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ABSTRACT OF THE DISSERTATION 

 
Liquid Jet Photoelectron Spectroscopy of Binary Aqueous Solutions and Suspended Titania 

Nanoparticles 
 

Hydrogen Sulfide Adsorption on Metallic W(100) as Studied by High Resolution Electron 
Energy Loss Spectroscopy 

 
By 

 
Joel Michael Langford 

 
Doctor of Philosophy in Chemistry 

 
 University of California, Irvine, 2018 

 
Professor John C. Hemminger, Chair 

 
During my time here at the University of California, Irvine, I spent my time on two 

separate, yet equal, projects; collecting photoelectron spectra of liquid solutions by utilizing 

a liquid jet approach, and studying the adsorption of gases onto metallic surfaces by high 

resolution electron energy loss spectroscopy (HREELS).  

In total I studied four different aqueous systems using the liquid jet. The first four 

chapters of this dissertation are dedicated to each of those systems. The first chapter studies 

anatase titania nanoparticles suspended in a solution of aqueous nitric acid. The second 

chapter covers a comprehensive study of aqueous 1-propanol by liquid jet XPS and a 

comparison of the XPS data with molecular dynamic solutions. The third chapter explains an 

observed photoelectron intensity oscillation in aqueous solutions of 2,2,2-trichloroethanol, 

2,2,2-trifluroethanol and 1-propanol. The concluding chapter on liquid jet XPS discusses the 

photoelectron spectroscopy of aqueous hexylamine, and the possible uptake of CO2 by 

hexylamine as measured by XPS.  
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The last chapter of this dissertation discusses H2S adsorption on W(100) as measured 

by HREELS. At temperatures of 160-170 K hydrogen sulfide on W(100) adsorbs as SH, and 

not in its molecular form. At room temperature H2S dissociates on the surface to form S and 

H atoms. Sulfur is thermally stable on the W(100) surface for temperatures of at least 1200 

K. Annealing a sulfur saturated surface in a background of oxygen removes the surface of 

sulfur (presumably by SO2 formation and desorption). The same is also true for annealing an 

oxygen saturated W(100) surface in a background of H2S. A mode at 650 cm-1 is also 

discussed. Previous studies assumed this mode to be a bend of the SH group. However, I 

suggest this mode to either be a S-S stretch, or a sulfur stretch associated with a bridge 

bonded sulfur species.  
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Chapter 1 

Title 

Ambient Pressure Photoelectron Spectroscopy of Titania Nanoparticles Suspended in Nitric Acid 

Solution 

 

Citation 

This chapter has already been published. You can find it in: 

Liquid-Jet X-ray Photoelectron Spectra of TiO2 Nanoparticles in an Aqueous Electrolyte Solution 

Michael J. Makowski, Randima P. Galhenage, Joel Langford, and John C. Hemminger 

The Journal of Physical Chemistry Letters 2016 7 (9), 1732-1735 

DOI: 10.1021/acs.jpclett.6b00445 

 

Abstract 

Titania has attracted significant interest due to its broad catalytic applications, many of which 

involve titania nanoparticles in aqueous electrolyte solution. Understanding the titania 

nanoparticle/electrolyte interface is critical for the rational development of such systems. Here, we 

have employed liquid-jet Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) to 

investigate the solid/electrolyte interface of 20 nm diameter TiO2 nanoparticles in 0.1 M aqueous 

nitric acid solution. The Ti2p lineshape and absolute binding energy reflects a fully oxidized 

stoichiometric titania lattice.  Further, by increasing the x-ray excitation energy, the difference in 

O1s binding energies between that of liquid water (O1sliq) and the titania lattice (O1slat) oxygen 

was measured as a function of probe depth into the particles. The titania lattice, O1slat, binding 

energy decreases by 250 meV when probing from the particle surface into the bulk. This is 

interpreted as downward band bending at the interface. 
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Introduction and Results 

Titanium dioxide (TiO2) has remained at the forefront of photocatalysis research for many 

years, due to, for example, its role in water splitting1 and water remediation.2 Furthermore, TiO2 is 

used as a photovoltaic material where photo-generated electron hole pairs are driven in opposite 

directions by an electric field at the boundary of n and p type semiconductors.3 Surface sensitive 

experiments, and complementary theoretical studies, of single crystal and nanoparticle TiO2 are 

paramount for understanding the chemical reactivity of both the TiO2/vapor and TiO2/liquid 

interfaces. Reviews exist on the various uses of titanium dioxide,4,5 some specific to its surface 

reactivity,6–8 and others on band structures at the interface.9 Fundamentally understanding this 

reactivity and charge transfer at the solid/liquid interface is crucial for improving the rational 

design of better materials. Specifically, in the semiconductor industry, changes in band structure 

at the interface play a major role in device performance as the device becomes smaller.10 Tuning 

the semiconductor electrolyte junction has gained much attention.11 Surface charge has been 

shown to cause bands to bend, creating a space charge layer.9,10,12 Then, band bending that takes 

place due to the surface charge influences the device characteristics of semiconductor surfaces.13 

Unfortunately, there still exists a sizable knowledge gap in the electrochemistry of this 

solid/liquid interface. For example, it has been established that surface ions which have a low 

coordination number play a significant role in catalysis,14 yet the role of such states is not well 

understood in many systems. Here, we examine the role of surface charge, that exists due to the 

surrounding ions, in electronic surface band bending of titania nanoparticles in aqueous solution. 

While band bending was observed in both bulk15 TiO2 and on TiO2 nanoparticles16 exposed to 

adsorbed water, this report, to our knowledge, is the first investigation of the nanoparticle 
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TiO2/water interface of a true colloidal solution using liquid-jet ambient pressure X-ray 

Photoelectron Spectroscopy (AP-XPS) 

Figure S1 in the Supporting Information shows a survey spectrum of the TiO2 solution, 

displaying the presence of only oxygen, nitrogen, titanium and no carbon contamination. Focusing 

on Ti2p, we note that only stoichiometric TiO2 is present, with no indication of under-coordinated 

Ti3+ which would be indicated as a low binding energy shoulder.17 In figure 1, for example, with 

hν = 1065 eV (Ti2p 600 eV kinetic energy), only Ti4+ is observed. 

Since water dissociation is believed to occur at the five-fold coordinated, Ti3+, oxygen 

vacancies on the TiO2 surface,18 dispersing particles in water should result in the healing of any 

such defects, consistent with our observations.19 Though studies have suggested the coexistence of 

both molecularly and dissociatively adsorbed water on rutile TiO2,
20–22 given the lack of Ti3+ 

observed, we believe that further dissociation of water does not occur on the colloidal particles 

during the course of our XPS study. Indeed, it is likely that any Ti3+ originally at the surface of the 

as synthesized nanoparticles was oxidized to Ti4+ by water dissociation when the nanoparticles 

were initially prepared in solution.17 

The depth into solution of the nanoparticle surface is determined by the loss of measurable 

Ti2p and lattice O1s at low photoelectron kinetic energy.  Below approximately 230 eV kinetic 

energy for O1s (hν ≈ 765 eV ), corresponding to an electron effective attenuation length of 1 nm, 

no lattice oxygen is observed in the O1s spectrum. This suggests that the TiO2 nanoparticles probed 

at this photon energy are not exposed at the liquid/vapor interface of the water jet, but rather reside 

below a few layers of solution (which includes counterions). In Figure 2, we present evidence of a 

binding energy shift of the lattice oxygen at the surface of the titania nanoparticle. In Figure 2a is 

an O1s photoemission spectrum of the colloidal solution, where hν = 1435 eV (900 eV kinetic 
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energy). Following reference 23, the large central peak is of liquid water (O1sliq) and has been 

assigned a binding energy of 538.1 eV.23 All binding energies are shifted in reference to this liquid 

O1s peak and only relative binding energy differences are considered for quantitative comparisons. 

At higher binding energy is gas phase water oxygen (O1sgas) and the small feature at lower 

bindingenergy is the lattice titania (O1slat). The nitrate, hydroxyls, molecularly bound water and 

bulk liquid water oxygen signals all contribute to the O1sliq peak at 538.1 eV and cannot be 

deconvoluted due to the high concentration of bulk water. This is in agreement with studies of 

sodium nitrate using liquid-jet APXPS24 and water adsorption studies done on bulk titania.25 Figure 

2b shows the binding energy splitting between O1s from the titania lattice and the condensed phase 

O1s signal of water. Red points indicate measurements that were reproduced in duplicate 

experiments, while data in black are the results of single experiments. Error bars are included to 

show the standard deviation of the peak fitted binding energies.” See Figure S2 in the Supporting 

Information for corresponding O1s spectra and details of the spectral fitting procedure. 

To further suggest that the experimental probe depth at photon energies below 900 eV are 

sufficiently shallow as to neglect much of the bulk titania, see Figure 3, which shows the 

percentage of O1slat (i.e. percentage of titania), relative to the total oxygen content in the condensed 

phases (i.e. solution and particles), at various excitation energies (via Equation 1), 

 

𝑥𝑇𝑖𝑂2
=

𝑂𝑙𝑎𝑡

𝑂𝑙𝑎𝑡+𝑂𝑙𝑖𝑞
× 100%                                                           (1) 

 

Data in Figure 3 follows the same color scheme outlined for Figure 2.  Error bars are of standard 

deviations that have been propagated from integrated area errors reported by the CasaXPS 

software. Increasing the photon energy results in an increased IMPF in liquid water and thus a 
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higher contribution from the nanoparticle signal, and also an increase in the probing depth into the 

particles; thus, increasing the measured signal from the titania lattice oxygen over that from the 

particle surface. Furthermore, the linear slope of the data in figure 3 indicates that particles that 

reside deeper in the solution do not contribute significantly to the increased lattice oxygen signal. 

Rather, the linear increase is due to probing more deeply into the particle. 

Given such a low contribution of O1slat to the total condensed phase O1s spectrum, and the 

complete disappearance of O1slat at photon energies below 765 eV (~230 eV kinetic energy), it is 

clear that the resultant titania signal at this (lowest) electron kinetic energy is primarily derived 

from outermost few layers (~1nm) of the particle. 

We now consider the energy difference between the O1sliq and O1slat as a function of the incident 

photon energy, and we observe a 250 meV decrease in the splitting over the range of excitation 

energies from 765 eV to 900 eV (Figure 2b).  

A binding energy difference of 250 meV in the O1s region cannot be accounted for by any 

chemical changes of the lattice oxygen or of any interfacial species. As mentioned previously, 

molecularly bound water, hydroxyls and nitrates have larger binding energy shifts with respect to 

the lattice oxygen and all lay under the O1s peak of bulk liquid water. We assign the 250 meV 

shift in the O1slat binding energy to be due to band bending at the particle/electrolyte surface as 

discussed further below. 

As can be seen from Figure 2b, the titania lattice O1s binding energy difference between the 

water solution and the lattice oxygen peak remains constant for excitation energies greater than ~ 

900 eV (photoelectron kinetic energies of ~ 365 and greater). The experimental probe depth at a 

photoelectron kinetic energy of 365 eV is in the range of 1.6 nm,26 providing us with an 

experimental measure of the thickness of the space charge layer that results in the observed band 
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bending.  As mentioned previously, in the experiment carried out with a photon energy of 765 eV 

(kinetic energy of 230 eV), we are observing photoelectrons generated from the outer few layers 

of the particle.  The difference in inelastic mean free path of electrons at 230 eV and those at 365 

eV is ~0.6 nm. This means that the 250 meV shift in the lattice O1slat binding energy due to the 

band bending occurs over a depletion layer thickness in the range of ~0.6 nm to 1 nm.  This value 

for the width of the depletion layer must be considered an estimate since it is based on assumptions 

about the electron inelastic mean free paths, which are only approximate.  However, this value of 

the depletion layer width can be used to test the reasonableness of our assignment of the O1slat 

binding energy shift with photon energy as due to band bending at the particle solution interface. 

The thickness of the space charge layer in a simple Schottky model is given by27 

𝐷 = √휀𝜑/2𝜋𝑒𝑁,                                                          (2)                                     

where  is the static dielectric constant of anatase, φ is the surface potential and N is the donor 

concentration. The static dielectric constant for anatase is 31,28 and the surface potential for these 

samples has been measured to be +32.5±1.9 mV by nanoComposix. Donor concentration values 

for anatase reported in literature vary vastly, depending on the synthetic route.29 According to 

Equation 2, the space charge layer may vary between 0.5–30 nm, depending on the actual donor 

concentration. Using the value of D~0.6nm provides a value of donor concentration of ~2.5×1019 

cm–3, a value that is within the range of measured values reported in the literature for TiO2 

nanoparticles.29 This consistency with previously measured properties of TiO2 nanoparticles 

supports our assignment of the observed binding energy shift of the TiO2 as due to band bending 

at the particle/solution interface. 

To our knowledge, this is the first successful attempt of looking at titania colloidal solution 

using AP-XPS. In summary, the colloidal anatase particles in 0.1 M aqueous nitric acid solution 
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studied here consist of a stoichiometric titania lattice with no indication of reduced titania species. 

We are able to probe deeper into the particle as we increase the photon energy and therefore able 

to observe the changes that occurred at the interface of the titania/water compared to the bulk of 

titania. The binding energy of O1slat decreases by 250 meV as we probe from the surface into the 

bulk of the particle. The shift is interpreted as a measure of the band bending due to the surface 

charge present on the titania nanoparticle. 

 

Experimental 

Experiments were conducted using an Ambient Pressure X-ray Photoelectron 

Spectrometer 

(APXPS) at the Molecular Environmental Science beamline, 11.0.2 at the Advanced Light Source 

of the Lawrence Berkeley National Laboratory. A mu metal chamber was mated to a differentially 

pumped electrostatic lens system, equipped with a concentric hemispherical analyzer, to permit 

the mounting of a liquid jet positioned in the foci of the photon beam and the first lens of the 

detector system. The chamber background vapor pressure was held to approximately 1 torr by 

pumping with an external roughing pump. Further details of the beamline,30  instrument,31 and 

liquid jet32 may be found elsewhere. 

Aqueous colloidal solutions of 20 weight percent, 20 nm anatase TiO2 in 0.1 M nitric acid 

were purchased from nanoComposix Inc. Nanocomposix characterized the samples using TEM 

and UV, as well as Dynamic Light Scattering (DLS) for particle size measurements. Zeta potential, 

which depends on the ionic environment of the solution (0.1 M HNO3) and directly influences 

band bending, has been determined by measuring the Electrophoretic Mobility with Laser Doppler 

Velocimetry (LDV). Photoemission spectra were collected at various photon energies within the 
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soft x-ray regime (e.g. 765–1435 eV), where a greater photon energy corresponds to a greater 

electron kinetic energy and, thus, a larger electron attenuation length (deeper probe depth). 

Polarization of the incident photon beam was 20 degrees with respect to the detection axis. Though 

this deviates from the magic angle, it is assumed that orbital anisotropy does not influence 

quantitative comparisons between spectra collected at the energies considered in this study.26 An 

energy resolution of a few hundred meV was obtained by choosing a 20 eV analyzer pass energy 

and utilizing a diffraction grating of 1200 lines/mm in an upstream beamline monochromator. 

Finally, data analysis was conducted with Casa XPS33 and photoemission spectra were fit with 

Gaussian functions. Raw O1s spectra fits were directly compared and binding energies were 

calibrated to the solution phase O1s at 538.1 eV. 
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Figure 1.1: Ti 2p spectrum. Photon energy is 1065 eV. 

Only Ti4+ is observed indicating the presence of only 

one phase.  
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Figure 1.2: (a) An O1s photoemission spectrum displaying gaseous and liquid water, as 

well as lattice titania oxygen. (b) The binding energy splitting between O1s from titania 

and the condensed phase O1s signal of water. Duplicate measurements were carried out 

at several photon energies and this data is plotted in red. Data points shown in black 

correspond to a single measurement. Error bars are of standard deviations that have been 

propagated from the fitted binding energy errors reported by the CasaXPS software. 
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Figure 1.3: The percentage of the titania (Equation 1) lattice oxygen signal as 

a function of increasing excitation energy. This shows that as the photon 

energy is increased, the experiment probes deeper into the particles, thereby 

increasing the total titania O1s signal. Data in red have been reproduced in 

duplicate experiments and averaged, while data in black results from a single 

experiment.  Error bars are of standard deviations that have been propagated 

from integrated area errors reported by the CasaXPS fitting software. 
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Chapter 2 

 
Title 

Characterization of the Aqueous 1-Propanol Interface by Liquid-Jet X-ray Photoelectron 

Spectroscopy with Complimentary Molecular Dynamic Simulations 

 

Abstract 

 Utilizing the liquid jet approach we obtained photoelectron spectra of aqueous 1-propanol 

from a concentration range of 0.001 mf to 0.9 mf. We also compared the photoelectron signal to a 

signal derived from computational molecular dynamic simulations that incorporate an interface. 

At low concentrations the C 1s to O 1s ratio increases linearly with concentration. The C 1s to O 

1s ratio also decreases with probe depth for a given concentration in the low concentration limit. 

This indicates the formation of a 1-propanol monolayer at low concentrations which agrees with 

our simulations. At higher concentrations the monolayer is retained, and any additional 1-propanol 

remains in the bulk. At concentrations starting around 0.8 mf 1-propanol the C 1s to O 1s signal 

inverts indicating a water monolayer at higher 1-propanol concentrations. An O 1s binding energy 

shift was also measured at dilute concentrations of 1-propanol. The binding energy shift saturates 

at the same concentration that the 1-propanol monolayer saturates. These effects are due to the 

formation of a surface dipole. Our MD simulations also suggest the formation of a surface dipole 

because most 1-propanol molecules at the surface have a degree of their aliphatic tail pointing 

toward the vacuum. Using the Helmholtz equation and the surface coverage calculated from our 

molecular dynamic simulations a surface dipole moment of 0.78 D was measured.  
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Introduction 

 Photoelectron spectroscopy of liquid solutions was first pioneered by Hans and Kai 

Siegbahn and colleagues in 1976. In Hans and Kai Siegbahn paper, ‘ESCA applied to liquids’, a 

photoelectron spectrum of low vapor pressure liquid formamide was reported.1 Although other 

liquid photoelectron studies followed, the studies were sparse due to the high vapor pressure of 

liquids. It was not until the microbeam liquid jet in 1988 developed by Manfred Faubel in 

combination with ambient pressure photoelectron spectroscopy that photoelectron spectroscopy 

studies of high vapor pressure liquids were possible.2 Including us, many groups now routinely 

use the liquid jet to acquire photoelectron spectra of liquids.  

In both liquid and solid photoemission experiments the probe depth comes from the finite 

inelastic mean free path of the propagating photoelectron.3  Due to the relationship between kinetic 

energy and inelastic mean free path, the so-called ‘universal curve,’ the probe depth of the 

photoelectron experiment can be increased or decreased by changing the excitation energy. 

Although the universal curve has been established for solids, it is not for liquids, however, there is 

evidence that the water universal curve does monotonously increase with kinetic energies greater 

than 100 eV. In addition, there are studies showing the inelastic mean free path to be anywhere 

between 5-20 nm for the kinetic energies studied in this work.  

In photoemission experiments there are two observables; peak intensity and binding 

energy. For liquids binding energy shifts as a function of photon energy are due to differences in 

local electronic structure as a function of probe depth. Specifically, how the photoemission site is 

solvated at the surface (low kinetic energies) versus the bulk (high kinetic energies). Binding 

energy shifts can also be measured as a function of solute concentration which are due to both 

solvation effects and the formation of a surface dipole. For a given probe depth (kinetic energy 
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and probe depth are interchangeable), the differences between photoelectron peak intensities are 

due to differences in relative concentration. Like the aforementioned binding energies, the 

differences in relative concentration between the surface and bulk can be measured by changing 

the probe depth.  

Previous liquid jet photoemission experiments have studied aqueous solutions of strong 

electrolytes, weak electrolytes, and dilute solutions of simple organic solutes. While our group has 

mainly been concerned with interfacial concentrations, other groups have been interested in the 

electronic structure of solutes i.e. absolute and relative binding energy shifts due to solvation and 

protonation effects. In this work, our goal is to quantify relative interfacial concentrations of 

aqueous 1-propanol using liquid jet photoelectron spectroscopy and compare these relative 

concentrations with absolute interfacial concentrations computed from molecular dynamic 

simulations. The comparison between molecular dynamic simulations and experimental 

photoemission signals is done with the use of eq. 1.4  

𝐼𝑛 = 𝑘𝑛𝜎𝑛 ∫ 𝜌𝑛(𝑧) exp (−
𝑧

𝜆
) 𝑑𝑧                   (1) 

In eq.1 In is the photoelectron signal of species n, ρn(z) is the depth dependent density of 

species n (obtained from molecular dynamic simulations that incorporate an interface), λ is the 

inelastic mean free path, σn is the photoionization cross section and kn which depends on several 

parameters including photon flux and spectrometer transmission. kn is difficult to know exactly 

because of the factors which it depends on. What is typically done is to compare the relative 

photoemission intensities between two photoemission sites at the same probe depth (eq. 2).  

𝐼𝑛

𝐼𝑚
=

𝑘𝑛𝜎𝑛 ∫ 𝜌𝑛(𝑧) exp (−
𝑧
𝜆

) 𝑑𝑧 

𝑘𝑚𝜎𝑚 ∫ 𝜌𝑚(𝑧) exp (−
𝑧
𝜆

) 𝑑𝑧 
                  (2) 
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After correcting for photoionization cross sections, kn, and km, which is explained in the 

experimental section, the relative photoemission intensities are eq. 3. 

𝐼𝑛

𝐼𝑚
=

∫ 𝜌𝑛(𝑧) exp (−
𝑧
𝜆

) 𝑑𝑧 

∫ 𝜌𝑚(𝑧) exp (−
𝑧
𝜆

) 𝑑𝑧 
                  (3) 

 This ratio can be thought as the relative concentration of emission sites at a given probe 

depth (again, probe depth is interchangeable with kinetic energy). The integral in these equations 

is semi-infinite and starts from the interface into the depth of the solution. To compare the 

molecular dynamic simulation with the experiment ρn(z) is calculated from the molecular dynamic 

simulations. ρn(z) is then integrated to give a theoretical photoemission signal. The theoretical 

photoemission signal is then compared with the experiment.    

  The main purpose of this work is to combine liquid jet photoelectron spectroscopy with 

molecular dynamic simulations to characterize the gas-solution interface of aqueous solutions of 

1-propanol. We chose 1-propanol because of its simplicity compared to other organic solutes and 

its ability to be miscible over the whole entire mole fraction range. In addition, it has been well 

characterized with both bulk molecular dynamic simulations and bulk sensitive experiments.5–8 

Some results will be briefly summarized. Mass spectrometry measurements on water-alcohol 

clusters have suggested substitutional interactions resulting in the alcohol displacing water and 

forming hydrogen bonds with remaining water molecules in the cluster.9 Small-angle x-ray 

scattering and infrared studies have found micelle formation of the alcohol, with hydrophobic 

interactions stabilizing the aliphatic chains and hydrogen bonding between water and the hydroxyl 

enabling the favorable solubility.10 This was confirmed through molecular dynamics simulations 

that had investigated 1-propanol-water binary mixtures and found that 1-propanol often receives 

two hydrogen bonds with water, but is also found as part of a micelle chain.11 Large-angle x-ray 
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scattering experiments deduced an increase in 1-propanol-1-propanol hydrogen bonds over 

increasing concentration despite a positive enthalpy of mixing at concentrations above 0.34 mole 

fraction (mf), resultant from the destruction of the tetrahedral hydrogen bonding network of 

water.12,13  

Although solvation of alcohols in the bulk of solution has been well characterized, studies 

of the aqueous-vapor interface have been mostly limited to molecular orientation. There are several 

dedicated investigations of interfacial methanol. Methanol was found to form a monolayer at the 

interface at concentrations as low as 0.1 mf, and orient its dipole upward, along the surface normal, 

with a narrow distribution of orientations at low concentrations.14–18 Additionally, free water 

hydroxyls found at the surface of pure water solutions appears to be nonexistent in solutions of 

methanol and water.19 As for interfacial solvation of other alcohols, second harmonic generation 

(SHG) and sum frequency generation (SFG) studies found that surface-bound, short-chained 

alcohols (C1–C8) orient their aliphatic chains toward the vapor phase, and have prescribed an off-

normal angle of approximately 40o.20–23 Additionally, long-chain alcohols (C7–C12) were shown to 

form tight monolayers at the surface.24 With liquid jet photoelectron spectroscopy, we apply a new 

surface sensitive technique that can be compared to other surface sensitive techniques.  

To summarize, we have investigated the aqueous 1-propanol interface using liquid jet 

photoelectron spectroscopy in combination with molecular dynamic simulations over a broad 

concentration range. We compared the experimental photoemission signal intensities with those 

computed from a molecular dynamic simulation. To our knowledge this is the first study to 

compare molecular dynamic simulations with experiment over a broad concentration range for an 

organic aqueous solute.   
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Experimental Section 

 Liquid jet ambient pressure photoelectron spectroscopy experiments were done at beamline 

11.0.2 at the Advance Light Source, Lawrence Berkeley National Laboratory. Briefly, the 11.0.2 

end station is housed with a commercial PHOIBOS 150 SPECS near ambient pressure x-ray 

photoelectron spectrometer. The spectrometer is made of a series of differentially pumped stages 

connected to a SPECS hemispherical analyzer with a delay line detector. For the photon energies 

used in this work the beam energy resolution was between 150 and 540 eV. Further details of the 

photoelectron spectrometer have been reported elsewhere. The analyzer pass energy was kept at 

20 eV which gives an analyzer resolution of 540 meV. Due to the near ambient pressure (~ 1 Torr) 

of the analysis chamber pure gas phase spectra can be acquired by moving the liquid jet off the 

focal cross section of the photon beam. 1-Propanol solutions were made by volumetrically diluting 

99.9 percent purity CHROMOSOLV 1-propanol with demineralized water (18.2 MΩxcm, 

Millipore Direct-Q). To each solution 0.05 M NaCl was added to prevent sample charging during 

spectral acquisition. The NaCl was obtained from Sigma Aldrich and was ACS grade with a purity 

of higher than 99.9 percent.   

The liquid jet was manufactured by Microliquids GmbH. The 1-propanol solutions were 

ejected through a glass capillary with an inner diameter of 25 μm. The capillary outlet formed a 

liquid beam that stays collimated for approximately 4 cm. The liquid beam was overlapped with 

the focal cross section of the photon beam to collect liquid phase photoelectron spectra. Due to the 

larger cross section of the photon beam compared to the liquid beam both gas and liquid signatures 

were acquired. The liquid jet was oriented normal to the detection axis and the synchrotron beam 

polarization vector. The angle between the polarization vector and analyzer axis was 70o. The 

temperature of the jet was maintained at 10 oC, and the jet velocity was ~50 m s-1. The electric 
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field vector relative to the liquid beam was 20o.  We are aware that this is not at the so called magic 

angle of 54.7o. At the magic angle orbital anisotropy does not contribute to the cross section i.e. 

the orbital anisotropy parameter, β, is zero.3,25 However, all the peaks measured in the experiment 

were 1s orbitals whose β is negligible compared to p and d orbitals. In addition, for the photon 

energy range used in this work the kinetic energies are greater than 100 eV. In this kinetic energy 

range β can be considered nearly independent of photon energy (compare Thurmer et al.). When 

liquid spectra were acquired the liquid beam was 0.2 mm away from the analyzer acceptance 

aperture. The diameter of the acceptance aperture is 0.1 mm.  

Fits of all photoelectron spectra were obtained using the standard fitting program, 

CasaXPS.26 Spectra were background subtracted with a Shirley background and Gaussian peak 

shapes were fitted to the photoemission lines. Gaussian fits to off-jet, gas phase C 1s and O 1s 

measurements included an exponential tail modifier as defined by the CasaXPS software.29 At a 

given kinetic energy gas phase C1s and O1s fits were used to constrain gas phase signals observed 

when probing the liquid. Except for being symmetric Gaussians, the liquid phase C1s and O1s 

signals were unconstrained. 

The O 1s condensed phase binding energies were calibrated against O 1s gas phase water. 

O 1s gas phase water has been reported to have a binding energy of 539.9 eV.27  The C 1s spectra 

were calibrated against either O 1s gas phase water or the 1b1 valence band of water depending on 

excitation energy. For C 1s excitation energies lower than the O 1s photoionization threshold, 300 

eV kinetic energy and below in this work, the 1b1 band of water was used. Higher excitation 

energies used O 1s gas phase water. The 1b1 band of water has been reported to be 12.60 eV.28 We 

note that because we are not interested in absolute binding energy shifts, we are only interested in 

relative shifts, the absolute calibration of our spectra does not change our conclusions. The O 1s 
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and C 1s liquid signatures were normalized based off their relative intensities in the gas phase 

spectra. To do this we collected gas phase O1s and C1s spectra at every kinetic energy for all liquid 

alcohol concentrations considered (e.g. 100–600 eV and 0.001–0.9 mf). Normalizing the liquid 

intensities using the gas phase intensities will properly treat the photon flux, x-ray transmission 

dependence, analyzer transmission, as well as the photoionization cross sections of the two 

orbitals. Specifically, using gas phase intensities to normalize the liquid intensities converts the 

photoemission ratio in eq. 2 to the photoemission ratio in eq. 3.  

 

Molecular Dynamic Simulations 

Molecular dynamic simulations of 1-propanol solutions ranged between 0.0005 mole 

fraction (mf) and pure alcohol. Each system was initialized with a total of 8000 molecules of water 

and 1-propanol in a cubic box with three-dimensional periodic boundary conditions. The TIP3P 

potential was chosen to simulate water while all-atom OPLS potential models were selected for 1-

propanol.29–31 A 12 Å smooth cutoff was applied to nonbonded Lennard-Jones interactions and 

smooth mesh Ewald Summation was implemented for computing electrostatics.32,33 Covalent 

bonding has been held rigid with the Shake algorithm.34  

Bulk liquids were first simulated for 10 ns in the isothermal-isobaric ensemble (NPT) and 

were processed with the molecular dynamics parallel computing package, NAMD.35 NAMD 

provided a multistep integrator with bonded interactions computed every 1 fs, nonbonded 

interactions every 2 fs and full range electrostatics every 4 fs. A Berendsen pressure bath at 1 atm 

regulated pressures while temperature was controlled stochastically via Langevin dynamics about 

a mean of 300 K.  
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Upon completion of bulk liquid simulations one axis of each cubic cell was extended to 

form liquid slabs of finite thickness. After extension the slabs were bounded by a pair of isolated 

liquid-vapor interfaces. Liquid slabs were equilibrated during the first half of a 10 ns simulation 

in the canonical ensemble (NVT) while the latter half was allotted to analysis. Visual Molecular 

Dynamics (VMD) was used to model the resultant trajectories.36 Final box dimensions varied 

between 4.3x4.3x36 nm3 and 8.2x8.2x36 nm3 because of a difference in surface area with 

concentration.   

 After completion of the simulations the interface was defined. We used the definition of 

the interface by Kikigawa et. al. which implements a local and instantaneous interface.37 The 

instantaneous interface definition by Kikigawa et. al. has the advantage over the conventional 

Gibbs dividing interface because it does not thermodynamically average the interface. We now 

briefly summarize the details of the instantaneous interface.  

 An instantaneous atomic density of our solution is defined.  

𝜌(𝑟) = ∑ 𝛿(𝑟 − 𝑟𝑖)

𝑁

𝑖=1

 

Where the summation occurs for all atoms of type i in the system. The discrete density can be 

expressed continuously by smoothing it in space.  

𝐵(𝒓 − 𝒓𝑝𝑎𝑟) = {
(2𝑘𝛥𝑥)−3 ∑ {1 + 𝑐𝑜𝑠

𝜋

𝑘𝛥𝑥
(𝑟𝛼 − 𝑟𝛼

(𝑝𝑎𝑟))}      𝑖𝑓 |𝑟𝛼 − 𝑟𝛼
(𝑝𝑎𝑟)| < 𝑘𝛥𝑥

3

𝛼=1

0,                                                           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

In the smoothed delta function rα is the position of the atom in the x,y,z coordinate system. Δx is 

the size of the grid space. k specifies the broadening of the continuous function. In this study, we 
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took k as the mean molecular distance between atoms. Summing this smoothed function over every 

atom in the simulation provides a continuous density.  

𝜌𝐷(𝑟) = ∑ 𝐵(𝑟 − 𝑟𝑖)

𝑁

𝑖=1

 

To determine the position of the instantaneous interface the probability distribution of 

every grid point in the simulation was acquired with the use of the continuous density. In this 

probability distribution there were two peaks the solution and gas phase. The density at the 

instantaneous interface is defined as the mean value of the two peaks. The position of the surface 

is defined as the isosurface that has this value of the density. If an atom is within a 2-D grid of the 

isosurface the atoms distance from the interface is defined as the position of the atom relative to 

the instantaneous isosurface in that particular 2-D grid.   

 

Results and Discussion 

Liquid Jet Photoelectron Spectroscopy 

 In figure 1, four photoelectron spectra of 0.5 mf 1-propanol are shown. All the spectra are 

recorded at a kinetic energy of 300 eV. Two of the spectra are O 1s with an excitation energy of 

800 eV and the other two are C 1s with an excitation energy of 700 eV. For both O 1s and C 1s 

we show a liquid and gas phase spectrum. The liquid spectrum is collected when the liquid and 

photon beam overlap. The liquid spectrum does have gas phase signatures because the photon 

beam focal cross section is larger than the liquid beam diameter. The pure gas phase spectra (two 

top spectra of figure 1) are collected when the liquid beam is moved off the photon beam cross 

section. Pure gas phase spectra can be acquired because spectral acquisition occurs at 

approximately 1 Torr pressure. As explained in the experimental section the spectrometer we use 
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is differentially pumped which allows for photoelectron spectra to be collected at nominally 1 Torr. 

We now will discuss the C 1s and O 1s spectra sequentially.  

 In the gas phase C 1s spectrum two signatures are present. The higher binding energy 

signature is the methylene carbon that is bonded to the hydroxyl functional group. The more 

intense lower binding energy signature is from the methylene and methyl carbon that make up the 

aliphatic tail of the 1-propanol molecule. The splitting between these peaks is due to the 

electronegative hydroxyl group. The hydroxyl group removes electron density from the first 

carbon atom (methylene carbon) and thereby increases its binding energy. Because the second and 

third carbon are two and three bonds away from the hydroxyl group, respectively, the electron 

withdrawing effects of the hydroxyl group are less. The binding energy of the second and third 

carbon atom are similar enough that they are not resolved in the C 1s spectrum. The two gas phase 

signatures are fitted with Gaussians with added asymmetry on the high binding energy side. The 

asymmetry is due to photoemission from a higher excited final state. The excited final state can be 

due to electronic, vibronic, vibrational, or rotationally excited final states. The area ratio between 

the aliphatic carbons and the methylene carbon adjacent to the hydroxyl group is constrained to be 

2:1. 

 When the liquid beam is overlapped with the photon beam two new features appear in the 

C 1s spectrum. Both features belong to liquid phase 1-propanol. To fit the liquid phase features we 

first fit the gas phase features. We constrain the binding energy, width, splitting and area ratio of 

the gas phase features to be the same as the pure gas phase spectrum at the corresponding excitation 

energy. After fitting the gas phase features in the liquid phase spectrum, we fit two symmetric 

Gaussians with no constraints. These two Gaussians are the resulting liquid features. Like the gas 

phase, the high binding energy liquid feature belongs to the first methylene carbon atom which is 
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directly bonded to the hydroxyl group. The low binding energy feature is the second and third 

carbon atom of the 1-propanol molecule. Unlike the gas phase, the liquid features are completely 

symmetric. In liquid phase, the broadening is a result of nonequivalent local surroundings which 

result in a symmetric distribution of electronic states.   

 In the gas phase O 1s spectrum two peaks are resolved. The lower binding energy peak at 

538.1 eV is the O 1s feature of 1-propanol while the higher binding energy peak at 539 eV is O 1s 

water. Similar to the C 1s spectrum, the splitting is due to differences in electron withdrawing of 

the neighboring functional group. For water the hydrogen electron affinity is higher than 

methylene and thus the O 1s feature of water is higher in binding energy than O 1s 1-propanol. 

Like the C 1s gas phase spectra, asymmetry is also present due to an excited final state.  The fitting 

is such that there are no constraints except the degree of asymmetry which is the same between 

the two features. In the liquid spectrum a new feature appears at lower binding energy then the two 

gas phase features. The lower binding energy feature is a convolution of the O 1s signal from liquid 

water and 1-propanol. This feature is fitted with a symmetric Gaussian. Like the C 1s liquid 

spectra, the gas phase features in the O 1s liquid spectrum are fitted with asymmetric Gaussians 

that have the same binding energy, width, and degree of asymmetry as the corresponding pure gas 

phase spectrum.     

 Figure 2 shows the integrated COH/O1s ratio, after normalization with the gas phase relative 

intensities, for all the concentrations studied in this work. We show the area ratio for four different 

probe depths. The probe depth of 150 eV kinetic energy is our most surface sensitive measurement 

while the probe depth of 600 eV can be considered bulk. Because liquid O 1s contributions are 

both from water and 1-propanol while C 1s is from propanol the COH/O1s ratio is equivalent to the 

1-propanol mole fraction at the given probe depth. The dashed line is what we define as the “ideal” 
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line. The line in which the bulk and interface mole fraction are identical. For 1-propanol 

concentrations less than 0.5 mole fraction the COH/O1s ratio increases with decreasing probe depth. 

This means the surface mole fraction of 1-propanol is greater than the bulk i.e. the 1-propanol 

undergoes surface segregation. However, from figure 2 alone we cannot conclude that there is an 

enhancement in the absolute concentration of water or 1-propanol at the lower probe depths. Later 

we will address this question with the use of molecular dynamic simulations. For very dilute bulk 

concentrations, which are shown in the inset of figure 2, there is a dramatic increase until a 

concentration of approximately 0.01 mf where the slope decreases. The rapid increase in COH/O1s 

indicates an interfacial layer of 1-propanol forming. Upon saturation of the topmost layer at 

approximately 0.01 mole fraction 1-propanol continues to increase in mole fraction below the 

topmost layer, however, at a lesser rate.    

 For concentrations 0.7 mole fraction and above the COH/O1s ratio decreases with decreasing 

probe depth. For these high 1-propanol concentrations water solvation by the propanol solvent is 

unfavorable. At these high concentrations the water solute surface segregates. The water appears 

to behave like 1-propanol for low 1-propanol concentrations. We cannot conclude that the water 

forms an interfacial layer in the same way that 1-propanol forms an interfacial layer for low 1-

propanol concentrations. To make this conclusion 1-propanol concentrations greater than 0.9 mole 

fraction would have to be measured, however, due to the limited solubility of NaCl in higher 

concentration 1-propanol solutions spectral acquisition was impossible due to sample charging.   

 

Molecular Dynamic Simulations  

In Figure 3 are the instantaneous interface density profiles of the methylene carbon adjacent 

to the hydroxyl group (green, Cmethyl), 1-propanol hydroxyl oxygen (red, O1-propanol), and water 
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oxygen (blue, OH2O) plotted relative to the instantaneous interface at z = 0 Å. The plots are 

normalized relative to the bulk concentration of the slab. The bulk concentration is calculated by 

integrating within the center 30 Å of the slab. Plots of concentrations 0.39 mf and higher include 

insets with the underlying curves magnified to represent features not obvious in the full range plot. 

For example, at 0.9 mf, the OH2O density overshadows both Cmethyl and O1-propanol, therefore it has 

been removed in the inset. See the supporting information for instantaneous interface density 

profiles of concentrations not presented in the text. 

In each of the instantaneous interface density profiles presented, all three atom types show 

an enhancement of 1-propanol at the interface. For a 1-propanol concentration of 0.0048 mole 

fraction the Cmethyl density experiences the most significant enhancement compared to the bulk at 

the interface. We attribute this behavior to the thermodynamic drive of the aliphatic chain being 

dehydrated.  The second maximum of the Cmethyl density at approximately z = 0.5 Å is a less 

favorable 1-propanol orientation having the methyl group partially exposed to the liquid. 

Furthermore, for all concentrations there is a shoulder in the Cmethyl density between 1–2 Å, 

indicative of 1-propanol inversion. 

The O1−Propanol profile at 0.0048 mf has a sharp local maximum at z = 0 Å, a broad 

deficiency between 0–2 Å, a global maximum at z = 2 Å and two local maxima between 2–3 Å. It 

is clear from the 0 Å peak that there are hydroxyl oxygens immediately exposed to the vapor phase, 

though far less than the number of methyl carbons. Note that the surface is not flat, but rather 

inundated with capillary waves.53–55 Some molecules are resting parallel to the liquid surface are 

actually facing downward on a wave. Likewise, a similar neighboring molecule may face upward 

on another wave. These orientations permit the hydroxyl oxygen and all carbons to remain on the 

surface simultaneously. These features are captured in the instantaneous interface analysis and it 
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justifies the presence of both the O1−Propanol and OH2O enhancements at z = 0 Å. We emphasize that 

although our instantaneous density profiles show that there is a 1-propanol surface population with 

the hydroxyl groups pointing away from the liquid most hydroxyl oxygens are found slightly sub-

surface. The three observed peaks between 2–3 Å being associated with different 1-propanol 

orientations, all with the methyl group at the interface that contribute to the z = 0 Å Cmethyl 

enhancement. The density above the interface (z < 0 Å ) is due to gas phase 1-propanol.  It is more 

intense at low concentrations due to normalization by the very low bulk density. 

Increasing the bulk 1-propanol concentration results in the reduction of both the Cmethyl and 

O1−PrOH surface enhancements relative to the bulk. We emphasize that the absolute density of 

interfacial 1-propanol is not changing. It is the bulk concentration that “decreases” the 1-propanol 

enhancement. There persists a O1−PrOH enhancement at z = 0 Å that becomes more intense than the 

z = 0 Å peak of Cmethyl at bulk concentrations greater than 0.6 mf as shown in the inset. In the case 

of pure 1-propanol the ratio of O1-PrOH to Cmethyl is almost two. Additionally, the subsurface 

enhancements of O1−PrOH are diminished. In these high concentration 1-propanol solutions there 

are both 1-propanol molecules with their methyl groups pointing towards and away from the 

interface. However, the number of 1-propanol molecules with their OH groups pointing toward 

the gas phase is twice as much as the inverted orientation. The OH2O density in all cases other than 

in the pure alcohol is significantly enhanced at z = 0 Å and is density-deficient over the range of 

0.5 to 10 Å. With increasing bulk 1-propanol concentration the OH2O surface density grows in 

intensity. Thus, in systems of majority 1-propanol the water is segregated to the surface. Given the 

high density of 1-propanol hydroxyl oxygens at the surface, water is favored due to hydrogen 

bonding with the alcohol. 
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Comparing Molecular Dynamic Simulations with Photoelectron Spectroscopy 

 To compare the simulations with the experiment we integrate the density profiles with an 

exponential decay to account for electron attenuation (eq. 1). Figure 4 shows the results of this 

integration for five different inelastic mean free paths; 0.5, 2, 5, 10, and 16 Å. We integrate the 

methylene carbon adjacent to the hydroxyl group (Cmethyl) and water oxygen (OH2O) then divide 

Cmethyl carbon by the sum of the two integrated densities; Cmethyl+OH2O . This gives the mole 

fraction of 1-propanol. A mole fraction similar to the experimental data of figure 2.  

First note, that regardless of the inelastic mean free path, for both the experiment and 

simulation, there is an abrupt rise in the mole fraction at dilute concentrations. The surface mole 

fraction at dilute concentrations also rises with decreasing probe depth. Therefore, for both the 

simulation and experiment there is a higher mole fraction of 1-propanol at the interface. We 

emphasize that neither the electron attenuated concentration from the simulations or the mole 

fraction ratio from the experiment provide a measure of absolute concentration at the surface i.e. 

the surface coverage of 1-propanol. However, we know that there is a significant absolute 

enhancement of 1-propanol at the surface from the density profiles (figure 3). For all bulk 

concentrations of 1-propanol the density of 1-propanol is higher near the interface. These are 

illustrated in figure 3 by the Cmethyl peaks at 0 Å. In particular, at dilute concentrations, such as 

0.0048 and 0.081 mole fraction, the density is 80 and 20 times higher, respectively. We conclude 

that the abrupt rise at dilute concentrations of bulk propanol is due to the rapid enhancement of an 

interfacial 1-propanol layer.  

For both simulation and experiment the slope changes at approximately 0.1 mole fraction. 

The slope change is due to the saturation of the 1-propanol interfacial monolayer at approximately 

0.1 mole fraction. Additional 1-propanol will reside in the bulk at higher concentrations. The 
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density profiles of figure 3 illustrate this behavior. At the low concentrations of 0.0048 and 0.081 

mole fraction the interfacial Cmethyl peak is a magnitude higher than the bulk concentration. At 0.18 

mole fraction a rise in the bulk density is apparent.  

For both simulation and experiment, starting at 0.5 mole fraction the 1-propanol surface 

mole fraction decreases with decreasing probe depth. This is due to the surface segregation of 

water at high bulk 1-propanol concentrations. At these high concentrations it is thermodynamically 

favorable for water to be solvated at the surface due to the high density of 1-propanol surface 

hydroxyl groups. Similar to 1-propanol at lower concentrations, water seems to form an interfacial 

layer when 1-propanol is the solvent. The density profiles of figure 3 show the surface propensity 

of water at high 1-propanol concentrations. At the high concentrations of 0.60 and 0.90 mole 

fraction an excess of interfacial water is observed.  

We now address the differences between the simulations and experiment. In the two lowest 

inelastic mean free paths of the simulation, 0.5 and 2 Å, a global maximum is observed at the point 

where the interfacial 1-propanol saturates at 0.1 mole fraction. Even at the lowest kinetic energy 

of 150 eV a global maximum is not observed in the experiment. As mentioned in the introduction 

section the value of the inelastic mean free path in solutions is not precisely known. At 150 eV the 

inelastic mean free path has been estimated to fall between 6 to 25 Å. We suggest that that the 

inelastic mean free path at a kinetic energy of 150 eV is larger than 2 Å because no global 

maximum is observed in the experiment.   

The electron attenuated surface mole fraction in the simulation for concentrations greater 

than 0.6 mole fraction are below the ideal line. The line represents an ideal solution where the 

surface and bulk mole fraction are equivalent. Without considering the density profiles this could 

be due to a depletion of surface 1-propanol or the addition of water at the surface. However, the 
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density profiles provide a picture that at these high 1-propanol concentrations water segregates to 

the surface. In the experiment, we start to observe a similar phenomenon. Therefore, what is 

changing with bulk concentration is not the 1-propanol surface concentration, but the water that is 

thermodynamically driven out of the bulk and into the interface. At our highest concentration of 

0.9 mole fraction the two lowest probe depths, 150 and 300 eV, are below the ideal line. However, 

the larger probe depths are still above the line. It would be reasonable to think that at even higher 

bulk 1-propanol concentrations the 450 and 600 eV probe depth would be below the ideal line. 

However, we cannot measure these high concentrations due to the insolubility of sodium chloride 

in high concentration 1-propanol solutions.  

 

Surface Dipole Formation 

 At low bulk concentrations the Cmethyl density has its largest peak at the interface (figure 

3). This is then followed by a O1-prop peak at approximately 2 Å. The 1-propanol molecules hence 

have a component of their aliphatic tails pointing away from the surface. This preferential 

orientation of 1-propanol molecules at the interface leads to the formation of a surface dipole. 

Photoemitted electrons escaping from the solution will experience the surface dipole and slow 

down their escape velocity from the solution. A binding energy shift as a function of concentration 

will result. In figure 5 we show such a shift. In figure 5 are O 1s spectra for different dilute 

concentrations of 1-propanol before saturation of the top most interfacial layer. The probe depth 

for all the spectra is 300 eV. In the stacked plot three vertical lines are shown, the blue line is gas 

phase water, red is gas phase propanol, and black is a convolution of liquid phase propanol and 

water. The gas phase binding energies are independent of propanol concentration. The difference 

between the fixed gas phase water and liquid O 1s results in the curve shown in figure 5. In figure 
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5 we also show the binding energy shift (EO1s,g,w-Eo1s,l) for all four probe depths for the range of 

concentrations measured. All four probe depths asymptotically approach the same shift of 2.5 eV. 

This means that no matter the kinetic energy of the photoemitted electron each electron experiences 

the same change in kinetic energy. An effect that is indicative of the formation of a surface dipole. 

Measuring the shift at infinitesimally dilute 1-propanol concentrations, in this case 0.0001 mole 

fraction, to the asymptotic value at 0.03 mole fraction we measure a change in the surface dipole 

ΔEdipole of 150 meV. 

 The magnitude of ΔEdipole is related to the surface coverage and surface normal component 

of the molecular dipole through the Helmholtz equation (eq. 5).  

𝛥𝐸𝑑𝑖𝑝𝑜𝑙𝑒 = 𝑒𝑚⊥

𝑛

휀𝑟
휀0                       (5) 

In eq. 5, n is the surface coverage, m⊥ is the surface normal component of the dipole moment of 

the molecule, and εr is the relative permittivity constant of the adsorbate. For 1-propanol εr is 20.8. 

If we assume all the propanol molecules at the interface have their dipolar axis pointing 

perpendicular then m⊥ is the total dipole moment of the 1-propanol molecule, 1.58 D. With these 

values we get a surface coverage of 3.85x1014 molecules cm-2.. This experimental value can 

be compared to a value determined through the molecular dynamics simulation. In the 

molecular dynamics simulation we counted every 1-propanol molecule that had at least one 

atom exposed past the instantaneous interface as an interfacial molecule. We then used this 

number with the surface area of the slab to calculate a coverage. The coverage of 4.62x1014 

molecules cm-2 was obtained. Although the magnitude of the monolayer coverage is the 

same, it differs substantially due to the tilt of the 1-propanol at the interface i.e. the value of 

the dipole normal to the interface is not the total molecular dipole moment. Clearly, there is 

a preferential orientation of interfacial 1-propanol to have the aliphatic end pointing normal 
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to the surface into the gas phase, however, there is a population of 1-propanol molecules that 

are tilted with respect to the interface.  

Using our molecular dynamic simulations we calculated the probability distributions 

of the 1-propanol molecular tilt at the interface. In figure 6 we present these distributions 

for two different depths, 5 and 16 Å, and a 1-propanol concentration range from 0.001 mf to 

pure 1-propanol. In these distributions, the axis is defined as going from the 1-propanol 

oxygen atom to the methyl carbon. The y-axis is the orientation probability parameter, 

P(cos(θ)). It is defined as follows; θ is the angle the defined axis makes with the isosurface 

of the instantaneous interface. A value of cos(θ)=1 means the molecular axis is parallel to 

the surface normal i.e. the methyl group is pointing towards the gas phase. A value of -1 

means the molecule is inverted and the methyl group is pointing into solution. A value of 0 

means the molecule is perpendicular to the surface normal. No matter the concentration of 

1-propanol the most probable distribution is for 1-propanol to be parallel to the surface 

normal, cos(θ)=1. As the concentration is increased the probability of 1-propanol being in 

the parallel orientation is decreased, however, it is still the global maximum. For the 5 Å 

probability distributions there is a higher amount of order at higher concentrations than the 

16 Å distributions i.e. at higher concentrations the value of cos(θ)=1 is higher for 5 Å than 

16 Å. This means the top interfacial layer of 1-propanol is more anisotropic at higher 

concentrations than the subsurface layers. To conclude, the MD simulations show that the 

binary 1-propanol water interface is anisotropic, with most 1-propanol molecules having a 

component of their dipole normal to the interface, however, the total dipole moment is not 

parallel to the interface.  



36 
 

Knowing the dipole moment at the interface is less than the total dipole moment we 

calculated m⊥. To calculate m⊥ we used the experimentally obtained binding energy shift of 

0.53 eV (figure 5) and used a coverage of 4.62x1014 molecules cm-2 obtained from the 

simulations. The coverage was obtained by counting all 1-propanol molecules between the 

instantaneous interface and 5 Å. Using these two quantities and the Helmholtz equation (eq. 

5) the surface dipole of 1-propanol is 0.76 D. A value of 0.76 D suggests the alcohol is tilted 

towards the gas phase at the interface, however, the average tilt is less than perpendicular 

to the interface.  

   

Conclusion 

 Liquid jet photoelectron spectroscopy in combination with molecular dynamic simulations 

was used to characterize the vapor liquid interface of binary solutions of water and 1-propanol. A 

concentration range from 0.001 mole fraction to 0.9 mole fraction 1-propanol was studied. By 

considering the ratio of the Cmethyl 1s  and O 1s photoemission signals we are able to conclude that 

1-propanol forms a monolayer at the surface which saturates at a concentration of approximately 

0.1 mole fraction. At higher concentrations the monolayer structure is conserved and any 

additional 1-propanol resides in the bulk. At a concentration of approximately 0.7 mole fraction 

water is segregated to the surface in a fashion that is similar to 1-propanol at dilute concentrations 

of 1-propanol. Water segregation at these high concentrations of 1-propanol is thermodynamically 

driven by the high density of 1-propanol surface hydroxyl groups.  

 There is a clear surface propensity of 1-propanol at dilute concentrations as evident by our 

molecular dynamic simulations. In addition, at high concentrations of 1-propanol a water 

monolayer forms below the 1-propanol interfacial monolayer. By integrating the density profiles 
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with an exponential decay, to account for inelastic mean free path, we compared the density 

profiles directly with the experiment. There is good agreement between the simulation and 

experiment with both showing rapid surface segregation of 1-propanol at low bulk concentrations 

of 1-propanol, a saturation of the monolayer at approximately 0.1 mole fraction, and the formation 

of a water monolayer under the 1-propanol interfacial monolayer at high bulk 1-propanol mole 

fractions. We suggest that the inelastic mean free path at 150 eV kinetic energy is greater than 2 

Å. Lower inelastic mean free paths lead to less comparability between the simulation and 

experiment.  

 At dilute concentrations of 1-propanol until the saturation of the monolayer a binding 

energy shift of 0.150 eV is observed. Regardless of probe depth, all photoelectrons experience this 

shift. A phenomenon indicative of surface dipole formation. Using the Helmholtz equation and by 

assuming the perpendicular dipole moment at the surface is the total dipole moment of 1-propanol 

we calculated a concentration of 1.0x1014 molecules cm-2.  When we calculated a surface coverage 

of 1-propanol using our molecular dynamic simulations a value of 5.0x1014 molecules cm-2 was 

obtained.  The discrepancy between these two values comes from assuming the perpendicular 

component of the surface dipole is the total dipole moment of 1-propanol. Calculating the tilt 

probability distributions in our molecular dynamic simulations shows that the 1-propanol water 

interface is anisotropic with a majority of 1-propanol molecules having their methyl groups 

pointing away from the bulk. However, the molecules on average are tilted slightly away from the 

interface. By taking the surface coverage calculated from the molecular dynamic simulations and 

the experimental binding energy shift of 0.73 eV a surface dipole of 0.78 D is calculated. Which 

is a factor of two lower than the total dipole moment of 1-propanol. Using photoelectron 
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spectroscopy in combination with molecular dynamic simulations we have characterized the 

vapor-solution interface of aqueous 1-propanol.  
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Figure 2.1: Four photoelectron spectra of 0.5 mf 1-propanol. All spectra are collected 

at a kinetic energy of 300 eV. Two spectra are C 1s and the other two are O 1s. One C 

1s spectrum is a gas phase spectrum. The gas phase spectra are obtained by moving 

the liquid jet away from the focal cross section of the photon beam. The liquid spectra 

are acquired when both the photon and liquid beam overlap.  



43 
 

  

Figure 2.2: The COH/O1s ratio as a function of 1-propanol bulk concentration. Four 

different probe depths (interchangeable with kinetic energy) were acquired. The value of 

the ratio is normalized by using the relative intensities of the pure gas phase spectra. The 

photoelectron features used to obtain the ratio are filled in blue. The inset magnifies the 

low concentration regime where a change in slope occurs.  
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Figure 2.3: Instantaneous interface density profiles of water oxygen (blue), 1-propanol oxygen 

(red), and the methylene carbon adjacent to the hydroxyl carbon (green) over a range of 1-

propanol concentrations. The density value is obtained by normalizing relative to the bulk 

concentration.   
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Figure 2.4: Electron attenuated surface concentrations as calculated by integrating the 

density profiles and convolving with an exponential decay term representing inelastic 

mean free path (equation 1). Five different inelastic mean free paths are used.   
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Figure 2.5: A) Binding energy shift of O 1sliquid is observed for increasing concentrations. 

The left figure shows five  O 1s 1-propanol spectra at different concentrations. Vertical 

lines are added  to show a shift in the liquid O 1s feature. B) The binding energy difference 

between the O 1s liquid and O 1s gas phase water is shown in the upper right graph.  C) 

The spectral widths for the four different excitation energies.    
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Figure 2.6: Tilt probability distributions for 1-propanol with respect to the surface 

normal. The axis is defined from the methyl carbon to the oxygen atom. The left figure 

is the probability distribution for all 1-propanol molecules within 16 Å of the interface. 

The right figure is 5 Å within the interface. Each trace is a different concentration of 

1-propanol ranging from 0.001 mf to pure 1-propanol. The inset shows that the 1-

propanol tilt is isotropic in the bulk.     
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Chapter 3 

 

Title 

Intensity Oscillations in the Photoelectron Spectroscopy of Liquid Solutions and their Impacts on 

Depth Profiling  

 

Abstract 

 Liquid jet photoelectron spectroscopy is frequently used to probe the distribution of species 

relative to the solution interface i.e. depth profiling. An implicit assumption in depth profiling is 

that core level photoemission cross sections of two different chemical forms of the same atom are 

equivalent. Recent photoelectron spectroscopy studies have provided insights into why this 

assumption is not true for certain molecules. In particular, gas phase studies have shown a photon 

energy dependent intensity oscillation in the C 1s cross sections between two chemically 

inequivalent carbons. To complement these previous gas phase studies, as well as to provide 

further insight into what contributes to these  oscillations, we have studied the liquid and gas phase 

C 1s intensity oscillations of three geometrically similar molecules; 2,2,2-trichloroethanol, 2,2,2-

trifluoroethanol and 1-propanol. 2,2,2-Trichloroethanol had the largest intensity oscillations 

followed by 2,2,2-trifluoroethanol and finally 1-propanol. For 1-propanol the oscillations are 

significantly damped by 350 eV photon energy. In comparison, the oscillations for 2,2,2-

trichloroethanol and 2,2,2-trifluoroethanol are significant until 450 eV photon energy. The 

observed amplitude and damping trends suggest that the mechanism of these oscillations is 

photoelectron scattering from the substituent on the second carbon atom. To verify this 

mechanism, we computed the intensity oscillations using the real space multiple electron scattering 

FEFF9 code. When comparing the theory and experiment, it is clear that what contributes to both 

the intensity, and damping of the oscillations, is photoelectron scattering from the substituents on 
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the second carbon atom. Both the theory and experiment show that these intensity oscillations are 

negligible in a photoelectron depth profile experiment provided the system being probed is 

composed of carbon, oxygen and hydrogen, and kinetic energies greater than 100 eV are 

considered.   

  

Introduction 

 What gives photoelectron (PE) spectroscopy its surface sensitivity is the finite inelastic 

mean free path (IMFP) of a propagating photoelectron. In solids the IMFP dependence on kinetic 

energy is well understood as reflected by the so-called universal curve.1 For kinetic energies larger 

than the inflection of the universal curve the probing depth is increased by increasing the photon 

energy. In various synchrotron-based PE experiments the IMFP dependence on kinetic energy is 

often utilized to obtain depth sensitive information. Compared to solids, the IMFP of 

photoelectrons in liquids is still being contested. However, there is evidence that the IMFP 

monotonously increases with kinetic energies greater than 100 eV in liquid solutions.2 Therefore, 

analogues to depth profiling in solid materials, depth profiling liquid solutions is done by 

comparing the relative intensities of distinguishable peaks at different kinetic energies.2–7  

An implicit assumption made in depth profile experiments is that the relative intensities of 

PE peaks are due to varying spatial distributions relative to the surface i.e. molecular orientation 

anisotropy, or a difference in density as a function of distance from the interface. Another way to 

state this implicit assumption is that the photoemission cross sections of two different chemical 

forms of the same element have the same absolute photoemission cross section. For example, in 

depth profiling of 1-propanol, we would assume the methyl, methylene, and hydroxyl carbon 

atoms have the same photon energy dependent C 1s cross section.  
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 It is known that photoemission cross sections deviate from molecular stoichiometry for 

kinetic energies less than 50 eV pass the ionization threshold. In this low kinetic energy regime 

the photoemission cross section is dominated by shape resonances.8 Due to these shape resonances 

and the inflection in the universal curve at 100 eV kinetic energy, depth profiling liquid solutions 

by photoelectron spectroscopy only should consider kinetic energies of at least 100 eV.  However, 

there is now evidence that the C 1s cross sections for certain molecules deviate from molecular 

stoichiometry for kinetic energies greater than 100 eV. In particular, there have been reports of gas 

phase C 1s intensity oscillations for photon energies 100 eV pass the threshold.9,10 Björneholm et. 

al. also measured the photon energy dependent C 1s intensity oscillations of the two C atoms in 

2,2,2-trichloroethanol (TCE) solutions by liquid jet photoelectron spectroscopy.11 Björneholm et. 

al. showed that photon energy dependent fluctuations are present well above 100 eV kinetic 

energy, and therefore these fluctuations must be taken into account when depth profiling liquid 

solutions.  

 The proposed mechanism to account for these intensity oscillations is the same as what 

causes the extended edge to fluctuate in x-ray absorption fine structure (EXAFS) spectra12. In the 

EXAFS picture, the outgoing photoelectron can be imagined as a spherical wave that can be 

backscattered by neighboring atoms. Depending on the wavelength of the photoelectron wave 

(which is connected to its kinetic energy via the de Broglie relation), and the distance between 

nearest neighbor atoms, the backscattered wave may constructively or destructively interfere with 

the outgoing photoelectron wave. In the EXAFS picture, the modulation intensity is related to the 

scattering potential of nearest neighbor atoms. In general, the scattering potential increases with 

the atoms atomic number, Z. For ref. 9 and ref. 11, the molecules that were studied had chlorine 
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substituents which have a higher Z, and therefore a higher scattering potential, compared to 

hydrogen, oxygen, carbon, and nitrogen. 

 These previous studies have provided us motivation to study photon energy dependent 

fluctuations in the C 1s cross sections of liquid solutions. In this paper, we report on the C 1s 

intensity oscillations of three aqueous solutions of geometrically similar molecules; TCE, 2,2,2-

trifluoroethanol (TFE), and 1-propanol. Although the exact geometries of these molecules differ 

due to varying bond lengths, C-Cl is larger than C-F which is larger than C-H, and number of 

substituents on the second carbon, three chlorine atoms for TCE, three fluorine atoms for TFE, 

and one methyl group for 1-propanol, the geometry of these molecules are similar. Therefore, any 

differences in oscillation intensities between the three molecules is primarily due to the substituent 

on the second carbon atom. Our photoelectron spectrometer can also collect both gas and liquid 

phase spectra by moving the liquid beam off and on the focal cross section of the photon beam, 

respectively. The oscillation intensities between both phases are then compared. The impacts of 

these intensity oscillations on depth profiling by photoelectron spectroscopy will be discussed.  

  

Experimental Section 

 Liquid jet ambient pressure photoelectron spectroscopy experiments were done at beamline 

11.0.2 at the Advance Light Source, Lawrence Berkeley National Laboratory. Briefly, the 11.0.2 

end station is housed with a commercial PHOIBOS 150 SPECS near ambient pressure x-ray 

photoelectron spectrometer.13 The spectrometer is made of a series of differentially pumped stages 

connected to a SPECS hemispherical analyzer with a delay line detector. Due to the near ambient 

pressure (~ 0.1 torr) of the analysis chamber both pure gas phase and liquid phase spectra can be 

acquired by overlapping the liquid jet off and on the photon beam, respectively. Solutions were 
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made by diluting 2,2,2-trichloroethanol, 2,2,2-triflouroethanol, and 1-propanol with highly 

demineralized water (18.2 MΩxcm, Millipore Direct-Q) to a concentration of 0.5 M. The three 

solutions were obtained from Sigma Aldrich and had a purity greater than 99 percent. 0.05 M  

NaCl was added to each solution to prevent sample charging during spectral acquisition. The NaCl 

was obtained from Sigma Aldrich and was ACS grade with a purity of higher than 99.9 percent.   

 The liquid jet was manufactured by Microliquids GmbH.14 The solutions were ran through 

a glass capillary with an inner diameter of 25 μm. The capillary outlet forms a liquid beam that 

stays collimated for approximately 2 cm. This liquid beam is overlapped with the synchrotron 

beam to collect liquid phase photoelectron spectra. A more thorough description of the liquid jet 

apparatus can be found in our previous publications. The temperature of the jet was maintained at 

10 oC, and the jet velocity was ~50 m s-1. The polarization vector relative to the liquid beam was 

20o.  We are aware that this is not the magic angle of 54.7o (the angle at which orbital anisotropy 

does not contribute to the cross section).1,15 However, all the peaks measured in the experiment 

were C 1s orbitals whose polarization dependence is negligible compared to the p and d orbitals. 

When acquiring liquid spectra the liquid beam was 0.1 mm away from the analyzer acceptance 

aperture. The diameter of the acceptance aperture is 0.1 mm.    

 Curves were fitted using the peak fitting function in CasaXPS. The background for all 

photoemission lines was Shirley. For the pure gas phase spectra the lines were fitted using a 

Gaussian line shape. To account for final state effects an asymmetric factor was used. For a given 

photon energy, the asymmetry between gas phase lines were constrained to be the same. However, 

the asymmetry was allowed to vary for different photon energies. The amount of asymmetry used 

is photon energy dependent due to the energy dependent photon and analyzer resolution. As 

mentioned prior, to acquire liquid features the liquid jet is moved so that it overlaps with the photon 
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beam. At the Advance Light Source the photon beam focal diameter is larger than the liquid beam 

diameter. This means both gas and liquid phase features are present when the two beams overlap. 

The gas lines present during overlap are constrained to have the same area ratio, binding energy 

shift, and asymmetry as the corresponding pure gas phase spectrum. The liquid lines are fitted with 

a Gaussian shape. No asymmetry is added to the liquid lines. The full width at half max of the 

liquid lines were constrained to be the same for a given photon energy.  

To compare with the experimental data, C1s gas phase intensity oscillations were 

calculated using the real space multiple scattering FEFF9 code.16,17 The FEFF9 code includes self-

consistent potentials, Debye-Waller factors, and uses full multiple scattering effects. Muffin tin 

potentials are used for the scattering potential of each atom. No binding energy shifts were 

calculated, however, the results are relatively insensitive to a binding energy shift except for low 

kinetic energies which were not studied in this work.  

 

Results and Discussion 

In figure 1, liquid C 1s spectra of TCE, TFE, and 1-propanol are shown at the photon 

energies of 593, 413, 383, and 368 eV. The binding energy is calibrated by assigning the COH 

feature to have a binding energy of 292 eV. As previously mentioned, we acquire pure gas phase 

spectra by moving the liquid beam outside the focal cross section of the photon beam. Liquid lines 

are acquired by overlapping the photon and liquid beam. Gas phase lines are present when the two 

beams overlap due to the larger focal diameter of the photon beam compared to the liquid beam.  

For the TCE spectra in figure 1 there are two PE peaks which contribute to the gas phase 

(red lines) and two in the liquid phase (blue lines). In both the liquid and gas phase the higher 

binding energy feature is assigned as the chlorine substituted carbon (CCl), and the lower binding 
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energy as the hydroxyl substituted carbon (COH). The binding energy difference between COH and 

CCl atoms is 2 eV. This binding energy difference is due to the higher electronegativity of chlorine 

versus hydroxyl.  Relative to the TCE gas phase binding energies, the liquid phase binding energies 

are lower by 0.7 eV. This shift between gas and liquid lines is due to the charge screening 

properties of the condensed liquid phase. When photoelectron emission occurs a positive charged 

core hole is produced that can be effectively screened by the liquid due to its dielectric properties. 

The screened charge hole produces the observed shift between the gas and liquid phase. A recent 

detailed discussion of charge hole screening in solutions can be found in Ottosson et. al..18  The 

width in the liquid phase lines is determined by inhomogeneous broadening arising from the 

nonequivalent local surrounding in the liquid. The smaller widths of the gas phase TCE lines are 

due to vibrational, rotational, thermal movement and post collision interaction with Auger 

electrons.19  These gas phase broadening mechanisms produce a width that is on the same order as 

the photon resolution. Therefore, when fitting gas phase peaks a Gaussian, from the finite photon 

resolution, and an asymmetric factor, from natural broadening, are used.  

Similar to TCE, TFE also has two distinguishable C 1s features for both the gas and liquid 

phase; CF and COH. The binding energy difference between CF and COH is 5.3 eV. Compared to 

TCE, TFE has a larger binding energy shift with a value of 5.3 eV and 2 eV for TFE and TCE, 

respectively. This larger shift is due to the larger electronegativity of fluorine versus chlorine. Also 

similar to TCE, core hole shielding produces a shift of 0.7 eV between the gas and liquid TFE 

phases. Due to the combination of a binding energy shift between the two carbon atoms in TFE, 

and final state core hole screening in the liquid phase, the TFE spectra appear as a doublet of 

doublets. For the same reasons as TCE, the gas phase peak width of TFE is smaller than the liquid 

phase peak width.  
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 Finally, the 1-propanol spectra have two resolvable lines for a given phase. One line is 

from the CH2CH3 alkyl chain (CAli), and the other from hydroxyl substituted carbon (COH). The 

binding energy shift between CAli. and COH is 1.4 eV. The binding energy shift between CH2 and 

CH3 is not large enough to be resolved with our current experimental resolution.  For 1-propanol 

the splitting between the gas and liquid phase is 0.7 eV which is again due to charge hole screening.  

The splitting between gas and liquid phase is the same for all three molecules with a value 

of 0.7 eV. What this means is that, within our experimental resolution, the charge hole screening 

effectiveness is the same between all three liquids. However, the binding energy shift within a 

phase is dependent on the electronegativity of the substituent on the second carbon atom. From 

figure 2 it is clear that the magnitude of the shift scales with the electronegativity of the substituent 

on the second carbon. Fluorine has the largest electronegativity followed by chlorine than carbon. 

Thus, TFE has the largest binding energy shift at 5.3 eV, followed by TCE at 2 eV, and finally 1-

propanol at 1.4 eV.  

 Having discussed the spectra of each molecule we now turn our discussion to the relative 

intensities between photoemission lines. For the liquid phase, the intensity of a given feature can 

be written as eq. 1.   

𝐼𝑙𝑖𝑞,𝑛 = 𝑘𝑙𝑖𝑞,𝑛𝜎𝑙𝑖𝑞,𝑛 ∫ 𝜌𝑙𝑖𝑞,𝑛(𝑧) ∙ exp (−
𝑧

𝜆
) 𝑑𝑧           (1) 

In eq. 1 the index n defines a particular emission site (for example COH and CCl in TCE), kliq,n is a 

constant that depends on photon flux and analyzer transmission, ρliq,n is the depth dependent 

density, λ is the kinetic energy dependent IMFP of the electron, z is the distance from the interface 

into solution, and 𝜎𝑙𝑖𝑞,𝑛  is the photoemission cross section. If the vapor-liquid interface is 

considered flat than the integral limits extend from the interface into the depth of the solution. 



56 
 

Conceptually, what the integral is in eq. 1 is the probability that a photoelectron will escape the 

solution without undergoing an inelastic collision. 

𝐼𝑙𝑖𝑞,𝑛 = 𝑘𝑙𝑖𝑞,𝑛𝜎𝑙𝑖𝑞,𝑛𝑃𝑙𝑖𝑞,𝑛             (2) 

The gas phase intensities can be written in the same way.  

𝐼𝑔𝑎𝑠,𝑛 = 𝑘𝑔𝑎𝑠,𝑛𝜎𝑔𝑎𝑠,𝑛𝑃𝑔𝑎𝑠,𝑛             (3) 

In depth profiling we assume any variation in relative intensities between two sites is due to 

unequal spatial distributions of sites relative to the solution interface. In other words, we assume a 

difference in relative intensities is due to a difference between 𝜌𝑙𝑖𝑞,𝑛(𝑧) between two different n. 

For the moment, let us assume that for two different sites (let us call them n and m where n does 

not equal m) have the same spatial distribution. In addition, we can assume that both kn and km 

have the same photon energy dependence. This is because the kinetic energies studied in this paper 

are high enough that the analyzer transmission function does not vary over the length of a C 1s 

spectrum. With these two conditions made the intensity ratio between two different emission sites 

can be written as eq. 4 and eq. 5 for the liquid and gas phase, respectively. 

𝐼𝑙𝑖𝑞,𝑛

𝐼𝑙𝑖𝑞,𝑚
=

𝜎𝑙𝑖𝑞,𝑛

𝜎𝑙𝑖𝑞,𝑚
           (4) 

𝐼𝑔𝑎𝑠,𝑛

𝐼𝑔𝑎𝑠,𝑚
=

𝜎𝑔𝑎𝑠,𝑛

𝜎𝑔𝑎𝑠,𝑚
           (5) 

What eq. 4 and eq. 5 state is that the relative intensities between two sites is the ratio of 

photoemission cross sections. In past depth profiling experiments we have assumed that these 

ratios are based on molecular stoichiometry. For example, in 1-propanol we would assume σAli. is 

twice as large as σOH because σAli. is composed of two carbons (CH2CH3) while σOH is composed 

of one carbon (COH). It is well accepted that for kinetic energies lower than 50 eV eq. 4 and eq. 5 

are invalid because shape resonances dominate the cross section. Therefore, photoelectron kinetic 
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energies lower than 50 eV are usually not considered in depth profiling studies. However, as 

mentioned in the introduction section, photoemission cross sections still contain a photon energy 

dependence for kinetic energies greater than 50 eV pass the ionization onset. This photon energy 

dependence is due to principally two factors. One factor is a decaying overlap between the initial 

state and final state photoelectron wavefunctions. This wavefunction overlap manifest itself as a 

steady decrease in the photon energy dependence of the photoemission cross section.1 The other 

factor is electron scattering from nearest neighbor atoms which oscillates the cross section.12 A 

similar oscillation phenomenon is observed in x-ray absorption spectroscopy which has been 

termed, EXAFS. Previous depth profile studies implicitly assumed that if there were EXAFS-like 

oscillations present in the photoemission cross sections between two emitting sites they would 

oscillate in phase and there relative amplitude would be given by the molecular stoichiometry. For 

example, in TCE it would be assumed that σCl and σOH would oscillate due to photoelectron 

scattering. However, σCl and σOH would oscillate in phase and have the same amplitude, thereby 

making eq. 4 and eq. 5 correct.   

We now address figure 1 with the previous discussion about EXAFS modulations in mind. 

In figure 1 the intensity ratios for TCE and TFE are not near molecular stoichiometry for certain 

photon energies. For instance, TCE has an ICl/IOH ratio of 0.8 for the gas and liquid phase at a 

photon energy of 368 eV. TFE has an IF/IOH ratio of 0.6 for a photon energy of 368 eV for both 

liquid and gas phase. For at least TCE and TFE there is a significant deviation from molecular 

stoichiometry for the photon energies studied in this work.  

In figure 2 we plot the gas and liquid phase ratios for all three molecules as a function of 

photon energy. For all three molecules we show photon energies ranging from 325 to 600 eV. We 

do not show lower kinetic energies because those ratios depend on both analyzer transmission 
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function and shape resonance effects. Starting at photon energies of 325 eV TCE has a ratio of 0.6 

for gas and 0.7 for liquid.  For TCE an amplitude maximum occurs at 360 eV with a value of 1.2 

for the liquid and 0.9 for the gas. This maximum is followed by a minimum of 0.8 for the liquid 

and 0.7 for the gas at a photon energy of 395 eV.  The ratio approaches a value of 0.9 after the 

oscillation at 390 eV. We do note that when comparing the liquid to gas phase the absolute 

intensities of the liquid ratios is greater than the gas.  The origins of this absolute difference 

between gas and liquid phase can either be a systematic bias from peak fitting, or it could be 

scattering due to neighboring molecules in the condensed liquid phase. It is beyond the scope of 

this paper to determine this. The point is that the amplitude maximum and minimum for both 

phases are at the same photon energy, suggesting that the oscillations observed in the liquid phase 

are in at least part due to what causes the gas phase to oscillate. In other words, the observed liquid 

oscillations are not due to the spatial distribution of TCE because the oscillations are also observed 

in the gas phase. Our TCE data is in agreement with Björneholm et. al. TCE experiment.  

Starting at a photon energy of 325 eV, TFE has a CF/COH ratio that is clearly 

nonstoichiometric with a value of approximately 0.6 for both phases. There is an oscillation for 

the gas and liquid phase at 350 eV with a minimum in amplitude of approximately 0.5 for both 

phases. After the oscillation at 350 eV another oscillation occurs at 375 eV for both phases. The 

oscillation at 375 eV produces a global maximum for both the liquid and gas phase ratio with a 

value of 1.1 and 1.0 for the liquid and the gas, respectively. After the global maximum at 375 eV 

a local minimum is observed at a photon energy of 450 eV. Past this local minimum the gas phase 

ratio approaches 0.9 and the liquid approaches 1.1. Like TCE, the oscillation maximum and 

minimum are at the same photon energy for both the gas and liquid phase.   
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 For 1-propanol, the actual CAli./COH ratio has been divided by two so that the stoichiometric 

ratio is one. The reason we divide the actual ratio by two is to compare the relative amplitudes of 

all three molecules which will be discussed later. At a photon energy of 325 eV the gas ratio is 1.2 

and the liquid ratio is 1.3. By 375 eV the gas phase ratio approaches the stoichiometric ratio of one 

and no further oscillations are experimentally observed. For the liquid phase a higher than 

stoichiometric ratio is observable at 430 eV with a maximum value of 1.1 eV. After the 

nonstoichiometric intensity at 430 eV photon energy the liquid ratio approaches the stoichiometric 

ratio of one.  

It is apparent in figure 2 that TCE and TFE have dramatic nonstoichiometric intensity 

fluctuations for the photon energies studied in this work. In addition, the TCE and TFE oscillations 

are higher in amplitude than 1-propanol. The TCE and TFE oscillations also last for much higher 

photon energies than 1-propanol. This behavior can be conceptually understood through the 

EXAFS picture. In the EXAFS picture the scattering potential of the halogens are higher than 

carbon and hydrogen. This larger scattering potential produces the observed nonstoichiometric 

oscillations for TCE and TFE that last for photon energies of at least 450 eV.  The CH3 substituent 

on 1-propanol has a lower scattering potential than chlorine and fluorine. Thus the 1-propanol 

oscillations are not as intense. This was the reason we pursued studying these three molecules. We 

wanted to understand how substituents effect the relative intensities, not the spatial shape of the 

potential which is dependent on the geometrical configuration of the molecule.  

 Returning to the concept of depth profiling. Depth profiling by liquid jet PE spectroscopy 

is based on similar measurements as those in figure 2. To recapitulate, the assumption made in 

depth profiling is that the cross sections of inequivalent atoms of the same element exhibit the 

same photon energy dependence. This would mean the ratios shown in figure 2 are assumed to be 
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stoichiometric for all photon energies considered in the depth profile experiment. It is clear that 

this assumption is invalid for TCE and TFE. If for example this were a depth profile experiment, 

and it was assumed that the cross section between different carbon atoms were equivalent, it may 

be concluded that at the surface both TCE and TFE have their CCl and CF atom oriented 

perpendicular to the interface, respectively. Below the surface layer TCE and TFE would be 

inverted with its COH atom pointing toward the interface. It is difficult to comprehend why it is 

energetically favorable for such a spatial distribution to exist. However, it is clear that the liquid 

phase modulations in TCE and TFE are not due to spatial distribution within the probe depth 

because the gas phase ratios also exhibit the same photon energy dependent intensity oscillations. 

In contrast to TCE and TFE, gas phase 1-propanol intensity oscillations are negligible for photon 

energies greater than 375 eV. Because the 1-propanol gas phase oscillations are negligible at 375 

eV photon energy the liquid ratios past 375 eV are due to a depth dependent spatial density. For at 

least the solution studied in this work (0.5 M 1-propanol) we can conclude that at the interface 

there is a significant population of 1-propanol molecules that have a component of their aliphatic 

carbons pointing normal to the surface. As the probe depth increases the orientation of the alkyl 

chain becomes isotropic with respect to the solution interface. Future manuscripts are being 

prepared to address the 1-propanol spatial distribution.    

 To support our experimental findings gas phase modulations were calculated using the real 

space electron scattering FEFF9 computer program. Figure 3 compares the experimental intensity 

ratios with the FEFF9 calculations. We first note that the agreement between the theory and 

experiment is not exact, however, the general behavior is similar. For TCE the theory has a global 

maximum at a photon energy of 355 eV. The TCE experiment global maximum is at a higher 

photon energy than the theory maximum with a value of 370 eV and 365 eV for the experiment 



61 
 

and theory, respectively. It is difficult to determine the origins of this difference between theory 

and experiment. It could be for example due to the binding energy shift between COH and CCl, or a 

lack of resolution in the experiment. However, it is beyond our objective to determine this. The 

theory and experiment both decrease after 360 eV photon energy, however, the decrease for the 

experiment is more drastic than the theory with the local minimum being 0.8 for the experiment 

and one for the theory. For our highest photon energy of 600 eV the theory gives the stoichiometric 

value of one and the experimental ratio is nonstoichiometric with a value of 0.9. This lower than 

stoichiometric experimental result is similar to the work of Söderström et.al. who measured gas 

phase C 1s modulations of a series of three chlorinated ethanes; CH3CCl3, CH3CHCl2 and 

CH3CH2Cl.9  Söderström et. al. showed that the more chlorinated the ethane is the lower the CCl/CH 

ratio in the limit of high photon energies. Their explanation for these nonstoichiometric values at 

high photon energy was post emission multi electron excitations. These excitations include shake 

downs from interactions with a monopole and inelastic electron scattering due to molecular 

vibrations. The effect of these post emission excitations is to remove intensity from the CCl 1s 

photoemission line and consequently lower the ratio at high intensities. Like Söderström et. al. 

work, we conclude that post emission excitations remove intensity from the CCl  TCE 

photoemission line which leads to nonstoichiometric ratios at high photon energies.  

 For TFE the FEFF9 code reproduces the oscillation at a photon energy of 350 eV. 

Following the oscillation at 350 eV there is another oscillation at 390 eV which the theory also 

reproduces. We reemphasize that the absolute amplitude is not reproduced by the theory, however, 

the general behavior is. Similar to TCE, the measured ratio at a photon energy of 600 eV is 0.9. 

Post emission multi electron excitation channels must also be removing intensity from the TFE C 

1s line. 
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 For 1-propanol the theory and experiment have their global maximum at 325 eV. This 

maximum is followed by another oscillation with a minimum at 360 eV which the FEFF9 code 

reproduces. Following this oscillation at 360 eV there are no significant oscillations in the ratio. 

As opposed to TCE and TFE, in the limit of high photon energies the experimental ratio is near 

molecular stoichiometry. Post emission excitation channels do not remove intensity from the CAli. 

1s line because the excitation cross section for a CH3 substituent is smaller than chlorine and 

fluorine.  

To summarize figure 3, for all three molecules the general behavior of the oscillations is 

captured by the theory, however, the absolute intensity differs. It is clear from both the theory and 

experiment that there are nonstoichiometric oscillations for TCE and TFE that last for photon 

energies of at least 450 eV. In the limit of high photon energies the TCE and TFE ratio approach 

less than molecular stoichiometry while 1-propanol does. In contrast, 1-propanol approaches 

molecular stoichiometry by a photon energy of 360 eV. The FEFF9 code performs the calculation 

for a single molecule in the gas phase. Looking at figure 2, and in particular TCE and TFE, the 

liquid phase ratios oscillate in phase with the gas phase, i.e. their maximum and minimum occur 

at the same photon energy. We therefore conclude that electron scattering is primarily 

intramolecular, and that the geometry of these molecules does not significantly change upon 

solvation.  

 

Conclusions and Impact on Depth Profiling 

 This work provides insights into the general behavior of intensity oscillations in liquid 

solutions. The intensity oscillations for TCE and TFE are significant up until photon energies of 

450 eV. The 1-propanol oscillations are negligible by 360 eV. The general behavior of the intensity 
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oscillations among all three molecules is reproduced by the multiple electron scattering FEFF9 

code. Because of the agreement between experiment and theory we conclude that the intensity 

oscillations are due to electron scattering from neighboring substituents i.e. an EXAFS-like effect. 

In previous referenced studies, it was concluded that intensity oscillations must be taken into 

account in a depth profile experiment. We agree with this conclusion for particular molecules, such 

as TFE and TCE, where the oscillations are present well above 100 eV kinetic energy. For solutions 

composed of “light” atoms such as carbon, oxygen, nitrogen, and hydrogen, these EXAFS-like 

oscillations are negligible. Therefore, EXAFS-like intensity oscillations are negligible in a depth 

profile experiment provided the system being studied is composed of “light” atoms. 
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Figure 3.1 Liquid photoelectron spectra of TCE, TFE and 1-propanol at the photon 

energies of 368, 383, 413 and 593 eV. Gas phase features are also present due to 

the larger focal diameter of the photon beam compared to the liquid beam.  
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Figure 3.2 Measured C 1s intensity ratios for inequivalent carbon atoms in TCE, 

TFE and 1-propanol. For 1-propanol the actual ratio has been divided by two.  



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

350 400 450 500 550 600
0.2

0.4

0.6

0.8

1.0

1.2

1.4  Experiment

 Theory

Photon Energy (eV)

C
C

l/C
O

H

350 400 450 500 550 600
0.2

0.4

0.6

0.8

1.0

1.2

1.4
 Experiment

 Theory

Photon Energy (eV)

C
F
/C

O
H

350 400 450 500 550 600
0.2

0.4

0.6

0.8

1.0

1.2

1.4
 Experiment

 Theory

C
A

li.
/C

O
H

Photon Energy (eV)

Figure 3.3 FEFF9 calculations compared to gas phase ratios of all three 

molecules.  
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Chapter 4 

Title 

Characterization of Aqueous Hexylamine by Liquid Jet Photoelectron Spectroscopy and a 

Preliminary Investigation of CO2 Uptake by a Liquid Jet of Hexylamine 

 

Abstract 

 Utilizing the liquid jet approach, ambient pressure photoelectron spectroscopy 

measurements of aqueous hexylamine in three different pH regimes (at pKa, ~1 unit below and 

above pKa), and two different concentrations (0.01 and 0.03 M) are reported. In the N 1s spectrum 

a binding energy shift of approximately 1.2 eV between the unprotonated and deprotonated 

nitrogen group is observed. The C 1s spectra have a high binding energy shoulder which is due to 

the methylene carbon bonded adjacently to the amine portion of hexylamine. The C 1s binding 

energy difference for the methylene carbon bonded to the amine is 1.1 eV for the unprotonated 

amine and 1.9 eV for the protonated amine. We conclude that the binding energy difference in the 

methylene carbon is a combination of two factors; intramolecular charge induction from the amine 

group and differences in solvation structure for the protonated and unprotonated amine. Depth 

profiling shows the unprotonated amine is more surface active than the protonated by an at least 

an order of magnitude. For solutions near pKa, an enhancement in the surface protonated amine is 

observed as compared to a solution with pure protonated amine. We suggest that the surface 

enhancement in protonated amine at solutions near pKa is due to either a cooperative effect 

between the protonated and unprotonated amine, or rapid proton transfer at the surface. We also 

report on a preliminary investigation of CO2 uptake by a liquid jet of hexylamine.  
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Introduction 

 Aqueous amine solutions are currently the cheapest way to uptake CO2 that would 

otherwise be emitted into the atmosphere1. In coal-based power plants, CO2 uptake involves 

flowing flue gas through an aqueous solution of amine. The amine reacts with CO2 to form a 

variety of products and thereby prevents CO2 from escaping into the atmosphere. CO2 uptake in 

the private sector has been used for nearly 70 years, however, there are some disadvantages to 

removing CO2 by reaction with aqueous amine2. To recover the aqueous amine solution is costly 

due to the high energy cost when CO2 is recovered. There are also several problems associated 

with solvent disposal. In addition, the actual mechanism and energetics associated with CO2 uptake 

by amine is not well understood3. There is a demand for experiments and simulations that probe 

at the molecular level CO2-amine interactions. By understanding the details at a molecular level 

less energy intensive systems can be designed.  

 Although the gas-liquid interface is key to understanding the kinetics and dynamics of CO2 

capture, very few experiments have probed the interface of an aqueous amine solution exposed to 

CO2. Recently, our group has used liquid jet coupled to synchrotron based ambient pressure 

photoelectron spectrometer to probe a solution of monoethanolamine that was bubbled with CO2
4. 

We showed that deprotonated monoethanolamine reacts with CO2 to form carbamate and carbamic 

acid. In this paper we take the monoethanolamine study one step further by probing the gas-liquid 

interface of a dilute solution of hexylamine exposed to CO2. Unlike the monoethanolamine study, 

the liquid jet solution was not bubbled with CO2 gas before spectral acquisition, instead the jet 

itself was exposed to a CO2 gas background. This paper addresses our initial attempts at exposing 

a hexylamine jet to a CO2 background and probing it with photoelectron spectroscopy.  
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Experimental Section 

 Liquid jet ambient pressure photoelectron spectroscopy experiments were done at beamline 

11.0.2 at the Advance Light Source, Lawrence Berkeley National Laboratory. Briefly, the 11.0.2 

end station is housed with a commercial PHOIBOS 150 SPECS near ambient pressure x-ray 

photoelectron spectrometer. The spectrometer is made of a series of differentially pumped stages 

connected to a SPECS hemispherical analyzer with a delay line detector. Solutions were prepared 

as followed. Sigma Aldrich reagent grade purity hexylamine was diluted in highly demineralized 

water (18.2 MΩxcm, Millipore Direct-Q) to a concentration of either 0.01 or 0.03 M. The pH was 

adjusted by adding either 18 M hydrochloric acid or 5 M NaOH and subsequently measuring the 

pH with a calibrated Thermo Fisher pH meter.  

 The liquid jet was manufactured by Microliquids GmbH. The solutions were injected 

through a glass capillary with an inner diameter of 25 μm. The capillary outlet forms a liquid beam 

that stays collimated for approximately 2 cm. This liquid beam is overlapped with the synchrotron 

beam during spectral acquisition. A more thorough description of the liquid het apparatus can be 

found in our previous publications. The temperature of the jet was maintained at 10 oC, and the jet 

velocity was ~50 m s-1. The polarization vector relative to the liquid beam was 20o. We are aware 

that this is not the magic angle of 54.7o (the angle at which orbital anisotropy does not contribute 

to the cross section). However, all the peaks measured in the experiment were C 1s and N 1s 

orbitals at kinetic energies greater than 100 eV. At these conditions the polarization dependence 

can be considered negligible. The liquid beam distance was approximately 0.1 mm away from the 

analyzer acceptance aperture during spectral acquisition. All spectra were fitting in CasaXPS. The 

background for all photoemission lines was Shirley. The binding energy axis was calibrated to the 

O 1s and 1b1 peak of liquid water which has been reported in previous work.  
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 A goal of this work is to depth profile hexylamine by measuring the N 1s to O 1s ratio as 

a function of kinetic energy. In this paper 150 eV kinetic energy is our most surface sensitive 

measurement while 600 eV kinetic energy is considered bulk. To obtain the correct N 1s to O 1s 

ratio a number of corrections were made.  First, photoionization cross sections were corrected. 

Since different photon energies must be applied to produce photoelectrons of the same kinetic 

energy, appropriate photon-energy dependent cross sections were used. Next, the photon flux 

(recorded through electron current in the synchrotron storage ring, and by a photodiode) and the 

transmission of the X-rays through gas phase water and hexylamine were taken into account. All 

these effect, when corrected for yield the N 1s to O 1s ratio of interest. The ratio represents the 

value of water to hexylamine within the probe depth.  

 For the CO2 uptake experiments a Praxair CO2 cylinder (99.99 % purity) was attached to a 

Varian leak valve connected to the liquid jet chamber. When the liquid jet is running the liquid jet 

chamber has a pressure of 0.1 Torr. This pressure is due to a combination of the vapor pressure of 

the liquid jet solution, and rough pumping the liquid jet chamber. Dosing was done by backfilling 

CO2 to a total pressure of 0.2 Torr. During dosing the photoelectron signal decayed by 

approximately an order of one magnitude. As will be shown in the results and discussion section, 

a 0.1 Torr backfill of CO2 results in an exposure on the order of 100 Langmuirs.  

 

Results and Discussion 

Binding Energy Shifts 

 Figure 1 shows three N 1s spectra of three different pH solutions of 0.01 M hexylamine. 

The kinetic energy of these spectra is 300 eV. The pKa of hexylamine is 10.71 and therefore each 

N 1s spectrum represents a different “regime” of protonation. The top spectra with a pH 7.1 can 
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be considered a solution where all the hexylamine molecules have a protonated amine. The middle 

spectrum is near pKa and can be considered a near equal molar solution of unprotonated and 

protonated hexylamine. The bottom spectrum at a pH of 12.9 is a solution where all the hexylamine 

molecules are deprotonated. The protonated species has a binding energy of 406 eV and the 

unprotonated species has a binding energy of 403.9 eV. The binding energy shift between the 

protonated and unprotonated species is therefore 2.1 eV. The N 1s binding energy shift is due to 

the electron withdrawing effects of the extra proton on the nitrogen photoemission site, and of the 

added Colomb charge from the extra proton.  

 Figure 2 displays two C 1s spectra of two different pH regimes of 0.01 M hexylamine.. 

The kinetic energy of these spectra is 300 eV. The top spectrum at a pH of 9.08 is below the pKa 

where all the molecules can be considered protonated. The bottom spectrum is at a pH of 11.91 

and all the molecules can again be considered deprotonated. The fits of the spectra are as follows; 

six Gaussian peaks of equal width and intensity, however, variable binding energy are permitted. 

The resulting line that follows the raw data is the envelope formed by the six fitted Gaussians. 

Without considering the fits it is clear that there is a high binding energy shoulder in both pH 

solution. The shoulder for the lower pH solution extends to higher binding energy compared to the 

higher pH solution. With the fits the high binding energy Gaussian for the pH 9.08 solution has a 

value of 291.8 eV and the pH 11.91 solution has a value of 290.8 eV. The rest of the Gaussians 

for both pH solutions have a value of 290 eV.  

 Our motivation for fitting the spectra in this manner was thinking of each Gaussian peak 

as a carbon atom along the alkyl chain of the hexylamine molecule. Each carbon atom has the 

same photoemission cross section and therefore the same intensity. The width of each individual 

Gaussian in liquid solutions is mainly determined by the local heterogeneous environment sampled 
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by hexylamine molecule as it moves dynamically in solution. Although in theory each carbon atom 

may on average not sample the same environment, and therefore each carbon would have a 

different width, our current spectral resolution is still to low to determine this, and consequently 

each carbon atom has the same Gaussian width. With this being known, we consider the high 

binding energy Gaussian to be the methylene carbon bonded to the amine portion of the 

hexylamine molecule. The high binding energy of the methylene carbon bonded to the nitrogen 

atom is due to a convolution of two factors; charge transfer, and differences in solvation.  

 In the charge transfer picture, the nitrogen atom is more electronegative then the adjacently 

bonded carbon atom. As a result, the nitrogen atom withdraws electron density on the adjacent 

methylene carbon. The nitrogen electron withdrawing effects however only significantly alter the 

partial charge of the adjacent methylene. The rest of the alkyl chain does not experience the 

nitrogen withdrawing effects because they are more than one bond away. Differences in solvation 

can also influence the binding energy. The positively charged protonated hexylamine will on 

average have a different solvation structure than the neutral molecules which will change the 

binding energy. To get a clearer picture of which factor is more dominating an electronic structure 

calculation that incorporates a water solvation shell would have to be performed. 

 

Depth Profile 

 Figure 3 shows the N 1s to O 1s ratio, after adjusting for the aforementioned corrections, 

of three different pH solutions of 0.03 M hexylamine. The top profile is at a pH of 7.91 and 

therefore all the hexylamine molecules are protonated in the solution. The middle solution is near 

the pKa and therefore has a mixture of protonated and deprotonated molecules. The bottom profile 

is at a pH of 12.98 which is over two units above the pKa and therefore all the hexylamine 
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molecules are in their neutral deprotonated state. The x-axis is photon kinetic energy. Our lowest 

kinetic energy measurement, and thus most surface sensitive measurement is 150 eV. Three more 

kinetic energy measurements were made. In order of increasing probe depth the measurements are; 

300, 500, and 600 eV. Also, the N/O ratio can be thought of as the ratio of hexylamine molecules 

to water molecules within the probe depth. Although this value does not represent an exact mole 

fraction, the measured N/O ratio is near the exact hexylamine mole fraction because the bulk mole 

fraction of hexylamine is relatively insignificant compared to water i.e. the bulk mole fraction of 

a 0.03 M solution at room temperature is 2.8x10-2 mole fraction.   

 First, we note that regardless of the hexylamine molecules being protonated or 

deprotonated, hexylamine segregates to the surface. For the pH 10.26 and pH 12.98 solution the 

depth profile returns to its bulk value at a kinetic energy of 300 eV. The acidic pH 7.91 solution 

returns to the bulk by 450 eV. The basic pH 12.98 solution has a N/O value an order of magnitude 

higher than the acidic pH 7.91 solution. With these two facts in mind, the general picture of the 

solution is that basic solutions of aqueous hexylamine have a segregated monolayer at the surface. 

The monolayer structure is such that the aliphatic tail of the unprotonated molecule is directed 

normal to the surface of the solution and the amine portion is facing into the bulk of the solution. 

Below the monolayer is the bulk density of the solution. In the acidic solution there is an 

enhancement at the interface, however, it is more of a concentration gradient than the formation 

of a monolayer. In other words, in the acidic solution there are on average more molecules at the 

interface than in the bulk, however, the protonated molecules at the surface do not form a 

monolayer. We emphasize that in acidic solutions the protonated hexylamine is surface active 

(meaning that on average there are more protonated molecules at the surface than the bulk), 
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however, the surface activity is incredibly small, over two orders of magnitude smaller, compared 

to deprotonated hexylamine which forms a well ordered surface monolayer.  

 In the solution with a pH at pKa, the middle depth profile of figure 3, the solution returns 

to its bulk value by 300 eV. In addition, when dividing the protonated N/O value by the 

unprotonated N/O value one fines that the value is conserved with depth. We also divided the 

protonated N 1s by the unprotonated N 1s peak as a function of kinetic energy for the solutions 

with a pH near pKa (we emphasize that kinetic energy and depth are interchangeable terms in this 

paper).  There is no discernible trend in the N 1s ratio as a function of kinetic energy which means 

the surface pH and bulk pH are the same. We note that to conclusively prove this more beamline 

experiments must be done.  

 Turning back to the conserved protonated to unprotonated N/O ratio as a function of depth, 

two possibilities, or a mix of the two, can make the ratio conserved. Either the number of 

protonated to unprotonated molecules, which is determined by the Henderson Hasselbach 

equation, is conserved. For example, if the pH is such that at the bulk the number of protonated 

molecules to unprotonated molecules is three to four then the number of protonated to 

unprotonated molecules at the surface is also three to four. The other possibility is that the proton 

exchange dynamics occurs rapidly such that one hexylamine molecules can undergo multiple 

proton transfer reactions in a given duration of time. This means that on a time average basis the 

duration of the hexylamine molecule being protonated versus unprotonated is determined by the 

pH relative to the pKa. We do note that in solutions where pH is near pKa two peaks are present 

in the photoelectron spectrum. This means that if proton transfer dynamic are occurring, they are 

occurring on a much slower time basis compared to a photoemission event. Ottoson et. al. 
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discusses proton transfer dynamics and its comparison with the time scale of a photoemission event 

in much greater detail5.  

  

CO2 Uptake  

 Figure 4 shows two N 1s spectrum for a 0.03 M pH 12.2 solution of hexylamine at a kinetic 

energy of 150 eV. The bottom spectrum was acquired with a liquid jet that was not exposed to 

CO2 while the top spectrum is a jet that is exposed to approximately 0.1 Torr of CO2. This 

corresponds to approximately 100 L of exposure before spectral acquisition. In the following 

paragraph we show how we determined the exposure amount.  

 Consider an infinitesimal area unit on the jet surface. The area unit travels from the 

capillary tip to the point of spectral acquisition. The point of spectral acquisition is the point where 

the synchrotron beam interacts with the jet while in the analyzer axis. From when the jet leaves 

the capillary to the point of spectral acquisition is defined as the time of exposure (eq. 1). 

𝑡𝑒𝑥𝑝 =
𝐿

𝑣
               (1) 

Where the length is the distance from the jet to the point of spectral acquisition, and v is the velocity 

of the jet. If the gas is spatially isotropic then the flux onto the area element is eq. 2. 

𝐽𝑧 =
1

4

𝑃

𝑅𝑇
〈𝑣𝑔𝑎𝑠〉                 (2) 

In eq. 2 P is the gas pressure, T is the temperature of the gas, R is the gas constant and vgas is the 

velocity of the gas which can be calculated from the kinetic theory of gases (eq. 3).  

〈𝑣𝑔𝑎𝑠〉 = (
8𝑘𝑏𝑇

𝜋𝑚
)

1
2

               (3) 

In eq. 3 kb is the Boltzmann constant, and m is the mass of the gas. Finally, the coverage is defined 

as the flux of gas over the time of exposure (eq. 4).  
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𝜃 =
1

4

𝑃

𝑅𝑇
(

8𝑘𝑏𝑇

𝜋𝑚
)

1
2 𝐿

𝑣
                   (4) 

Given our parameters; 275 K, jet velocity of 50 m/s, exposure length of 0.2 mm, an exposure of 

approximately 75 L is obtained.  

 Returning to figure 4, after dosing approximately 75 L a small shoulder appears at a binding 

energy range of approximately 404 eV. This binding energy is near that of the protonated amine. 

In a solution of basic hexylamine that is exposed to CO2 the following reaction is at equilibrium 

(rxn. 1): 

2 𝐻𝐴 + 𝐶𝑂2 ⇄ 𝐻𝐴+ + 𝐻𝐴𝐶𝑂2
−                           (1)  

The right product is known as carbamate. In solution it is also in equilibrium with its conjugate 

acid, carbamic acid (rxn. 2).  

𝐻𝐴𝐶𝑂2
− + 𝐻2𝑂 ⇄ 𝐻𝐴𝐶𝑂2𝐻 + 𝑂𝐻−                           (2) 

We hypothesize that the 404 eV shoulder observed in the top spectra in figure 4 is primarily 

carbamate because the solution is high in pH. 

 

 CO2 Uptake Additional Remarks 

 The CO2 uptake experiments were only done for approximately one beamline shift at 

beamline 11.0.2 of the Advance Light Source.  During the shift there were problems in the 

undulator such that the flux was orders of magnitude lower than what we normally use. In addition, 

during the CO2 dose the photoelectron signal drops by an order of magnitude. Although C 1s 

spectra during the CO2 dose were acquired no discernible changes in the C 1s before and during 

dose were observed. This is highly unexpected because the reaction products in rxn. 1 and rxn. 2 

are species with carbon atoms that have a formal charge of +3. It is expected that carbamate and 

carbamic acid would give features a few eV higher than the alkyl chain of hexylamine. Lewis et. 
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al. also did a CO2 experiment where she reacted CO2 with methanolamine. The reaction was not a 

true uptake experiment because she bubbled CO2 through a solution of methanolamine prior to the 

solution being ejected through the capillary. Never the less, Lewis et. al. C 1s spectra show a clear 

formation of the carbamate and carbamic acid analogues after bubbling CO2 through a solution of 

methanolamine4. Our C 1s spectra do not show the formation of these species, however, during 

our time at the beamline we were limited by low photon flux. We suggest that more experiments 

need to be done, primarily collecting C 1s spectra at pH solutions near the pKa, before we conclude 

that CO2 exposure to a jet in hexylamine results in uptake.  

 

Conclusion 

 We have studied aqueous solutions of hexylamine in three different pH regimes by using 

a liquid jet coupled to a synchrotron based ambient pressure photoelectron spectrometer. Both the 

N 1s and C 1s show distinctive binding energy shifts based on weather hexylamine is protonated 

or deprotonated. In particular, by fitting the C 1s spectra to six equal width and equal area gaussians 

we are able to deduce a shift of approximately 0.3 eV in the methylene carbon that is bonded to 

the amine portion of the molecule. Depth profiling the solutions shows that both the protonated 

and deprotonated hexylamine molecule surface segregate. However, the deprotonated molecule, 

in solutions that at least have one pH unit above pKa, have at least an order of magnitude higher 

surface propensity than compared to solutions composed of protonated hexylamine. Interestingly, 

in solutions with a pH near pKa the protonated to deprotonated ratio seems to be conserved with 

depth. This would either suggest some sort of cooperative effect between deprotonated and 

protonated hexylamine, or another ion in the solution such as sodium. Another explanation to the 
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conserved ratio is the rapid deprotonation and protonation that occurs for hexylamine. In other 

words, the timescale of molecular diffusion is much longer compared to proton transfer in solution.  

 We also did a preliminary investigation of CO2 uptake by a jet of hexylamine. With a high 

degree of uncertainty, a high binding energy shoulder appears for high pH solutions exposed to 

CO2. This would suggest CO2 uptake is occurring in these solutions. However, much more work 

needs to be done to conclude this. I emphasize that if the carbamate ion is forming then a carbamate 

peak in the C 1s spectra should result. More experiments need to be done that acquire the C 1s 

peak during a CO2 dose.   
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Figure 4.1: N 1s spectrum of three different pH 0.01 M hexylamine solutions. 

The photon energy is 700 eV. The pH 7.1 solution comprises a peak at 406 eV 

which is due to the protonated nitrogen atom on hexylamine. The pH 12.9 

solution has a single peak with a binding energy 403.8 eV. The nitrogen atoms 

are deprotonated in the pH 12.9 solution. The pH 10.7 solution is near pKa and 

therefore both the protonated and deprotonated peaks are visible.   
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Figure 4.2: C 1s spectrum of two different pH solutions of 0.01 M hexylamine. 

Both spectra are fitted with six gaussian peaks of the same height and width. 

The high binding energy peak is due to the methylene carbon bonded to the 

nitrogen. A pH dependent shift of 0.3 eV in the high binding energy peak is 

observed. The shift is a result of charge transfer from the protonated nitrogen 

to the adjacent methylene as well changes in solvation structure.    
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Figure 4.3: Nitrogen to oxygen ration as a function of photon energy for three 

different pH solutions at 0.03 M. A kinetic energy of 150 eV is our most surface 

sensitive measurement while 600 eV is considered bulk sensitive. Both the protonated 

and unprotonated species segregate to the surface, however, the unprotonated species 

is more surface active than the protonated species by over two orders of magnitude. 

At solutions near pKa the NH3
+/NH2 ratio seems to be conserved with depth. This 

would suggest that in solutions where the pKa is near the pH a cooperative effect 

between the two species is present.  
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Figure 4.4: N 1s spectrum at a kinetic energy of 300 eV. The bottom spectrum is 

0.03 M hexylamine. Only one peak corresponding to deprotonated hexylamine is 

present. When the jet is exposed to approximately 100 L of CO2 a small shoulder 

appears. The nature of this shoulder is discussed in the text.  
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Chapter 5 

Title 

A High Resolution Electron Energy Loss Spectroscopy Study of Hydrogen Sulfide Adsorption on 

W(100)  

 

Abstract 

 Hydrogen sulfide adsorption on W (100) was studied using high resolution electron energy 

loss spectroscopy (HREELS) and Auger electron spectroscopy (AES). Both molecular oxygen and 

hydrogen sulfide adsorption at 160 K follow the same AES adsorption profile. After normalizing 

by AES relativity sensitivity factors we conclude that the number of oxygen atoms and sulfur 

atoms on the surface at 170 K is the same at saturation. At higher temperatures the oxygen surface 

content will increase, however, the sulfur content is constant, indicating that oxygen diffuses into 

the subsurface forming tungsten oxide, but H2S does not. At 170 K a sulfur saturated surface seems 

to inhibit oxygen adsorption, however, oxygen saturation only partially inhibits H2S adsorption. 

Between a temperature of 700 and 1000 K the sulfur content can be removed by annealing in an 

oxygen background, and the oxygen content can be removed by annealing in a H2S background. 

Although the exact mechanism is not clear, we presume the surface oxygen and surface sulfur 

desorb as SO2 by reacting with the background gas. At sample temperatures of 170 K an isolated 

SH mode (also called sulfhydryl) is detected at approximately 2550 cm-1. Therefore, hydrogen 

sulfide dissociates to form an isolated SH group and an accompanying W-H-W group at 170 K. 

Between a temperature of 300 and 500 K the isolated SH group dissociates to form surface S and 

H atoms. No matter the temperature of adsorption a mode at approximately 650 cm-1 is observed. 
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We tentatively suggest that this mode is either the disulfide stretch, or a sulfur stretch associated 

with a site other than the stretch site at 300 cm-1.  

 

Introduction 

 Knowledge of how small molecules adsorb on metal and metal oxide surfaces is important 

in many fields including; catalysis, environmental chemistry, corrosion, and atmospheric 

chemistry. I am interested in how H2S adsorbs on metal surfaces because of its importance in these 

fields.1 For example, H2S is a common poison in many catalytic reactions such as hydrogenation 

(e.g., methanation and Fischer-Tropsch synthesis).2 Although H2S implications in many important 

catalytic, and environmental processes are known there are still relatively few spectroscopic 

studies of H2S adsorption on metals at temperatures below the hydrogen desorption threshold. In 

my present effort, I am using high resolution electron energy loss spectroscopy (HREELS) in 

combination with Auger electron spectroscopy (AES) to characterize H2S adsorption on metallic 

W (100) below the molecular hydrogen desorption threshold.  

 We chose metallic tungsten because of its potential interest in its carbide form. Tungsten 

carbide shows properties similar to that of the platinum group metals.2 In particular, there have 

been numerous studies on both WC and W2C. However, uncertainties exist on how WC and W2C 

will react towards gaseous small molecules such as CO, H2O and H2S. In this paper, we report on 

a currently ongoing experiment on using HREELS and AES to understand how H2S adsorbs on 

metallic W (100).  
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Experimental Section 

 The experiments were carried out in a two stage ion pumped ultra-high vacuum chamber 

with a base pressure of ~1x10-10 Torr. The upper stage contained a single-pass cylindrical mirror 

analyzer (Physical Electronics 10-155) with a coaxial electron gun for Auger electron spectroscopy 

(AES) analysis, a UTI-100C quadrupole mass spectrometer for residual gas analysis, and an ion 

gun for argon sputtering. The lower and upper stage are separated by a μ-metal shield which 

prevents stray magnetic fields from entering the lower chamber. The lower stage contains an LK-

2000 high resolution electron energy loss spectrometer (HREELS).  

 For the AES analysis a 3 kV/1 μA beam was used. Settings on the HREELS were as 

followed; a 8.3 eV kinetic energy incident beam with a beam resolution of ~5-8 meV, and count 

rates in the elastic channel between 30 kHz and 200 kHz. A typical vibrational loss peak in the 

specular geometry has a count rate of 1-10 kHz. All HREEL and AES spectra were recorded at a 

sample temperature of 160 K. Depending on the signal, sample acquisition was from 5 minutes to 

1 hour.  Each HREELS spectrum was normalized with respect to its own elastic peak, and the 

corresponding number of scans.  

 A W (100), 2 mm thick disk (99.999%), 30 mm in diameter, was purchased from Metal 

Crystals and Oxides, Ltd., Cambridge, England. A 0.2 mm thick grove was carved into the outer 

diameter of the disk. Two tungsten wires (0.2 mm) were shaped to sit in the grove and support the 

crystal. The sample was heated by an external power supply which supplied current through the 

supporting tungsten wires. A chromel/alumel thermocouple was spot welded to the side of the 

crystal. With this sample mounting the sample temperature could be ranged from 160 to 1200 K.  

 A clean W (100) was prepared in the following manner. At a sample temperature of 1200 

K 4x10-8 Torr of oxygen was backfilled into the chamber for approximately 5 minutes. This oxygen 
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treatment titrated excess carbon on the W (100) surface. The oxygen was removed by three cycles 

of Ar+  bombardment (sample current 8 μA) followed by a 1 minute anneal to 1200 K after the Ar 

was pumped away. Another cycle of oxygen cleaning followed by Ar+ sputtering and then flashing 

was done a total of three times. The last step was an anneal at 1200 K for 5 minutes in ultra-high 

vacuum. AES and HREELS analysis showed this removed carbon impurites, however, an oxygen 

impurity was still present. We discuss the consequences of this oxygen impurity in the results and 

discussion section.  

 

Results and Discussion 

Auger Electron Spectroscopy 

 Figure 1 shows two AES spectra. The lower spectrum is that of W (100) after being cleaned 

by the aforementioned methods in the experiment section. The peak at 180 and 345 eV both belong 

to tungsten, 500 eV is oxygen, and 265 eV is carbon. The sample temperature while acquiring AES 

was 170 K. This temperature is low enough for the CO from the background to adsorb on W (100). 

Therefore, the carbon and oxygen AES peaks in part are due to background CO adsorption. As we 

will show later the oxygen peak is not completely due to CO, but is also due to residual oxygen 

impurity adsorbed on the W (100) surface. The top AES spectrum was acquired after a 100 L H2S 

exposure at room temperature. A large sulfur peak at 140 eV appears.   

 In figure 2 two oxygen uptake experiments are shown with the top experiment being an 

oxygen exposure done at 170 K and the bottom experiment being done at 1000 K. The oxygen to 

tungsten ratio is acquired by taking the ratio of the 500 eV peak to the tungsten peak at 345 eV. At 

low temperatures of 170 K the oxygen to tungsten ratio is saturated by 2 L with a value of 

approximately 0.25. Also, during exposure CO remains on the surface even at saturation. 
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Moreover, the CO content is constant with oxygen exposure at 170 K. For the 1000 K experiment 

the oxygen saturation is much higher compared to the 170 K experiment with a value of 

approximately 4.2. We suggest that at higher exposure temperatures a film of tungsten oxide is 

being formed. Another observable is that unlike the low temperature oxygen exposure, CO will 

not adsorb on a saturated oxygen surface made by exposure at 1000 K. In the supplemental figure 

section of this paper you can also find the accompanying HREELS experiment, i.e. taking 

HREELS as a function of oxygen exposure at a temperature of 170 K and 1000 K. Previous studies 

have investigated the oxygen-W (100) system in detail using HREELS.  

 Figure 3 shows a sulfur uptake profile at 170 K. The sulfur to tungsten ratio was made by 

taking the sulfur peak at 140 eV and dividing by the tungsten peak at 345 eV. Similar to oxygen 

adsorption at 170 K, H2S adsorption saturates by 2 L. The sulfur signal saturates art a value of 

approximately 18. By using the Auger relative sensitivity factors for sulfur and oxygen against 

tungsten it is clear that the number of sulfur atoms and oxygen atoms adsorbed at 170 K is the 

nearly the same.  The evidence does suggest that sulfur and oxygen to some extent competitively 

adsorb on the same W (100) site. We also note that the CO content is conserved similar to the 

oxygen adsorption experiment at low temperature. Replicate AES experiments need to be done to 

conclusively prove that the sulfur content and oxygen content have the same surface coverage at 

170 K at saturation.   

 As mentioned previously the AES data suggest there is competitive adsorption between 

oxygen and sulfur at 170 K. With that in mind we prepared an oxygen saturated W (100) surface 

by adsorbing 10 L of oxygen on a clean W (100) surface at 170 K. We subsequently adsorbed 100 

L of H2S on the oxygen saturated surface. Figure 4 shows the results. The top AES spectra are the 

beginning of the experiment with the bottom spectra being a clean background, and the spectrum 
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above that being a surface with a saturated oxygen layer. With a 100 L H2S exposure at 182 K 

some sulfur is adsorbed. Another 100 L H2S exposure at 300 K enhances the sulfur signal. We 

suggest that the enhancement is due to the lack of CO on the surface at 300 K. What is also 

interesting is that a fully saturated oxygen surface only partially inhibits H2S adsorption i.e. there 

is still adsorption of H2S on a fully saturated oxygen surface, however the sulfur coverage is less. 

A possible explanation to the partial inhibition of sulfur adsorption is that H2S adsorbs to both sites 

which oxygen does and does not adsorb. More detailed experiments are needed to conclude this.  

 At higher exposure temperatures than 300 K the sulfur intensity does not increase. 

However, between an exposure temperature of 700 and 1000 K the oxygen Auger peak vanishes. 

We interpret this as sulfur reacting with surface oxygen and consequently desorbing as SO2. Future 

experiments could look at the SO2 desorption process in greater detail. We suggest that making a 

coadsorbed layer of H2S and oxygen and doing temperature programmed desorption would be a 

fantastic way to understand the mechanism of the SO2 desorption process. Similar to figure 4, 

figure 5 shows an Auger profile but instead of an oxygen saturated surface the surface is now 

saturated with sulfur. At oxygen exposure temperatures of 300, 500 and 700 K the surface does 

not lose any sulfur content. Not until a temperature of between 700 and 1000 K does oxygen react 

with sulfur to desorb as SO2. Figure 5 and figure 4 complement each other in that they both show 

SO2 formation at temperatures between 700 and 1000 K. At this time, it seems that a sulfur 

saturated surface inhibits molecular oxygen adsorption, however, improvements in AES sensitivity 

toward oxygen need to be made before making this conclusion. In the future, we will do 

experiments that intentionally increase oxygen AES sensitivity while dosing H2S.  

 

High Resolution Electron Energy Loss Spectroscopy 
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 Figure 6 shows electron energy loss spectra for a 1 L dose of H2S at 170 K followed by 

annealing for 1 minute at 300 then 500 K. The beam energy is 8.6 eV, in a specular scattering 

geometry with a scattering angle of 30o (as defined by the angle made between the surface and the 

electron beam) and a resolution of 66 cm-1. The black bottom spectrum was taken immediately 

after the sample was cleaned. Three peaks are present; the 2000 cm-1 is the CO stretch, 420 cm-1 

is the CO frustrated stretch, and the 680 cm-1 is due to an oxygen impurity phonon. After a dose 

of 1 L H2S spectrum multiple peaks are observed. First, a peak at approximately 2550cm-1 appears. 

This peak has a frequency close to the gas phase H2S symmetric stretch and therefore we conclude 

it is an SH stretch. It is difficult to conclude that this mode is the SH stretch of dissociated H2S, 

known as sulfhydryl, or due to molecularly adsorbed H2S. Most of the evidence suggest that the 

mode belongs to isolated sulfhydryl. Yi et. al. studies H2S adsorbed on GaAs and concluded that 

the 2550 cm-1 is the isolated SH stretch.3 In addition, Fisher et. al. used photoelectron spectroscopy 

to conclude that H2S dissociates to surface hydrogen atom plus SH at temperatures of 170 K on W 

(100).4 Our experiment also suggests the mode at 2550 cm-1 is of isolated SH groups. In particular, 

the red spectra in figure 6, as well as figure 7 and 8 show a low energy loss tail on the mode at 

2550 cm-1.  The low energy loss tail is probably due to molecularly adsorbed SH stretch. This is 

also in line with Yi et. al.  experiment. We therefore conclude that at 170 K H2S adsorbs as a 

combination of molecular H2S and isolated SH groups. Two other modes appear when 1 L of H2S 

adsorbs at 170 K. A mode at 300 cm-1 which belongs to the tungsten sulfur single bonded stretch 

and a mode at approximately at 700 cm-1 which appears as a high energy loss shoulder on the 

oxygen phonon mode. The nature of this mode is discussed later in the paper.   

 Figure 7 shows an exposure profile for H2S adsorption at 170 K. The peak at 3000 cm-1 is 

the C-H stretch which comes from a small amount of hydrocarbon during dosing. It is clear that 
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H2S adsorption is saturated by 1 L which is in agreement with the AES profile of figure 3. Figure 

8 shows the evolution of the SH stretch mode with temperature. The annealing was done by heating 

the sample to the desired temperature and holding the sample temperature for one minute.  At 300 

K the SH mode loses intensity but does not completely disappear until 500 K. Interestingly, CO 

adsorption is also inhibited after the 500 K anneal. It has been shown in TPD spectra that hydrogen 

desorbs at temperatures below 500 K, however, the sulfur surface content is still conserved as 

shown by our AES data. Therefore, what is responsible for the CO adsorption is the sulfur atoms 

themselves. What we propose is a mechanism by which the number of sulfur-tungsten bonds, on 

a per sulfur atom basis, is increased when annealing pass 300 K. For example, when H2S adsorbs 

at 170 K a combination of molecularly adsorbed H2S and sulfhydryl exist on the surface. At this 

170 K state each sulfur atom has made one bond to a tungsten atom. When annealing to higher 

temperatures the hydrogen desorbs and the number of bonds sulfur makes with the W (100) surface 

is increased. On a sulfur atom basis, one sulfur atom may make a bond with two or three tungsten 

atoms thereby blocking CO adsorption on the W (100) surface.  

 Now we turn our attention to the 650 cm-1 mode. We first note that this mode has been 

discussed in the literature before, however, no one has given a conclusive assignment to it. Zaera 

et. al. and Koestner et. al. argue that this mode belongs to the SH bend, however, I disagree due to 

this mode being observed at temperatures of 1000 K, well pass the hydrogen desorption 

threshold.5–9 Figure 9 shows the evolution of the 650 cm-1 mode with H2S exposure at 1000 K. We 

first note that by 1000 L exposure the 546 cm-1 has vanished. As shown in figure 4, exposing the 

surface to H2S at 1000 K removes oxygen by forming SO2. We therefore conclude that the 546 

cm-1 mode is due to an oxygen impurity. At low exposure levels the 650 cm-1 mode increases 

(probably linearly) in intensity. However, at higher exposures the 650 cm-1 mode decreases and is 
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not even detectable by 1000 L. In future experiments we plan on quantifying the 650 cm-1 intensity 

as a function of exposure.  

 We continued interrogating the 650 cm-1 mode by doing angle resolved experiments. 

Figure 10 and 11 show the results of taking spectra as a function of angle. In figure 10 we show 

each of the spectra at different angles. Each spectrum is normalized by its own zero loss peak at 

the particular scattering geometry. We note that it would be impossible to observe all spectra at 

the same time without normalization because the elastic intensity varies over five orders of 

magnitude depending on angle. For example, at specular scattering geometry the elastic intensity 

is approximately 100,000 CTS whereas as at an angle of 42 the intensity at zero energy loss is 

approximately 100 CTS. Figure 11 shows the absolute intensity of the zero loss peak as a function 

of angle and the mode at 650 cm-1 also as a function of angle. We first note that the 650 cm-1 mode 

frequency does not vary with angle i.e. the 650 cm-1 mode is dispersionless. This indicates that 

either the sulfur-sulfur interaction is negligible or a well-defined sulfur over layer has not formed. 

Future experiments plan on using low energy electron diffraction to answer this question.   In 

figure 11 the absolute intensity of both the elastic peak and 650 cm-1 mode follow the same profile. 

They both peak in the specular geometry and decrease in intensity as the scattering angle is moved 

away from the specular geometry. This behavior is indicative of dipole scattering. The 650 cm-1 

mode is therefore a dipole active mode and its motion has a change in dipole moment perpendicular 

to the surface.  

 The 650 cm-1 has also been observed in other studies where it was concluded the mode was 

the bend of the surface sulfhydryl groups. Our data suggest that the 650 cm-1 is not the sulfhydryl 

bend because it is observed at temperatures as high at 1000 K. At these temperatures all the 

hydrogen has desorbed off the surface leaving a sulfur tungsten over layer. In other words, if the 
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650 cm-1 mode belonged to the sulfhydryl bend then the SH stretch would also be observed which 

is not the case. We suggest two possibilities for the mode assignment; a stretch of a bridge bonded 

sulfur species, or a disulfide stretch. We first discuss the bridge bonded case then the disulfide 

stretch case.  

 For a bridge bonded sulfur species, we imagine an exposure regime in which at low 

coverages a combination of bridge bonded and on top sulfur exist. The on top mode would have a 

frequency of 300 cm-1 and the bridge bonded stretch would have a stretching mode at 650 cm-1. At 

higher coverages the lowest energy configuration would be a surface with all of its sulfur atoms 

bonded in the on top manner. Hence the 650 cm-1 mode would initially increase with coverage 

then decrease at higher coverages which is what is observed. However, the bridge bonded sulfur 

atoms would have two other modes that are not dipole active, but impact active. The impact active 

modes should be visible in the off specular geometry spectra, however, we do not observe any 

other modes in the off specular geometry. 

 The other possibility is the formation of sulfur-sulfur bonds at low coverage regimes. It is 

known that sulfur containing amino acids have disulfide stretches around 750 cm-1. A 100 cm-1 

shift due to adsorption on the surface is not impossible. At higher regimes the sulfur-sulfur bond 

breaks and two on top species could result.  

 

Conclusion 

 AES and HREELS were used to study H2S adsorption on a W (100) surface. AES uptake 

profiles showed that both molecular oxygen and H2S share the same profile where both saturate at 

a value of approximately 2 L exposure at an adsorption temperature of 170 K. The number of 

sulfur and oxygen atoms on the surface are the same at saturation according to normalization by 
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using relative sensitivity factors. At higher adsorption temperatures a tungsten oxide film forms 

when dosing molecular oxygen. However, unlike molecular oxygen, the H2S saturation value 

seems to be independent of adsorption temperature. When annealing in an H2S background any 

surface oxygen seems to be removed by annealing temperatures of at least 500 K. The vise versa 

is also true; annealing in an oxygen background remove surface sulfur. Presumably, SO2 is a 

product of the removal process. TPD experiments that observe the SO2 signal of a surface 

coadsorbed with both H2S and oxygen are suggested.   

 HREELS shows that at an adsorption temperature of 170 K a combination of molecular 

H2S and sulfhydryl is formed. By 300 and 500 K molecular H2S and sulfhydryl decompose to 

produce surface sulfur and hydrogen atoms. This process inhibits CO adsorption. The sulfur atoms 

inhibit CO adsorption because hydrogen desorbs off W (100) by temperatures before 500 K. A 

mode at 650 cm-1 is observed. The mode initially increases in intensity with exposure then 

decreases in intensity starting around 500 L exposure. Future experiments will look at the 650 cm-

1 intensity as a function of exposure. The absolute intensity of the 650 cm-1 mode as a function of 

angle shows that the mode is dipole active. We suggest the 650 cm-1 mode to be either a disulfide 

stretch or a sulfur stretch that belongs to the bridge bonded configuration.  
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Figure 5.1: An example AES spectrum of 100 L H2S exposure to a clean W 

(100) surface.  
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Figure 5.2: Two oxygen uptake profiles; the top profile was done at 170 

K while the bottom was done at 1000 K. The 170 K profile saturates by 

a value of 2 L and has an O/W ratio of 0.24 at saturation. The oxygen 

uptake at 1000 K was done logarithmically. The number at the end of the 

spectrum is the exposure amount for that spectrum. The number is not 

cumulative. The O/W ratio at saturation (as measured by the 1000 L 

exposure spectrum) is 4.2. The higher O/W ratio for the 1000 K as 

compared to the 170 K exposure is indicative of metal oxide film growth.   
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Figure 5.3: Sulfur uptake profile at 170 K. Similar to oxygen uptake at 

170 K, the sulfur uptake saturates at a value of 2 L.  
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Figure 5.4: AES profile of an oxygen saturated W (100) surface exposed to 100 L 

of H2S at increasing temperature increments. Between 500 and 1000 K the oxygen 

was removed by reacting with H2S and desorbing as SO2.   
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  Figure 5.5: AES profile of a sulfur saturated surface exposed to 100 L 

of oxygen. The sulfur saturated surface was prepared by dosing 10 L 

of H2S at 170 K. Between 700 and 1000 K the sulfur on the W (100) 

surface reacts with oxygen and desorbs as SO2.  
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  Figure 5.6: HREELS spectra of 1 L H2S dose at 170 K. In the 

background spectrum three peaks are present; a CO stretch at 2000 cm-

1, CO frustrated translation at 420 cm-1, and a peak at 600 cm-1 which 

is assumed to be a tungsten oxide phonon. The red spectrum is after a 

dose of 1 L H2S. In addition to water and hydrocarbon, the source of 

these two species are discussed in the text, many modes that belong to 

H2S are observed including; SH stretch at 2600 cm-1, a mode at 680 cm-

1 which appears as a shoulder to the oxygen phonon, and a tungsten 

sulfide stretch at 380 cm-1.   
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  Figure 5.7: HREELS H2S exposure profile. By 0.1 L a SH stretch is 

visible at 2600 cm-1. The 2600 cm-1 mode is of isolated SH. The 

molecular mode has been reported in other literature to be lower in 

frequency with a value of 2400 cm-1.  
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Figure 5.8: HREELS temperature profile of a 100 L dose of H2S 

at 180 K. By 500 K the SH mode has disappeared.  
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Figure 5.9: HREELS exposure profile of the 650 cm-1 mode. All doses 

were done at 1000 K sample temperature. By 0.3 L the 650 cm-1 appears 

as a shoulder on the 546 cm-1 oxygen phonon mode. The 650 cm-1 mode 

increase in intensity while the 546 cm-1 mode decreases in intensity. 

Between 100 and 1000 L both the 546 and 650 cm-1 mode vanish. Two 

possibilities for the mode are a disulfide stretch, or a sulfur stretch in an 

adsorption site that is different than the 350 cm-1 adsorption site.    
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  Figure 5.10: HREELS angular spectra of a 10 L H2S dose at 1000 K. 30o is in 

the specular configuration. The beam energy is 8.6 eV. The peaks are normalized 

relative to the zero loss peak at the specific scattering geometry.  
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Figure 5.11: Absolute intensity of the elastic peak and the 690 cm-1 mode. 

Both modes peak in intensity at the specular geometry and decay with 

angle. The 690 cm-1 mode is a dipole active mode since it has a similar 

angular dependence to the elastic peak 




