactive sites. At temperatures above the desorption 

temperature of CO the reaction proceeded with an increased activation energy.  

Carbon monoxide is a player in many important catalytic reactions, either as a 

product, as in coal gasification, a reactant, as in CO hydrogenation or oxidation, or as a 

poison as in the reaction mentioned above. Given the importance of CO, much effort has 

been put in to understand the behavior of CO. Heat of adsorption and adsorption 

geometry are fundamental aspects of the behavior and the use of SFG, has been extended 

to study the heat of adsorption of CO on platinum. With SFG heat of adsorption can be 

measured at high pressure or under flow conditions, which previously created difficulties.  

The dissertation has been organized in the following way: chapter 2 is an 

introduction of the theory of sum frequency generation vibrational spectroscopy and the 

origin of molecular vibrations. This chapter will serve as a basis to understanding the 

selection rules for SFG and to analyze the spectra. The experimental setup of SFG and 

the UHV-high pressure system are described in chapter 3. An in depth characterization of 

the laser and optical parametric generation and amplification systems are presented here 

as well as the SFG setup of the optics and detection system. In addition, the UHV-high 

pressure chamber, that was constructed to allow spectroscopic studies of catalytic 

reactions at high pressure, is portrayed. Chapter 4 explores the ammonia decomposition 

and adsorption on iron catalysts. Ammonia synthesis is a technologically important 

reaction that takes place under high pressure and temperature. The motivation of the 

study is to elucidate the reaction mechanism at high pressure and to identify the reaction 

intermediates. Chapter 5 deals with the interpretation of the non-resonant SFG signal 

from iron surfaces and the change in intensity during adsorption of gas molecules. The 
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change in intensity provides a means to follow reactions on the surface and a correlation 

can be made between the change in intensity and changes in the surface electronic 

structure of the substrate. Chapter 6 discusses the role of CO poisoning for ethylene 

hydrogenation on Pt(111). Ethylene hydrogenation is a catalytic reaction that is run at 

high pressures. If CO is present in the feed for this reaction the reaction is severely 

affected by it. The details of the poisoning of the surface are reported in this chapter. 

Chapter 7 explores the possibilities to extend the use of SFG to study isotherms. To 

demonstrate the technique adsorption of CO on Pt(111) is studied and the heat of 

adsorption is determined. The benefits of using SFG versus other techniques are also 

discussed. Finally in chapter 8 some conclusions are drawn from previous chapters and 

the use of SFG as a tool to study high pressure catalytic reactions is discussed. 
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Chapter 2. Sum Frequency Generation 

 

2.1 Sum Frequency Generation Theory 

 

Sum frequency generation is conceptually easy to understand. Two pulsed laser 

beams, one in the visible (ωvis) and the other in the infrared (ωIR) are overlapped on a 

sample and light with the sum of the two frequencies (ωsum = ωvis + ωIR) is generated. The 

process relies on a non-linear optical effect known as sum frequency generation. The 

intensity of sum frequency light changes if the infrared light is in resonance with a 

vibrational mode of a molecule on the sample surface. Therefore, scanning the IR 

frequency results in a vibrational spectrum. 

The phenomena of SFG was first time observed [1] and described in theory [2] in 

the 1960s, but it wasn’t until Y.R. Shen developed the experimental technique in the 

1980s that SFG vibrational spectra were recorded. [3] The use of SFG as a technique for 

vibrational spectroscopy has since gained a lot of attention and the theory and phenomena 

have been described in detail in the literature, [4-11] To comprehend the technique and to 

analyze the spectra presented in this thesis, a general description of the SFG process is 

helpful. SFG is a non-linear process, but to understand the basics of SFG it is beneficial 

to start with linear optics, since almost all the optical phenomena we see around us 

everyday are governed by linear optics. 

A molecule consists of two or more atoms, each with a positive nucleus and 

associated electrons of negative charge. The separation of the charges allows each atom 

in the molecule to form a dipole. When the molecule is placed in a weak electrical field 
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the dipole starts to oscillate. According to classical laws of electromagnetism the dipoles 

themselves hereby act as sources of electromagnetic radiation. The induced dipole is 

proportional to the strength of the electrical field, E. In the presence of the field, the 

dipole, µ, is given by  

Eαµµ += 0         (2.1) 

where µ0 is the static dipole and α is the polarizability. Since the induced dipole is not, in 

general, in the same direction as the electric field, α is represented by a (3 x 3) tensor. 

In condensed phases it is more convenient to consider the dipole moment per unit 

volume, or polarization, P. In an electric field 

EPP )1(
0

)0( χε+=        (2.2) 

where the linear susceptibility, χ(1), takes the place of the polarizability and ε0 is the 

permittivity in vacuum. Since only a few materials have a static polarizability, the term 

P(0) can be neglected. For a simple molecular material, the susceptibility depends on the 

number of molecules per unit volume, N, multiplied by the molecular polarizability 

averaged over all the orientations of the molecules in the material,  

0
)1( / εαχ ><= N        (2.3) 

The linear properties of an isotropic material are characterized by the complex refractive 

index, n. The refractive index is related to the susceptibility by 

)1(1 χ+=n         (2.4) 

The real part of n determines the speed of light in a medium,  

)Re(/ ncv =         (2.5) 

and the imaginary part of n determines the absorption coefficient,  
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)1(

0

1Im4 χ
λ
πα +=        (2.6) 

where λ0 is the wavelength of light in vacuum.  

With the evolution of lasers the light became more intense. The created 

electric fields are comparable to the fields felt by an electron in a molecule. The response 

of the electrons to the field is no longer linear and higher order terms in E must be 

included in the expression for the dipole moment. 

...:0 ++++= EEEEEE Mγβαµµ     (2.7) 

where β and γ are the first and second hyperpolarizabilites. The notation β:EE denotes 

. The corresponding expression for the polarization is  kjkj ijk EE∑ ,
β

...):( )3()2()1(
0 +++= EEEEEEP Mχχχε     (2.8) 

The second order susceptibility, χ(2), is a third rank tensor and the third order 

susceptibility, χ(3), is a tensor of rank 4. They are generally much smaller than χ(1) and 

can therefore be neglected when the electrical field is weak, less than 106 V/m. Optical 

processes that arise from χ(2) and χ(3) are know as second or third order non linear 

processes. One consequence of the higher order terms in eq. 2.8 is that the frequency of 

light can change. Consider an electrical field of the form trEE ωcos)(= in a material in 

which χ(2) is non-zero. P(2) is then given by 

)2cos1)(()(:

cos)()(::
)2(

0

2)2(
0

)2(
0

)2(

trErE

trErEEEP

ωχε

ωχεχε

+=

==
   (2.9) 

The first term in the bracket represents a static electrical field in the material, the second 

term a dipole oscillating at 2ω, twice the frequency of the incident light. This oscillating 

dipole can emit light at the frequency 2ω, a process known as second harmonic 
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generation, SHG. If two laser beams with frequencies, ω1 and ω2, are present 

simultaneously in the material then additional terms appear in the expression for P(2) of 

the form. 

])cos())[cos(()(:
2
1

coscos)()(:

212121
)2(

0

2121
)2(

0
)2(

ttrErE

ttrErEP

ωωωωχε

ωωχε

−++=

=
  (2.10) 

There are now dipoles oscillating at frequencies (ω1 + ω2) and (ω1 - ω2), which gives rise 

to SFG and difference frequency generation, DFG, respectively. In SFG vibrational 

spectroscopy, ω1 is usually chosen to be in the visible range of the spectrum, while ω2 is 

in the infrared. A common geometry for the setup is shown in figure 2.1 where the IR and 

visible beams are incident from the same direction. 

 

 

ωSFG
440-500 nm ωIR 

2-10 µm 

µµ += 0

vis
ωvis 

532 nm 
 

 

 

 

 

 

Figure 2.1. Schematic illustration of SFG from an interface. Laser beams 
with frequencies ωvis and ωIR are overlapped at an interface. Light at 
frequency ωsum = ωvis + ωIR is emitted at an angle that conserves momentum. 
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In general, radiation can appear in all directions, however, the sum frequency radiation is 

strongly peaked in one direction determined by phase matching conditions. For efficient 

energy transfer from the ωvis and ωIR to the sum frequency ωsum both energy and 

momentum conservation must be satisfied. The energy conservation requires ωsum= 

ωvis+ωIR, while the momentum conservation requires 

ksum = kvis + kIR       (2.11)  

Using the conservation of momentum and the angle of incidence for the visible and 

infrared beams the angle of the sum frequency radiation can be calculated according to 

eq. 2.12  

IRIRvisvissumsum kkk θθθ sinsinsin +=     (2.12) 

kvis, kIR and ksum are the three wavenumbers (2π/λ) , θvis and θIR are the angles of 

incidence, compared to the surface normal, of the visible and the IR lasers, and θsum is the 

angle of the sum frequency light. Notable is that the angle of emission changes as ωIR is 

scanned through the spectrum. 

An expression for χ(2) can be found by second order perturbation theory as an 

infinite sum over the quantum states of the system. [4] The general solution is 

complicated but it reduces to a simpler system if neither ωIR nor ωsum is in resonance with 

an electronic dipole transition in the material and only electric dipole transitions are 

considered. In general, the sum frequency signal is proportional to the square of the 

effective second order non-linear susceptibility, χ(2)
eff as given by given by Eq. 2.13. For 

vibrationally resonant SFG, χ(2)
eff can further be described by Eq. 2.14 

2)2()( effsumI χω ∝        (2.13) 
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     (2.14) 

where χNR contains the non-resonant contributions to the measured intensity and Aq is the 

vibrational mode strength. The second term in Eq. 2.14 is maximized when the frequency 

of the IR beam, ωIR, is tuned near a vibrational mode, ωq, of one of the surface species. Γq 

is the damping term and θq is the relative phase between the qth vibrational mode and the 

non-resonant signal. Eq. 2.14 shows that the profile of a SFG resonance consists of three 

parts. The first part is a pure background contribution from
2)2(

NRχ . The second part 

comes from interference between each resonant mode and χNR. The third part includes 

contributions from individual resonant modes and interference between them. Only if χNR 

is negligibly small and the resonances are far apart, will unequivocal resonant peaks 

appear in the SFG spectrum. Usually the observed spectrum needs to be fit to Eq. 2.14 in 

order to deduce the characteristic parameters of the resonances, ωq, Aq and Γq, the non-

resonant term,χNR, and the phase θq. For single resonant SFG the resonant amplitude Aq 

is real, however, χNR can be complex if ωsum approaches resonance surface electronic 

states. The magnitude and phase of χNR, relative to Aq, deduced from the fit can therefore 

carry information about the electronic structure of an interfacial layer.  

In analogy with Eq. 2.3 the resonant part of the non-linear susceptibility can be 

obtained by averaging the hyperpolarizability, β over all the orientations of the 

molecules.  

0
)2( / εβχ N

R
=        (2.15) 

Near a vibrational transition, ωq, in a molecule the hyperpolarizability, β, is given by 

 12



⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

Γ+−
×

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+
−

−
−= ∑ i

gvvssgvssg

qIR

n

sgvis

lm

sgsum

ml

sumlmn

ωω
µ

ωω
µµ

ωω
µµ

ωβ

)()(2
1

)(

hhh

(2.16) 

where g  is the ground state, v  the exited vibrational state, s  any other state, Γ-1 the 

relaxation time of the excited vibrational state, and µ = er is the electric dipole operator. 

Equation 2.16 has a simple physical interpretation. The first term may be identified as the 

Raman transition dipole moment, and the second term, gv nµ , as the IR transition 

dipole moment. Therefore, a molecular vibration has to be both IR and Raman active in 

order to be SF active, as depicted in figure 2.2 

 

 

Raman 
Anti-Stokes 

IR 

⎢s > ⎢s > 

ωSFG
ωvis

ωIR

 

 

 ⎢v > ⎢v > 

 

⎢g > ⎢g >  
(a) (b) 

 

Figure 2.2. Schematic energy level diagram for SFG. (a) Excitation by an 
IR and a visible photon followed by an emission of a sum frequency photon 
to relax to the ground state. (b) The SFG process consist of an IR and a 
Raman transition. 

 
 

The symmetric properties of χ(2) forbid SFG in a centrosymmetric crystalline 

solids by purely electric dipole mechanisms. χ(2) is a polar tensor of rank three, which 

changes sign under inversion; χ(2) (r) = - χ(2) (-r). However, centrosymmetric crystals are 
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invariant under inversion operation, and therefore χ(2) (r) = χ(2) (-r). This can only be true 

under the condition that χ(2) is zero. These symmetry properties have wide implications 

for SFG spectroscopy. SFG does not occur by electrical dipole mechanisms in gases, 

liquids or in the majority of solids. SFG only occurs in non-centrosymmetric solids and at 

surfaces or interfaces, where the symmetry is broken. A result of this interfacial 

selectivity is that molecules at a surface can be distinguished from a vast excess of the 

same molecules in solution. The key feature of molecules at an interface that 

differentiates them from molecules in solution is polar orientation. χ(2) depends on the 

polar angle, θ, of a functional group only through the average 〈cos θ〉 and 〈cos3 θ〉. In 

random orientated molecules these cancel out but an interface imposes a net polar 

orientation and χ(2) is nonzero and SFG can occur. Consequently, the magnitude of χ(2) is 

very sensitive to the degree of orientational order.  

In general, the surface susceptibility χ(2) is a 27-element tensor, however, it can 

often be reduced to several non-vanishing elements by symmetry constraints. Interfaces 

as well as liquid surfaces and monolayer on surfaces are isotropic in the plane of the 

surface. The symmetry constraints for an in-plane isotropic surface reduces χ(2) to the 

following four independent nonzero elements 

)2()2()2()2()2()2()2( ;;; zyyzxxyzyxzxyyzxxzzzz χχχχχχχ ===     (2.17) 

where z is defined to be the direction normal to the surface. These four independent 

elements contribute to the SFG signal under four different polarization conditions SSP, 

SPS, PSS, and PPP where the polarization are listed in order of decreasing frequency 

(sum, vis, IR). P polarization stands for a polarization where the electrical field vector is 

parallel to the plane of incidence, which contains the surface normal and the incident 
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beam. In S-polarization the vector is perpendicular to the plane of incidence, see figure 

2.3. Which vibrational modes are present under a certain polarization condition depends 

on the polarization of the IR field and the direction of the IR and Raman transition 

moments. The SSP polarization has access to vibrational modes with transition moments 

that have components perpendicular to the surface plane whereas the SPS and PSS 

polarization conditions access modes that have transitions moments with components 

parallel to the surface plane. The intensity under PPP polarization contains modes from 

all of the tensor elements. Vibrational modes with components both perpendicular and 

parallel to the surface plane will be present in the PPP polarized SFG spectra. 

 

 

 

 

 

 
(a) (b) 

 

Figure 2.3. (a) S-polarized light reflected on a metal surface. S-polarized 
light has the electrical vector perpendicular to the plane of incidence. Upon 
reflection the phase changes 180° and they cancel out each other. (b) P-
polarized light reflected on a metal surface. P-polarized light has the 
electrical vector parallel to the plane of incidence. Upon reflection the phase 
changes 90° and the sum of the electrical vectors is reinforced. 

 

 

When doing spectroscopy on metals the choice of polarizations are more 

limited. Since metals are highly reflective in the IR, the incident and reflected electric 
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fields in the x and y direction virtually cancel, while those in the z direction add 

constructively, see fig 2.3. Therefore χ(2)
xzx and χ(2)

zxx are much smaller than χ(2)
xxz and 

χ(2)
zzz, and only the latter are significant. This means that the polarizations available for 

metals are SSP and PPP. Another way to describe the selection rules of metals is to see it 

on a molecular level. A unique property of metals is the freedom of the conduction 

electrons to respond to an electrical field. A charge above the surface of a metal produces 

lines of force as if there was a negative charge at an equal distance below the surface, an 

image charge. Dipoles parallel or perpendicular to the surface of the metal will in the 

same way produce image dipoles, as shown in figure 2.4.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. (a) The electrical image resulting from a positive charge over the 
surface. (b) The changes during the vibration of a dipole parallel to the 
surface of the metal. The image dipole change is in the opposite 
direction to the original. (c) Changes during the vibration of a dipole 
perpendicular to the surface. The image dipole is in the same direction 
as the original dipole. 

(a) (b) (c) 
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Because of the separation between the original dipole and its image is of the order of 

molecular dimensions, (a few Ångströms), which is much smaller than the wavelength of 

the emitted sum frequency radiation, (about 5000Å), the effect of the image dipole 

vibration cancel out the dipole vibration originated in the vibrating molecule parallel to 

the surface. On the other hand the oscillating dipole perpendicular to the surface will be 

reinforced by the oscillating image dipole.  

 

2.2 Molecular Vibration Theory 

 

Sum frequency generation is only possible if the vibrational mode is both IR and 

Raman active. In this section IR and Raman spectroscopy will be discussed to give a 

better understanding for the vibrational spectra obtained by SFG. 

There are basically two types of IR spectroscopy, emission or absorption 

spectroscopy. In absorption light of all different frequencies passes through a sample and 

the transmitted light is measured at each frequency. In emission the IR is tuned and the 

reflection off a sample is measured at the corresponding frequency. At frequencies 

corresponding to a vibrational energy of the sample, some light is adsorbed and less light 

is transmitted (or reflected) than at frequencies that do not correspond to a vibrational 

energy of the molecule.  

In Raman spectroscopy, light scattered by the sample is observed. Light of a 

single frequency, ν, is directed onto the sample. Some of the light, about 1/1000 of it, is 

scattered elastically in all directions. This is called Rayleigh scattering. A small fraction 

of the scattered light, called Raman scattering, does not have the frequency ν. Instead it 

 17



has frequency ν ± ν0, which is an inelastic scattering called Stokes and Anti-Stokes 

radiation respectively, see figure 2.5. Here, the frequency ν ± ν0 corresponds to a 

vibrational energy for the molecule. 
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Figure 2.5 Rayleigh and Raman scattering processes. 
 

To understand why these phenomena occur we need to describe what happens on 

a molecular level. If two particles of charges +e and –e are separated by a distance of r, 

the permanent electric dipole moment, µ, is given by  

er=µ          (2.18) 

In order to see what magnitude of dipole moment we can expect consider a proton and en 

electron separated by 1Å, a typical molecular dimension. The dipole moment would be c 

= (1.602 x 10-19 Coulomb) x (10-10 m) = 1.602 x 10-29 Coulomb m. A commonly used 

unit is 1 esu, which corresponds to 3.34*10-10 Coulomb. The dipole moment would then 

be 4.803*10-18 esu cm or 4.803 Debye. 
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Heteronuclear diatomic molecules must have a dipole moment since one atom will 

be more electronegative than the other and will have a net negative charge. Homonuclear 

diatomic molecules cannot have permanent dipole moment since both nuclei attract the 

electrons equally. Polyatomic molecules with a center of inversion will not have a dipole 

moment whereas non-centrosymmetric will usually have µ ≠ 0. Consider a vibrating 

molecule with a dipole moment. The dipole also oscillates as the atoms move back and 

forth. This oscillating dipole can adsorb energy from an oscillating electric field only if 

the field has the same frequency. This is called the resonance frequency, which is 

characteristic for each molecule, and therefore you can obtain molecular information 

from an IR spectrum. The selection rule for IR spectroscopy can now be summarized. A 

vibrational transition is IR active if the dipole moment of the molecule changes during 

the vibration. The vibration can have different modes as exemplified by a CO2 molecule 

in figure 2.6. 

 

 

 

 

 (a) (b) (c) 

 

Figure 2.6. Normal modes of vibration of CO2. (a) symmetric stretch, (b) 
asymmetric stretch and (c) bending. 
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In the case of CO2, which is a linear molecule, the dipole moment does not 

change during the symmetric stretch and it is therefore not IR active. For the asymmetric 

stretch, illustrated in figure 2.6a, there is a change in the dipole moment and it is IR 

active. Normally the asymmetric stretch has a higher energy than the symmetric stretch. 

The third mode for the CO2 molecule shown in figure 2.6c is the bending mode. The 

energy for bending modes generally falls below the energies of stretching modes. For 

more complex molecules there are other modes, like wagging, rocking and twisting. So 

far only the fundamental transitions, i.e. transitions from the ground state to the first 

excited state, have been considered. There are, however, other possible transitions. An 

overtone occurs when a mode is excited beyond the first level by a single photon. A 

combination band is when a single photon excites more than one vibration and a hot band 

is when an already excited vibration is further excited. Overtones and combination bands 

are generally much less intense than fundamental transitions but an “intensity borrowing” 

mechanism can add intensity to otherwise weak absorptions. In CO2 the symmetric 

stretch should be found at 1337cm-1 and the bending occurs at 667cm-1. The first 

overtone of the bending mode is expected near 2*667 = 1334cm-1. However, quantum 

mechanics allow a mixing, called Fermi resonance, between these two modes. The 

mixing has two effects; the overtone can gain energy from the nearby fundamental and 

both energy levels are shifted away from the each other. Instead of observing a strong 

band at 1337cm-1 and a weak band at 1334cm-1, two strong bands are observed at 

1388cm-1 and 1286cm-1.  

It is now time to go back to the physical explanation for the Raman effect. If a 

molecule is placed in an electrical field, ε, a dipole moment, µind is induced in the 
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molecule. The induced dipole is proportional to the field strength, the proportionality 

constant, α, being called the polarizability of the molecule.  

αεµ =ind         (2.19) 

All atoms and molecules will have non-zero polarizability even if they have no 

permanent dipole moment. Consider a light wave whose electrical field oscillates 

according to the equation 

tπνεε 2cos0=        (2.20) 

The induced dipole moment of a molecule in this oscillating field is obtained from Eq. 

2.19 and 2.20. 

tind πναεµ 2cos0=        (2.21) 

But α is a molecular property and its magnitude will vary as the molecule oscillates. 

t00 2cos πνααα ∆+=       (2.22) 

α0 is the equilibrium polarizability, ∆α is its maximum variation, and ν0 is the natural 

vibrational frequency. Putting Eq. 2.21 into Eq. 2.22 

( )[ ][ ]
( ) ([ ]ttt

ttind

00000

000

2cos2cos2/12cos
2cos2cos

ννπννπαεπνεα )
πνεπνααµ

−++∆+=
=∆+=

 (2.23) 

Equation 2.23 predicts that the induced dipole moment will oscillate with components of 

frequency ν, ν+ν0 and ν-ν0. The oscillating dipole radiates electromagnetic waves of 

frequency ν (Rayleigh scattering), ν+ν0 (Anti-Stokes) and ν-ν0 (Stokes). The selection 

rule for Raman transition is different from that from IR. A transition is Raman active if 

the polarizability of the molecule changes during the vibration. The change can be either 

a change in magnitude or a change of direction of the polarizability. Consider again the 

three fundamental vibrational modes of the linear CO2 molecule. We have seen that the 
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asymmetric stretch and the bending modes are IR active. Now we will see which modes 

are Raman active. During the symmetric stretch the molecule changes size and therefore 

it changes the polarizability of the molecule. In the other two modes, α changes with the 

displacement, ξ, of the atoms, but the change has the same sign for displacements in both 

directions. Therefore dα/dξ is zero for small displacements and the modes are Raman 

inactive. We can see that different modes are IR and Raman active for CO2. In order to be 

SFG active the vibration mode must be both IR and Raman active. For CO2 in gas phase 

there is no such mode but in other molecules some modes are both IR and Raman active 

and they are therefore also SFG active.   
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Chapter 3.  Experimental Considerations 
 
 

3.1 Sum Frequency Generation Setup 

 

SFG experiments are setup with many different designs. However, four groups of 

components can be distinguished in all setups. First of all, a pulsed laser is needed as the 

light source. For the experiments reported in this thesis a picosecond Nd:YAG laser was 

used. For the SFG experiments two different beams are needed, one visible and one 

tunable IR beam. They are generated in an optic parametric generator/amplifier 

(OPG/OPA) stage, which is the second part of the setup. This work has been performed 

on two different OPG/OPAs. The design varies depending on the frequency of IR needed 

for the experiments, as well as the choice of nonlinear crystals used for the setup, but the 

function is similar. The third group of components is a series of optics needed to direct 

the two beams to the sample, to collect the generated signal and send it to the detection 

system, which is the fourth part.  

The laser used for both setups was a Continuum Leopard D-20 laser, which is a 

picosecond pulsed, modelocked, Nd:YAG laser. The repetition rate was 20 Hz, with a 

pulse duration of 20ps and an energy output of about 28 mJ/pulse. The explanation for 

the name Nd:YAG lies in the fact that Nd3+ ions replace yttrium ions in the yttrium 

aluminum garnet (Y3Al5O12) or YAG. The YAG can be doped with neodymium ions up 

to a doping level of 1.5% and the main laser transition is at 1064 nm. It is basically a 

four-level system, schematically shown in figure.3.1. At room temperature almost all the 

population is in the ground state E0 before the pumping. The electrons are then pumped to 
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the level E3, which can be rather broad in order to increase the pump efficiency. A rapid 

non-radiative decay follows to the metastable level E2. If then the decay from E1 to E0 is 

rapid one has an inversion population, which is necessary for laser action, between level 

E2 and E1. The inversion population can be maintained easily with modest pumping. 

Pulsed operation is obtained with a simple flashlight and reflecting cavity. The optical 

pulse from the flashtube lasts for a few milliseconds and it takes about a half millisecond 

to achieve inversion population. Once stimulated emission occurs the upper level is 

rapidly depopulated, much faster than the pumping re-excitation of electrons, and the 

laser action stops for a moment until sufficient inversion population can be built up again. 

Thus the laser has a regular pulsation in the output. 
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Figure 3.1 Population of the energy levels in a four-level system after 
pumping. 
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Q-switching is a technique for obtaining short, intense burst of radiation from the 

laser. This is achieved by introducing a time-dependent loss in the cavity. The high loss 

prevents laser action, while energy is being pumped into the excited state of medium. 

When the cavity loss is suddenly reduced the laser oscillation can begin and all the 

energy is emitted in a single, large pulse. The switching was achieved by a saturable 

absorber, which changed from highly absorbing to transparent with the increasing of the 

irradiance. In a Q-switched pulsed laser a single optical pulse is produced during each 

pumping pulse but in a mode-locked laser many extremely narrow, equally spaced pulses 

are produced. A cavity may support many different modes oscillating simultaneously. If 

the various modes are forced to maintain the same relative phase δ to one another, they 

are mode locked. This is achieved by modulating the loss in the laser cavity at a certain 

frequency. The total irradiance is now periodic. To obtain high power and short duration 

pulses there should be a large number of possible modes. The modulation is 

accomplished in similar ways as Q-switching. The result was the production of a series of 

narrow, mode locked pulses contained within a much longer envelope. The peak power 

within the individual pulses approached 1.5 GW due to the their very short duration.  

The OPG/OPA system that was used for the earlier work was a homebuilt system 

that allowed tuning of the IR from 2-8 µm. The shorter wavelengths, 2-4 µm, were 

generated in two counter rotating LiNbO3 (LBO) crystals with an approximate output of 

300 µJ. To generate longer wavelengths the output from the laser was frequency doubled 

in a LBO crystal. The resulting 532nm light was used to pump two BBO crystals in an 

OPG/OPA stage. The idler from this stage was difference frequency mixed with the 1064 
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in a AgGeS2 crystal to produce wavelengths from 4 to 8 µm with an energy output of 150 

µJ/pulse. 

The second OPG/OPA setup, which was primarily used in this work and therefore 

will be described in more detail, has two optical parametric systems both put together and 

marketed by LaserVision. The fundamental output from the Nd:YAG laser was used to 

pump both systems. One third of the energy was directed to the optical parametric system 

designed to create a tunable visible source. There, second and third harmonics of the 

fundamental 1064nm was generated in two KTP crystals. The generated 355nm light 

pumped two counter rotating BBO crystals in an OPG/OPA stage. The output form this 

stage was tunable between 400nm and 700nm. The wavelength of the visible light in the 

experiments reported in this thesis was held constant at 532nm. The second part of the 

output from the laser was directed to the optical parametric system designated to generate 

a tunable IR source. A schematic representation of the parametric converter is shown in 

figure3.2. Entering the system laser light was divided into two beams by a beam splitter. 

One beam was frequency-doubled in a KTA crystal to provide the 532 nm pump light for 

the first OPG/OPA stage. The other part of the beam was sent through a delay before it 

was recombined with the idler output from the first stage and directed into the second 

OPA stage. A variable attenuator placed in the second 1064 line was used to correct the 

polarization and adjust the pump energy delivered to the 1064 nm OPA. A half-wave 

plate in a rotational stage before the harmonic generator in the 532 line permitted the 

intensity to be continuously varied. Following the doubling crystal was a 1064 nm high 

reflecting mirror in order to separate the 1064 nm light from the 532 nm, which is the 

OPG/OPA pump. When the beam reaches the KTP crystals a fairly broad OPG pulse was 

 27



generated. The generated signal reentered the crystal from the other direction together 

with the residual 532 nm pump beam for amplification. In this way only the central 

portion of the pulse from the first pass was amplified. Following the 532 nm OPG/OPA, 

two dichroic mirrors removed the residual 532 pump and separated the signal and idler 

waves. The idler wave (tunable from 710 to 860 nm) passed through a variable half-wave 

plate and two beam steering mirrors before being combined with the 1064 nm beam for 

difference frequency mixing (DFM). Following the 1064 nm OPA was first a dichroic 

mirror for removing the residual 1064 nm pump then a rotatable stack of plates polarizer 

to eliminate one of the other of the oppositely polarized signal and idler waves from the 

infrared output. In both the 532 nm and 1064 nm OPA stages, two crystals of equal 

length were used and counter-rotated to compensate for beam displacement.  

 

Figure 3.2. Optical layout for the IR OPG/OPA system. 
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To achieve phasematching for the desired conversion process the parametric 

converter uses angle tuning. By rotating the crystals in the extraordinary plane with 

respect to the incoming beam, the refractive index for light polarized in this plane is 

changed. The rotational plane, parallel to the optical bench, contains the optic axis of the 

crystal. Rays parallel to it are called extraordinary beams or e-beams and light polarized 

perpendicular to this plane is termed ordinary beams, o-beams. When the crystal is 

rotated the refractive index for e-polarized waves varies but the index for the o-polarized 

waves remain unchanged. Since the rotational plane is parallel to the bench all e-waves 

are polarized horizontally while all o-rays are vertically polarized. The polarization of the 

three waves involved in the conversion process is determined by phasematching type in 

use. The first and second stage all use type II, or eoo, phasematching. eoo means that the 

signal is an extraordinary wave while the idler and the pump beams both are ordinary 

waves. In this configuration it correspond to a vertically polarized output. A LabVIEW 

program was written to control the tunable visible and infrared sources. In the program 

each individual motor could be controlled and tuned to the positions corresponding to the 

desired wavelength of the output. The program also collected and charted the data from 

the signal detection system. 

From the OPG/OPAs there are two beams coming out, the 532nm and the tunable 

IR. Due to adsorption of the IR in the atmosphere the path length for the IR beam was 

minimized. The light from the OPG/OPA is vertically polarized coming out from the box 

and with a vertical configuration of the sample this correspond to an s-polarized beam. 

On metal only p polarized light gives a signal due to selection rules discussed earlier. 

Therefore, the polarization needed to be changed, which was achieved by two sets of 
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mirrors. Two lenses are added in the beam line in order to focus the light to a desired spot 

size on the sample. The path length of the visible beam is not limited by adsorption. 

Instead the length has to be carefully adjusted so the 532nm pulse arrives at the sample at 

the same time as the visible. This is done in a time delay stage made of two mirrors 

mounted on a translation stage. Added in the line is a telescope, consisting of a positive 

and a negative lens, which makes it possible to change the size of the beam. A half- 

waveplate followed by a polarizer change the polarization of the light to either s or p-

polarized light. 

Coming off the surface are the generated sum frequency light as well as the 

reflected light of the IR and visible. A mirror is placed in the SFG beam line sufficiently 

far away from the sample in order to spatially separate the SFG signal and the 532 light. 

The mirror sends the light into the detection line, which has two filters to separate the 

residual 532nm light from the SFG light. A polarizer makes it possible to measure 

different polarizations. A focusing lens is inserted in the line as well to collect the sum 

frequency light and direct it into the monochromator. The monochromator is used to 

separate the desired wavelength and to send it to the photomultiplier tube (PMT). This is 

accomplished by a grating inside the monochromator. The light collection, diffraction 

and focusing to the exit are all done by this grating. To control the bandpass and the 

amount of light coming in the monochromator slits were placed in the entrance and the 

exit. During a scan the monochromator was adjusted automatically by a motor control. 

After the light has passed the monochromator it was directed to the photo multiplier tube. 

The PMT converts the light to a current that is the output signal from the spectrometer. It 

consists of a photocathode followed by focusing electrodes, an electron multiplier and an 
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electron collector in a vacuum tube. When the light hits the photocathode, electrons are 

emitted from the surface. The electrons are then directed towards the electron multiplier 

by the focusing electrode. When the electron hits the electron multiplier secondary 

electrons are emitted from the surface. These electrons are then accelerated to the next 

dynode where they create a cascade of electrons. Finally the multiplied electrons are 

collected by the anode and generate the output signal.  

The signal from the PMT went through a gated integrator and boxcar averager. It 

is designed to recover fast repetitive analog signals in the picosecond region. A time gate 

with a 10ns width was generated and timed by a set delay from an internal or external 

trigger. The gated integrator amplifies and integrates the signal that is present during the 

time the gate is open, ignoring noise and interference that may be present at other times. 

Boxcar averaging refers to the practice of averaging the output of the gated integrator 

over many shots of the experiment. Averaging N shots will improve the signal to noise 

ratio by a factor of the square root of N. A computer interface transfers the signal to the 

computer where the data is collected and treated in a LabVIEW program. 

 

3.2 Ultra High Vacuum system - high pressure reactor 

 

The experiments were carried out in three different vacuum chambers. The 

chambers were equipped with similar instruments and therefore only one of them is 

described in detail in this chapter. The specifics of the other vacuum systems are reported 

in subsequent chapters.  
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 The chamber where most experiments, reported in this thesis, were carried out 

was a combined Ultrahigh Vacuum/High-Pressure reaction chamber, which was designed 

and built to allow studies of catalytic reactions under high pressure. It was designed as a 

two-level system; consisting of an ultrahigh vacuum, surface analysis chamber on top and 

a high-pressure reaction cell compatible with UHV and SFG mounted on the bottom, see 

figure 3.3. The base pressure in the UHV chamber was 5x10-10 Torr, which was achieved 

by a turbomolecular pump and an ion-pump. The pressure in the vacuum chamber could 

be maintained while the reaction cell was pressurized to 10 atm. The reaction cell, with a 

total volume of 170 cm-3, was attached below the main UHV chamber. By lowering the 

sample holder into the cell a knife-edge was pushed against a gasket and when applying 

pressure from a hydraulic pump onto the sample holder and gasket, a seal was made 

between the reaction cell and the UHV chamber. To withstand the applied pressure from 

the hydraulics the sample holder was constructed with a hollow stainless steal cylinder. A 

rotatable flange with four feedthroughs made up the interface between the outer 

atmosphere and the vacuum. Two of those feedthroughs were made of hollow copper 

tubes and provided electrical heating of the sample and cooling by flow of liquid 

nitrogen. The other two connections were made to accommodate a K type thermocouple. 

The hollow steel cylinder was welded to the rotatable flange and provided structural 

support for the sample holder. When pressed against the gasket the bottom edge of the 

cylinder made a seal between the reaction cell and the vacuum chamber. To minimize the 

volume of the reaction cell an additional flange was welded at the bottom of the steel 

cylinder. The four feedthroughs continued through this flange and the sample was 

mounted at the end of them. Using the hydraulic pump the sample holder could be raised  
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Figure 3.3. Schematics of the integrated ultra high vacuum / high pressure 
reaction chamber. 
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and lowered and the sample was moved between the reaction cell and vacuum chamber 

under ultrahigh vacuum conditions. The system allowed studies of adsorbates from a 

fraction of a monolayer obtained at UHV to high coverages obtained at atmospheric 

pressure. For UHV studies the pressure was regulated precisely by a leak valve and 

measured by an ion gauge in the UHV chamber. High pressure gases were introduced 

directly from a manifold to the reaction cell where the pressure was monitored by a 

Baratron gauge. Through a recirculation loop, which was attached to the reaction cell and 

to a leak valve on the main UHV chamber, the gas composition under high-pressure 

catalytic conditions could be monitored by a residual gas analyzer. The system was 

further equipped with a retarding field analyzer, RFA, for Auger electron spectroscopy 

and LEED analysis, allowing characterization of composition and structure of the 

surface. The sample was mounted on the sample holder where it could be resistively 

heated to 1100K or cooled by a flow of liquid nitrogen down to 170K. 

For the SFG experiments the reaction cell was equipped with two CaF2 windows 

to allow the IR light to reach the sample. The material of the windows and their 

integration in the flanges were the limiting factor of the pressure in the reaction cell. At 

high pressures the attenuation of the IR light before it hits the sample becomes more 

sever. Therefore, the path length from the window to the sample minimized at 

approximately 4 cm. To normalize for the gas phase adsorption that did occur in the 

reaction cell the IR power was monitored before and after the reaction cell. The IR power 

at the sample surface could thereafter be calculated and the SFG intensity was calibrated 

by the IR power.  
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Chapter 4. High Pressure Ammonia Adsorption and Dissociation 

 

4.1. Introduction 

  

Iron has been used as the key catalyst for producing ammonia from nitrogen and 

hydrogen. Consequently, the reaction of ammonia synthesis on iron catalysts has been 

extensively studied since its discovery in the early 20th century and it has developed into 

one of the classical heterogeneous catalytic processes. [1] The industrial reaction 

typically requires high temperatures (300°C to 500°C) and high pressures (tens of 

atmospheres or higher). Even though this reaction has been industrialized for nearly a 

century, the intriguing role of iron surfaces has been the focus of decades of studies, to 

help uncover some of the basic principles of heterogeneous catalysis. Most of the 

reported fundamental surface science studies are under experimental conditions (high 

vacuum and low temperatures) far away from industrial conditions, and thus the 

importance of the information obtained to catalytic ammonia synthesis could be 

questioned. One of the difficulties of in situ studies is that there has been a lack of 

instrumentation that could enable characterization of catalyst surfaces under the reaction 

conditions. The application of SFG vibrational spectroscopy to surface chemistry studies 

has been explored as one of the possible approaches to tackle the obstacles for in situ 

studies of catalyst surfaces under various conditions. [2,3] It should be noted that no SFG 

studies have been reported on clean iron or iron oxide surfaces so far. Given the active 

role of iron and iron oxides in heterogeneous catalysis, such effort would be of genuine 

interest. 
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Ammonia synthesis, as well as its dissociation process, on iron and other metal 

surfaces has been pursued for several decades by various surface analysis techniques. 

Most studies have been performed on high surface area iron catalysts or on single crystals 

as model catalysts, where for example elementary reaction steps, surface structure, the 

role of promoters and adsorption behaviors have been investigated. [4] The iron surface 

with the highest turnover rate was found to be the Fe(111) crystal face. [5] The focus of 

this study has been on the ammonia adsorption and dissociation on Fe(111) at high 

pressure (200 Torr). A newly designed integrated UHV-High Pressure system with 

capabilities for in situ SFG was build for the purpose of studying high pressure catalytic 

processes and in particular ammonia synthesis. The system has a reaction cell that can be 

pressurized to several atmospheres to more closely mimic the industrial process. The 

reaction cell is connected to an ultra high vacuum chamber, which allows preparation and 

characterization of the surface with standard surface science techniques, including ion 

bombardment, Auger Electron Spectroscopy (AES), Low Energy Electron Diffraction 

(LEED), and mass spectrometry. 

In the present work, adsorption of ammonia has been performed on two surfaces, 

clean Fe(111) and Fe(111) pretreated with oxygen. Ammonia dissociation intermediates, 

NH and NH2, were detected on both surfaces under high pressure of ammonia. 

Coadsorption of oxygen and ammonia is discussed, and in particular its influence on the 

SFG spectral features related to the interference between the resonant and non-resonant 

second order non-linear susceptibility. A weak resonant signal from the NH stretch, in 

addition to the large non-resonant signal from iron made extensive averaging necessary to 

obtain a good signal to noise ratio in the SFG spectra. 
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2. Experimental Section 

 

The UHV / high pressure reaction cell used in this experiment is described in the 

previous chapter. The Fe(111) single crystal was cut, oriented and polished by normal 

procedures. Prior to mounting, the Fe(111) crystal was heated to 800°C for several days 

in flow of hydrogen to remove sulfur impurities. At this temperature the diffusion rate of 

sulfur is high enough to allow significant amounts of sulfur to segregate to the surface 

where it is removed by reaction with hydrogen. Thereafter, the Fe(111) crystal was put 

into the UHV chamber where it was further cleaned by repeated cycles of Ar sputtering at 

500°C to remove additional sulfur. Besides sulfur, carbon was the main impurity. Both 

impurities can be seen by AES in figure 4.1.  It was found that the most efficient way to 

remove carbon impurities was to introduce 1x10-7 Torr O2 while sputtering at 3x10-5 Torr 

Ar at 500°C, followed by sputtering in pure Ar at room temperature. Between sputtering 

cycles the sample was briefly annealed to 600°C. This process finally resulted in a clean 

iron surface with concentrations of impurities below the detection level of AES as seen in 

figure 4.1. Once a clean iron surface had been obtained only a few sputtering cycles were 

needed to remove contaminants between each experiment. After annealing of the clean 

surface the crystal structure was checked with LEED and a hexagonal diffraction pattern, 

shown in figure 4.2, corresponding to the Fe(111) surface was observed.  

The details of the SFG setup have been reported in earlier chapters. In this 

experiment the visible wavelength was 532 nm. Both IR and visible beams were p- 
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Figure 4.1. Auger electron spectra of clean and contaminated Fe(111) 
surfaces. (a) The peaks correspond to iron (47, 600, 650, and 700 eV) and 
with two of its impurities, sulfur and oxygen. (b) Prolonged heating in 
hydrogen furnace at 800°C removed sulfur while carbon built up on the 
surface. (c) Sputtering at 500°C with an argon and oxygen mixture resulted 
in a removal of carbon and an oxidation of the iron. (d) After additional 
sputtering with pure argon at room temperature a clean Fe(111) surface was 
obtained. 
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Figure 4.2. (a) Crystal structure of Fe(111) (b) Corresponding LEED pattern 
of the Fe(111) surface. 

 

 

polarized and they were overlapped spatially and temporarily on a Fe(111) crystal. The 

incident angles of the visible and IR beams were 53° and 62° with respect to the surface 

normal. The energies of the incident beams were limited to 200 µJ per pulse. To control 

if the adsorption and dissociation of ammonia is influenced by laser power, both IR and 

visible beam energies were lowered independently down to 50 µJ. No changes in the 

spectral features could be seen which indicates that the laser beam does not interfere with 

the adsorbates. However, one of the main concerns for the study of ammonia dissociation 

on iron was the weak signal of the NH stretch and the large non-resonant SFG signal of 

iron. Due to the weak resonant signal of ammonia dissociation products the spectra are 
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presented with an average of 2000 to 5000 data points per frequency. The experimental 

data are fitted to Eq. 4.1, described in chapter 2, using a least squares method, to extract 

the values of parameters, such as peak position, peak width, amplitude, phase and non-

resonant background. 
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4.3. Results 

 

High pressure (200 Torr) ammonia adsorption on clean Fe(111) 

A set of spectra where 200 Torr ammonia have been adsorbed under various 

conditions is shown in figure 4.3. In the first spectrum, figure 4.3(a), 200 Torr ammonia 

have been adsorbed on the Fe(111) surface and it resulted in a SFG spectrum with two 

prominent peaks. After fitting of the experimental data to Eq. 4.1 the peak positions were 

determined to 3232 cm-1 and 3320 cm-1. The peaks are shifted from their apparent peak 

positions due to the interference between the resonant and non-resonant parts of the 

second order non-linear susceptibility. The observed peaks are assigned to NH stretch 

and NH2 symmetric stretch, respectively. Ammonia adsorption has previously been 

studied by IR adsorption spectroscopy on powdered iron samples. [6] Peak positions 

observed in this study correspond well with reported values in the literature. The NH2 

asymmetric stretch is expected to be around 3400 cm-1 but no such feature could be seen 

when adsorbing 200 Torr ammonia on clean Fe(111). There is no evidence of molecular  
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Figure 4.3. SFG spectra of ammonia on Fe(111) and on pre-oxidized Fe(111). 
Intensities are shown using the same scale for easy comparison. Experimental 
data are plotted with circles and fitted curves are shown with solid lines.  (a) 
200 Torr NH3 on Fe(111), (b) 200 Torr NH3 on Fe(111) pretreated with 10-5 
Torr of oxygen, (c) 200 Torr NH3 coadsorbed with 0.5 Torr of oxygen on 
Fe(111), (d) 200 Torr NH3 coadsorbed with 0.5 Torr of oxygen on Fe(111) 
pretreated with 10-5 Torr of oxygen, (e) 200 Torr NH3 coadsorbed with 0.5 
Torr of oxygen on Fe(111) after heating the surface to 150°C for 20 minutes 
and then cooled down to room temperature. 
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ammonia on the surface, which could be explained by the rapid ammonia dissociation on 

clean Fe(111) surface at room temperature. [7] Calculations show that the surface is 

mostly covered by atomic nitrogen and hydrogen under ammonia synthesis conditions. 

[8] Only about one to two percent of the sites are covered by intermediates such as NH 

and NH2. Although we have performed our experiment under different conditions we 

believe that the surface is mostly covered by atomic nitrogen and hydrogen. Atomic 

nitrogen and hydrogen bonded to the surface have vibrational frequencies, 1100 - 500 cm-

1 for atomic nitrogen depending on bonding geometry, and 1950 cm-1 for atomic 

hydrogen, [9] which are beyond the available frequency range with our SFG setup. Only 

a small amount of NH and NH2 intermediates are present on the surface, which make 

them hard to detect with SFG since minimum coverage for detection is generally around 

a few percent of a monolayer, depending on the adsorbed species. Another factor that 

could make the intermediates difficult to detect with SFG is if there is poor, or lack of 

proper orientation on the surface. Ammonia is adsorbed with the nitrogen towards the 

iron surface [10] but the molecule could be tilted from the surface normal. To the best of 

our knowledge there are no reports on the tilt angle of ammonia or its dissociation 

products on iron. However, a tilt angle up to 40° have been reported for ammonia on the 

ZnO(1010) surface. [11] Such a tilt angle would reduce the signal intensity in SFG, since 

it is most sensitive to dipoles perpendicular to the metal substrate. 

 

High Pressure (200 Torr ) ammonia adsorption on preoxidized Fe(111) 

A near identical SFG spectrum, to the one where 200 Torr ammonia were 

adsorbed on clean Fe(111), has been recorded on a preoxidized Fe(111) surface as shown 
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in figure 4.3(b). In this case the Fe(111) surface was exposed to 1x10-5 Torr of oxygen at 

room temperature for 20 minutes. Before the introduction of 200 Torr of ammonia the 

oxygen was pumped out and the surface composition was checked with Auger electron 

spectroscopy. The SFG spectrum, was fitted to Eq. 4.1 and it shows two peaks at 3241 

cm-1 and 3326 cm-1, which are attributed to NH and NH2 symmetric stretches. The peaks 

are blue-shifted by less than 10 cm-1 compared to figure 4.3(a). Again, no peaks due to 

ammonia were detected. The detection of dissociation intermediates shows that the 

ammonia at 200 Torr were adsorbed and underwent dissociation on the oxidized Fe(111). 

 

High Pressure ammonia/oxygen coadsorption on Fe(111) 

When introducing 200 Torr of ammonia together with 0.5 Torr oxygen on the 

clean Fe(111) surface the spectrum is different from the previous two cases, see curve (c) 

in figure 4.3. There are two major differences, the overall magnitude of the non-resonant 

signal is lowered by introduction of additional oxygen and the spectral features are 

changed. If curve (a) and (c) are overlapped it can be seen that the peaks in curve (a) are 

changed into minima in curve (c). At the same time, the minima in curve (a) are changed 

into peaks for curve (c). Fitting the data shows that the peak positions (3236 and 3324 

cm-1) remained close to the previous values but the phases were changed by 

approximately 180º when the surface was exposed to the additional oxygen. See table 4.1 

for a list of the fitting parameters. The peak positions at 3236 cm-1 and 3324 cm-1 were 

assigned to NH stretch and NH2 symmetric stretch, respectively. There is no indication of 

the presence of molecular ammonia. 
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    Fe  FeOx  Fe  FeOx  Fe 
Parameters   NH3  NH3  NH3/O2 NH3/O2 NH3/O2
          After heating 
 
Peak 1  (cm-1)   3232  3241  3236  3229  3237 
Phase 1 (deg.)    168  209  35  52  219 
 
Peak 2 (cm-1)   3320  3326  3324  3318  3323 
Phase 2 (deg.)   188  195  10  -27  205 

 
 

 
Table 4.1. Fitting parameters for the experimental data shown in Fig. 2. 
Presented here are the peak positions and the corresponding phases. 
Uncertainties for peak positions are ± 2 cm-1 and for the relative phase ± 20°. 
The substrates are either clean Fe(111) or Fe(111) pre-oxidized with 10-5 Torr 
of O2. Adsorbed gases are 200 Torr of NH3 or 200 Torr of NH3 coadsorbed 
with 0.5 Torr O2. 

 

 

When oxygen is introduced together with ammonia there will be a competitive 

adsorption. The fact that oxygen has about one order of magnitude higher adsorption 

energy than ammonia1, which has an adsorption energy of 10-12 kcal/mol [10], means 

that oxygen adsorption will dominate until the iron surface is fully covered by an oxide 

layer. The ammonia will then be adsorbed on an essentially oxidized Fe(111) surface. 

This should be similar to the case of ammonia adsorption on the pre-oxidized Fe(111) in 

figure 4.3(b). Yet, we see a clear difference between the spectra (b) and (c), which tells us 

that presence of gas phase molecular oxygen pressure plays an important role. Figure 

4.3(d) show the case where 200 Torr of ammonia were coadsorbed with 0.5 Torr of 

oxygen on a Fe(111) surface pre-oxidized with 10-5 Torr of oxygen. No differences to the 
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coadsorption on clean Fe(111) were found, which confirms that during coadsorption on 

clean Fe(111) the surface was initially oxidized. 

To further explore the coadsorption of oxygen, the Fe(111) was heated up to 

150°C for 20 minutes in the presence of 200 Torr ammonia and 0.5 Torr of oxygen. The 

sample was then cooled down to room temperature before a new SFG spectrum was 

recorded, see figure 4.3(e). After heating, the spectral features were again reversed and 

the peaks were determined to 3237 cm-1 and 3323 cm-1 corresponding to NH and NH2 

symmetric stretch, respectively. The relative phase was switched by nearly 180º as seen 

in table 4.1.  

 

Pressure effect on ammonia/oxygen coadsorption 

To evaluate the effect of pressure on ammonia coadsorption with oxygen, a series 

of spectra has been recorded at pressures ranging from 10-5 Torr to 600 Torr of ammonia. 

In all cases ammonia have been coadsorbed with oxygen. At 10-5 Torr of ammonia, 10-5 

Torr of oxygen were introduced together with the ammonia. For higher pressures, 

ammonia was coadsorbed with 0.5 Torr of oxygen. At 10-5 Torr no vibrational features 

could be detected (see figure 4.4). By increasing the pressure to 20 Torr, vibrational 

features due to ammonia adsorption were visible. Fitting the curve to Eq. 4.1 gives us two 

peaks centered at 3235 cm-1and 3325 cm-1. They are attributed to NH stretch and NH2 

symmetric stretches, respectively. By increasing the pressure to 200 Torr the peaks 

become more pronounced. Further increase in pressure to 600 Torr does not significantly 

alter the spectrum. After pumping out the ammonia there are no observable peaks in the 

spectrum. 
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Figure 4.4. SFG spectra of ammonia coadsorbed with oxygen on pre oxidized 
Fe(111). Experimental data are plotted with circles and fitted curves are 
shown with solid lines. (a) 10-5 Torr of ammonia and 10-5 Torr of oxygen, (b) 
20 Torr ammonia and 0.5 Torr oxygen, (c) 200 Torr ammonia and 0.5 Torr 
oxygen, (d) 600 Torr ammonia and 0.5 Torr oxygen, (e) SFG spectrum after 
pumping out of the ammonia and oxygen. 
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4.4. Discussion 

 

When ammonia is adsorbed on clean or preoxidized Fe(111) surfaces NH2 and 

NH species were detectable in a broad range of experimental conditions. In contrast, we 

were not able to detect molecular ammonia at room temperature in our studied pressure 

range (10-5 - 600 Torr). In this study we have been concentrating on high ammonia 

pressure and high temperature experiments (room temperature or above). 

When pure ammonia is adsorbed on clean Fe(111) two peaks with asymmetric 

profiles can be seen with at 3232 cm-1 and 3320 cm-1. Pre-oxidizing the Fe(111) in 1x10-5 

Torr oxygen for 20 minutes does not greatly change the peak positions of the NH and 

NH2 surface species. Several conclusions can be drawn from this. First ammonia can 

decomposes on the pre-oxidized as well as the clean Fe(111) surface. There is a 

possibility that the oxide is reduced by the high pressure ammonia and exposed iron sites 

are responsible for the dissociation. However, the oxygen coverage before and after 

ammonia adsorption was measured by Auger electron spectroscopy and no reduction of 

the oxygen peak could be seen. The second conclusion is that the dissociation products 

are loosely bound to the surface and that the bond strength to the surface does not change 

appreciably whether adsorbing on the clean or preoxidized Fe(111). Lastly, the relative 

phase between the resonant and non-resonant part does not change by pre-oxidizing the 

surface.  

The largest changes in the spectral features was seen when 0.5 Torr of oxygen 

was coadsorbed with ammonia and after heating of the surface. Analysis of the data 

shows a phase shift of close to 180° between the resonant and non-resonant part of the 
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SFG signal when 0.5 Torr oxygen was present. Upon heating the surface to 150°C the 

spectral features are reversed and the relative phase were again changed by 180°. The 

change in spectral features are caused by an interference between the resonant and non-

resonant second order nonlinear susceptibility, which can cause the SFG spectral profile 

to be different from those observed in IR spectroscopy. Well defined symmetric peaks 

can be expected in the SFG spectrum when χNR is negligibly small and resonances are far 

apart. However, when |χNR| is comparable to, or larger than |Aq/Γq| spectral profiles can 

include asymmetric peaks and dips. This is the case when using Fe(111) as a substrate. In 

order to deduce the parameters characterizing the resonances, Eq. 4.1 is used to fit the 

observed spectrum. 

The relative phase shift could be caused by a shift in phase for either the 

adsorbates or the substrate, or a combination of both. The phase shift was not observed 

after pre-oxidizing at 1x10-5 Torr of oxygen indicating that a higher oxygen pressure is 

needed to induce the phase shift, either by increasing the oxidation of the iron or by being 

present as molecular adsorbates on the surface of iron. After heating the surface in the 

presence of oxygen and ammonia the oxygen coverage of the surface was reduced as seen 

by AES and the spectral features were again reversed. Oxygen re-adsorption and 

oxidation of the surface was prevented by higher nitrogen coverage on the surface after 

the increased dissociation of ammonia at high temperature. 

In contrast to the large phase shifts due to oxygen coadsorption there were no 

significant shift in peak positions, which indicates that the bonding to the surface is the 

similar in all cases. In a related study of coadsorption between CO and NH3 on Ru(0001) 

it was concluded that the adsorption of CO, which is an electron acceptor like oxygen, 
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did not modify the electronic interaction between the ammonia and the metal. [12] The 

electron donating character of ammonia was the same whether ammonia bonded directly 

to the metal alone or in the presence of adsorbed CO. 

We have also observed that the pressure is important for the detection of ammonia 

adsorption by SFG. The SFG signal intensity depends on the number density of adsorbed 

molecules as well as their molecular orientation. Vibrational features from NH stretches 

are only visible at higher pressures (above 10-5 Torr) as seen in figure 4.4. The reason for 

the pressure dependence could be that the surface coverage is higher at higher pressures. 

Increasing coverage may induce ordering on the surface where NH and NH2 radicals are 

aligned with their dipoles perpendicular to the surface. To analyze the orientation of the 

molecules on the surface we need at least one more input and output beam polarization 

combination. The data presented here are from ppp polarization. Therefore, we can not 

deduce any orientation of the adsorbates from our experiments. Instead we can only 

speculate that the higher ammonia pressure increases the surface coverage and causes the 

molecules to align perpendicular to the surface.  

 

4.5. Conclusions 

 

Sum frequency generation vibrational spectroscopy has been used to study 

ammonia adsorption and dissociation on Fe(111) and preoxidized Fe(111) under high 

pressure (200 Torr). Vibrational frequencies for NH and NH2 have been identified on the 

clean and pre-oxidized Fe(111). Ammonia molecules have been found to dissociate at 

room temperature on both clean and preoxidized Fe(111) under high pressure (20 - 600 
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Torr). Introduction of 0.5 Torr of oxygen changes the interference of the resonant and the 

non-resonant second order non-linear susceptibility by changing the relative phase. This 

can be seen as a reversal of the spectral features in the SFG spectra. Heating the surface 

in presence of high pressure ammonia reduces the oxygen coverage and there is another 

relative phase change of 180° to restore the initial spectral features. 
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Chapter 5.  SFG non-resonant signal intensity of Fe(111) 

 

5.1. Introduction 

 

In heterogeneous catalysis, the surface of the catalyst has been always been the 

center of research. Some questions that scientist have been trying to answer are: What are 

the structure, composition and electronic properties of the catalyst during the reaction? 

[1] To answer these questions there is a need for techniques that are surface sensitive and 

can probe the surface in the presence of the reactants. Often the surface is well 

characterized prior to the reaction by various techniques, such as AES, XPS, LEED, etc.  

However, with adsorption of gases the surface structure might change, as seen in the CO 

adsorption on Pt(100). [2] In vacuum the Pt(100) reconstructs to pseudo-hexagonal 

(5x20) structure, which is similar to the (111) surface. When this surface is exposed to 

CO the surface reconstruction relaxes back to (1x1) structure. 

The surface composition of the catalyst changes as well during the reaction. The 

composition can be measured before and after the reaction as shown in one study of 

ammonia synthesis on iron surfaces. [3] It was found that the amount of potassium, which 

is one of the promoters added to the surface, decreased during the reaction. With addition 

of aluminum a higher concentration of potassium where maintained. Surface nitrogen 

was detected in all cases after the reaction. However one question remains: is the surface 

after the reaction representative for the surface conditions during reaction? It would be of 

great interest to monitor the surface, in situ, during the reaction. One surface sensitive 

technique that is not limited to studying the surface subsequent to the reaction is second 
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harmonic generation, SHG. SHG is sensitive to changes in surface electron density 

induced by adsorption and changes in number density and orientation of adsorbed 

molecules. [4] SHG has primarily been used to study adsorption processes with only one 

adsorbed species. However, using phase sensitive detection adsorbate specificity has been 

obtained and catalytic reactions have been studied. [5] Another technique that has the 

same intrinsic surface sensitivity is sum frequency generation, SFG. Part of the 

information obtained in SFG spectroscopy is vibrational spectra of the adsorbates on the 

surface. This has been the primarily objective to use SFG, however the signal intensity 

also depends on the non-resonant contribution and the interference between the non-

resonant and the resonant term. The magnitude of the non-resonant contribution can 

change the spectral features as displayed in previous chapter. Recently, there have been 

studies where the change in non-resonant signal, off any vibrationally resonant 

frequencies, has been used as a probe of the surface during adsorption. [6] Measuring 

SFG to obtain information about adsorbates through vibrational spectra as well as 

probing the surface electronic structure of the surface by following the non-resonant 

signal utilizes the full capabilities of SFG. In previous chapter the study of adsorption of 

ammonia on Fe(111) was reported. In this chapter the change in non-resonant signal upon 

adsorption on Fe(111) is investigated.  

It was found that Fe(111) had a large SFG non-resonant signal. In addition, the 

magnitude of the SFG non-resonant signal was significantly changed by the adsorption of 

N2, H2, O2 and NH3, species that are most relevant in ammonia synthesis. The change in 

non-resonant signal was correlated to the change in work function of Fe(111) upon 

adsorption. 
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5.2. Experimental Setup 

 

The ultrahigh vacuum chamber used in this experiment is described in the 

previous chapters. Details of the of the cleaning procedure of the Fe(111) single crystal 

can be found in chapter four. Briefly, after the crystal was cut and polished it was heated 

in a hydrogen furnace to remove sulfur. The cleaning continued in the UHV chamber by 

repeated sputtering and annealing cycles. Auger electron spectroscopy was used to 

confirm the cleanliness of the sample surface. After the last annealing the crystal 

structure was checked with LEED. AES spectra and diffraction pattern of the Fe(111) 

surface were shown in chapter 4, figure 4.1 and 4.2. Once a clean iron surface had been 

obtained only a few sputtering cycles were needed to remove contaminants between each 

experiment. 

The details of the SFG setup have been reported in earlier chapters. In this 

experiment the visible wavelength was 532 nm. Both IR and visible beams were p-

polarized and they were overlapped spatially and temporarily on a Fe(111) crystal. The 

incident angles of the visible and IR beams were 53° and 62° with respect to the surface 

normal. The energies of the incident beams were adjusted to 200 µJ per pulse, which 

were below the damage threshold of the surface.  

 

5.3. Results 

 

With the visible beam fixed at 532 nm and the IR beam tuned between 3000 cm-1 

and 4300 cm-1 a large SFG signal has been detected from the clean Fe(111) surface. 
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Within the mentioned frequency range the non-resonant signal is nearly constant up to 

3900 cm-1 where after it is enhanced by more than three times. When adsorbing various 

molecules on the clean iron surface we found that the non-resonant signal intensity 

changed dramatically. The observed changes depend on the adsorption species, as seen in 

figure. 5.1 The non-resonant signal of Fe(111) was measured at 3300 cm-1 where the 

intensity of the clean Fe(111) surface was normalized to 1. Oxygen and nitrogen are 

found to decrease the non-resonant signal, while hydrogen increases the signal intensity. 

Adsorption of ammonia initially increases the SFG signal followed by a gradual decrease 

as explained later. Changes in second order non-linear susceptibility upon adsorption 

have previously been observed with second harmonic generation (SHG). [7] However, 

SFG probes the vibrational features of the adsorbates as well, which could be 

advantageous over SHG in many experiments. 

The gas that was found to have the largest effect on the non-resonant signal was 

oxygen. The intensity was instantly lowered to 4 times compared to clean Fe(111) when 

introducing 1x10-5 Torr of oxygen. By introducing a lower pressure of oxygen, 1x10-7 

Torr, the SFG intensity decreased to the same level as for 10-5 Torr, but the decline could 

be followed on a timescale of several tens of seconds. The fact that the iron surface 

would be covered by a monolayer within 10 seconds at 10-7 Torr indicates that the 

decline in SFG signal intensity is governed by some other factors besides adsorption of 

oxygen. A plausible cause could be the formation of iron oxide that could be slower than 

adsorption and it would also be dependent on such factors as temperature and partial 

pressure of oxygen.  
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Figure 5.1. SFG background of various adsorbates on Fe(111) measured at 
3300 cm-1. The SFG Background intensity of clean Fe(111) is normalized to 
1. The intensities are changed upon adsorption of N2, O2, H2 and NH3. An 
example of surface reaction monitored by the SFG background is the 
oxidation of Fe(111) in 10-5 Torr of O2, followed by reduction in 10-5 Torr H2 
at 400°C. 
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No change in intensity has been found when introducing 1x10-5 Torr of nitrogen at 

room temperature. This is not surprising since the sticking coefficient of nitrogen is 

extremely small at room temperature, as low as 10-7 on iron. [8] In order to increase the 

nitrogen coverage the temperature was raised to 500°C while maintaining the nitrogen 

pressure at 1x10-5 Torr for prolonged time. Subsequently the nitrogen coverage on the 

surface was detectable by AES. After cooling down to room temperature the SFG signal 

had decreased 4 times relative to clean Fe(111). Both oxygen and nitrogen were found to 

decrease the SFG signal intensity.  

In contrast, when 1x10-7 Torr of hydrogen was introduced the signal increased to 

1.7 times that of clean Fe(111). Another case where the intensity was increased is the 

adsorption of ammonia. The signal was increased by 1.7 times to clean Fe(111) when the 

reaction cell was pressurized to 1x10-7 Torr of ammonia. However, ammonia molecules 

decompose on Fe(111) at room temperature and eventually a nitrogen coverage is built 

up on the surface. As mentioned before formation of nitride on the surface has an effect 

of lowering the SFG signal. Over time, as more ammonia decomposed, the surface 

coverage of nitrogen was increased and the signal intensity dropped below that of clean 

Fe(111). This is an example of how changes in the non-resonant signal of iron can be 

used as an indicator of the surface conditions during reaction. As reported above, the 

formation of oxide on Fe(111) was followed by measuring the SFG non-resonant signal. 

Under favorable conditions, the kinetics of the oxide formation is slow enough to be 

monitored by SFG. Another surface reaction that was monitored, was the reduction of 

iron oxide by heating in hydrogen, see figure 5.1. Introduction of 1x10-5 Torr of oxygen 

lowered the SFG signal to 0.25 of that of clean iron. After pumping out the oxygen the 
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cell was pressurized to 1x10-5 Torr of hydrogen and heated up to 400°C. As a result the 

signal intensity was restored close to that of clean Fe(111) indicating that the oxide is 

reduced by hydrogen. A decrease of the oxygen coverage was also confirmed by AES 

immediately following the reduction.  

As mentioned earlier, clean iron has a large non-resonant background in the 

studied frequency range (3000 - 4300 cm-1). The maximum amplitude of the signal in this 

region is comparable to that of gold, which has a high SFG non-resonant background 

under the same conditions. [9] The lower frequency limit was chosen to include possible 

NH vibrational modes, while the high frequency was limited by the OPG/OPA. Within 

the chosen frequency range the SFG signal has a strong dependence on the IR frequency, 

see figure 5.2. The spectrum can be divided into three parts. In the first range, between 

3200 cm-1 and 3600 cm-1, the spectrum is relatively featureless. In the center range of the 

spectrum, around 3600 cm-1 to 3900 cm-1, the IR is attenuated by absorption by water in 

the air before it reaches the reaction cell. Despite normalization of the sum frequency 

intensity to the IR power at the sample surface there remains a feature in this region. 

Beginning around 3900 cm-1 there is a large increase in the background signal and it is 

significantly enhanced within 100 cm-1. The abrupt enhancement of the background 

intensity can not be explained by changes in the IR power. Instead it has to be considered 

inherent to the iron electronic structure. The same spectrum has been observed for both 

annealed Fe(111) and on the roughened Fe(111) surface directly after sputtering. The 

background is therefore not caused by the structure of the crystalline Fe(111) surface. 

Electron excitations usually require energies of a few eVs, which is above the IR energy 

(0.39 to 0.53 eV). The resulting energy range, with fixed visible light at 532 nm and  
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Figure 5.2. Non-Resonant SFG signal from clean Fe(111) 
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tuning the IR between 3200 and 4300 cm-1, corresponds to 2.73 to 2.87 eV, which would 

be a suitable range for electronic excitations. 

 

5.4. Discussion 

 

The SFG non-resonant background for metals can in general be related to the 

electronic structure of the substrate and more specifically the density of states of 

electrons and the excitations of those electrons. [9] Noble metals, such as gold have 

completely filled d-band electrons lying below the Fermi level. In the case of gold the d-

band is centered 2.58 eV, or 480 nm, below the Fermi level. [10] By tuning the visible 

input in SFG a large enhancement in the non-resonant signal can be seen in around 480 

nm that can be explained by optically excited transitions of electrons between the d- and 

s-bands. [9] 532 nm light, which has been commonly used in SFG, is close enough in 

energy to cause electronic transitions. However, by using 1064 nm as the input beam for 

SFG the background for gold has been substantially reduced. [11] For other transition 

metals, like Pt, the situation is different and the Fermi level is located inside the d-band. 

The SFG process can excite electrons from the s- to the d-band, but the s-band is broad 

and the non-resonant signal in SFG is therefore small and relatively constant in the 

frequency range used in SFG. For iron, one would have expected a low non-resonant 

background similar to platinum, but instead signal intensity comparable to gold has been 

observed. A possible explanation could be associated with the detailed structure of the 

density of states (DOS) for Fe(111). By tuning the visible light frequency, a larger energy 

range could probed, which would give a more complete picture of the electronic structure 
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of Fe(111). However, the focus of this study is not to investigate the surface electronic 

structure of Fe(111). Instead the dependence of the SFG non-resonant signal is used as a 

sensitive tool to the changes in the surface electronic density due to chemical interaction 

with adsorbates.    

From the adsorption experiments on Fe(111) it is clear that the information gained 

by SFG is not limited to the vibrationally resonant signal; changes in the non-resonant 

signal can also provide useful insight of the surface chemistry. Similar ideas have been 

reported previously in literature where the non-resonant signal of MgO(001) was 

monitored during adsorption of formic acid. [6] It was noted that the non-resonant signal 

intensity decreased upon adsorption of formic acid. Subsequent heating of the surface and 

desorption of formic acid restored part of the intensity. It was concluded that the non-

resonant signal originated from the defect sites and therefore the concentration of these 

defect sites could be monitored during adsorption and desorption. In this study, the non-

resonant signal intensity can both increase and decrease depending on different 

adsorption species, suggesting there must be some other effects influencing the SFG non-

resonant signal intensity.  

A possible explanation were given by Guyot-Sionnest et al in a study where the 

adsorption and desorption of CO on W(110) were investigated. [12] It was shown that 

there was a correlation between the intensity of the SFG non-resonant signal and the 

change in work function upon adsorption. The idea of a correlation of the non-resonant 

signal with work function changes has long been reported in SHG studies. One of the 

earlier ones discussed the adsorption of O2, CO, H2 and NH3 on Re(0001). [7] It was 

shown that the SH signal decreased when the surface was covered by electron 
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withdrawing adsorbates, which increase the work function of the metal, such as O2 or 

CO. At saturation coverage of oxygen, the work function was increased by 0.45 eV, and 

the SH signal showed a fivefold reduction. Upon adsorption of NH3 the SH signal was 

increased by 55 times for NH3 which correlated with a decrease in work function by 2.1 

eV.  

This study is one of the first SFG studies where changes, both increase and 

decrease, of the non-resonant signal could be correlated to work function changes of the 

metal substrate. Oxygen decreased the non-resonant signal by 4 times when adsorbed on 

the Fe(111) surface. The work function change for this system has previously been shown 

to increased by 1.1 eV for 2L of oxygen, adsorbed at 77K, on the Fe(111) surface. [13] 

Nitrogen adsorption also showed a decrease in non-resonant signal, which correlates with 

a 0.25 eV increase of the work function for Fe(111) upon adsorption of nitrogen. [8] The 

change depends on coverage for both O2 and N2, as well as the heat treatment of the 

surface in order to obtain nitrogen coverage. In contrast to oxygen and nitrogen, ammonia 

is an electron donor that give rise to a reduction of the work function, by 2.05 eV, for 

Fe(111) [14] which agrees with the observed increase of the non-resonant background. 

Interestingly the initial reduction was followed by a rise of the work function due to 

ammonia dissociation and the build up of nitrogen coverage on the surface. The final 

work function was increased by about 0.1 eV compared to the clean Fe(111). This 

correlates remarkably well with the changes in the non-resonant background, where an 

initial increase in signal followed by a gradual decrease was observed until the signal 

stabilized below the signal intensity of clean Fe(111). In the case of hydrogen adsorption 

the picture is not as clear. The work function has been measured to be between -0.1eV 
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and 0.3eV depending on the surface structure of iron. [15] Hydrogen adsorption on 

Fe(111) is reported to give an increase of 0.3 eV. This should lead to a lowering of the 

non-resonant signal, however, we have observed an increase. Since the work function 

change is relatively small and can be either positive or negative depending on the surface, 

a small amount of surface defects could alter the total work function change or the non-

resonant signal intensity. 

 

5.5. Conclusions 

 

Fe(111) has a strong non-resonant SFG signal. The change in non-resonant SFG 

intensity upon tuning is associated with the detailed surface electronic structure of 

Fe(111). Adsorption on Fe(111) causes a distinct change in the SFG signal and a 

correlation between the work function change and magnitude of the non-resonant SFG 

signal is proposed. Knowing the effect on work function upon adsorption, the change of 

non-resonant SFG signal can be predicted. The change in SFG non-resonant signal can be 

used to follow surface reactions, including iron oxidation, ammonia dissociation and 

nitride formation on iron surfaces as well as reduction of iron oxides. 
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Chapter 6.  CO Poisoning of catalytic ethylene hydrogenation 

 

6.1. Introduction 

 

 Deactivation of catalysts is one of the major concerns in the development of 

efficient catalysts. Various reactants, intermediates, products or even unexpected foreign 

atoms and molecules may cover the catalysts’ surface during the catalytic reaction. These 

surface substances could block the catalytic active sites or modify the electronic 

properties of the catalysts, and as a result, the overall properties of the catalyst can 

change over time. [1] For example, if one or more of the reaction products are strongly 

adsorbed on the active sites, it could lead to self-poisoning. Undesired substances from 

the reaction mixture could adsorb on the surfaces rendering the catalyst inactive. Not all 

the adsorbed species will deactivate the catalyst. Some of them indeed promote the 

desired reaction pathways by either reducing the activation energy or selectively blocking 

the undesired catalytic sites. To engineer better catalysts, it is crucial to understand what 

the influence is of the coadsorbed species on the catalysts’ surfaces and their roles in the 

catalytic reactions. In the past, most of the mechanistic studies of catalyst poisoning have 

been focused on using surface techniques, such as low-energy electron diffraction 

(LEED), Auger electron spectroscopy (AES), electron spectroscopy (UPS, XPS), 

temperature programmed desorption (TPD), high-resolution electron spectroscopy 

(HRELS) and infrared reflection spectroscopy (IRS). [2] However, most of these surface 

techniques are operated under vacuum conditions and little is known about the behavior 

of the adsorbates in the high-pressure reactions. To fully understand the poisoning 
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mechanism, it is desirable to monitor these species under reaction conditions. In this 

chapter, the effect of CO poisoning on ethylene hydrogenation on the Pt(111) surface at 

10 Torr of ethylene and 100 Torr of hydrogen is reported. 

 As an interface-specific vibrational spectroscopic tool, SFG has been used to 

investigate various surfaces and interfaces including model catalyst surfaces, [3-6] 

electrode surfaces, [7,8] liquid surfaces, [9-11] and liquid-liquid interfaces. [12] In most 

cases, it has been shown that the SFG technique is capable of monitoring in situ surface 

vibrational spectra with sub monolayer sensitivity. To investigate the CO poisoning 

effect, the vibrational spectra of CO and ethylene coadsorption on the Pt(111) surface 

were studied. Specifically, the Pt(111) surface was pretreated with a monolayer of 

ethylene or CO and the surface vibrational spectra were then taken at different CO or 

ethylene pressures. Previous studies have shown that the adsorbed ethylene molecules 

form ethylidyne on the Pt(111) surfaces at room temperature and these strongly bonded 

ethylidyne molecules are believed to be spectators in the ethylene hydrogenation 

reactions. [13-14] The experimental results indicate that the adsorbed ethylidyne 

molecules could be partially displaced by introducing high pressure CO. However, when 

the surface was covered with a monolayer of CO, ethylene molecules could not 

effectively adsorb on the Pt(111) surface even in the presence of high pressure ethylene. 

Therefore, CO could block the active site and inhibit the catalytic activity. In fact, in 

subsequent ethylene hydrogenation studies, it was found that the presence of CO poisons 

the catalytic reaction and no reaction was observed at temperatures below the CO 

desorption temperature. The measured apparent activation energy for the ethylene 
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hydrogenation reaction in the presence of 3 Torr of CO was about 20 kcal/mol, which 

was much higher than 10 kcal/mol measured in the absence of CO. 

 

6.2. Experimental Setup 

 

A general description of the SFG experimental setup has been given in chapter 3. 

In this experiment a different optical parametric system than described in chapter 3 was 

used, but the setup and function was similar. The fundamental from the Nd:YAG laser 

pumped a home built OPG/OPA system generating a tunable IR source in the 2-8 µm 

range. For 2-4 µm two LiNbO3 crystals were used in an OPG/OPA stage, while in the 5 

to 8 µm range the OPG/OPA stage consisted of two BBO crystals followed by a AgGaS2 

in a difference mixing stage. The second harmonic output (532nm) was used as the fixed 

visible laser beam in the SFG experiment. For SFG measurement, the green and the 

infrared beams were all p-polarized and their pulse energies at the surface were 250µJ for 

the green, 100µJ for the 2-4µm range and 80µJ for the 5-8 µm range. Their incident 

angles on the sample were 55º and 60°, respectively. Two energy meters were used to 

monitor the intensity of the infrared beams for normalization purposes.  

An ultrahigh vacuum- high pressure (UHV-HP) system with a base pressure less 

than 3 x 10-10 Torr was used for sample preparation, which allowed for cleaning and 

characterization of the Pt(111) crystal in UHV and later transfering it under UHV 

conditions to the high pressure reaction cell for the SFG measurements. The Pt(111) 

crystal was cleaned by 12 minutes cycles of Ar+ sputtering at 3x10-5 Torr Ar pressure 

followed by heating to 1133K  in 5x10-7 Torr of O2  for 2 minutes and annealing in 
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vacuum for an additional two minutes. CO (>99%, Scott Specialty Gases) was purified 

through a liquid nitrogen cold trap before used and ethylene purchased from Matheson 

was used directly without further purification. After the last cycle of cleaning and 

annealing, the Pt(111) crystal was first exposed to saturation coverage of CO or ethylene 

depending on the experimental requirements. The sample was then transferred to the 

high-pressure reaction cell where the SFG spectra were collected at room temperature for 

the coadsorption studies. During ethylene hydrogenation reaction, both SFG spectra and 

gas phase composition (using gas chromatography) were monitored at the same time. To 

obtain proper resonance peak position, the sum frequency signal ISFG was fitted into Eq. 

6.1 described in chapter 2.  
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6.3. Results 

 

CO/ethylene coadsorption study 

It is known that the vibrational frequency of CO adsorbed on the transition metal 

surface can be used to reveal information about CO adsorption site and CO bond 

strength. [15-20] To investigate the influence of coadsorbed ethylene to the CO bonding, 

the Pt(111) surface was first pretreated with 10L (10-6 Torr s) of ethylene at 330K. Under 

such condition, the Pt(111) surface was covered with a saturated monolayer of ethylidyne 

molecules (θ = 0.25ML). Figure 6.1-2 shows the surface vibrational spectra taken from 
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the ethylidyne pretreated surface at various CO pressures. When the ethylidyne pretreated 

surface was exposed to 10-7 Torr of CO, a resonance feature around 2020 cm-1 with a 

very broad linewidth was observed (figure 6.1). This peak was about 75 cm-1 red-shifted 

from the infrared absorption frequency of the a-top CO on clean Pt(111) surfaces. The 

vibrational signature of ethylidyne can be seen by the resonance feature around 2880 cm-1 

(figure 6.2), which can be assigned to the symmetric CH3 stretching mode of the 

ethylidyne molecules. This resonance feature was similar to those observed for pure 

ethylidyne adsorbed on Pt(111) surface. The CO vibrational peak grew as the CO 

pressure increased and it became sharper and shifted toward higher frequency. At the 

same time, the symmetric CH3 stretching intensity decreased. In the high CO pressure 

region (>1 Torr), no clear resonance peak could be identified. However, some resonant 

features in the CH stretching region recovered after evacuating the high-pressure CO 

from the reaction cell.  

The disappearance of CH stretching peak might indicate that high pressure CO 

displace the ethylidyne molecules from the Pt(111) surface. To determine the 

composition of the surface species, TPD spectra were taken at various CO dosages on the 

ethylidyne pretreated Pt(111) surface as shown in figure. 6.3. In the presence of CO, 

ethylidyne TPD spectrum showed a hydrogen desorption peak (mass 2) around 530K 

slightly higher than previous observations for the ethylidyne dehydrogenation 

temperature at around 500K. [14,21,22] A shoulder around 480K was observed when 

ethylidyne molecules coadsorbed with CO. At this temperature desorption peak mass 28 

and 27 were also observed. In the presence of high pressure CO (>1 Torr), the major 

hydrogen desorption peak was shifted to 550K and its integrated intensity decreased  
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Figure 6.1. SFG spectra, in the CO region, of Pt(111) surface pretreated with 
10 L ethylene at 330K at various CO pressures. Circles are experimental data 
and solid lines are fitted curves using Eq 6.1. 
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Figure 6.2. SFG spectra, in the CH region, of Pt(111) surface pretreated with 
10 L ethylene at 330K at various CO pressures. Circles are experimental data 
and solid lines are fitted curves using Eq 6.1. 
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Figure 6.3. TPD (mass 2) spectra from the ethylene pretreated Pt(111) at 
different CO dosages. 
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about 25% indicating high pressure CO only displace some of the ethylidyne molecules 

on the surface. 

To complete the coadsorption study, the coadsorption effect in the presence of 

high pressure ethylene have also been studied. In this experiment, the Pt(111) surface was 

first pretreated with 5L CO at 300K forming a saturation layer of CO on the surface (θ = 

0.5) and then ethylene was slowly introduced to the high pressure cell. At 10-7 Torr of 

ethylene, a CO resonance peak around 2095 cm-1 was observed as shown in figure 6.4. 

As the ethylene pressure increased, the a-top CO peak position red-shifted to 2080 cm-1 

while the peak intensity remained roughly the same. In the CH stretching region (figure 

6.5), only a very weak peak around 2880 cm-1 with a shoulder around 2920 cm-1 was 

observed at all time. No spectral evolution was observed, which suggest that ethylene 

molecule cannot absorb on the Pt(111) surface when the surface is covered with a 

monolayer of CO. 

 

CO poisoning of the ethylene hydrogenation catalytic reaction on the Pt(111) 

surface 

 To understand how CO molecules poison the ethylene hydrogenation reaction, the 

Pt(111) surface was pretreated with 10-7, 10-5, 0.1, and 3 Torr of CO. Then 10 Torr of 

ethylene and 100 Torr of hydrogen and 650 Torr of argon were added to the high pressure 

reaction cell. At low CO dosage, the ethylene hydrogenation rate increased slightly 

compared to those observed in the absence of CO. At high pressure CO (>0.1 Torr), no 

ethane product was observed at room temperature. The poisoning effect can be clearly 

seen from figure 6.6 where the ethylene hydrogenation reaction was terminated by  
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Figure 6.4. SFG spectra of the Pt(111) surface pretreated with 5 L CO at 
300K in the CO stretching region at various ethylene pressures. Circles are 
experimental data and solid lines are fitted curves using Eq 6.1. 
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Figure 6.5. SFG spectra of the Pt(111) surface pretreated with 5 L CO at 
300K in the CH stretching region at 5L, 10-7 Torr, 35 Torr of ethylene and 
after evacuating gas phase ethylene (pressure >10-8 Torr). Circles are 
experimental data and solid lines are fitted curves using Eq 6.1. 
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Figure 6.6. The conversion efficiency of ethylene hydrogenation reaction, 10 Torr 

ethylene, 100 Torr hydrogen and 650 Torr argon. No further ethane 
production upon the introduction of 3 Torr CO. 
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Figure 6.7. SFG spectra of the Pt(111) surface during the ethylene 
hydrogenation reaction in the presence of 3 Torr of CO at various 
temperatures. Shown here is only the CO stretching region. Gas phase 
composition is 3 Torr of CO, 10 Torr of ethylene, 100 Torr of hydrogen and 
650 Torr of argon. 
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Figure 6.8. Activation energy of the CO poisoned ethylene hydrogenation 
reaction was calculated to be 20.5 ± 2 kcal/mole using reaction turn over rate 
at temperatures higher than 400K. 
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introduction of 3 Torr of CO. The reaction product, ethane, was only detected at higher 

temperatures (T>400K). Figure 6.7 shows the surface vibrational spectrum in the CO 

stretching region under reaction conditions in the presence of 3 Torr of CO at various 

temperatures. No change in CO peak intensity was observed at low temperature. At 

higher temperature, the CO peak red-shifted and decreased in intensity. Similar behavior 

was observed for pure CO adsorbed on the Pt(111) surface. [23] The reaction turnover 

rates above 423K were used to determine the activation energy for the CO poisoned 

ethylene hydrogenation reaction (figure 6.8). The activation energy was calculated to be 

20.5 ±2 kcal/mol, which was much higher than the 10.8 kcal/mol activation energy 

needed for the ethylene hydrogenation on the Pt(111) in the absence of any CO. [24] 

 

6.4. Discussion 

  

 CO is known to adsorb intact on the Pt(111) surface under UHV conditions 

forming a c(4x2) structure at saturation coverage (θ = 0.5 ) at room temperature. 

[15,16,18,19] Both a-top and bridge CO molecules coexist in this configuration, which 

exhibits two distinct IR absorption peaks around 2095 and 1850 cm-1. At high CO 

pressure, only the a-top CO peak was observed at 2095 cm-1 by the SFG technique. The 

disappearance of the bridge bonded CO peak was attributed to the strong temperature 

dependence of its linewidth, which reduced the SFG signal by one order of magnitude 

when temperature was increased from 150K to 300K. [25] When ethylidyne pretreated 

Pt(111) crystal was exposed to 10-7 Torr of CO at 300K, a broadened CO resonance was 

observed around 2020 cm-1 which showed a red-shift of 75 cm-1 compared to the a-top 
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CO peak at 2095 cm-1 on the clean Pt(111) surface. A CO stretching frequency in the 

2000 cm-1 region can be assigned to the CO adsorbed on the a-top site indicating the 

presence of ethylidyne molecules CO still occupies the a-top position. This observation is 

different from those observed for Pd catalysts supported on the silica in which ethylidyne 

blocked the CO adsorption on the Pt(111) sites in Pd/SiO2 catalysts. [26] 

 There are three distinct effects [27] that can lead to the reduction in the CO in the 

stretching frequency for adsorbed CO in the presence of the ethylidyne: (1) reduction in 

dipole-dipole interaction; (2) vibrational Stark effect where the frequency shift in 

proportional to the electric field exerted on the CO by coadsorbed species; (3) charge 

back donation from the metal surface to the 2π* orbital of adsorbed CO. Using isotopic 

dilution, it was found that the dipole-dipole coupling effect accounted for 15 cm-1 out of 

the observed 25 cm-1 shift in the ethylene pretreated Pt/SiO2 catalysts. [28] The Stark 

effect is important when CO is coadsorbed with a species that has a very large surface 

dipole moment. However, the surface dipole moment for ethylidyne molecules is 

relatively small (0.9 D on the Rh(111) surface). It was estimated that this surface dipole 

moment could generate a 30 cm-1 frequency shift. [27] Therefore, the rest of the 

frequency shift could be attributed to the surface charge transfer. Ethylidyne is known to 

be an electron donor. When ethylidyne coadsorbed with CO, the excess electron charge 

on the surface will weaken the CO bond through d-π back donating mechanism. [28] As a 

result, the vibrational frequency of the a-top CO coadsorbed with ethylidyne could show 

a large red-shift. This result indicates that CO adsorption on the hydrocarbon surface 

could lead to the weakening of CO bond, which is a prerequisite of catalytic CO 

hydrogenation. In fact, in one of our previous measurements, we have observed CO 
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dissociation on the Pt(111) at the high CO pressure and high temperature. The observed 

CO peak frequency also showed a large red-shift, which was the result of the 

coadsorption of CO with surface carbon. 

 As the CO pressure increased, the CO peak intensity increased indicating increase 

in the surface CO concentration (figure 6.1), which also caused frequency shift towards 

higher frequency due to the increase of CO-CO lateral interaction on the Pt(111) surface. 

In the same time, the CH3 stretching intensity of ethylidyne decreased with increasing CO 

pressure. [30] The a-top CO peak intensity increases at the expense of the ethylidyne 

peak indicating that CO may displace ethylidyne molecules on the surface. At high CO 

pressure, no dominant resonance feature in the CH stretching region can be seen. One 

may conclude that CO molecules completely displace ethylidyne on the platinum surface. 

However, TPD spectra showed that after exposure to 1 Torr of CO, only 25% of 

ethylidyne molecules were displaced, the majority still stayed on the platinum surface. 

One possible explanation for the disappearance of the CH resonance feature at high CO 

pressure is that high pressure CO may induce disordering for ethylidyne molecules. Since 

the SFG technique is very sensitive to polar ordering, orientation disorder can cause SFG 

intensity to drop significantly. An alternative explanation for the disappearance of the CH 

resonance feature could be attributed to the modification of optical response in the 

presence of strong vibrational dipole moment pf the coadsorbed CO. [31,32] 

 When the Pt(111) surface was pretreated with CO, no noticeable change of 

vibrational spectra were observed as the pressure of ethylene was increased up to 35 Torr. 

This result indicates that in the presence of a monolayer of CO (θ = 0.5) at room 

temperature, ethylene cannot adsorb on the surface. The adsorption of ethylene requires 

 81



two platinum sites, which are blocked by the adsorbed CO. This site blocking effect may 

lead to the poisoning of the catalytic reaction that requires ethylene adsorption. In fact, no 

reactivity was found for the ethylene hydrogenation reaction at room temperature in the 

presence of 3 Torr of CO. The reaction product ethane was only observed at temperatures 

that were higher than the CO desorption temperature. This clearly indicates that CO is 

blocking the sites needed for the ethylene hydrogenation reaction to occur. At higher 

temperature, ethane was detected, however, the reaction rate was three orders of 

magnitude lower than the same reaction in the absence of high pressure CO. The 

activation energy measured in this CO poisoned ethylene hydrogenation reaction was 

20.5 kcal/mol which was much higher than 10 kcal/mol needed for ethylene 

hydrogenation on the clean Pt(111) surface. This result suggests that the activation 

energy for such reaction is the heat of desorption of CO, which is to remove CO from the 

surface to allow ethylene adsorption and then hydrogenation on the platinum surface. It 

should be mentioned that the reactivity of ethylene hydrogenation on the Pt(111) surface 

was poisoned only at high CO pressure (>0.1 Torr). At low CO pressure (10-7, 10-5 Torr), 

the ethylene hydrogenation rate increased slightly. One possible explanation is that high 

pressure hydrogen (100Torr) may react with or displace CO, which is supported by the 

disappearance of CO resonance feature upon the introduction of high pressure hydrogen 

in this CO pressure region.  
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6.5. Conclusions 

 

 When CO adsorbed on the ethylidyne pretreated surface its vibrational spectra 

red- shifted about 75 cm-1, which is mainly due to the weakening of CO bond through d-π 

back donation from coadsorbed ethylidyne molecules. In the CO pretreated Pt(111) 

surface, the presence of high pressure ethylene does not change the vibrational spectra in 

the CH stretching region indicating that ethylene cannot adsorb on the surface that is 

covered by a monolayer of CO. 

 During the studies of catalytic ethylene hydrogenation in the presence of CO, it 

was found that CO poisons the catalytic reaction by site blocking effect up to 400K 

where CO desorbs from the Pt(111) surface. The measured apparent activation energy 

was 20.5 kcal/mol instead of 10 kcal/mol.  
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Chapter 7.  Heat of adsorption of CO on Pt(111) 

 

7.1. Introduction 

 

The adsorption of CO on Pt(111) has been subjected to a number of studies using 

various techniques, such as calorimetry, TPD, LEED, infrared adsorption spectroscopy 

(IRAS), etc. [1-6], and more recently SFG. [7-11] The knowledge of adsorption behavior 

is essential to gain an understanding on the heat of adsorption and adsorption geometry, 

which are key elements of surface chemistry. [12] SFG offers a unique venue to study 

molecular adsorption on surfaces, in particular the molecular layer directly adsorbed on 

the surface. [13-15] The SFG results could be employed to perform in situ study of the 

adsorbed species. 

By correlating the integrated TPD signal and SFG intensity of CO coverage on Pt, 

[8] Härle et al. obtained a linear relationship of CO coverage on a Pt foil versus SFG 

intensity. A different correlation was observed for CO adsorption on Ni(111) by Bandara 

et al. [16] In the latter case, a non-linear relationship between SFG intensity from a-top 

(or bridge site) CO and overall coverage was obtained. Such variation is indicative of the 

complexity of adsorption behavior of CO molecules on metal surfaces. However, the 

above results could serve to establish the relationship between actual surface coverage 

(up to 1 monolayer) It should be noted that the SFG intensity depends on several 

parameters, such as coverage, orientation, cross-section for the SFG process, etc, and that 

the relationship between the intensity and coverage needs to be confirmed experimentally 

with a supplementing technique, such as temperature programmed desorption. In the case 
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of CO on platinum the SFG intensity of the a-top CO was found to depend linearly in the 

coverage as shown by Härle. [10] Provided that a relationship can be determined, it 

enables studies on general properties of adsorption, namely the isotherm behavior and 

subsequently heat of adsorption. 

In this work, we obtained the adsorption isotherm of CO on Pt(111) surface in the 

temperature range of 373K to 463K using SFG. Using a Langmuir expression, suitable 

for monolayer adsorption, heat of adsorption was extracted from the isotherms. The heat 

of adsorption close to saturation was determined to 98kJ/mol, which is in close agreement 

with values obtained by calorimetry, LEED and TPD. [17,18]  

 

7.2. Experimental Setup 

 

The experiments were carried out in a UHV chamber, which allowed surface 

studies over a pressure range from 10-10 Torr (base pressure) to 10-4 Torr. The system was 

equipped with a retarding field analyzer (RFA), for Auger electron spectroscopy (AES) 

and low-energy electron diffraction (LEED) analysis. The chamber was further equipped 

with an ion bombardment gun for cleaning purposes and a mass spectrometer for gas 

analysis. The sample was mounted on the sample holder where it could be resistively 

heated to 1400K or cooled by a flow of liquid nitrogen down to 170K. 

 The Pt(111) sample was cut, oriented and polished by normal procedures. The 

platinum was cleaned by several cycles of Ar ion bombardment followed by annealing in 

5x10-7 Torr of oxygen at 1100K. The crystal cleanliness and structure was confirmed 

with AES and LEED. CO was introduced through a leak valve and SFG spectra were 
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recorded at different temperatures as a function of pressure. Between each data set the Pt 

crystal was annealed 2 minutes at 1100K with an oxygen pressure of 5x10-7 Torr 

followed by 2 minutes at 1100K in vacuum. This procedure ensured a clean and 

reproducible surface for CO adsorption.  

The SFG setup was similar to the one described in chapter 3. Again both beams 

were p-polarized but in this case the incident angles were 50° and 60° for the visible and 

IR. The intensity of the input beams were well below intensities needed for photo-

induced desorption of CO and no changes in the spectra could be seen as a function of 

time. The experimental data were fitted to Eq. 7.1, described in chapter 2, using a least 

squares method, to extract the values of parameters, such as peak position, peak width, 

amplitude, phase and non-resonant background. 
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7.3. Results 

 

SFG spectra of CO adsorbed on Pt(111) were recorded in the pressure range of 

1x10-8 to 3x10-5 Torr by scanning the IR frequency between 2000 cm-1 and 2200 cm-1. 

The temperature was 373K for the first set of pressures and it remained constant through 

the pressure range. After one complete measurement of SFG spectra versus pressure, the 

sample was cleaned by annealing in oxygen at 1100K. When the sample had cooled 

down, the surface cleanliness was checked by AES and CO was reintroduced. A new set 

of SFG spectra versus pressure were recorded at a higher temperature. Pressure  
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Figure 7.1. Fitted SFG spectra of CO adsorbed on Pt(111). The CO pressure 
was increased from 1x10-8 Torr to 3x10-5 Torr while holding the temperature 
constant at 403K.  
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dependent SFG spectra were recorded at 7 different temperatures between 373K and 

463K. Shown in figure 7.1 is one set of SFG spectra, recorded at 403K, where the single 

peak corresponds to CO adsorbed on a-top sites on Pt(111). It can be seen from figure 7.1 

that the SFG intensity increased as the pressure is increased from 1x10-8 Torr to 1x10-7  

Torr. Going above 1x10-7 Torr in pressure, the SFG intensity decreased continuously up 

to 3x10-5 Torr, which is the highest pressure investigated in this study. By fitting the data 

to Eq. 7.1 amplitude and peak position were determined. The trend for the amplitude 

follows the trend in intensity, where the maximum amplitude was recorded at 1x10-7 

Torr. The peak position for a-top CO is determined to 2083 cm-1 at 1x10-8 Torr. It shifted 

to 2086 cm-1 at 1x10-6 Torr where after it came down to 2079 cm-1 at 3x10-5 Torr. 

SFG intensity and CO peak positions are both dependent on the surface coverage. 

In the pressure range studied in this experiment the surface reached saturation coverage, 

dictated by adsorption and desorption processes. At each pressure and temperature the 

adsorption and desorption will reach an equilibrium that will determine the surface 

coverage. Increased pressure favors higher surface coverage, while higher temperature 

increases desorption and thereby lower the surface coverage. Data from each temperature 

have been fitted to Eq. 7.1 and the result can be seen in figure 7.2 where intensity and 

peak positions are plotted against pressure.  

At room temperature CO is shown to reach saturation coverage at 10 Langmuir 

with a total surface coverage of 0.5 ML in a c(4x2) structure. [18] Consistent with the 

previous studies at room temperature we observed a CO saturated surface when holding 

the sample at a constant pressure of 1x10-8 Torr. The SFG spectra of CO showed no 

changes in intensity as the temperature was increased to 373K. As the temperature  
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Figure 7.2. Peak position and SFG intensity for CO on Pt(111) are plotted 
against pressure. The measurements were repeated at 7 different temperatures 
with 15K increments between 373K and 463K, 〈 373K, ⌠ 388K, ⎜ 403K, ⌡ 
418K, ⎨ 433K,  448K, ⎠ 463K. Solid lines are guides for the eye for each 
temperature. 
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Figure 7.3. Peak position and SFG intensity for CO on Pt(111) are plotted 
against temperature. Data points were taken at 8 different pressures between 
1x10-8 and 3x10-5 Torr, 〈 1x10-8 Torr, ⌠ 5x10-8 Torr, ⎜ 1x10-7 Torr, ⌡ 5x10-7 
Torr, ⎨ 1x10-6 Torr,  5x10-6 Torr, ⎠ 1x10-5 Torr,  3x10-5 Torr. Solid lines 
are guides for the eye for each pressure. 
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increases, the desorption rate of CO increases. This results in a decrease of the surface 

coverage of CO characterized by a decrease in SFG signal intensity. This effect is 

illustrated in figure 3 where intensity and peak position (at constant pressure) are plotted 

for various temperatures.  

 

7.4. Discussion 

 
In this study we have used SFG to measure surface coverage of CO in Pt(111), 

which can be utilized to determine thermodynamic parameters, such as heat of 

adsorption. A linear relationship between SFG intensity of the a-top CO peak on Pt and 

the surface coverage has been proven by Härle at al. [8] This relationship can be used to 

determine surface coverage, in situ, under pressurized or flow systems. For CO on 

Pt(111), the heat of adsorption can be determined by looking at the increase in surface 

coverage from a corresponding increase in pressure at elevated temperatures. These data 

points are presented in figure 7.4. The maximum intensity of the a-top CO peak was 

normalized to 1 and it was assumed that, for each temperature, the maximum intensity 

corresponded to saturation coverage. A comparison could then be made between the 

relative changes in coverage at different temperatures and pressures. Surface coverage is 

close to saturation and Langmuir adsorption is assumed. The adsorption is described by 

Eq. 7.2, where σ is the surface coverage and b is a parameter that contains the flux of 

gases and the residence time further described by Eq. 7.3. P is the pressure and σ0 is the 

surface coverage of a completely covered surface. 
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Figure 7.5 presents a linear Langmuir plot of σ-1 versus P-1. The slope of the linear 

Langmuir plot is b-1, which was obtained for various temperatures. By plotting ln(b) 

against T-1, as illustrated in figure 7.6, the heat of adsorption, ∆Hads, can be extracted 

from the slope of the linear fit, where the slope is ∆Hads/R. The value for the heat of 

adsorption close to saturation of CO on Pt(111) was determined to be 98kJ/mol, which is 

in accordance to values reported by King, (118kJ at 0.5ML, reduced down to 65kJ/mol at 

saturation) [17] and by Ertl (138kJ/mol at zero coverage and decreasing with coverage). 

[18] The close agreement validates the method of measuring heat of adsorption by SFG. 

In the case of CO on Pt(111) the relationship between SFG intensity and coverage has 

been proven to be linear. Other systems may have more complicated relationships. 

However, the use of SFG as a tool to measure thermodynamic parameters can be 

extended to those systems provided a specific relationship is established. The isotherm 

measurements by SFG could also be beneficial for studying more complex adsorption 

systems, such as co-adsorptions. 

In figure 2 and figure 3 several trends in signal intensity and peak positions versus 

pressure or temperature are observed. At 10-8 Torr, saturation coverage is obtained at 

room temperature. The coverage has previously been determined to correspond to a 0.5 

ML coverage in a c(4x2) structure on Pt(111). When increasing the temperature to 373K, 

while maintaining the pressure at 10-8 Torr, no changes in signal intensity were observed. 

The results imply that the surface remains at full coverage up to 373K. A further increase 

in temperature leads to a higher desorption rate, which affects the coverage. This is 
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Figure 7.4. SFG intensity of CO on Pt(111) is plotted against pressure. The 
maximum intensity for each temperature has been normalized to 1. Solid lines 
are guides for the eye for each temperature. 
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Figure 7.5. The inverse coverage of CO adsorbed on Pt(111) is plotted versus 
the inverse pressure. Solid lines are linear fits to experimental data. 
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Figure 7.6. The natural logaritm of b, a parameter proportional to the exponent 
of the heat of adsorption is plotted against the inverse temperature. The solid 
line is a linear fit to the data points and the slope is the heat of adsorption of 
CO on Pt(111) over the gas constant, R. 
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illustrated in figure 3, where SFG intensity is plotted versus temperature. At lower 

background pressures the SFG intensity decreases more rapidly for a given temperature. 

CO decomposition on the Pt(111) surface can be ruled out as a reason for the decrease in 

SFG intensity since the signal does not change over time under temperatures and 

pressures used in this experiment. It has been shown that CO decomposition, at high CO 

pressures (40 - 400 Torr), does not take place on the Pt(111) surface below 673K. The 

temperature in this study is well below the temperature of decomposition for CO. [11] By 

analyzing the data from figure 2 a similar trend can be observed. The maximum SFG 

intensity appears at pressures higher than 10-8 Torr for temperatures above 403K. This 

implies that the maximum saturation coverage is not obtained until the pressure is 

increased enough to balance the higher desorption rate. The increasing surface coverage 

can be used to determine the heat of adsorption of CO on Pt(111). Once the surface has 

reached full coverage with 0.5 ML CO molecules in a c(4x2) structure, a further increase 

in pressure should lead to additional adsorption and hence a more compressed CO layer. 

The compression gives rise to an incommensurate layer where the CO molecules on a-top 

sites are displaced. This is manifested in figure 1 where the intensity of the a-top peak 

decreases at pressures above 5x10-7 Torr. Visible in figure 1 is also an increase in 

linewidth at higher pressures, which is an effect of an incommensurate layer where CO 

molecules are more randomly adsorbed. [19] An alternative interpretation of the decrease 

in SFG intensity of the CO a-top peak could be the formation of a carbonyl like Pt-(CO)n 

species. This would give rise to a reduction in intensity as well as a broadened linewidth. 

Higher temperatures should facilitate the formation of platinum carbonyls. This could 

explain why the decrease of the CO intensity observed in this study occurs at a lower 
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pressures compared to the study performed by Su et al. [8] Another trend observed from 

figures 2 and 3 is the change in peak positions. Stretching frequencies at 373K were 

around 2085 cm-1. Increasing temperatures lead to a decrease in peak frequency. The 

frequencies observed in this study are lower than peak frequency for a-top CO on Pt(111) 

at room temperature, which have previously been reported to be around 2097 cm-1. [20] 

The redshift of the a-top CO stretching frequency at higher temperatures is attributed to a 

shift towards the frequency of bridge bonded CO due to anharmonic coupling to a 

frustrated translational mode. [21,22] This shift becomes more pronounced as the 

temperature is increased. 

The peak position also shifts with pressure. Initially it is shifted to a higher 

frequency when increasing the pressure. This has been shown by King et al. [23] to be 

due to increasing dipole-dipole coupling at higher coverages. When the pressure is 

increased further, the peak position is shifted back towards lower frequencies, which is in 

agreement with formation of an incommensurate overlayer where CO molecules are 

displaced from the a-top sites.  

 

7.5. Conclusions 

 

The pressure dependence of CO coverage on Pt(111) was studied with SFG. By 

relating the SFG intensity to surface coverage the heat of adsorption was determined to 

be 98kJ/mol, which is close agreement with previous measurements. The method of using 

SFG as a tool to measure thermodynamic parameters could be beneficial for in-situ 

measurements in pressurized or flow systems. If a specific correlation between SFG 
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intensity and surface coverage is obtained, this method could also be extended to 

studying more complex systems, such as coadsorptions. 
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Chapter 8: Conclusions 

 

In this dissertation, high-pressure catalytic reactions were studied using sum 

frequency generation. The range of applications for SFG were also expanded by using the 

non-resonant signal to probe the electronic structure of the surface and to follow surface 

reactions. SFG was also employed to measure isotherms of CO adsorption on Pt(111). 

 The variety of data presented here shows the versatility of SFG and its strength in 

detecting surface adsorbates at ambient pressures between 10-9 Torr to 103 Torr. Together 

with supporting techniques such as AES, LEED, TPD, gas chromatography and mass 

spectrometry it was possible to investigate several surface catalytic reactions.  

 Ammonia adsorption and dissociation was studied on clean Fe(111) and 

preoxidized Fe(111) under high pressure. Intermediates in the dissociation reaction were 

identified. Ammonia molecules have been found to dissociate at room temperature on 

both clean and preoxidized Fe(111) under high pressure (20 - 600 Torr). Vibrational 

frequencies of the associated intermediates, NH and NH2, were identified on the clean 

and pre-oxidized Fe(111). Introduction of 0.5 Torr of oxygen changed the interference of 

the resonant and the non-resonant second order non-linear susceptibility by changing the 

relative phase. This can be seen as an overall lowering of the non-resonant signal and a 

reversal of the spectral features in the SFG spectra. Heating the surface in presence of 

high pressure ammonia reduces the oxygen coverage and there is another relative phase 

change of 180° to restore the initial spectral features. 

 It was found that the magnitude of the non-resonant SFG intensity could be used 

to follow surface reactions, such as adsorption, oxidation and reduction. Adsorption on 
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Fe(111) causes a distinct change in the SFG signal and a correlation between the work 

function change and magnitude of the non-resonant SFG signal is proposed. Knowing the 

effect on work function upon adsorption, the change of non-resonant SFG signal can be 

predicted. The change in SFG non-resonant signal can be used to follow surface 

reactions, including iron oxidation, ammonia dissociation and nitride formation on iron 

surfaces as well as reduction of iron oxides. It was also found that Fe(111) has a strong 

non-resonant SFG signal. The change in non-resonant SFG intensity upon tuning of the 

exciting energy is associated with the detailed surface electronic structure of Fe(111). 

The second high-pressure reaction presented in this dissertation is ethylene 

hydrogenation on Pt(111) and especially the effect of CO poisoning on this reaction. It 

was discovered that when CO adsorbed on the ethylidyne pretreated surface, its 

vibrational spectra red- shifted about 75 cm-1, which was mainly due to the weakening of 

the CO bond through d-π back donation from coadsorbed ethylidyne molecules. In the 

CO pretreated Pt(111) surface, the presence of high pressure ethylene did not change the 

vibrational spectra in the CH stretching region indicating that ethylene cannot adsorb on 

the surface that is covered by a monolayer of CO. 

 During the studies of catalytic ethylene hydrogenation in the presence of CO, it 

was found that CO poisons the catalytic reaction by site blocking up to 400K where CO 

desorbs from the Pt(111) surface. The measured apparent activation energy was 20.5 

kcal/mol instead of 10 kcal/mol.  

The pressure dependence of CO coverage on Pt(111) was studied with SFG. By 

relating the SFG intensity to surface coverage, the heat of adsorption was determined to 

be 98kJ/mol, which is close agreement with previous measurements. The method of using 

 105



SFG as a tool to measure thermodynamic parameters could be beneficial for in-situ 

measurements in pressurized or flow systems. If a specific correlation between SFG 

intensity and surface coverage is obtained, this method could also be extended to 

studying more complex systems, such as coadsorptions. 
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