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The research which will be presented on the combination of Raman spectroscopy 

with an ultrahigh vacuum (UHV) environment. The data show that UHV Raman 

spectroscopy is a useful analytical technique for modeling electrochemical interfaces 

Raman spectroscopy and x-ray photoelectron spectroscopy (XPS) were utilized to study the 

surface chemistry of 1-butanol and thiophenol. These molecules were studied on coldly-

deposjted and annealed Ag films grown in the UHV environment. Surface Raman studies 

of molecules adsorbed on coldly-deposited Ag films are abundant, because these films 

support significant surface Raman enhancement. However, recent advances in 

instrumentation make studies at relatively unetihancing annealed Ag films possible. 

Roughness and surface enhancement factors for coldly-dejx)sited and annealed Ag surfaces 

were investigated using thiophenol. In addition, a conection factor was determined which 

allows data acquired in the UHV environment to be directly compared to data acquired in 

the laboratory ambient. 
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Butanol orientation was studied at these Ag surfaces using Raman surface selection 

rules. The orientation of butanol is dictated by the solid-vacuum interface and the unique 

surface morphology present at these surfaces. Br and Na ions were used to model the 

interaction of butanol with electrolyte species found in normal electrochemical systems. 

The coverages of Br and Na were calibrated using XPS. The orientation of butanol was 

determined for varying coverages of these ions and compared the bare Ag surfaces. My 

research represents the first stages of modeling the electrochemical double-layer in the UHV 

environment using Raman spectroscopy. 
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CHAPTER I 

INTRODUCTION 

This dissertation explores the development of a model for the electrochemical 

double-layer in the ultrahigh vacuum (UHV) environment. This chapter will focus on the 

background of the double-layer, the use of Raman spectroscopy to probe these interfaces, 

progress in the modeling of these interfaces, the enhancement mechanisms and enhancement 

factors for the surfaces used in vacuum, and the subsequent experiments required in order 

to model these interfaces in vacuum. 

THE ELECTROCHEMICAL DOUBLE-LAYER 

The electrochemical double-layer is a fundamental concept in electrochemistry. Any 

time that a surface is in solution and is undergoing any electrochemical processes, an 

electrochemical double-layer will be present at the surface. The electrochemical double-

layer is important in that all electrochemical processes occur in this finite region, including 

electron transfer, corrosion, catalysis and energy conversion. Therefore, it has been of great 

interest that the structure of this interface be understood at a molecular level. The pursuit 

of this goal has been a main focus of this laboratory for many years.'"' '"^ '"^ '""'^ '"® ' 
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Figure 1-1 shows a typical three electrode electrochemical cell held at a negative 

potential with the use a potentiostat. A blow up of the working electrode surface shows a 

picture of the electrochemical double-layer. The make-up of the double-layer has been 

theorized for many decades and is referred to as the Gouy-Chapman-Stem model of the 

electrochemical interface. A more detailed picture of the double-layer is shown in figure 

1-2, and this electrochemical interface is thought to be made up of three distinct layers. The 

first layer, referred to as the inner Hemholtz plane (IHP), contains either a complete layer 

of solvent molecules at the surface (Figure 1-3) or it contains solvent molecules with 

specifically adsorbed ions (Figure 1-2). The IHP is at a distance x, from the surface. The 

second layer, referred to as the outer Hemholtz plane (OHP), represents the plane of closest 

approach for solvated cations in solution. This layer is at a distance Xjfrom the surface, and 

limits catiomc interactions with the surface to long range electrostatic forces. The solvated 

cations are referred to as nonspecifically adsorbed ions. These two layers make up the 

structure of the double-layer. The region (layer 3) that extends into solution from the OHP 

is referred to as the diffuse layer. The diffuse layer can extend into solution up to 300 A for 

solutions that have concentration near 10'^ M,' '° but generally it is much smaller than this. 

The structure of the double-layer limits the approach of electroactive species, that 

are not sp)ecifically adsorbed, to the OHP. Therefore, the potential that these species 

experience is less than the potential that they would experience at the surface. In fact, there 

is a significant potential drop between the surface and the OHP, compared to the potential 

felt throughout the diffuse layer. A diagram of this potential drop is shown in figure 1-4. 
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The potential felt by an electroactive species at the OHP is the difference between the 

potential drop in solution and the potential applied at the electrode. This potential value is 

represented by <t>2 - <|>®, and represents the potential drop across the diffuse layer. For a 0.1 

M NaF solution this potential drop is -0.021 V at E = -0.55 V vs. SCE.When considering 

electrode reaction kinetics, these double-layer effects can sometimes be neglected, other 

times they cannot. 

One the other hand, one cannot forget about the existence of the double-layer 

capacitance, and the charging current present during electrochemical experiments. In fact, 

for solutions with very low concentrations of electroactive species, the charging current can 

b e  m u c h  h i g h e r  t h a n  t h e  f a r a d a i c  c u r r e n t  f o r  t h e  r e d u c t i o n  a n d  o x i d a t i o n  r e a c t i o n s . A n  

electrochemical cell can be illustrated as an electrical circuit involving a resistor and a 

capacitor in series. The resistance is generated by the solution, and the capacitance is due 

to the double-layer. The double-layer represents one side of the capacitor and the charge in 

the electrode surface represents the other. There is also capacitance due to the diffuse layer 

which cannot be neglected, and the capacitance of the entire interface can be represented as 

the sum of the capacitance of the double-layer and the diffuse layer (See top of Fig. 1-4). 

It can be seen that the double-layer plays an important role in the electrochemistry 

that occurs at a surface. The capacitance and its charging effects are important, as well as 

the potential drop across this finite region (10 A). All of these properties of the double-layer 

are influenced by the structure of the double-layer at the molecular level. To help in 

understanding the structure of the double-layer a model electrochemical double-layer will 
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Figure 1-4 Potential ((j)) profile across the double-layer region. Also shown is the 
capacitance (C) of the compact layer (H) and the diffuse layer (D). 
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be grown in the UHV environment and probed using surface Raman spectroscopy to deduce 

its structure at the molecular level. 

SURFACE RAMAN SPECTROSCOPY 

Since intense surface Raman spectra were first obtained by Fleischmann et al.in 

1974 surface enhanced Raman spectroscopy (SERS) has been used to probe molecular-

surface interactions at rough surfaces. These large intensities were determined to be from 

some type of mechanism other than just an increase of surface area by Van Duyne'"'^ and 

Creighton'"'^ independently in 1977. The SERS effect was determined to be most prominent 

for the coinage metals of Ag, Au and Cu, although other metals have been used to date (Li, 

Na, AI, Ga, In, yZn, and Cd). There are six main types of surfaces that can be generated 

to produce the SERS effect on these surfaces. Electrode surfaces can be put through one or 

more (I) oxidation-reduction cycles (ORC) that produce a non-uniformed rough surface. 

Vapor deposited metal surfaces can be used to either produce (2) island films or (3) coldly-

deposited films. The first being relatively smooth and the former being poms and rough, 

both of which will be discussed in further detail below. (4) Lithography can be used to 

either produce spheroid assembles by evaporating silver on SiOj posts'"'^ or to produce (5) 

metal gratings. ' (6) Metal colloids can be produced by the reduction of a metal salt in 

solution. Other surfaces can be created by ion bombardment in vacuum,' '^ mechanical 

polishing,' " and acid etching. Once SERS was discovered it was important to understand 

the mechanism behind the large enhancements observed. 
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The are two types of enhancements that contribute to the large signals observed in 

SERS, and they are due to an electromagnetic enhancement (EM) and a charge transfer (CT) 

enhancement or chemical effect. These enhancement mechanisims will be discussed briefly, 

refer to the sources cited for a detail description. The basic EM model of SERS' " '-2"-

2^.1-23.1-24 jjjg surfaces mentioned above have submicroscopic surface roughness 

features that respond to the electromagnetic waves incident on the surface. These roughness 

features are considering to be small metal ellipsoids with adsorbed molecules adjacent to 

them. The dipoie moment induced in the adsorbed molecule is due to both the incident field 

and the field elastically scattered by the metal ellipsoid.'"^' When the ellipsoid is smaller 

than the wavelength of light, the scattered field becomes much more intense when the 

frequency of light becomes resonance with the surface plasmon. This concentrates the field 

just outside of the ellipsoid, increasing the radiation of the dipoie at both the elastic and 

inelastic frequencies. The Raman scattering field will be resonant with the surface plasmon 

of the metal ellipsoid causing the field scattered by the ellipsoid to be unusually large. 

Therefore, a large SERS intensity will be observed for a molecule adsorbed adjacent 

to these metal ellipsoids under certain conditions. One, that the particle size must be smaller 

than the wavelength of li^t, the excitation frequency must be close to the surface-plasmon 

resonance condition, and the molecule must be close to the surface. It has been shown 

theoretically that the smaller the particle size the larger the enhancements, greater than 10®, 

even though nonlocality of the dielectric constant may limit these values by 2-3 orders of 

magnitude.The aspect ratio (width to length) of these metal ellipsoids also influences 
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the energy of the surface-plasmons. The closer to unity, the higher the plasmon energy. 

The incident wavelength can be adjusted to match the surface-plasmon to increase the SERS 

signal. The EM model does a very good job in explaining the large enhancements due to 

SERS, but it does not always explain certain experimental observations. 

Experimental discrepancies arise from differences in Raman signal from molecules 

with identical Raman cross sections. Equal coverages of CO and Nj do not produce the 

same Raman signal intensity, a 50 fold difference. Also, there is a frequency shift of 28 cm ' 

for CO and only a 2 cm"' shift for This difference in intensity could not be explained by 

different adsorption orientations. These discrepancies were also observed for different 

vibrations in molecules that were not intense in the bulk phase. The EM theory predicts 

a uniform enhancement for all of the vibrational modes of a molecule. Another theory that 

explains these observations is from a charge transfer (CT) mechanism of SERS. 

The CT theory of SERS involves the adsorption of molecules to sites of atomic scale 

roughness (ASR) features and involve electronic resonance/CT. These ASR features can be 

as small as an adatom or a cluster of five to six atoms. Electron-hole pairs are created at 

these sites, which help to couple the excited electrons into the adsorbate vibrations. 

The CT theory of SERS involves a photoassisted charge transfer between the metal and the 

adsorbate. Upon adsorption to these ASR features there is a broadening and shifting of the 

energy levels of the molecule. In essence the HOMO-LUMO transitions are now accessible 

in the adsorbed molecule, and can now be in resonance with the laser photon and the metal.'' 

30,1-31.1-32.1-33 possible for CT to occur in the opposite direction, from the molecule 
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into vacant Fenni levels of the metal, m 

The actual contributions of each mechanism to the overall SERS signal has been 

deliberated for many years. It is believed that the EM contributions are on the order of 10"'-

Iqs '-37 while the CT contributions are 10' -10^ When both of these mechanism are 

functioning together, for a metal adsorbate system, the enhancements can be as high as 10 

With these large enhancements originating from a variety of easily generated surfaces, 

mentioned above, it is easy to see why SERS has become a dominate analytical surface 

technique. With these large enhancements and the surface selection mles of Raman 

spectroscopy, new areas of surface chemistry can be explored. Using these tools the 

electrochemical double-layer will be investigated using Raman spectroscopy in the UHV 

environment. 

Surface enhanced Raman scattering (SERS) has been a powerful tool for the 

characterization of molecules at metal surfaces. Previous work in this laboratory has 

focused on the use of SERS for the study of immersed and emersed interfaces at Ag and Au 

electrodes using nonaqueous electrochemical systems. An extensive series of alcohol 

solvents,'"' '"^ ''^alkanethiols,organosilanes and aromatic 

molecules'"" " '"*^have been well characterized using this approach. Collectively, the 

results of these studies have demonstrated that a wealth of detailed molecular information 

is available about solvent orientation and electrolyte structure in these systems as a fimction 

of electrode potential. 

Raman spectroscopy possesses several desirable characteristic that make these 
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surface studies feasible. Raman spectroscopy is a molecularly specific and molecularly 

selective vibrational tool, and the resolution in Raman spectroscopy (2 cm ') enables 

complex chemical systems to be studied. There are several advantages of Raman 

spectroscopy in that water is a very poor Raman scatterer, and that information in the 

fingerprint region, from 100 to 800 cm ', is easily accessible. This spectral region contains 

valuable information concerning adsorbate-metal interactions, including the adsorption of 

anions at the surface.The main disadvantage of Raman spectroscopy is that it is a 

very weak phenomena. For every incident photon, only ca. 10"® - 10^ signal photons are 

produced for a strong Raman scatterer. Thus, acquiring Raman spectra can be difficult, 

especially under experimental conditions such as the vacuum environment. 

There are two types of surface Raman spectroscopy, either surface enhanced Raman 

sijectroscopy (SERS) or surface unenhanced Raman spectroscopy (SUERS). As mentioned 

above, large SERS signals can be generated by roughening the surface. These SERS 

surfaces are rough and usually have poorly defined surface morphologies. SUERS type 

surfaces are nonenhancing and are close to atomically flat, or similar to single crystal 

surfaces. Either type of surface can be used to acquire Raman signal from these interfaces. 

The orientation of adsorbates has been determined using Raman surface selection rules on 

each type of surface. Also, the interface can be probe in multiple environments, either in-

situ or ex-situ. 

The electrochemical interface has been studied in the solution, immersed, or in-situ 

environment for a variety of non-aqueous systems, ' These experiments involve 
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acquiring Raman spectra of the working electrode while the surface is in contact with the 

bulk solution. A custom-built three electrode cell was used for these experienmts that 

allowed Raman spectra to be acquired while maintaim'ng potentail control. The potentail 

can then be varied and the subsequent spectra can be interpreted to indicate any change in 

orientation of the surface molecules with respect to this change in potential. These Raman 

spectra were acquired by pressing the working electrode up against a window in the cell. 

By reducing the space between the electrode surface and the window helped to eliminate 

most of the interferences from the bulk solution. This technique has proven to be very 

useful in the study of the electrochemical double-layer. 

Another technique developed in this laboratory to study the electrochemcial double-

layer is the use of emersed or ex-situ interfaces. For these systems a different three 

electrode electrochemical cell was used. In this cell the working electrode was rotated either 

manually or mechanically while acquirering Raman spectra. The other two electrode were 

contanined in a capalliary tube that was positioned at the bottom of the working electrode. 

A drop of solution was mantained at the electrode surface while it was rotated. This creates 

an electrochemical double-layer under potentail control without any bulk solution. The 

Raman data acquired with this cell resemble that of the spectra obtained from the immersed 

cell. Both electrochemcial cells have proven to be excellent tools for the study of the 

electrochemical double-layer. 

The research preformed and data obtained on these two types of electrochemical 

interfaces has givin this laboratory great insight into the structure and make-up of the 
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double-layer at the molecular level. These data also offer the unique oppertimity to directly 

compare the structural information obtained about the double-layer in the solution 

environment to the environmnet in UHV. Many researchers have been trying to mimic the 

electrochemical double-layer in UHV. The problem with many of these attempts is the 

systems studied are simplistic and do not resemble actual electrochemcial systems. This 

laboratory has the uiuque oppertimity to grow a double-layer in UHV that has already been 

thouroghly studied both in-situ and ex-situ. This system is of the 1-butanol electrochemcial 

interface on Ag electrodes. Before discussing the development of the UHV model of the 

butanol system, background into the model double-layer interfaces needs to be discussed. 

UHV MODELS OF THE DOUBLE-LAYER 

Over the last 15 years, intense effort has been placed on modeling the 

electrochemical double-layer in ultrahigh vacuum. Many researchers have moved toward 

the ultrahigh vacuum environment due to the distinct advantages that this environment offers 

over conventional electrochemistry and the associated in-situ and ex-situ vibrational 

techniques. The ultrahigh vacuum environment offers a clean, well-defined environment 

that is essentially free of contamination and bulk interferences. The multitude of UHV 

techniques provide a wealth of infonnation that can give a precise and detailed interpretation 

of these interfaces. The majority of these studies have been performed well below room 

temperature, wdiich incites uncertainty in the correlation between the metal-liquid interface 

and the identical interface reproduced in vacuum. Fabrication of these interfaces in vacuum 
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is difficult due to their complex structure. The in-situ double-layer includes 

electrochemically active molecules, solvent molecules, cations, and specifically and/or non-

specifically adsorbed am'ons. There is also the large potential drop that exists across the 

interface. In ultrahigh vacuum, it is possible to mimic everything except the large potential 

drop across the interface.'"'' '"^ '"'' '"'* ''*' 

The idea behind modeling the electrochemical double-layer is not new. The basic 

idea is to take a clean metal surface in UHV and build the double-layer, layer by layer. A 

common approach, one by Sass and Bange,'"'" is to take a metal surface and add either 

positive or negative ions onto the surface, and then add solvent molecules layer by layer until 

the double-layer is completed. The idea for this model is depicted in figure 1-5, and takes 

advantage of the UHV environment One of the biggest advantages of modeling the double-

layer in UHV is that the concentration of ions and solvent molecules at the surface can be 

directly controlled. This type of control is not possible in solution, where the ion 

concentrations are determined by the potential being applied and the adsorption of ions at 

the surface. In the UHV environment, any portion of a monolayer of ions can be deposited 

on a surface and easily quantified. The amount of solvent that is then placed on the surface 

is also easily controlled. These types of experiments will be explored and their result 

discussed. 

In modeling these interfaces in vacuum, many researchers have explored a variety 

of interfaces and substrates. The most widely studied substrates include either the coinage 

metals ' " and Au'-®' or the catalytically 
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important metals such as '-

76.1-78 1-79 Ru,'"*® '"*' with most of these studies being performed on single crystals. 

Model interfaces investigated include either protic (Hp, '-«5-'-5'-« '-57-".i-«i.i-7o-78.i-«o.i-8i 

W.I-70.I-74J or aprotic CHjCOH,'"™ NHj'-™ ' "') solvents coadsorbed on the 

surface with either electropositive (Li,'"" '"*^ Na,'"®® ' " k,'-69-'-7o.i-72.i-74 (>^1-53.1-58.1-62 ^ ^nd/or 

electronegative (Cl,'"" ''^ '"" gj.1-51.1-52.1-53.1-59.1-6i Qi-59.1-60.1-54.1-75^ species. Other commonly 

coadsorbed molecules include CO, '-»5.i-55-i-67.i-68.i-7i.i-73.i-74.i-76.i-78 i-»5.i-77 other acids. 

"1^ '-67 These systems represent relativity simple models when compared to the complexity 

of the electrochemical double-layer. Simple systems are generally studied due to limitations 

of the UHV approaches which are discussed below. Nonetheless, these studies have 

provided a wealth of information about the molecular structure and composition of these 

model interfaces. 

Other systems that are related to these model systems involve the transfer of double-

layer interfaces into the UHV environment.The idea is to prepare an 

electrochemical interface under an inert atmosphere and transfer it into the UHV 

environment for surface analysis. This process usually involves preparing these interfaces 

in a closed system that has an electrochemical cell attached to a UHV camber. The bulk 

electrolyte can be removed from the cell and the sample can be frozen. Then the sample can 

be transferred into the UHV camber for analysis. This helps to prevent contamination and 

oxide formation at the metal surface, which can occur if the sample was prepared in the 

laboratory environment. Another novel method that has been developed by Siegbahn et al. '• 
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84.i-8s.i-86.i-87 actually perform XPS (ESCA) experiments on a sample in a solution 

environment The idea is to direct the incident monochromatic photons on a sample that is 

rotating in contact with a solution and then collect the electrons and analyze them with an 

electron spectrometer. In order to increase the flux of electrons into the spectrometer 

differential pumping is required with pressures in the high vacuum range. This requires at 

least one stage of differential pumping for liquids with vapor pressures of 0.1 mbar. For this 

situation constant renewal of the liquid is required during the experiment This experimental 

setup is advantages for the study of the double-layer, in that XPS data of an actual solution 

environment is now possible. This experimental setup also allows for angled resolved XPS 

that enables depth profiling of the interface. 

The vacuum environment offers a large number of surface analysis techniques that 

can not be used in-situ or ex-situ (emersed) environments. The most commonly used 

techniques in vacuum are high-resolution electron energy loss spectroscopy (HREELS), 

53..^3.i^.i-75-77..-79 photoclectTon spcctroscopy (XPS)!"auger electron 

spectroscopy (AES),' * '"" '"'^''^ low energy electron difi&action (I.hhl J),'-^6.1-57.1-59.i -6o.i -

and temperature programmed desorption ' 

Ultraviolet photoelectron spectroscopy (UPS), work function (<&) measurements, 

5.-53..-58^..^2..^..^5..^9-72..-74..-8, ,-67-74...78..-80 haVB bCCn USCd in thC 

characterization of these interfaces. AES and XPS provide information about the elemental 

composition about a surface, and the latter also provides information about the chemical 

environment of these atoms. LEED (single crystal studies) studies provide information 
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about the crystal structure of the metal as well as the structure of ad-layers on these crystal 

surfaces. TPD studies provide information about the nature of the molecular environment 

and energetics of molecular adsorption. UPS and work function smdies provide information 

on the change in surface potential or charge of the metal surface, and how this potential 

changes with adsorption of atoms and molecules. 

The vibrational spectroscopies provide for the most detailed information obtainable 

in LIHV. The vibrational techniques, HREELS, IR and Raman, provide molecularly specific 

and molecularly selective information about the adsorbed molecule and adsorbate-metal 

vibrations. HREELS is the only true vibrational spectroscopy contained in the UHV 

environment, while IR and Raman can be interfaced with UHV. One limitation of HREELS 

is that the resolution is at best ca. 8 cm"', whereas the resolution achievable with IR and 

Raman spectroscopy are ca. 4 cm ' and ca 2 cm ', respectively. This resolution obtained by 

Ibach'"** has not yet become the norm for HREELS experiments, and most work performed 

to date has had poorer resolution that this. Another limitation of HREELS is there is no 

direct comparison to the solution environment, since HREELS is confined to UHV. Due to 

the poorer resolution in HREELS, the complexity of the molecular systems studied tends to 

be simple. Hence, water, methanol and acetonitrile tend to be used most frequently as 

solvents. Also, these simple molecular systems lead to easier interpretation of the data 

obtained from the other complementary techniques. 

Many of the experiments cited above have either dealt with the modeling of the 

electrochemical double-layer or modeling catalytically important systems. Catalytically 
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important systems usually involve CO adsorption on the platinum group metals. Either the 

pure UHV techniques'"*' '"'^ are used or IR spectroscopy like Weaver et 

and others'™ due to the strong vibrations of CO. The electrochemical model systems either 

involve solvents on different metal surfaces'"^ '"®^ '"" '*'' ''"^' or the co-adsorption of these 

solvents with electropositive '-52-i-531-56-i-58.1-s9.1-62.1-69.1-70.1-72.1-74 electronegative 1-51-5^1-59 i-si-i-TO.i-

ions. Other electrochemical model systems include the adsorption of H2O and acids to 

produce hydrogen ions (H*) at the surface.' " These experiments have shed great 

incite into the structure of the electrochemical double-layer. The introduction of emersed 

interfaces'"®""*^ '"*^ into UHV, the IR work by Weaver et al.'"®'"" and the XPS work by 

Siegbahn et al. have proven to be the most useful of these model systems. 

Another group of UHV surface experiments that are relevant towards the models 

investigated in this dissertation deal with the adsorption of halides and alkali metals on clean 

metal surfaces. These studies are not directly related to the modeling of the electrochemical 

double-layer in UHV as the studies mentioned above, but are very relevant to the work 

presented in this dissertation. Later in this dissertation (chapters 6-8), the adsorption of 

bromine and sodium on Ag will be discussed in relation to the calibration of the ion sources 

and the change in orientation of butanol on pre-dosed surfaces of these atoms. Most of the 

work in this area examines the change in surface chemistry due to the adsorption of these 

ions. 

All of the studies in this area look at the adsorption of halides and alkali metals on 

single crystals in UHV. The most common halide atoms studied are CI '-89-'-9o-'-9"-92-i-93.i-94.i-
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and All of the alkali metal have been investigated including Li,'"^ K,'* 

96.,-100.1-10,.,-,02.1-103 and Cs.'-"~ '-'°' The single crystals used for these 

studies include W( 110), (112), (111), (100), V( 1 GO), Au( 1II), Ag(001),(100), 

9,.1-92.I-96.1-I00.,-I02 ^ J IQ^ ,-9I.!-I04.I-I05.,-I06 ^ j | j j and Cu( 1 10) (] ] ] )'"*'•'-'0' 

With all of these studies being performed on single crystals, almost all of the researchers 

used to study these surface. XPS''"" and aES'"^ 

w.i-97.i-98,.-ioo.i-io2.i-io5.i-,o6 quantiiy the atoms dosed onto these surfaces. With 

the electropositive and electronegative properties of these species work function 1-92.1-96. ,-98-

,00.1-103 gjmjjgg yygfg also performed to show changes in the metals net charge. Some TPD'" 

89.,-93.i-94.,.%^.,-io2.,-ios.,-,o6 perfootted in order to study the chemical interactions 

of the atomic species with the metal. These studied will be useful in collaborating the XPS 

data that was obtained in chapter 6. Many of these papers dealt with adsorption isotherms 

of bromine and sodium. These isotherm will be reproduced during the calibration of the ion 

sources in chapter 6. 

All of this work is very instrumental in the development of the UHV electrochemical 

models. As mentioned above, the ability to compare the UHV systems to real 

electrochemical interfaces is very important. Without direct comparison the information 

obtained from these models will never be truly validated. This dissertation has therefore 

focused on the use of Raman spectroscopy to study these model interfaces, due to the ability 

to directly compare the data obtained in the UHV environment to the data obtained from in-

situ'-3 '-6 and ex-situ'"' electrochemical interfaces previously studied in this laboratory. 
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METAL SURFACES IN UHV 

When working in the UHV environment there are four types of surfaces that can 

easily be used. Using sample introduction, either polycrystalline or single crystal surfaces 

can be brought into the UHV chamber. Of these two, single crystals surfaces have been used 

most extensively in the modeling of the electrochemical interface. The other two surfaces, 

either coldly-deposited or annealed surfaces, are easily produced by vapor deposition. The 

coldly-deposited and annealed surfaces have been used for many years as SERS substrates, 

and thus, most of the work has been focused on Ag, Cu and Ag. This section will deal with 

the fabrication, surface morphology, enhancement factors and the enhancement mechanisms 

of the coldly-deposited and annealed surfaces. 

As mentioned above, coldly-deposited and annealed surfaces are easily produced in 

UHV by vapor deposition. Metal sources are easily constructed and either work on the basis 

of metal sublimation or ion bombardment of the pure metal to produce metal ions that are 

directed toward a substrate. The source can be regulated with the use of a shutter, and the 

deposition rate is easily monitored with the use of a quartz crystal microbalance (QCM). 

Whether the newly created surface is a coldly-deposited film or an annealed film depends 

directly on the temperature of the substrate. The substrate must be held lower then 170K 

to create a coldly-deposited surface. If the substrate is at room temperature an annealed 

surface will be created. These annealed surfaces are sometimes fiirther annealed by heating 

the substrate to higher temperatures. With the ability to create these surface in UHV many 

researchers have attempted to study the surface morphology and the mechanisms that make 
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these surfaces functional for SERS experiments. 

Coldly-deposited films are termed "SERS-active" and exhibit very large 

enhancements, while annealed surfaces are usually tenned "SERS-inactive" and are non-

enhancing. Previous work has focused on the large enhancements observed for these coldly-

deposited films with a range of 

Annealed films are less enhancing surfaces that supporting enhancements of less than 10 V' 

39.1-118.1-119.1-120.1-121.1-122.1-123.1-124 Coldly-dcpositcd films have been well-characterized by Albano 

e t  a l . a n d  o t h e r s ' " " ^  '  A l b a n o  e t  a l .  u s e d  X e  d e p o s i t i o n  a n d  s u b s e q u e n t  

ultraviolet photoelectron spectroscopy (UPS) or photoemission of adsorbed Xenon (PAX). 

Albano proposed that these surfaces are comprised of pores, ca. 15-20 A wide and ca. 150-

200 A deep, with a roughness factor of ca. 20.'"'°""'°* These results have been verified by 

others.' Roughness factors are determined by the true surface area divided by 

the geometric area. These pores are stable between 77-170K, but if the substrate is heated 

above 170K, the Ag atoms become mobile and fill in the pores and anneal the surface. Only 

remnant atomic scale roughness remains after annealing.' The surface morphology and 

the roughness of the coldly-deposited films dictate the amount of the enhancement observed 

for SERS experiments, these relationships will be discussed in detail below. 

Annealed films have a much different surface morphology than the coldly-deposited 

surfaces. Annealed films are formed at room temperature and show little Raman 

enhancement due to their smoothness. Depending on the surface temperature and substrate 

the island size of these annealed surfaces can vary from 10- 50 A JQ J 00-200 A 



I18.1-I23.I-124.I-I32.I-I33 ^ 3QQ ^1-122.1-134 substTatcs uscd vETy from carbon, 

sapphire, to other metals. These surface also possess little atomic scale roughness with 

reported roughness factor (RF) of ca. 1-1.5 to 3-4. '-'2"-'35.i-i36 Isirge variations 

in the roughness factors and the size of islands have led to several studies that monitor the 

island size with deposition rate and substrate temperature.'"'^' '^"' Cotton et al.'"'^ 

determined that the slower the deposition rate the larger the islands were, and these surfaces 

also produced the largest SERS signals. The substrate temperature also increased the island 

size and SERS signal for higher temperatures. Osawa et al. showed the same results for 

surface enhanced IR adsorption spectroscopy (SEIRAS). It can be seen that there are many 

experimental parameters that effect the surface morphology of the aimealed and coldly-

deposited films, and it is the morphology that effects the signal observed for these films. 

For coldly-deposited and annealed surfaces the enhancements that are observed 

originate from the EM and CT mechanisms mentioned above. There have been numerous 

papers written on which mechanisms are responsible, and how much of a contribution each 

one makes towards the total enhancement observed for these two surfaces. For coldly-

deposited surface there is much more of a discrepancy on which mechanism is in effect and 

where this mechanism originates from. There are theories about EM enhancements from 

inside of the pores,'"'"*'""^''"®'"'^® specific sites of adsorption or "active-sites"*'"^''"''" 

and CT from atomic scale roughness (ASR) features. -pj^g qj 

enhancements follow the basic enhancement mechanisms explained in detail above. 

Authors have reported enhancement factors for coldly-deposited surfaces ranging from 10 
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IQS i-38..-.<»..-.o9..-no.,-M5..-..6.,-,28 for thc EM mcchanism and 10^ - 10^ '..-in ^ 

mechanism. 

One unique feature of the coldly-deposited films is that they exhibit a unique first-

layer effect where the first layer is enhanced much greater than subsequent layers. In a study 

of carbon monoxide on coldly-deposited Ag surfaces, Moskovits and coworkers proposed 

that a first-layer effect exists for these Ag surfaces. They determined that molecules of CO 

bonded to the silver metal are enhanced up to 10,000 times more than molecules not bonded 

directly to the surface. These are the basic enhancement factor for the coldly-deposited 

surfaces. 

For annealed surfaces there are many reports on the mechanisms of SERS for these 

surfaces, with both the EM and CT mechanisms being reported. Since ASR features can 

also exists on annealed surfaces it is possible to have CT from these sites to the molecules. 

119.1-121.1-122.1-128.1-135.1-136 Qthcr authors have reported that the enhancements stem from EM 

machanisms'"'^ ' or active sites on these surfaces. Authors have reported 

enhancement factors for armealed surfaces ranging from 10^- lO"' '-'20 '-i22.i-i34.i-i36foj. 

mechanism and 10 - 10^ 1-119.1.122.1-133.1-135.1-136 qj mechanism. It is important to note 

that the first-layer effect observed for the coldly-deposited surfaces does not exist on the 

annealed surfaces. 

The properties discussed about the fabrication, surface morphology, enhancement 

factors and the enhancement mechanisms of the coldly-deposited and annealed surfaces will 

be used throughout this work. 



55 

RESEARCH OBJECTIVES 

This dissertation will focus on six main areas of study. First, the experimental 

parameters and instrumentation necessary to conduct these experiments will be discussed 

in detail. Next, the vibrational assignments of the alcohol series methanol-butanol along 

with thiophenol will be presented. Third, the surface coverage and enhancement factors of 

coldly-deposited and annealed Ag will be discussed in relation to the exposure of thiophenol. 

Fourth, the orientation of 1-butanol on coldly-deposited and annealed Ag surfaces will be 

interpreted from the Raman spectral data. Fifth, the calibration of the bromine and sodium 

sources with XPS will be presented. Lastly, the orientation of 1-butanol on the pre-dosed 

Br and Na Ag surfaces will be determined with Raman spectroscopy. These data will be 

used to determine the validity of these UHV model interfaces, and the future of these 

experiments. 

The main focus of this dissertation is on the XPS and Raman studies of 1-Butanol 

on both coldly-deposited and aimealed Ag films in UHV. Butanol and other alcohols have 

important chemistry at metal surfaces in relation to catalytic surfaces, alcohol based 

batteries, and alcohol decomposition. Gellman et al.'""' also related these alcohol metal 

interfaces to tribology and lubricating surfactants. Butanol was chosen in this study due to 

the amount of work previously reported from this laboratory. These papers focused 

on the orientation of butanol in the electrochemical double-layer on in-situ and emersed 

electrochemical inter^ices with respect to an applied potential. These data have allowed this 

researcher the unique opportum'ty to directly compare the UHV models to real 
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electrochemical interfaces, and draw conclusions on the validity of the UHV models. The 

data included in this work is the genesis for modeling of the electrochemical double-layer 

in the UHV envirormient. 
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CHAPTER n 

EXPERIMENTAL 

This chapter provides a detailed description of instrumentation, procedures and 

experimental parameters used to acquire the data discussed in this dissertation. General 

descriptions of procedures are provided in this chapter, while specific experimental 

procedures are given when appropriate in the subsequent chapters. 

NON-UHV EXPERIMENTAL CONSIDERATIONS 

Raman Spectrometer Systems 

Data were acquired on two Raman spectrometer systems, a Spex 270M single 

monochromator system or a Spex Triplemate 1877 (triple monochromator) system. The 

Spex 270M was equipped with two one of gratings, either a 1200 gr/mm grating blazed at 

630 nm or an 1800 gr/mm grating. The Spex 1877 Triplemate was equipped with two 600 

gr/mm gratings in the filter stage, and either a 1200 gr/mm grating blazed at 600 nm or an 

1800 gr/mm grating in the spectrograph stage. All data were acquired with the 1200 gr/mm 

gratings unless otherwise noted. For the single monochromator, a polarization scrambler 

and 514.5 nm holographic super notch filter from Kaiser Optical were placed in front of the 
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entrance slit. For the Triplemate, only a polarization scrambler was used. The 

monochromator systems were mounted on optical tables along with the optics and lasers 

used for excitation. Samples for both spectrographs were positioned with the use of a 

custom built positioning stage that provided translation in the X-Y-Z directions. Focusing 

and movement of the image across the entrance slit was also possible.^ '^'^ This sample 

stage allows spectra to be acquired with either parallel or perpendicular polarization. For 

both systems, scattered radiation was collected using 50 mm dia. fJ\2 camera lenses. The 

optical arrangement of these systems is shown in Figures 2-1 and 2-2. 

Both monochromators offer distinct advantages that must be considered depending 

on the experiment performed. The Triplemate has excellent stray light rejection properties, 

due to its filter stage (Figure 2-3) which operates in a subtractive dispersion mode. This 

arrangement produces no net dispersion after the second slit. This instrument has stray light 

rejection of up to 10 ''* at 10 bandpass units from the Rayleigh line." Therefore, up to the 

third slit, spectral purity is excellent while the spectral resolution is zero. The third 

monochromator (spectrograph stage) serves as the dispersion unit, and creates a uniform, 

undistorted focal plane across the detector. The stray light rejection properties of the 

Triplemate make it ideal for experiments that have very large backgrounds and/or large 

signals. These attributes are common with SERS experiments on roughened surfaces. The 

problem with the Triplemate is that it suffers from very low throughput in the visible 

wavelength region, typically less than 13% (see below). 

The Spex 270M single monochromator has characteristics that are opposite of the 
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triple monochromator. The single monochromator has excellent throughput of up to 74% 

in the visible wavelength region (see below). Because the single monochromator has only 

one slit (Figure 2-4), the stray light rejection properties are very poor. If not for the 

improvements in holographic notch filters, the use of single monochromators for Raman 

spectroscopy would not be possible. Holographic notch filters are capable of rejecting the 

Rayleigh line by ca. 6 orders of magnitude, enabling single monochromators to be used for 

Raman spectroscopy. The Spex 270M equipped with a CCD is an ideal instrument for low 

light level Raman experiments. The Spex 270M is a poor choice for experiments that have 

very high backgrounds, due to the limitations of the notch filters and CCD cameras. A 

detailed comparison of the two monochromators is given elsewhere. 

Acquisition Parameters 

For the single spectrometer, the entrance slits were typically set to 50 jim for 

acquisition of data, and 25 ^m for plasma lines. Since the Triple monochromator has three 

slits, several variations were employed depending on the CCD camera used. For all of the 

experiments performed with the Triplemate, the entrance slit to the filter stage was always 

set to 4 mm. The center slit of the filter stage was set to either 4 or 6 mm depending on the 

width of the CCD used (see below). The exit slit of the filter stage, which is also the 

entrance slit to the spectrograph stage, was set to 150 jmi for data acquisition and 50 nm for 

plasma lines. These parameters were used unless otherwise stated. 
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Monochromator Throughput 

The throughput of each monochromator was determined by passing laser beams of 

known power throu^ the spectrographs. The throughput of the Triplemate as a function of 

wavelength is shown in Figure 2-5a. The maximum throughput observed was ca. 13% at 

600 nm. The throughput of the Spex 270M is also plotted in Figure 2-5a. This system 

exhibits excellent throughput over the wavelength range studied with a maximum of ca. 74% 

at 720 nm. Comparable single spectrographs available commercially are expected to have 

similar characteristics. 

The total efficiency of a spectrometer system (the product of throughput and 

quantum efficiency of the detector) is dependent on characteristics of both the spectrograph 

and the detector. The CCDs used in this work have a maximum quantimi efficiency (QE) 

of over 80% at 650 nm and 48% at 700 nm for the Princeton Instruments (PI) and 

Photometric (PM) CCD cameras, respectively. Using the QE response of these detectors, 

the overall spectrograph efficiencies of the Triplemate and the Spex 270M can be estimated 

and are shown in Figure 2-5b for the PI (—) and PM (—) CCDs. The efficiency curves for 

the Triplemate are identical to the throughput curve, with a maximum efficiency of ca. 9.8% 

using the PI CCD and ca. 5.1 % using the PM CCD. However, the effect of the CCD QE 

behavior on the efficiency curve of the single spectrograph is dependent on the QE curve of 

the CCD. The throughput of the single had a maximum of ca. 56% for the PI CCD and ca. 

34% for the PM CCD. 
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Laser Excitation 

Excitation for Raman scattering was provided by the 514.5 nm line of a Coherent 

Innova 90-5 Ar* laser. Plasma lines were removed with bandpass filters from Pomfret 

Research Optics, Inc.. All spectra were acquired at a laser power of 150 mW at the sample, 

unless otherwise stated. In order to account for losses in power due to the air-vacuum 

interface, the laser power was measured before and after this interface. These measurements 

were acquired on the optical bench in the ambient environment. For the new UHV chamber 

the power was acquired before and after a piece of Pyrex glass identical to the glass in the 

metal-to-glass adaptor. These data suggest a throughput of ca. 92.6%, and a laser power of 

ca. 161 mW was used to insure 150 mW at the sample. These results are shown in Table 1-

1. 

Table 2-1 Power Loss at Air-Vacuum Interface 

Incident Power (mW) Power at Sample (mW) % Loss 

11 10 90.9 

21 20 95.2 

54 50 92.6 

109 100 91.7 

161 150 93.2 

216 200 92.6 

271 250 92.2 

326 300 92.0 

Average 92.6 
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For surface studies, the laser was incident on the surface at 30° from normal, and the 

scattered radiation was collected at 60°. The laser beam (ca. 0.2 mm in dia.) was focused 

to an ellipse of dimensions of ca. 0.4 mm along the long axis and ca. 0.2 mm along the short 

axis, illuminating an area of 6 x lO"* ^m^. All surface spectra were obtained with the 

incident light polarized parallel to the plane of incidence. Liquid and amorphous solid 

spectra were acquired by passing the ca. 0.2 nmi beam through the sample parallel to the slit, 

while the sample was held in an NMR tube. To acquire an amorphous solid spectra, the 

NMR tube was placed in a sample holder that had a reservoir of liquid nitrogen. This 

allowed for long integration times without warming of the sample. 

Other wavelengths used in determining the monochromators throughput were 

obtained from either a Coherent 90-5 Ar* laser, a Coherent CR-599 dye laser containing 

Rhodamine 6G, or a Lexel 479 Tirsapphire laser. The Coherent Ar* laser also provided the 

488.0 nm line. The 600.0 nm line was provided by the Coherent CR-599 dye laser, 

containing Rhodamine 6G, pumped with the Coherent Ar * laser. The 720 and 750 nm lines 

were provided by the Lexel 479 Tirsapphire laser pumped with the Coherent Ar* laser. 

Detectors 

It was possible to equip the Raman spectrometer systems with two different charge-

coupled device (CCD) detectors: Either a Tektronix TK-512T thinned, back illuminated, 

antireflection-AR-coated CCD held at -nCC with liquid nitrogen, or a Photometries PM512 

AR-coated CCD held at -110°C with liquid nitrogen. Both CCDs were 512 x 512 pixel 
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devices, with the Tektronix chip having 27 jim square pixels and the Photometries having 

24 }im square pixels. Data from the Tektronix CCD were acquired using CSMA software 

provided by Princeton Instruments, Inc., while the Photometries CCD used SpectraCalc™ 

software (Galactic Industries, Inc.) for data acquisition. The Tektronix chip has a maximum 

efficiency of ca 79% at 600 nm, while the Photometries chip has a maximum efficiency of 

ca. 50% at 515 imi. 

EXPERIMENTAL PROCEDURES 

Sample Preparation 

Metal surfaces were mechanically polished on a padded lapping wheel (Ecomet I, 

Buehler Ltd., Lake Bluff, IL). PSA-backed Microcloth polishing pads and successively finer 

grades of aqueous alumina slurries down to 0.05 ^m were used. A Bransonic 220 ultrasonic 

cleaner (Bransonic Cleaning Equipment Co., Shelton, CT) was used to remove residual 

alumina at the metal surface. The UHV sample stubs and mechanically polished Ag disks 

attached to these stubs were used without further preparation. 

Thiophenol monolayers were made by immersing a stub with Ag surfaces into 

ethanolic solutions of ca. 20 mM thiophenol solutions for one hour. Prior to Raman 

analysis, these films were rinsed with ethanol to remove multilayers and then allowed to air 

dry. 
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Materials 

Polycrystalline Ag purchased from Johnson Matthey (99.999%) was used for vapor-

deposition, and disks were punched from 2 mm thick silver (99.9985%). The UHV stub 

(VG style VZSMES) onto which Ag films were vapor-deposited was machined from oxygen-

free high conductivity (OFHC) Cu (99.9+%). Several Ag disks were Ag soldered onto these 

stubs to create polycrystalline Ag UHV sample stubs. 1-Butanol (0.008% water) was 

purchased as a high purity solvent from Burdick and Jackson, and thiophenol (99+%) was 

purchased from Aldrich. In construction of the Ag source, sheet Ta was obtained from R.D. 

Mathis Co., and the BN used for the crucible was purchased from Carborundum Co. All of 

the filaments used in vacuum were made from Ta wire 0.5 mm in diameter. All leads used 

to carry current in vacuum were made of Ta wire 1.0 mm in diameter. Ag wire (99.98%) 

and Pt grid, 52 mesh (99.9%) made from 0.1 mm wire, both obtained from Johnson Matthey, 

were used for the bromine source electrodes. Silver bromide (99%) obtained from Aldrich 

was melted and poured into a BN crucible from R.D. Mathis Co. All thermocouples were 

constructed from spotwelded chromel and alumel obtained from Omega, as were all 

ceramics used in vacuum. 

Water was purified with a reverse osmosis (Milli-RO 10 Plus) system and then 

further purified with a Milli-Q UV Plus system (Millipore Corp.). Final resistivity of the 

ultrapuie water was 18.2 MQ /cm, and the total organic content (TOC) was specified at less 

than 5 ppb. Thiophenol solutions were made with absolute ethanol (Quantum Chemical 

Corp.), and all materials were used as received. 
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Data Manipulation 

In this laboratory, several procedures were systematically performed on raw spectral 

data prior to reporting. Raw data files taken with CSMA software were first converted to 

SpectraCalc (Galactic Industries, Inc.) files. Data files taken in SpectraCalc required no 

conversion. Once the files were brought into SpectraCalc, they were calibrated using the 

Ar' laser plasma lines acquired for a given set of experimental conditions. The procedures 

for calibration by this method have been well-documented in this laboratory. After 

calibration, SpectraCalc offers several programs for further data handling that enable the 

user to remove cosmic ray events and subtract a background. 

An example of how these procedures alter a raw spectral data file is shown in Figure 

2-6. Figure 2-6a shows the raw spectrum of butanol on an annealed Ag surface in UHV. 

These data were acquired on the single spectrograph with the center wavelength set at 592 

nm and an integration time of 15 min. Several cosmic ray events are observed in the 

spectrum. In this laboratory, cosmic ray (or other high energy) events occur at the rate of 

approximately one per minute. Depending on the sample type, and hence the corresponding 

spectral integration times, cosmic ray events can be very prominent in a given spectrum. For 

example, if the spectrum from a weak Raman scattering molecule on a nonenhancing 

surface is integrated for a long period of time, the collective response of the cosmic rays may 

appear as intense as the Raman signal. However, if the background intensity is large, as is 

typically the case for spectra acquired with the single spectrograph, the cosmic rays are 

assimilated by the background, and thus are not as prominent in the spectrum. Upon 
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Figure 2-6 Treatment of a) raw spectral data b) after removal of cosmic ray events (*), c) after subtracting of the 

sloping background. Spectra are of 100 monolayers of 1 -butanol on an annealed Ag film in UH V, ; 
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removal of the cosmic ray events from the spectrum. Figure 2-6b results. 

The spectrum also has a sloping background in this region which can be removed 

using SpectraCalc. The background subtraction program has numerous options; A two 

point, multi-point, or polynomial fit background can be subtracted from the spectrum. 

Typically, a polynomial fit is used to determine the background to be subtracted; two to six 

coefficients can be used depending on the shape of the background. For the spectrum in 

Figure 2-6b, a five-coefficient polynomial fit was chosen. The line under Figure 2-6b 

represents the fit of the background before subtraction, and Figure 2-6c is the resulting 

background-subtracted spectrum. The end result. Figure 2-6c, represents a typical spectrum 

reported from this laboratory. 

UHV EXPERIMENTAL CONSIDERATIONS 

The following section describes the UHV chambers and UHV procedures used in this 

dissertation. Several sources that were designed and constructed for these experiments will 

also be discussed. 

In the evolution of interfacing Raman spectroscopy into vacuum, two chambers were 

designed to meet these goals. The first chamber design was adequate to obtain spectra with 

good signal-to-noise ratios with minimal integration times (15 minutes for smooth surfaces.). 

The problem with this design was the optical arrangement, which was very complex. The 

number of optical components needed created many surfaces where light loss could occur. 

The second design greatly simplified the optical arrangement and decreased the integration 



times needed for comparable signal-to-noise ratios. 
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UHV Chambers 

The experiments described in this work were performed in two stainless steel UHV 

chambers. Both chambers were pumped with a Balzers 330 1/s turbo pump backed with a 

Balzers D16 rough pump. The chambers had base pressures of 2x10"' torr after they were 

baked out at ISO'XT for a minimum of 12 hours. The chamber pressure was monitored with 

a nude ion gauge (model T-NUDE-F) connected to a Perkin-Elmer Digital Gauge Control 

ID. The chambers were equipped with custom-built metal evaporation, bromine, and sodium 

sources. An in-house built quartz crystal microbalance (QCM) circuit was used to monitor 

the thickness of the evapwrated Ag films. 10.000 MHZ crystals purchased from JDR 

Microdevices* were used and mom'tored with a Hewlett Packard 5384A frequency counter. 

A Vacuum Generators (VG) MD-6 high-precision leak valve was used for dosing of 

molecules into the chambers. A custom-built, 34" long sample arm that could be heated to 

600K and cooled to 2K was provided by RMC Corp. This sample arm was mounted onto 

a VG DPRF 55 rotary feedthrough, differentially pumped with a D4 rough pump (rebuilt 

from Ehmiway Stockroom), attached to a liner motion bellows system (Thermionics, Inc.). 

This provided for 14" of linear movement through the chambers and rotation of 360 "around 

the axis of travel. Samples were introduced into the chambers through a fast entry lock 

system (see below) pumped with a Varian M-4 diffusion pump backed with an Edwards 

E2M8 rough pump. Each UHV chamber was equipped with a custom-built Raman cell 
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allowing Raman spectroscopy to be acquired. 

A schematic diagram of the original UHV chamber is shown in Figure 2-7. This 

chamber was used for experiments from May of 1991 to April of 1995, and was used in the 

initial work of interfacing Raman spectroscopy to vacuum. The only work published with 

this chamber^"* is illustrated in Figure 2-6. This Raman chamber was designed based on the 

work of Campion, who determined that the Raman signal was optimized at certain angles 

of incidence and angles of collection." The incident angle was determined using Maxwell's 

equations in the visible wavelength region, which dictate the magnitude of the electric field 

intensity at the surface. The maximum angle occurred near 60° and is optimized for angles 

between 50° and 70*. Campion used Greenler's model to determine the intensity of the 

scattered light with respect to the angle of collection. This angle was determined to be 55° 

and Campion used this angle and the 60° incident angle when designing his UHV Raman 

chamber. Since these angles are optimum for Raman spectroscopy, they were taken into 

consideration when our chamber was constructed. When our chamber was built, the 

incidence angle was set at 60° and the collection angle at 55°. The next step was to optimize 

the optical configuration in order to perform Raman experiments. 

Figure 2-8 shows the UHV chamber next to the optical bench, the path of the 

incident laser beam, and the collection of the Raman scattered light. In this arrangement, 

the sample in the chamber was elevated to the height of the entrance slit of the 

spectrometers. The laser beam was also elevated to this height with use of a step-up mirror 

(25 X 25 mm A/4). The beam was directed into the chamber using two additional mirrors 
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Figure 2-7 Schematic diagram of original UHV chamber. 
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Figure 2-8 Optical configuration of the orginal UHV chamber next to the single monochromator. 
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(25 X 25 mm A/4) throng a 4.5" viewport and focused onto the sample using a SOOnmi focal 

length lens positioned outside of the chamber. A Fresnel-Rhomb ( model FR-2-C-425-675) 

purchased from CVI Laser Corp. was used to rotate the polarization parallel to the plane of 

incidence. The scattered li^t was collimated out of the chamber through another viewport 

using an aspheric (68 mm dia. 6'0.78) lens purchased from Melles Griot that was mounted 

in an aluminum collar. This lens was positioned as close as possible to the sample to 

maximize collection of scattered light, while still permitting the sample arm movement 

through the chamber. The collimated light was passed through another lens and reflected 

off two 50 mm dia. A/4 mirrors in order to get the scattered light on axis with the entrance 

slit of the monochromators. In addition to the camera lens mentioned above, a 50 mm f/2.8 

Nikon camera lens was placed in front of this lens to properly focus the scattered light onto 

the entrance slit of the monochromator. Despite this optical train, only ca. 29% of the 

scattered light reached the entrance slits. This was determined by passing the laser beam 

through the optical system using a mirror in place of the sample and measuring the reduction 

in power at the entrance slit. This measured value assumes a 60% collection efficiency for 

the aspheric lens, as obtained from the Melles Griot catalog." The only way to eliminate 

this optical configuration would have been to rotate the monochromator to the proper angle 

of collection. This was not possible in our laboratory due to the needs of other group 

members. Therefore, the only way to improve the collection optics was to redesign the UHV 

chamber. 

Another problem that originated with the old UHV Raman chamber was the 
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interference of stray fluorescent peaks in the spectra acquired from this chamber. The 

problem stems from the large optical configuration used to focus the scattered light into the 

monochromator. The two 50 mm dia. mirrors along with the stainless steel construction of 

the UHV chamber contribute to the reflection of these stray fluorescent lines into the 

monochromator. Once these lines are reflected into the monochromator they are 

superimposed on the spectra being acquired and make spectral interpretation difficult. An 

example of these fluorescent lines is shown in Figure 2-9a. The spectra shown were 

acquired on the Triplemate using the PI camera with integration times of 5 min. using 

normal acquisition parameters (see above). Each spectrum shown is actually four separate 

spectra spliced together; no additional peaks were observed from 3650 up to 4300 cm '. It 

was observed that all of these peaks were present in the visible wavelength region from 539 

to 627 nm. It was discovered that these peaks originated from the color computer monitor, 

and if the monitor was turned off, these peaks disappeared from the spectrum (Figure 2-9b 

and c). The light coming from the monitor, v^ich was the only light in the room, was 

reflecting off either the stainless steel chamber or the two 50 mm dia. mirrors or both and 

into the monochromator. Once discovered, spectra were acquired with a black-out cloth 

over the computer monitor. This problem was also alleviated with the construction of the 

new UHV chamber. 

The redesigned UHV chamber is shown in Figure 2-10. This chamber was used from 

April of 1995 until the completion of these experiments in June of 1996. The Raman 

experiments discussed in this dissertation were performed in this UHV chamber due to its 
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Figure 2-9 Raman spectrum of reflected fluorescent lines from the a) color computer monitor, 
b) with the monitor turned off, c) and spectrum b x 50. 
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improved throughput in signal intensity. The basic design of the old chamber was kept 

intact, except for the Raman cell. The old Raman cell was removed and the axis of 

propagation was rotated 90°. This allowed the sample arm to be moved through the main 

deposition chamber and into the new Raman cell. The new Raman cell is a simple metal-to-

glass adaptor flange, available in most UHV parts catalogs. The flange used in this work 

was a reduction flange purchased from Duniway Stockroom G/M 450250K which is a 4.5" 

conflat flange reduced to a 2.5" O.D. pyrex glass adaptor (-2 mm thick walls). The glass 

end was reduced further to 2" in dia and fused shut in-house using an acetylene torch in 

order to hold vacuum. With the aid of a support ring, the sample arm could be moved into 

the glass cell while maintaim'ng its center. Additionally, two other modifications were 

needed in order to perform the Raman experiments in this new chamber. A custom built 

flange (model CF600-3-275) fi-om Huntington was needed to mount a VG WS 2/85 wiggle 

arm and viewport for sample introduction. A 2" linear translator VF-100-2 from Huntington 

was needed to move the QCM into and out of place for monitoring metal deposition (see 

below). Otherwise, the new chamber operated in the same fashion as the old chamber. 

The optical configuration used with this chamber is shown in Figure 2-11. The new 

Raman cell allows the sample to be placed over the optical table and in front of the 

monochromator. In the old system, the Raman cell was next to the optical table and an 

elaborate optical system (described above) was needed to collect spectra. As with the old 

chamber, the sample was elevated to the height of the monochromator entrance slit. Since 

the Raman cell and sample could be placed over the optical table and in front of the 
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Figure 2-11 Optical configuration of the new chamber next to the single monochromator. 
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monochromator, all the optics needed in the old configuration were no longer needed. The 

laser beam was focused into the UHV chamber using a 30 mm dia. 150 nun focal length 

lens, which is the standard used in this laboratory. This greatly improved the amount of 

signal obtained and focused into the monochromator. The only losses in signal intensity 

occurred at the vacuum-glass interface and the camera lens, allowing over ca. 85% of the 

scattered light to be collected. The UHV sample stub was positioned in the normal fashion 

that all surface spectra are acquired in this laboratory, using the 30° incident and 60° 

collection angles. This allows for easy comparison of the UHV spectra to normal bench top 

spectra. 

Sample Introduction 

All spectra shown in this dissertation were taken on sample stubs that were freshly 

polished and introduced into the chamber through a fast entry lock system. Prior to the 

construction of this system, samples were placed into the chamber the day before 

experiments were to be performed, and were present throughout the bake-out procedure. 

This caused numerous problems in the spectroscopy due to an inability to keep the surface 

clean. Therefore, the fast entry system shown in Figure 2-12 was designed and built to 

introduce sample stubs into the chamber. The system consisted of a 6" gate valve from High 

Vacuum Ap()aratus (model 124-0400) that was used to separate the chamber from the fast 

entry system. A custom-built flange from Huntington with two 6" CF flanges on each end 

with a perpendicular 2.75" pumping port was used. A magnetic transfer arm from 
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Huntington with 24" of travel equipped with a sample tray was attached to a viton Oring 

door, also from Huntington (model Q1D-600-CH). The sample entry door was attached to 

the other side of the custom flange from Huntington. Attached to the pumping port was a 

4-way cross with a vacuum-to-air valve, a pumping assembly, and a 2.75" gate valve from 

MDC (model GV-1500-M). To this gate valve, a liquid nitrogen trap with an a nude ion 

gauge (model T-NUDE-F) and a water cooled Varian diffusion pump were attached. This 

ion gauge was also controlled with the Perkin-Elmer Digital Gauge Control III mentioned 

above. The valve assembly was connected to a D4 rough pump used to rough pimip the fast 

entry lock system and to back the diffusion pimip. 

In order to introduce samples into the chamber, the following procedures were used. 

All valves started in the closed position. First, the water that cooled the diffusion pump was 

turned on and the liquid mtrogen trap was cooled down. The rough pump was turned on and 

the valve to the diffusion pump was opened. The diffusion pump was turned on for ca. 30 

min to allow it to warm up to the proper operating temperature. Next, a freshly polished 

UHV stub was placed into the fast entry system. Since the fast entry system was under 

vacuum, the vacuum to air valve was opened to vent the system and then closed. The door 

was then opened, the sample placed on the sample tray, and the door closed and fastened. 

The system was then evacuated using the rough pump by closing the valve to the diffusion 

pump temporarily, and then opening the valve to the rough pump. After 30 sec, the system 

was in the milli-torr vacuum range, and the valves were moved back to their original 

positions. At this point, the gate valve separating the diffusion pump and the system was 



opened, and the pressure was monitored with the ion gauge. When the pressure was in the 

10'^ torr range, the 2.75" gate valve was closed to prevent any back streaming of diffusion 

pump oil into the main chamber. The sample could then be transferred into the main UHV 

chamber. The 6" gate valve was then opened, increasing the base pressure of the chamber 

by an order of magnitude. The main sample arm was then moved into the proper pwsition, 

and the magnetic transfer arm was moved into the chamber next to the sample arm. Using 

the wiggle arm, any current sample stub was moved onto the sample tray and the new 

sample stub was moved onto the sample arm. The magnetic transfer arm was moved back 

into the fast entry system and the 6" gate valve closed. The diffusion pump was then turned 

off and once cooled, the rough pump was turned off and the valve shut. This procedure was 

followed for all of the samples introduced into the new UHV chamber. 

Ag Film Deposition 

Once a new UHV stub had been introduced into the chamber, an Ag film was vapor 

deposited onto the stub. For annealed films, the sample was kept at room temperature 

during film deposition, while the sample arm was cooled with liquid nitrogen to 77K for 

coldly-deposited films. The sample was then moved into position so that it was adjacent to 

a QCM and over the silver source. The QCM was attached to a 2" linear shift that enabled 

the QCM to be moved into place for deposition and out of the way so the sample arm could 

be moved through the chamber. A diagram of the metal v^r deposition is shown in Figure 

2-13. 
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Figure 2-13 Diagram of silver deposition onto a copper UHV stub. 
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It has been shown that the change in the frequency of the QCM is proportional to the 

change in mass of the QCM (equation 1).^"* Af = change in frequency, f^ = frmdamental 

frequency of the QCM (lOMHz), N = frequency constant of the quartz cut (1.67 x lO^Hz-m), 

pq = density of quartz (2.66 g/cm^), S = surface area, and Mf = mass of the film. 

/ 
Np^S ^ 

The mass of the film MfCan be substituted with the formula for density and rearranging (p^g 

= M/V). The volume for a thin film is equal to its surface area multiplied by its thickness 

t (V = St). Substituting this into equation 1 and rearranging results in equation 2. 

A/ = (2) 

This equation is simplified by substituting in all of the constants, resulting in equation 3. 

A/= -(236.34//r/nm)/ (3) 

Equation 3 shows that for a frequency change of236.34Hz, a thickness of 1.0 nm of silver 

was deposited. All films used in this work were vapor deposited to a thickness of 150 nm 

which results in a frequency decrease of 35,455 Hz in the QCM. 

The crystals purchased from JDR Microdevices® came in vacuum sealed metal 

shields. The metal shield was cut away using a Dremel tool and a fiberglass insert was 
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removed to expose one side of the crystal. Using barrel connectors, the QCM leads were 

connected to two leads of a 4-pin feedthrough via copper wires that were shielded with 

ceramic beads. The QCM was then attached to the 2" linear shift from Huntington. The 

QCM was powered with a custom-buih oscillator circuit shown in Figure 2-14. This circuit 

works by providing a constant voltage to both sides of the QCM, then relaying the 

subsequent oscillating frequency to the output device. The output of this circuit was 

connected to a Hewlett Packard 5384A frequency counter, which was used to observe the 

change in frequency during the deposition. 

In order to achieve a proper fihn thickness the following procedure was used. Once 

the sample was moved into position, an Ag film could be deposited. Prior to performing a 

vapor deposition the Ag source needed to be degassed and baked out to remove any possible 

contaminants. This procedure was performed duhng the back-out procedure for the 

chamber. The Ag source was held at -70% of its operating temperature (-600 "C) during the 

12 hr bake out procedure. The Ag source was then increased to its operating temperature 

of ~720''C at 4 amps. The initial frequency was recorded and the shutter of the Ag source 

opened. The needed change in frequency was calculated, and the changing frequency 

monitored. When the frequency reached the desired point (-35,455Hz) the shutter was 

closed and the final frequency recorded. This procedure assured that a 150 nm thick film 

was deposited on the UHV stub. One drawback of using QCMs was that they became non

linear after a large mass increase. Therefore, the crystal was replaced after every few film 

depositions. 
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Dosing of Molecules 

After film deposition, molecules could be dosed onto the Ag surfaces. The coldly-

deposited Ag films were already at 77K, while the annealed films were cooled to 77K with 

liquid nitrogen prior to dosing. This ensured that the sticking coefficient was near 1, and 

that any molecule that reached the surface would stick to it. Samples were held in a 1.33" 

metal-to-glass adaptor that was fused shut. This sample cell was connected to the high-

precision VG leak valve. 

These samples were degassed by subjecting them to several freeze-pump-thaw 

cycles. The samples were fi^ozen by immersing the sample cell in liquid nitrogen while the 

volume over the sample was pumped by opening the leak valve. The sample was then 

thawed to liberate dissolved gasses in the sample. This procedure was repeated until no 

residual gases were present, and the pressure above the sample was 1x10'^ torr or less. This 

was to ensure that the molecules dosed into the chamber were of the sample only. Dosing 

was accomplished by backfilling the chamber while monitoring the time and the pressure. 

Coverages are reported in uncalibrated Langmuirs (IL = IxIO"® torr @ Is), and were dosed 

at a pressure of 1x10 ' torr for coverages below 25L and 1x10"^ torr for coverages above 25L. 

After dosing, Raman spectra could be acquired of the different exposures. 

Optical Alignment 

In order to acquire Raman spectra fi'om the UHV chambers, they were positioned 

next to the optical table (Figures 2-8 and 2-11). The chambers were bolted to the optical 



table to prevent movement during these experiments, and the mechanical pumping um'ts 

were mounted on a separate cart to isolate vibrations. The old chamber was used with both 

monochromators mentioned previously, vsiiile the new chamber was used only with the Spex 

270M. The optical configuration for the old chamber was discussed in the section on the 

chambers mentioned above. The only points of interest are that, due to the angle involved 

with the Raman cell, the spectrally reflected light diverges from the scattered light, and 

when the scattered light was properly focused on the CCD, the image was only 50 pixels 

wide. This was also the width of the image on the CCD when the single monochromator 

was used. In order to eliminate stray images from entering the single monochromator, the 

slit height was closed to 1.5 mm. This was critical with the single monochromator due to 

its high throughput. 

Ag Source 

As mentioned above, a custom evaporation source was built for Ag metal deposition. 

This source, built in our laboratory with the assistance of the University of Arizona 

Chemistry machine shop, is shown in Figure 2-15. A custom-built flange purchased from 

Huntington Inc. consists of a 2.75" flange with two 1.33" flanges. One 1.33" flange is 

welded to a 0.75" dia tube, v^liile the other is welded to a 0.375" dia. tube. To these flanges 

are bolted a current-thermocouple feedthrough and a rotatable feedthrough, respectively. 

To the top of the 2.75" flange, a barrel connector is welded to support the main body of the 

source. This consists of a machined BN crucible wrapped with 0.5 mm Ta wire. This is 
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heat shielded with 7 layers of Ta foil and inserted into a stainless steel cylinder, I" dia. The 

cylinder is fit to a base that has several access holes with set screws, to allow electrical 

connections into the cylinder, and is supported with a 0.125" dia. stainless steel rod. 

Through the base, 1 mm Ta wire is spot-welded to the filament and connected to the power 

feedthrough with barrel connectors. A thermocouple connected to the feedthrough is 

inserted into the cylinder and into the BN crucible to monitor the temperature of the Ag 

metal. All of the wires are shielded with ceramics. The top of the source is covered with 

a Ta shield with a hole in it. This hole is covered with a Ta shield attached to the rotatable 

feedthrough. 

The power feedthroughs outside of vacuum are connected to a power transformer 

operating at 12V. This transformer is plugged into a Variac used to control the current. 

Typical operating parameters are achieved by passing a current of 3.6-4.1 amps through the 

Ta filament, producing a temperature of ca. 720°C. This temperature is monitored with a 

digital volt meter (DVM). During deposition, the chamber pressure was below 5x10 ' torr. 

Due to the high temperatures generated by the Ag source, the walls of the chamber need to 

be cooled. These high temperatures liberate contaminants from the walls that re-deposit on 

the fi-eshly deposited films. To cool the walls near the Ag source, water is pumped through 

0.25" I.D. Cu tubing that was wrapped around the outside of the chamber walls. This also 

helps to eliminate surface contamination during Ag film deposition. 
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Br Source 

The Br source is based on an electrochemical process. A solid pellet of silver 

bromide is heated to 250° C until molten, then a current is passed between the silver cathode 

and the platinum grid anode. Ag metal and bromide are produced at the cathode, while Br 

gas is produced at the anode; 

The amount of current passed is directly proportional to the amount of Brj produced. The 

Br, gas is directed toward the surface through an opening in the top of the source, and when 

it reached the Ag siuface, it dissociated to form silver bromide; 

The Br source, shown in Figure 2-16, is constructed on a 2.75" flange bolted to a 8-

pin feedthrough. A barrel connector welded to the flange is used to support the main body 

of the source with a 0.125" stainless steel rod. A BN crucible is obtained from R.D. Mathis 

Co. (C7BN) and a 0.5 mm hole is drilled into the bottom. A spiral cathode made of Ag is 

inserted into the crucible and the end fed through the hole. Torr seal is used to seal the 

space between the Ag lead and the crucible. Molten silver bromide is poured into the 

crucible and a Pt grid electrode, spot-welded to a Ag lead, is placed into the top of the silver 

bromide while it is still molten. The crucible is placed inside of a similar, heat shielded. 

Anode AgBr + e' = Ag + Br 
Cathode 2Br' + 2e ' = Br^(g) 

(4) 
(5) 

Br^ig) + 2Ag = 2AgBr (6) 
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stainless steel cylinder mentioned above. A Ta filament is wrapped around the crucible and 

spot-welded to 1 mm Ta wires. These wires are connected to the 8-pin feedthrough with 

barrel connectors. A thermocouple, spot-welded to two pins of the feedthrough, is inserted 

into the cylinder and placed next to the bottom of the crucible. The Ag leads are connected 

to Cu wires that are coimected to two pins of the feedthrough with more barrel connectors. 

All wires are shielded with ceramics. 

The power for this source was supplied with a custom-built power supply. A model 

CN76000 temperature controller from Omega was used to regulate the temperature of the 

source. Once a temperature was set, the power supply turned the current on and off to 

maintain the set temperature. The Br source needed to be degassed and baked out to remove 

any possible contaminants. This procedure was performed during the bake out procedure 

for the chamber like the Ag source. The Br source was held at -75% of its operating 

temperature (190'C) during the 12 hr bake out procedure. The Br source was then increased 

to its operating temperature of 250°C at 4 amps. Once the source was at its operating 

temperature, dosing of Br could begin. First, the sample surface was placed in position over 

the source; the current could then be passed throu^ the molten silver bromide. This current 

was supplied by an EG&G Princeton Applied Research Model 362 Scanning Potentiostat. 

The potentiostat was used in a constant current mode with the initial and final potentials set 

at -1.0 V and the current scale set to 100 jiA. The amount of current passed was monitored 

with an EG&G Princeton Applied Research Model 379 Digital Coulometer. When the 

potentiostat was turned on, current flowed between the electrodes and was mom'tored with 
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the coulometor. Once the proper amount of current had been passed, the potentiostat was 

turned off and dosing of the surface with Br was achieved. The power supplied to the Br 

source was then turned off. The calibration of this source will be discussed in Chapter 6. 

Na Source 

The Na source, built in a similar configuration as the Ag source, is shown in Figure 

2-17. The special flange assembly and feedthroughs mentioned above for the Ag source 

were also used for the Na source. The main body consists of a heat shielded stainless steel 

cylinder supported on a stainless steel rod (0.125" dia.). The Na source is based on a getter 

source purchased from SAES Getters that was made of Na/Cr04) encased in a metal shield 

(model Na/NF/1.5/12/FT10+10). The getter source is spot-welded to 1 mm Ta wires 

connected to the feedthrough with barrel connectors. A thermocouple is inserted into the 

cylinder and tied to the getter source to monitor the temperature. All wires are shielded with 

ceramics. The source is covered with a Ta shutter attached to the rotatable feedthrough. 

In order to use the Na source, the above mentioned temperature controller was used. 

Prior to dosing of Na, the source needed to be degassed and baked out to remove any 

possible contaminants. This procedure was performed during the bake out procedure for the 

chamber. The Na source was held at -75% of its operating temperature of -220°C during 

the 12 hr bake out procedure. The Na source was then increased to its operating temperature 

using the controller and was held at a constant current of 7 amps, with the temperature 

between 260 and 29Q°C. According to the calibration curve of the getter source, a constant 
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amount of Na was generated by supplying a constant current. With the source operating at 

these parameters, the surface was moved into position. The shutter was opened for a 

specific amount of time, and then closed. The time was monitored with the use of a 

stopwatch and used in the calibration of the source, which will be discussed in Chapter 6. 

After using the Na source, the controller was turned off 

XPS EXPERIMENTAL CONSIDERATIONS 

Because the UHV chamber used in this work was only used to acquire Raman 

spectra, XPS experiments were performed in a different UHV chamber. These experiments 

were conducted in the VG ESCALAB MKII UHV chamber which is equipped with x-ray 

photoelectron spectroscopy (XPS), auger electron spectroscopy (AES), and ultraviolet 

photoelectron spectroscopy (UPS). XPS was used for these experiments, because it is 

sensitive to small quantities of atomic species as well as the chemical enviroiunent of the 

atoms. 

These experiments required modification of the existing VG ESCALAB MKII UHV 

chamber. This modification was necessary because it was not possible to transfer a liquid 

nitrogen-cooled sample stub from the preparation chamber to the analysis chamber without 

warming of the stub. This was critical when conducting experiments on coldly-deposited 

surfaces because the temperature must be maintained. 
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Modifications to the VG ESCALAB MKIIXPS System 

The required modifications involved substituting the ESCALAB's X-Y-Z sample 

translator with the sample arm from our UHV Raman chamber. A sample preparation 

chamber was also built into this chamber and was isolated from the ESCALAB's analysis 

chamber with a gate valve (Figure 2-18). The sample preparation chamber consisted of a 

double sided 6" flange with six mini flanges (1.33"). Two viewports and two blank flanges 

were attached to four of the flanges, while the other two flanges were used to mount the Ag 

source and either the bromine or sodium sources. Great care was taken to maintain the same 

geometry these sources had in the Raman chamber, in order to keep all dosing p)arameters 

the same. The custom 6" flange, with the 2.75" pumping port used in the fast entry lock 

system, was bolted to one side of the double sided flange. The bellows and sample arm 

assembly was fastened to the other side of the flange. To the pumping port a 4-way cross 

with a blank flange, ion gauge, and turbo pump were attached, allowing the system to be 

isolated from the VG ESCALAB MKII. Sample introduction, preparation, and XPS 

parameters are discussed in detail in Chapter 6. 
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CHAPTER III 

RAMAN VTORATIONAL ASSIGNMENTS FOR THE ALCOHOL 

SERIES METHANOL-BUTANOL AND THIOPHENOL 

INTRODUCTION 

This chapter is a comprehensive compilation of the Raman vibrational modes 

observed for the molecules studied in this research, and will serve as a reference for 

subsequent chapters in this dissertation. Previously reported work from this laboratory' 

and literature sources will be used to corroborate the Raman vibrational assignments 

presented in this chapter. Furthermore, temperature and polarization studies will be 

presented to determine the proper Raman vibrational assignments for gauche and trans 

modes and symmetric and antisymmetric modes, respectively. In a temperature study, 

intensities of gauche modes will either decrease or will be non-existent in the solid 

spectrum. In a polarization study, the intensities of symmetric and antisymmetric vibrations 

change drastically when the spectrum is acquired with different polarizations. See Figure 

3-2 for an example. This chapter is included in this dissertation because previously 

published results from this laboratory^'-^""'-^-''^ were concentrated in limited vibrational 

regions. This left many vibrational modes unreported, and many of the reported assigimients 
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were either too simplistic or incorrect. The two vibrational regions of interest are the v(C-

H) region from 2650-3050 wavenumbers (cm '), and the v(C-C) and 6(C-C) regions from 

275-1675 cm"'. The v(C-H) region has been well documented in this laboratory,'"' 

and the vibrational assignments are accurate except for a few overtones and combination 

modes. Conversely, with the v(C-C) and 6(C-C) regions, only selected portions of this 

region have been published (i.e, 800-1200 cmand many important vibrational modes 

were not reported. These vibrational modes include methyl and methylene rocking, twisting, 

scissoring, and deformation modes, as well as backbone stretches (v(CC) and v(CO)). 

These vibrational modes could provide important information when interpreting the 

orientation of these molecules at surfaces. It is for this reason that this chapter is of 

importance, and is therefore included in this dissertation. 

EXPERIMENTAL 

All data presented in this chapter were acquired on the Spex 270M single 

monochromator using the 1800 gr/mm grating. The data were acquired with an incident 

laser power of 150 mW and the monochromator slits set to 50 nm. A custom-built liquid 

mtrogen reservoir was used to cool the samples when acquiring the solid spectra. All data 

are calibrated for integration times of 30s. 

THE ALCOHOL SERIES: Methanol-Butanol 

The Raman vibrational modes of neat methanol, ethanol, propanol, and butanol are 
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tabulated in this chapter. Butanol is the molecule of primary interest in this dissertation, and 

its vibrational assignments will discussed in detail; the other alcohols are included for a 

detailed comprehensive study. 

As the chain length of the alcohol is increased, the number and complexity of the 

vibrational modes increases. One method that is used to determine these vibrational 

assigimients is to assume that the vibrational modes from a shorter chain length alcohol will 

be included in the vibrational modes of the next alcohol in the series. For example, the 

vibrational modes observed for methanol will also be observed in ethanol, but at a lower 

frequency due to a change in the reduced mass. 

The expected shift due to reduced mass is easily observed for the carbon oxygen 

stretching mode v(C-O). As the alcohol series moves from methanol to ethanol to propanol 

and to butanol, this vibrational mode shifts in Raman frequency from 1034 to 883 to 860 to 

828 cm '. The frequency shift of this mode, with increasing chain length, demonstrates that 

this behavior can be used in the assignment of vibrational modes consistent to all the 

alcohols. Also, the modes that are observed for methanol should l>e included in the 

vibrational modes for ethanol. 

For each alcohol, the Raman spectra of the two vibrational regions mentioned above 

are shown. The format for each figure is as follows. Each figure shows three Raman 

spectra, one of the amorphous solid spectrum, and two neat liquid spectra acquired with 

parallel and perpendicular polarizations, respectively. The Raman vibrational frequencies 

of the perpendicular spectrum are noted above each vibrational mode, and are tabulated with 



106 

their appropriate assignments. These spectra along with published data are used to 

determine the Raman vibrational assignments of these alcohols. 

METHANOL 

Methanol is the simplest alcohol in this series, and therefore, has the fewest number 

of vibrational modes, eleven in all. Figures 3-1 and 3-2 show the Raman vibrational modes 

of neat methanol in the v(C-C) and v(C-H) regions, respectively. The Raman vibrational 

frequencies (cm"') of methanol are tabulated in Table 3-1. The assignments for these 

frequencies were determined from the following references: Sobocinski and Pemberton, 

and Seifert and Oehme.^ The papers by Sobocinski and Pemberton provided assignments 

for all of the Raman vibrational bands of methanol, ethanol and propanol, whereas Seifert 

and Oehme studied the v(C-H) stretching modes of methanol and its deuterated counterpart. 

These assignments, along with temperature and polarization studies, were used to confirm 

these assignments. 

The only possible vibrations that exist for methanol are from the methyl, O-H and 

C-0 groups. The v(C-C) region of methanol is shown in Figure 3-1 and contains five Raman 

vibrational modes. One vibration is from the C-O group, and the other five are from the 

methyl group. The peak at 1034 cm ' has been assigned to the v(CO). The peaks at 1110 

and 1151 cm*' are assigned to methyl rocking modes (r(CH3)). Because there are two 

methyl rocking modes, they are usually given an identifiable nomenclature such as a' and 

a" as in the Sobocinski paper. In this discussion, the terms in-plane and out-of-plane are 
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Table 3-1 Methanol Vibrational Assi, piments 

Assignment* Liquid 
(cm') 

Solid 
(cm') 

Ref Assignment Liquid 
(cm') 

Solid 
(cm') 

Ref 

v(CO) 1034 1027 1 V,(CH3)FR 2835 2835 6 

r(CH3).p 1110 1115 1 Comb. 2920 2910 6 

r(CH3)„p 1151 1152 1 VS(CH3)fr 2943 2943 1,6 

riCU,) 1161 V.(CH3) 2952 2963 6 

6.(CH3).p 1452 1462 1 V.(CH3) 2985 2987 1,6 

6.(CH3)^ 1468 1471 1 V(OH) 3337 3160 1 

5(CH3) 1526 1511 V(OH) 3286 
' V = stretch 6 = bend , = symmetric , = anti-symmetric r = rocking 
,p = in-plane = out-of-plane fr ~ Fermi resonance Comb. = combination mode 

used to identify identical vibrations with different energies. The plane in question is the 

plane of the methyl group with C, local symmetry." Therefore, the modes at 1110 and 1151 

cm ' are from methyl rocking modes that are in-plane and out-of-plane, respectively (r(CH ^ ,p 

and r(CH3)„p). 

Three other vibrational modes at 1452, 1468 and 1526 cm ' are due to methyl 

deformation or bending modes. The vibrational mode at 1452 cm"' is due to a methyl 

antisymmetric in-plane deformation 6,(CH3)ip, and the vibration at 1468 cm ' is due to the 

same vibrational mode that is out-of-plane 6 j[CH3)op The mode at 1526 cm"' is also due to 

a 6(CH3) but has not been assigned in the literature. It is evident from the polarization study 

that these vibrational modes are in fact antisymmetric due to an increase in intensity when 

the spectrum is acquired with parallel polarization. 
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The v(C-H) region of methanol is shown in Figure 3-2 and also contains five Raman 

vibrational modes. In discussing Raman spectroscopy in the v(C-H) region it is important 

to understand what is meant by Fermi resonance.^*^^'"^" In vibrational spectroscopy, a 

Fermi resonance occurs when an overtone or combination mode coincides with a normal 

v(C-H) stretching mode. The v(C-H) stretching mode then becomes two-fold degenerate 

resulting in a splitting of the normal v(C-H) stretch. Most authors label these degenerate 

peaks as v(CH), and v(CH^)kTj, where x is the number of hydrogens and FR indicates the 

Fermi resonance. This notation can be confusing. In this discussion, both vibrations from 

Fermi resonance are labeled identically to identify both vibrational modes as originating 

from Fermi resonance. This notation is not critical for methanol, but for the longer chain 

alcohols it is important in distinguishing between the methyl and methylene vibrations. 

For methanol, the modes at 2835 and 2943 cm ' are due to a Fermi resonance of the 

symmetric methyl stretch v/CHj) from an overtone of the methyl deformation mode at 1468 

cm"' 6,(CH3)op,^'-" and are therefore labeled as v^CH3)fr. The vibrational mode at 2920 cm" 

' is due to a combination mode of the methyl deformation modes at 1452 and 1468 cm"'.^"^ 

The other two vibrations at 2952 and 2985 cm ' are assigned to different conformational 

components of the anti-symmetric methyl stretch VjCCHj)." 

The only vibrational mode not shown in these figures is the v(OH) which is a very 

broad band centered at 3337 cm"'. 

The spectrum of solid methanol resembles that of the liquid almost identically, 

except for a few shifts in frequency. One additional mode that appears in the spectrum of 
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the solid that is not in the spectrum of the liquid is at 1161 cm '. It is not understood at this 

time which is the proper assignment of this mode. It is believed that this vibration is due to 

a methyl rocking mode, and is a splitting of the rocking mode at 1156 cm '. The v(OH) 

stretch also splits into two distinct vibrations as well. 

ETHANOL 

Ethanol is the next alcohol in this series to be discussed. The addition of one 

methylene unit (-CHj-) to methanol increases the number of Raman vibrational modes 

observed to sixteen. Once again, it is believed that the longer chain length alcohols contain 

the vibrational modes observed in the previous alcohol. These similarities will be discussed 

in detail for ethanol. The Raman spectra of neat ethanol are shown in Figures 3-3 and 3-4, 

and the vibrational assignments are listed in Table 3-2. The assignments for these 

frequencies were determined from the following references: Sobocinski and Pemberton^' 

and Jakobsen et al.^ '^ Jakobsen studied the IR spectra of single crystals of ethanol. 

Figure 3-3 shows the Raman spectra of ethanol in the v(C-C) and 6(C-H) regions. 

The addition of a methylene unit increases the number of vibrations in this region to eleven. 

Two new vibrational modes at 433 and 451 cm"' are due to bending of the carbon-oxygen 

backbone; 6,(CCO) and 6(CCO), respectively. This mode is not observed in methanol, but 

is common for the longer chain alcohols. Another new mode at 818 cm ' is due to a 

methylene rocking mode, rCCHj). The vibrations at 883 and 1053 cm"' are assigned to 

v(CCO) modes, the first being symmetric and the second anti-symmetric. The mode at 883 
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Table 3-2 Ethanol Vibrational Assignments 

Assignment* Liquid 
(cm') 

Solid 
(cm') 

Ref Assignment Liquid 
(cm') 

Solid 
(cm') 

Ref 

6.(CCO) 433 433 12 6.(CH3)^ 1453 1450 1,12 

6(CC0) 451 451 6.(CH3)^ 1476 1476 1,12 

TiCH,) 818 818 12 Comb. 2843 2842 

v,(CCO) 883 889 1,12 V.(CH2) 2878 2880 12 

v.(CCO) 1053 1047 1,12 VS(CH3)PR 2900 2903 12 

v(CCO) 1056 VXCHJ) 2915 2915 

r(CH3) 1088 V,(CH3)fr 2927 2930 1,12 

r(CH3).p 1097 1093 1,12 V.(CH2) 2937 2936 12 

1118 1127 1,12 v.(CH3) 2972 2972 1,12 

tiCH,) 1276 1279 1,12 v(OH) 3366 3185 1 

6s(CH3) 1388 1383 12 v(OH) 3266 
• V = stretch 6 = bend , = symmetric , = anti=symmetric r = rocking 
t = twisting ,p = in-plane ~ out-of-plane fr = Fermi resonance 
Comb. = combination mode 

cm ' was also observed in methanol but at a higher frequency (1051 cm"'). The r(CH 3) ,pand 

r(CH3)op modes that were observed in methanol are also seen in ethanol at 1097 and 1118 

cm"', respectively. Two additional vibrational modes found in ethanol are a methylene 

twisting tCCHj) mode at 1276 cm"' and a symmetric methyl deformation d/CHj) at 1388 cm" 

'. The 6,(CH3)jp and 6,(CH3)op modes are observed for ethanol at 1453 and 1476 cnl' , 

respectively. 

The v(C-H) region (Figure 3-4) is more complex for ethanol than it is for methanol 

due to the addition of a methylene unit (-CHr). The methylene group has its own symmetric 
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and antisymmetric stretches. Two v,(CH2) and one v, (CH 2 ) methylene stretches are 

observed at 2878, 2915 and 2937 cm ', respectively. The methyl stretches are comprise of 

two symmetric Fermi resonance modes at 2900 and 2927 cm ' v,(CH3)fr, and an 

antisymmetric mode v/CHj) at 2972 cm '. Also included in this envelope is a combination 

mode at 2843 cm ' due to the two vibrations at 1388 and 1453 cm '. Not included in these 

data is the broad band v(OH) centered at 3366 cm"'. 

The spectrum of solid ethanol resembles that of the liquid except for a few shifts in 

frequency. In the spectrum of solid ethanol there is a splitting of the vg(CCO) and r(CH3),p 

peaks at 1053 and 1097 cm"' into four distinct bands at 1047, 1056, 1088 and 1093, 

respectively. As with methanol, a splitting of the v(OH) mode into two distinct peaks at 

3185 and 3266 cm"' occurs. 

PROPANOL 

The Raman spectra of neat propanol are shown in Figure 3-5 and 3-6, and the Raman 

vibrational assignments are listed in Table 3-3. The assignments for these peaks were 

determined from the following references; Sobocinski and Pemberton and Fukushima and 

Zwolinski.^'^ 

In the v(C-C) and 6(C-H) regions (Figure 3-5), twenty Raman vibrational modes are 

observed. Three modes are due to bending of the carbon and carbon-oxygen backbone of 

propanol. Thus, the modes at 326,463, and 484 cm ' are attributed to the 6(CC0), 6 ̂ CCC), 

and 6,(CCC), respectively. A methylene rocking vibration rCCHj) is at 768 cm ', which is 
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Table 3-3 Propanol Vibrational Assignments 

Assignment" Liquid 
(cm') 

Solid 
(cm') 

Ref Assignment Liquid 
(cm"') 

Solid 
(cm') 

Ref 

6(CCO) 326 311 13 S(CH2)C 1443 1440 

6.(CCC)T 463 465 13 6.(CH3)^ 1454 1452 1 

6.(CCC)G 484 486 13 6.(CH3)op 1469 1461 13 

KCH.) 768 768 13 S(CH2)O 1475 1473 1 

v,(CCCO),r(CH3) 860 861 1 Comb. 2847 2850 

V.(CCCO) 888 887 U3 V.(CH2) 2864 2866 1 

TiCH,) 970 970 1,13 V$(CH2)FR 2878 2875 

tiCH,) 1022 1016 VS(CH3)fr 2886 2882 1 

V(CO)T 1057 1055 1 V.(CH2) 2904 2904 1 

v(CC)o 1071 1070 1 VS(^H2)FR 2913 2913 1 

V(CC)t, TiCU,) 1104 1104 1 V.(CH2) 2919 2922 

1125 1125 V*(CH3)FR 2936 2932 1 

riCH,) 1247 1245 V.(CH3) 2961 2964 1 

1275 1274 1 V.(CH3) 2967 2973 1 

W(CH2) 1297 1295 1,13 V(OH) 3320 3180 1,13 

6(COH)Ji-bonded 1344 1346 V(OH) 3272 
• V = stretch 6 = bend , = symmetric , = anti-symmetric r = rocking 
s = scissoring w = wagging t = twisting ip = in-plane op = out-of-plane 
J = trans o ~ gauche fr = Fermi resonance Comb. = combination mode 
X = where X is the atom the group is attached to. 

at a lower frequency than in ethanol (818 cm ') due to a change in reduced mass. The main 

backbone v,(CCCO) of propanol is at 860 cm ' (883 cm ' in ethanol) and is overlapped by 

a methyl rocking mode r(CH3). The v,(CCCO) is at 888 cm '. The next two vibrational 
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modes at 970 and 1022 cm ' are due to i^CHz) and tCCHj) modes, respectively, and were not 

observed in ethanol. A v(CO) mode is observed at 1057 cm '. Two v(CC) modes occur at 

1071 and 1104 cm ' from gauche and trans conformers, respectively. The bands at 1125, 

1247, 1275, and 1297 cm ' are assigned to the r(CH3), r(CH2), tCCHz), and wCCHa) modes, 

respectively. The last set of vibrational modes in this region is associated with methyl 

deformations and methylene scissoring modes. These occur at 1344, 1443, 1454,1469, and 

1475 cm"' corresponding to the 6(C0H) H-B (hydrogen bonded), sCCHjjc, 6,(CH3),p, 

6,(CH3)op and s(CH2)o, where the notation (C) or (O) indicates the atom adjacent to the 

methylene group. 

The v(C-H) region for propanol is shown in Figure 3-6. Once again, as the chain 

length is increased, this region becomes more complex. The added methylene unit (-CH^-) 

increases the number of vCCHj) modes that are observed. A total of five vibrational modes 

are associated with the methylene groups at 2864, 2878,2904, 2913, and 2919 cm '. These 

bands are assigned to two synmietric methylene stretches in Fermi resonance Vj(CH2)fr at 

2878 and 2913 cm ', and two symmetric v/CHj) and one anti-symmetric v,(CH2) stretches 

at 2864, 2904, and 2919 cm ', respectively. The methyl group produces four vibrational 

modes at 2886,2936,2961, and 2968 cm"'. The two vibrations at 2936 and 2961 cm ' are 

from symmetric Fermi resonances modes while the other two vibrations are from 

symmetric v,(CH3) and antisymmetric v,(CH3) methyl stretches at 2886 and 2968 cm"', 

respectively. A combination mode is also present at 2847 cm"'. The only other vibrational 

mode of interest is the broad v(OH) centered at 3371 cm"'. 
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The spectrum of solid propanol resembles that of the liquid, except for a few shifts 

in frequency. The only change in the spectrum is a splitting of the v(OH) mode into two 

distinct vibrational modes at 3180 and 3272 cm"'. 

BUTANOL 

The spectra of neat butanol are shown in Figures 3-7 and 3-8, and the assignments 

are listed in Table 3-4. The assignments for these frequencies were determined from the 

following references: Joa and Pemberton^^ and Onho and coworkers.^' Ohno studied the 

Raman and IR spectra of neat, amorphous solid, and solid butanol, along with molecular 

orbital calculations. Of all the alcohols studied, the vibrational spectrum of butanol is the 

most complex. Between the v(C-H) and v(C-C)/6(C-H) regions, forty-six distinct 

vibrational modes are observed. 

The v(C-C) and 6(C-H) regions (Figure 3-7) for neat butanol are complex due to the 

overlapping of bands and the numerous shoulders. The low frequency region (below 600 

cm"') of butanol contains five vibrations, with several overlaps, attributed to the carbon and 

carbon-oxygen backbone. The bands observed at 353,396,452,487, 515 cm"' are assigned 

to the 6(CC0), 6(CCC), 6(CCC) overlapped with 6(CC0), 6(CCC) overlapped with 

6(CC0), and 6(CCO) overlapped with 6(CCC) modes, respectively. The next vibration at 

758 cm"' is from a rCCHz) mode that is also observed in propanol (769 cm"'). 

The next series of vibrational modes are due to carbon stretches and carbon-hydrogen 
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Table 3-4 Butanol Vibrational Assignments 

Assigpment* Liquid 
(cm') 

SoUd 
(cm') 

Ref Assignment Liquid 
(cm') 

SoUd 
(cm') 

Ref 

6(CC0) 353 362 7 KCH,) 1253 1253 7 

6(CCC) 396 398 7 w(CH2), 5(C0H) 1299 1299 7 

6(CCC), 6(CCO) 452 453 7 MCHj) 1307 1305 7 

6(CCC), 5(CCO) 487 486 7 6(C0H) H-bonded 1336 7 

6(CC0), 6(CCC) 515 519 7 w(CHj) 1368 1368 7 

r(CH,) 758 759 7 5,(CH3) 1379 1384 7 

v(CC)G 810 814 2 ,7  s(CH,)c 1437 1436 7 

v.(CCCCO),r(CHj) 828 830 2 ,7  s(CHj)c 1449 1451 7 

KCHj), r(CH3)^ 848 847 2 ,7  5.(CH3)^ 1457 1459 7 

v(CC)G 880 880 7 6.(CH3)^ 1465 1471 7 

v(CC)T 902 903 7 s(CH,)o 1474 1480 7 

r(CH3)^ 945 945 2 ,7  OT, Comb. 2848 2848 7 

r(CH3)^ v(CCO>r 955 955 2 ,7  v.(CH,) 2868 2868 2 ,7  

r(CH2) 967 962 2 ,7  v.(CH3)n, 2876 2874 2 

v(CCO)T 993 997 2 ,7  v/CH^) 2885 2883 2 

v(CC)o 1015 1013 7 v,(CH2)F]I 2896 2896 2 

t(CHj), v(CO>r 1030 1033 2 ,7  v.(CH3) 2907 2905 2 

v(CCK 1051 1049 2 ,7  v.(CH2)pr 2914 2914 2 

v(CC>r 1061 1061 2 ,7  v.(CH2) 2926 2929 2 

v(CCO)g 1071 1072 2 ,7  v.(CH3U 2935 2937 2 

1114 1118 7 v/CHj) 2957 2959 2 ,7  

riCHX 1130 1132 7 v.(CH3) 2975 2975 2 ,7  

t(CH,) 1222 1223 7 v(OH) 3300 2 

• v = stretch 6 = bend , = symmetric , = anti-symmetric r = rocking 
s = scissoring w = wagging t = twisting ip = in-plane op = out-of-plane 
j = trans q = gauche OT = overtone fr = Fermi resonance 
Comb. = combination mode x ^ where X is the atom the group is attached to 
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rocking modes. The band at 810 cm"' is from a V(CC)G mode. The vibration at 828 cm ' is 

from the v,(CCCCO) that was also observed in the other alcohols. An rCCHz) band is also 

observed at this frequency. An additional band due to the r(CH ̂  is present at 848 cm '. The 

bands at 880 and 902 cm"' have been assigned to v(CC) modes of gauche and trans 

conformers, respectively. The next three vibrations at 945, 955, and 967 cm"' are assigned 

to the RCCHJ)^, r(CH3)op overlapped with a V(CCO)T, and the r(CF^ ) mode, respectively. 

Two bands at 993 and 1015 cm"' are due to the v(CC)Tand v(CC)Gniodes, respectively. The 

band at 1030 cm"' is due to the tCCHj) mode overlapped with a v(CO)j. Three more bands 

at 1051, 1061, and 1071 cm"' are assigned to the v(CC>r, v(CC)R, and V(CCO)G modes, 

respectively. The next six vibrations at 1114, 1130, 1222, 1253, 1299, and 1307 cm"' are 

assigned to the rCCHj^p, KCHj),^ tCCHj), r(CH2), wCCHj) overlapped with a 6(C0H), and a 

W(CH2) modes, respectively. The band at 1336 cm"' arises from a carbon-oxygen-hydrogen 

bend that is hydrogen-bonded to another butanol molecule. Another wtCHj) is observed at 

1368 cm"'. 

The last six vibrational modes in this region at 1379, 1437, 1449, 1457, 1465, and 

1474 cm"' are assigned to three methylene scissoring modes, two attached to carbon atoms 

s(CH2)c at 1437 and 1449 cm"' and one attached to an oxygen atom s(CH2)o at 1474 cm"'. 

The other three vibrational modes at 1379,1457, and 1465 cm "' are assigned to the 

and two 6,(CH3)jp. This concludes all of the vibrational assignments for the v(C-C)/5(C-C) 

region. 
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The v(C-H) region for butanol is shown in Figure 3-8. Once again this region is very 

complex due to the increase in chain length. The first vibration in this region is at 2846 cm 

and is from a combination mode (1379 and 1465 cm '). Six methylene modes occur in the 

v(C-H) stretching region, two of which are symmetric methylene stretches in Fermi 

resonance: Vj(CH2)fr at 2896 and 2914 cm '. Three v, (CHj ) and v, (CH2 ) modes are 

observed at 2868, 2885, 2926, and 2907 cm ', respectively. The methyl group of butanol 

produces four vibrations at 2876, 2935, 2957, and 2975 cm ' due to v,(CH3)jrR at 2876 and 

2935 cm ', and two vj(CH3) at 2957 and 2975 cm '. This completes the assigrmients for the 

v(C-H) stretching region, except for the broad band oxygen-hydrogen stretch v(OH) centered 

at 3300 cm'. 

The spectrum of solid butanol resembles that of the liquid except for a few shifts in 

frequency. 

THIOPHENOL 

The Raman spectrum of thiophenol is shown in Figures 3-9 and 3-10, and the peak 

frequencies and assignments are listed in Table 3-5. The assignments for these frequencies 

were determined from the reference by Kim et al.^'"* Twenty-seven distinct vibrational 

modes are observed for thiophenol. Most of the possible vibrations include ring bending and 

stretching modes, 6(CH) and v(CH), v(CS), and v(SH) and 6(SH). 

Figure 3-9 contains all of the modes except the v(SH) and v(CH) modes. There are 

six modes in the low fi^uency region (below 700 cm ') at 278,405,412,615, 683 and 697 
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Table 3-5 Thiophenol Vibrational Assignments 

Assignment* Liquid 
(cm') 

Solid 
(cm') 

Ref Assignment Liquid 
(cm') 

Solid 
(cm") 

Ref 

6(CS)ip 278 278 14 6(CH)ip 1119 1119 

v(CS), 6(CCC), 405 405 14 6(CH)^ 1157 1150 14 

6(CCC)^ 412 414 14 6(CHXp 1181 1181 14 

6(CCC V v(CS) 615 615 14 8(CH)ip 1270 1276 14 

6(CCC)^ 683 683 14 

6(CCCV v(CS) 697 699 14 v(CC) 1328 1332 14 

6(CH)^ 732 753 14 v(CC) 1376 1387 

5(CH)^ 838 845 14 v(CC) 1438 1441 14 

6(CH)^ 902 902 14 v(CC) 1478 1478 14 

6(SH)ip 917 913 14 v(CC) 1566 

6(CCC),p 1001 999 14 v(CC) 1582 1581 14 

6(CH).p 1026 1022 14 v(SH) 2547 

6(CH).P 1073 1073 14 v(SH) 2567 2560 14 

6(CCC).p, v(CS) 1093 1093 14 v(CH) 3056 3056 14 
' V = stretch 6 = bend ip = in-plane op = out-of-plane 

cm ', that are associated with defonnations of the benzene ring and v(CS). These bands are 

assigned to the 6(CS)ip,v(CS) + 6(CCC)^, 6iCCC)^, 6{CCC),^ + v(CS), 6(CCC) „p, and 

6(CCC)jp + v(CS), respectively. The next three bands at 732,838, and 902 cm ' are assigned 

to 6{CH)op modes. The 6(SH)ip occurs at 917 cm '. The most prominent vibrational mode 

of thiophenol occurs at 1001 cm ' and is assigned to the ring breathing mode which is the 

6(CCC)ip vibration. The next two bands at 1026 and 1073 cm"' are assigned to 6(CH)jp 
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modes. The vibration at 1093 cm ' is also assigned to 6(CCC)ip mode which is overlapped 

with the v(CS). The four vibrational modes at 1119, 1157, 1181, and 1270 cm ' are all 

assigned to 6(CH)ip modes. The last four vibrations in this region at 1328, 1376, 1438,1478 

and 1582 are all assigned to v(CC) modes. 

Figure 3-10 shows the v(CH) and v(SH) regions for thiophenol. This region only has 

two vibrational modes that are assigned to the v(SH) and v(CH) modes at 2567 and 3056 cm' 

respectively. 

The spectrum of solid thiophenol resembles that of the liquid except for a few shifts 

in frequency. There are two additional vibrations that appear in the spectrum of the solid 

that were not present in the liquid. The v(SH) mode at 2567 cm ' is split into two distinct 

vibrations at 2547 and 2560 cm '. 

CONCLUSIONS 

This chapter is a simimaiy of the vibrational modes and their assignments of the 

molecules studied in this dissertation. It has been shown that vibrational modes contained 

in the shorter chain length alcohols were also present in the longer chain length alcohols. 

Not only are these vibrations present, they also behave according to the change in reduced 

mass for each molecule. 
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CHAPTER IV 

SURFACE ROUGHNESS FACTORS, ENHANCEMENT FACTORS AND 

MORPHOLOGY FOR Ag SURFACES FABRICATED IN UHV 

INTRODUCTION 

This chapter will focus on the surface roughness factors, surface enhancement factors 

(SEFs) and surface morphology of the coldly-deposited and annealed Ag surfaces used 

throughout this dissertation. Raman surface enhancement factors (SEFs) for these surfaces 

will be determined and are compared to the enhancement factors determined for other Ag 

surfaces used in this laboratory. The surface roughness factors (RjS) will be estimated and 

compared to values previously reported. Using the SEFs and R,s a mathematical 

representation will be used to determine the surface morphology of these surfaces. Data 

presented throughout this dissertation will be used to substantiate these results and the reader 

will be referred to the appropriate chapter. These results will be used throughout this 

dissertation when discussing the characteristics of these Ag surfaces. 

ROUGHNESS FACTOR (Rf) 

The roughness factor of a surface is defined as the ratio of the true surface area to 
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the geometric area. An atomically smooth surface, represented by a single crystal surface 

with no steps or adatoms, would have a roughness factor of 1.0. The roughness factors for 

the coldly-deposited and armealed surfaces will be determined using the data presented in 

this dissertation and the literature. 

For the annealed surfaces the Rf value was determined from the literature. Several 

researchers have determined that the Rf values vary from to 3-4 depending 

on the substrate, temperature and deposition rate.'^® '*^ Cotton et al."^ determined that the 

morphology of Ag island fihns grown on glass slides was dependent on the deposition rate, 

but never determined their Rf values. Otto et reported Rf values of 3 to 4 for thick 

(100 ran) Ag films deposited on CaF, substrates. Murray and Bodoff*"^ deposited a 50 A 

thick Ag films on a glass slides with an Rf value of 3, and with an island size of 200A. As 

the thickness of the Ag films was increased to lOOOA the Rf decreased to 1.5. All of these 

films were deposited at a rate of 1 A/s at room temperature. 

It is believed that the type of substrate and deposition rate greatly effect the surface 

morphology of these surfaces. The wetting of the substrate determines the size and spacing 

of the Ag islands and subsequently the Rf value. Thin films of Ag deposited on 

nonconducting substrates generates island surfaces."^' Glass and sapphire (CaFi) substrates 

generate the largest Rf values and excellent island spacing at slow (< 1.0 A/s) deposition 

rates, suggesting poor wetting of these substrates. For thin fUms on these substrates, the Ag 

atoms migrate together and create these roug^ island surfaces. For thick Ag films (> lOOOA) 

additional Ag atoms are depositing on a metal surface (conducting surface) which results 
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in a lower Revalue, suggesting that the wetting of metal surfaces is greater than the glass and 

CaFj substrates. Thick Ag films grown on glass substrates from Murray and BodofT"^ 

suggest that as the thickness of the Ag film increases, the Revalue decreases fi-om 3 to 1.5. 

Therefore, a thick Ag film grown on a low RfValue metal surface would generate a film with 

a lower Rf value. This is the situation for the surfaces fabricated in this dissertation, Ag was 

deposited on mecham'cally polished Cu substrates. 

A deposition rate of ca. 1 A/s was used, which is identical to several of the deposition 

rates referenced above. Depositing a thick ca. 150 nm Ag film on a conducting smooth 

metal surface generates a surface with a very low RfValue. As mentioned above, depositing 

a thick film on rough (Rf of 3-4) substrates results in a smooth surface (Rf of 1.5). It is 

believed that the annealed surfaces have roughness factors at or near 1, which is consistent 

with the surface enhancement factors (ca. 6) determined below. 

On coldly-deposited Ag surfaces, the porous structure increases the Rf value 

compared to the annealed surfaces. Rf values for coldly-deposited Ag surfaces have been 

reported as hi^ as Many of these results were determined with deposition 

rates of lOA/s. As was the case with the annealed surfaces, it is believed that the Rf value 

is dependent on the deposition rate. Therefore, depositing Ag at a slow rate (1 A/s) on a 

conducting siuface generates a surface with a small Rf value. 

The Rf value for the coldly-deposited surfaces was determined with the Raman 

spectra acquired fix)m these sur&ces. By estimating monolayer exposures for annealed and 

coldly-deposited sur&ces, the Rf value can be calculated versus the annealed Rf value of 1. 
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Raman spectra of the v(S-H) region of thiophenol (Figure 5-3 and 5-6) and the v(C-H) 

region of butanol (Figures 6-5 and 6-10) will be used to determine the R f value of the coldly-

deposited siufaces. 

According to the Raman spectra of thiophenol on annealed Ag surfaces (Figures 5-4 

and 5-6) a monolayer of thiophenol is reached at an exposure of IL. This is evident from 

the shift in frequency observed for the v(CC) mode at 997 cm"' (Figure 5-6). Due to the 

"first-layer" effect of the coldly-deposited Ag surfaces, these surfaces can effectively be 

titrated. Once a complete monolayer is formed, the observed signal is maximized at that 

exposure. On coldly-deposited Ag surfaces, (Figures 5-2b and 5-3) a monolayer of 

thiophenol is reached at an exposure between 5 and 7.5L. Comparing the armealed Ag 

exposure to the coldly-deposited Ag exposure the Rf value for the coldly-deposited surfaces 

is ca. 5-7. 

Similar behavior is observed for butanol adsoqjtion on aimealed and coldly-deposited 

Ag surfaces. According to the Raman spectra of butanol on armealed Ag, (Figure 6-9) a 

monolayer is achieved at an exposure of 1.5L. At 2L there are weak surface modes 

overlapped with bulk modes, suggesting that monolayer coverage is achieved slightly lower 

than this exposure (1.5L). Using the "first-layer" effect, monolayer exposure is easily 

observable in Figure 6-6. On coldly-deposited Ag, (Figures 6-5 and 6-6) a complete 

monolayer is observed at an exposure between 5 and lOL. The ratios of the methyl and 

methylene modes maximizes at an exposure of lOL, suggesting a complete monolayer at or 

prior to this exposure. Using the exposure of a monolayer on the annealed surfaces (1.5L) 



134 

and an Rf of 5-7 is expected, suggesting monolayer formation at an exposure of 7.5-10.5L. 

According to the XPS data presented in Chapter 7, it is believed the roughness factor is 

closer to ca. 7 than 5. 

The differences in monolayer exposure observed for thiophenol and butanol can be 

explained by the size difference of the molecules. A thiophenol molecule occupies ca. 30.5 

(0.554 nmol/cm^)^'^ of surface area assuming a vertical orientation with a tilt of 81.3°. 

Butanol molecules, in a flat parallel orientation (see Chapter 6), occupy ca. 20.6 (0.806 

nmol/cm^) of surface area. The difference in occupied area of thiophenol and butanol 

accounts for the difference in monolayer exposure. 

SURFACE ENHANCEMENT FACTORS (SEFs) 

The data acquired on the coldly-deposited and annealed Ag surfaces were used to 

calculate the SEFs for the coldly-deposited and annealed Ag surfaces. The SEFs were 

tabulated with other types of surfaces (out of vacuum) used in this laboratory for 

comparison. For a detailed discussion of SEFs and their calculation, see the paper by Taylor, 

Pemberton, Goodman and Schoenfisch.'*'' Some discussion of SEFs is included in Chapter 

1. All of the surfaces studied outside of vacuum are of thiophenol monolayers formed from 

a solution environment The other surfaces studied include ORC-roughened polycrystalline 

(poly) Ag, mechanically-polished (MP) poly Ag, chemically-polished (CP) poly Ag, single 

crystal Ag( 111), MP poly Au, and MP poly Pt. The vacuum surfaces are referred to as cold 

Ag for the coldly-deposited surface, and RT Ag for the annealed surface. The Pt surface 
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serves as a reference or "SERS-inactive" surface in determination of the SEFs, since Pt 

shows no Raman enhancement at the wavelength used."^'"' Therefore, the SEF for the 

thiophenoi on MP poly Pt surface is assigned a value of 1. 

Both SERS-active and SERS-inactive surfaces were used in this study. In order to 

calculate the SEFs the roughness factor (Rf) of these surfaces must be taken into account. 

Using the roughness factor, the Raman signal (S) obtain from a surface has been defined 

by McCreery as 

S  - -  R ^ ^ , D , A ^ P ^ , a T Q  ( 1 )  

where Ps is the adsorbed molecule's Raman cross section, Q is the adsorbed molecule's 

number density, Pq is the power density of the incident laser, Q is the collection angle of the 

spectrograph, T is the spectrograph throughput, Q is the detector quantum efficiency, Ap is 

the geometric sample area monitored at the surface by the spectrograph, and t is the 

integration time. For the vacuum surfaces, an additional term must be included to account 

for the signal loss due to the vacuimi-air interface. 

The relative surface enhancement factor (SEF) is defined as the magnitude of the 

Raman scattering intensity from a particular vibrational mode of a test molecule-surface 

system relative to that of a reference molecule-surface system. The SEF represents a 

combination of the electromagnetic (EM) and chemical (CHEM) enhancement mechanisms 

relative to a reference system in which neither mecham'sm is active. The SEF is defined as 
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S^ j  
SEF = e, - ^ EM ^CHEM ^ (2) 

^SI 

where Sem and £chem represent the magnitudes of each type of enhancement, and Sja and Ss, 

refer to the SERS-active and the SERS-inactive reference system signals. Therefore, if 

equation 1 is ^^plied to both cases, only the roughness factor and integration times will vary 

for each sample, and both can be corrected for. For these systems, the in-plane ring 

breathing v(CC) mode at 997 cm ' is used for these calculations. All spectra are corrected 

for slit width (50nm), incident power (150mW), integration time (60s), roughness factor, 

and the correction factor. Table 4-2 shows the data for the R^ signal, background, average 

S/B and S/N, and the surface enhancement factors. 

Table 4-1 Normalized Responses of Thiophenol Monolayers 
on Metal Surfaces 

Type of 
Surface 

Rf 997 cm"' 
Signal Counts 

Average Back
ground Counts 

Average 
S/B 

Average 
S/N 

SEF 

ORC Ag 4.0 2.5 X 10'' 2x lO'^ 1 2x lO'^ 1.5 X 10-* 

MP Ag 2.5 2.5 X 10^ 2.5 X 10^ 1 3x 10^ 2.5 X 10^ 

Cold Ag 5 2x lO-' 6x 10^ 3.5 1.5 X 10" 1 X 10^ 

Ag(lll) 1.3 2x 10^ 3x 10^ 6x 10"' 1 X 10^ 3x 10' 

CPAg 1.3 1 X 10" 2x 10^ 6 x 10-' 1 X 10^ 2x 10' 

RTAg 1 2.5 X 10" 6x10^ 4x10-* 8.5 X 10' 6 

MP Au 1.9 1x10^ Ix lO^ I X 10 -2 5 2 

MPPt 1.2 5x 10' 1 X 10^ 5x10-2 8 1 
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From this table, it is interesting to note that the annealed surfaces have the lowest 

roughness factor and SEF of all the Ag surfaces. The annealed surfaces are extremely 

smooth with no visible roughness under magni^cation. It is somewhat surprising that the 

coldly-deposited surfaces have an SEF of 100, which is a factor of 25 less than the MP Ag 

surfaces. The roughness factor of 5 for these surfaces is less than the factor of 20 reported 

by Otto'*^''^'*"'^ and Seki."^'® '^'' It is theorized that the coldly-deposited surfaces are much 

smoother due to the slow deposition rates used. The smooth surface reduces the roughness 

factor and the SEF. These data also corroborate the data presented in Chapters 6,8 and 9. 

The roughness factors and SEFs for the coldly-deposited Ag surface will be used throughout 

this work. 

SURFACE MORPHOLOGY 

Form the data presented above, the Rf value and SEF for the annealed Ag surfaces 

were determined to be ca. 1 and 6, respectively. These values will be used along with the 

sources cited to determine the morphology of these surfaces. The roughness factor for 

surfaces grown at a rate of lA/s on difference substrates was discussed above. Surfaces 

deposited at this rate on glass and oxidized A1 with a thickness of 50 A produced islands 

wi th  d iameters  o f -200  Other  Ag is land  f i lms  grown on  g lass"^ ' '  (100  A) and  CaF 2^°  

(150 A) produced islands of 300 A and 370 A in size, respectively. Osawa and Ikeda*^" 

report a coalescence of Ag islands for thicker Ag films resulting in a continuous film. 

Considering that the Ag surfaces were deposited on a conducting Cu substrate, it is believed 
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that the Ag sxufaces are continuous films, with island type structures on the scale of 500A. 

This surface morphology is depicted in Figure 4-1 and is consistent with the Rfand SEFs of 

1 and 6, respectively. 

For the coldly-deposited Ag surfaces the morphology is poorly understood. Using 

the roughness factor (ca 7) determined above and XPS data from Chapter 7, a model for the 

surface will be discussed. The coldly-deposited surfaces are comprised of terrace sites at 

the top of the surface and pores that run deep into the surface. Albano et al.'" '^ used Xe 

deposition and subsequently ultraviolet photoelectron spectroscopy (UPS) or photoemission 

of adsorbed xenon (PAX). Albano proposed that these surfaces are comprised of pores, ca. 

15-20 A wide and ca. 150-200 A deep. It is believed the low SEF (100) for the coldly-

deposited Ag surfaces suggest that they have a smooth external surface (terrace sites) and 

a rough internal surface (pores). 

The surface area comprised from the terrace sites can estimated from the XPS data 

of Br adsorption on coldly-deposited Ag (Figure 7-6). The XPS data suggest that the only 

Br that adsorbs onto the coldly-deposited Ag surfaces adsorbs at the terrace sites. The 

terrace sites are occupied by passing 0.36 nC through the Br source. Comparing this value 

to the value needed to complete a monolayer of Br on aimealed surfaces (2.2 |iC), suggests 

that the terrace sites occupy 16.4% of the top surface area on the coldly-deposited surfaces. 

This also suggests that 83.6% of the top surface area is comprised of pore openings. 

Assuming that the mouth of the pores is 15 A in dia. each pore occupies 176.7 A^ of surface 

area. In 1 cm^ of surface area there would be 0.164 cnf of terrace area and 0.836 cm^ of 
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Figure 4-1 Representation of an annealed Ag surface grown at I A/s. 

U) vO 
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pore mouths or 4.73 x 10" pores/cm^. Using these values, and assuming an edge packing 

structure, there would be 5.5 A spacing between the pores. Using a pore dia. of 15 A, and 

an Rf value of 7, the average pore depth can be determined using equation 3. 

SurfaceArea = Tcr yjlr̂ +ĥ ) (3) 

An Rf of 7 yields a total surface area of 7 cm^, or 6.84 cmP of surface area assigned to the 

pores. Therefore, each pore has an area of 1446 A^ and a depth of 61 A. From data 

presented in Chapters 7 through 9, it is believed that our surfaces have larger pore openings 

than those reported in the literature (15-20 A). If the pore openings are allowed to vary as 

high as 40 A the surface morphology changes significantly. This information is presented 

in table 4-3 and shown in Figure 4-2. 

Table 4-2 Function of Pore Opening on Pore Spacing and Depth 

Dia. of the 
Pore (A) 

Pore Density 
(cm-^) 

Spacing between 
the pores (A) 

Pore Depth 
o 

(A) 
Total Pore 
Volume (A^) 

15 4.73 X 10" 5.5 61 1.70 X 10" 

20 2.66 X 10" 7.4 81 2.26 X 10'' 

25 1.70 X 10" 9.3 102 2.84 X 10" 

30 1.18 X 10" 11 .1  122 3.39 X 10" 

35 8.69 X 10'^ 13 142 3.96 X 10" 

40 6.65 X 10'^ 14.8 162 4.51 X 10" 

It is obvious that the pore sizes from Table 4-3 are different than reported in the 

literature. It is believed that the slow deposition rates used for these surfaces dictates the 
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Figure 4-2 Representation of a coldly-deposited Ag surface grown at I A/s. 
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sur&ce morphology. The information listed in Table 4-3 and the Rf and SEFs (7 and 100) 

are consistent with the slower deposition rates used. By decreasing the deposition rate by 

a factor of 10, one would expect a smoother and less rough surface. As Ag atoms are 

depositing on the surface, the cold temperatures inmiobilize the Ag atoms. At high 

deposition rates, a rough and porous surface is generated due to the large number of Ag 

atoms impinging on the surface. This large influx of atoms cluster together to build up the 

extremely porous surfaces reported in the literature. It is believed that at slower deposition 

rates, the influx of Ag atoms impinging on the surface is less, suggesting that the surface 

structure is built up slowly. This build up rate dictates the depth and size of the pores in the 

surface. The data presented in Table 4-3 is consistent with the slow deposition rates, 

creating a surface with a low Rf value, low SEF and shallow pore depth. 

At this time it is unknown the exact size of the pore openings for these surfaces 

v\iiiich influences the pore spacing, density and depth. In order to determine the exact pore 

volume a PAX (photoemission of adsorbed xenon) experiment would have to be performed. 

A PAX experiment would provide information on the exact pwre volume, which would 

determine the size of the pore opening and depth. These experiments were not possible in 

the UHV chamber used in this dissertation. 
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CHAPTER V 

RAMAN SPECTROSCOPIC INVESTIGATION OF THIOPHENOL 

ON COLDLY-DEPOSITED AND ANNEALED Ag SLFRFACES IN UHV 

INTRODUCTION 

This chapter describes Raman spectroscopic studies of thiophenol on coldly-

deposited and annealed Ag films in ultrahigh vacuum. A "first-layer" enhancement effect 

was confirmed for the coldly-deposited Ag films, and is discussed in terms of the v(SH) 

mode of thiophenol. Using thiophenol as a standard, sj)ectra obtained in the UHV chamber 

were directly compared to spectra obtained in the laboratory ambient. A correction factor 

was determined to quantify the loss in signal due to the vacuum-air interface. 

EXPERIMENTAL 

For these studies, the Ag films evaporated in vacuimi were made according to the 

protocols discussed in Chapter 2. Polycrystalline Ag disks, silver-soldered onto copper VG 

style stubs, were used in determining the correction factor for the UHV experiments. 

Thiophenol monolayers were formed on these surfaces by immersing the polycrystalline 

surface in a ca. 5 mM thiophenol in ethanol solution for one hour. The polycrystalline 
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surface was rinsed with copious amounts of ethanol to remove excess thiophenol. Data were 

acquired with integration times of 30 sec for the coldly-deposited and polycrystalline Ag 

surfaces and 5 min for the annealed Ag surfaces. 

RESULTS AND DISCUSSION 

The vibrational assignments for liquid and solid thiophenol are given in Chapter 3, 

and should be used as a reference for these data. The properties of n-alkanethiols ^'^2.5-3 

thioaromatic^ self-assembled monolayers (SAMs) on Ag, Au, and Pt surfaces have been 

well documented in this laboratory. SAM films are formed by immersing a clean metal 

surface in an ethanol solution of the molecule of interest. The SAM films form 

spontaneously by cleavage of the sulfur-hydrogen bond, with concomitant attachment to the 

metal surface through the sulfur atom, creating a single monolayer. Thus, thiophenol 

adsorbs onto the Ag surface as a thiophenolate species. SAM films are attached strongly to 

the surface, with bond energies up to 35 kcal/mol. 

Several spectroscopic features show that only a monolayer of thiophenol is adsorbed 

on the Ag surface. Taylor^' provides evidence for adsorption through the sulfur by the 

absence of the 6(SH) and v(SH) modes at 917 and 2570 cm"', respectively, and the presence 

of a v(Ag-S) mode at 230 cm '. Carroif^ showed the same results for thiophenol on Au 

using 647 nm excitation, and Hubbard^' showed these results for thiophenol on Pt using 

EELS. Bryant^ perfomied XPS experiments of thiophenol on polycrystalline Ag indicating 

a film thickness of 9.2A, consistent for a coverage of only one monolayer. 
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Monolayer adsorption of thiophenol on metal surfaces in the ambient at room 

temperature is the norm, but this is not the case for thiophenol adsorption on the Ag surfaces 

in vacuum. Because the surfaces in vacuimi are held at liquid nitrogen temperatures, 

multiple layers of thiophenol condense onto these surfaces due to the high sticking 

coefficients created by these low temperatures. These results will be discussed in the 

following sections. 

Thiophenol on Coldly-Deposited Ag 

v(C-C) region 

All of the vibrational modes of thiophenol, except the v(SH) and v(CH) modes, are 

present in the v(CC) region. The typical coverage dependence of thiophenol on a coldly-

deposited Ag surface is shown in Figure 5-1. A background spectrum is shown in Figure 5-

la to indicate that the surface is free of thiophenol prior to dosing. The two peaks at 693 

and 1053 cm"' are oxygen species adsorbed on the coldly-deposited surface, and are 

explained in detail in Chapter 6. The signal for thiophenol is at a maximum with the initial 

dosage of IL (Figure 5-lb), and decreases as the exposure is increased. This behavior is 

demonstrated using the peak centered at 997 cm ', wliich has been assigned to the symmetric 

v(CC) of the benzene ring in thiophenol. The intensity of this peak along with its 

background are shown in Figure 5-2a. The intensities of both the signal and background 

decrease sharply as the exposure is increased, become level and are constant after exposures 

of lOL. 
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The coldly-deposited Ag films used in this work derive their surface enhancement 

from a chemical enhancement mecham'sm,^ whereas the enhancement for annealed surfaces 

is from an electromagnetic (EM) mechanism. The chemical mechamsm is derived from 

atomic scale roughness (ASR) features inside of the pores in the surface, which are SERS 

active sites where metal-adsorbate charge transfer excitation (CTE) occurs. Otto et al. 

showed that a "first-layer" enhancement effect exists at coldly-deposited metal films. This 

"first-layer" effect is more pronounced for the v(SH) mode discussed below. At these 

surfaces, a monolayer of thiophenol is reached at an exposure of ca. 5L. 

As the coverage is increased, the number of thiophenol layers increases, which 

quench the signal. It is believed that as the number of layers of thiophenol increases, the 

multiple layers effectively scatter the out-coming Raman signal from the first monolayer. 

This occurs if the thiophenol overlayers form large crystalline structures larger than the 

wavelength of light used (514.5 ran). These scattering centers re-scatter the Raman photons 

thus reducing the observed signal from the surface species at higher exposures The 

decreases in the observed signal and background as the exposures of thiophenol is increased 

is shown in Figure 5-2a. 

v(S-H) Region 

The v(SH) region of thiophenol on coldly-deposited Ag is shown in Figure 5-3. The 

background spectrum is included to show that no thiophenol was present on the surface prior 

to the experiment (Fig. 5-3a). As mentioned above in the introduction, due to the cold 
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temperatures of these surfaces, multilayers of thiophenol condense on these surfaces. The 

presence of multilayers gives rise to signal from the hydrogenated species of thiophenol. At 

monolayer coverages (--5L), intensity from the v(SH) mode is present in the spectrum. After 

an exposure of lOL the intensity from the v(SH) mode remains constant (Figure 5-3b). The 

"first-layer" effect dictates that only molecules adjacent to the surface give rise to the 

observed signal. The fact that the intensity of the v(SH) mode is constant after 1OL suggests 

that a monolayer of thiophenol exists at the surface. The v(SH) signal observed in the 

monolayer spectrum suggests that not all of the thiophenol is bound directly through a 

sulfur-metal bond. If a complete sulfur bound monolayer existed on the surface, signal from 

the v(SH) mode would not be observed. This suggests that at these temperatures thiophenol 

molecules are obtaining other orientations than the sulfur bound species. Thiophenol 

molecules are adsorbing from the vacuum environment, and approach the surface with 

different orientations. Due to the cold temperatures of these surfaces, only the thiophenol 

molecules with their S-H group oriented toward or near the surface dehydrogenate and bond 

directly to the surface. Molecules with the S-H group oriented away from the surface 

physisorb to the surface. Once all the surface area is taken, additional layers of thiophenol 

are comprised of the hydrogenated species. 

Thiophenol on Annealed Ag 

v(C-C) region 

The v(C-C) region for thiophenol on annealed Ag is shown in Figure 5-4. A 
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background spectrum is shown in Figure 5-4a to indicate the surface cleanliness prior to the 

experiment The behavior of thiophenol on the annealed Ag surface is much different than 

the thiophenol behavior on the coldly-deposited Ag surfaces. The first few exposures of 

thiophenol give rise to a weak signal intensity. On the annealed surfaces it is proposed that 

a monolayer of thiophenol is achieved after an exposure of ca. IL. Once the exposures 

reaches SOL, the thiophenol peaks are intense and very prominent. Monolayer formation is 

evident in Figure 5-6, which shows a difference in frequency for the surface v(CC) mode 

(990 cm ') versus the bulk v(CC) mode (997cm''). The shoulder associated with additional 

exposures in Figure 5-5 suggests that the surface species (990 cm ') is present in the spectra 

along with the bulk species. The signal observed in Raman spectroscopy is an average of 

the molecules in the sampling area. As the exposure is increased, the bulk mode at 997 cm ' 

grows in and dominates the spectra observed. These data further support the conclusion that 

no "first-layer" effect exists on the annealed Ag surfaces. 

The intensity of the ring stretching v(CC) mode at 997 cm ' versus increasing 

thiophenol exposure is plotted in Figure 5-6a. The slope of this line suggests that the 

subsequent layers of thiophenol contribute to the overall intensity observed. The "first-

layer" effect is not observed on the annealed Ag surfaces due to the signal from the bulk 

species of thiophenol. The behavior of the v(CC) mode is consistent with the spectra from 

the v(S-H) region of thiophenol. 
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v(S-H) region 

The v(S-H) region of thiophenol is shown in Figure 5-7; a background spectrum is 

included in Figure 5-7a. A plot of the area of the v(SH) peak versus exposure is shown in 

Figure 5-5b. This line also behaves in a Beer's law type plot, similar to the line observed 

for the 997 cm"' peak. Little v(SH) intensity is observed until an exposure of lOL (Figure 

5-7d). Due to the weak signal from the annealed Ag surfaces, it is not yet understood if 

every thiophenol molecule in the first monolayer is bound directly to the surface. As was 

the case with the coldly-deposited Ag surfaces, some of the molecules in this layer may be 

of the hydrogenated species due to the cold temperatures of these surfaces. The behavior 

in this region is further proof that a "first-layer" effect does not exist on the annealed Ag 

surfaces. As was the case with the 997 cm ' peak in the v(C-C) region, initial exposures of 

thiophenol create little signal intensity. Additional exposures increase the signal intensity 

almost uniformly. As the exposure of thiophenol is increased, the spectra begin to resemble 

that of the bulk. 

CONCLUSIONS 

These data have shown that a "first-layer" effect exists on the coldly-deposited Ag 

surfaces and not on the annealed surfaces. On coldly-deposited Ag the first layer of 

thiophenol dominates the initial spectrum and decreases with increasing exposure, 

suggesting that additional layers of thiophenol re-scatter the Raman signal from the first 

monolayer. This effectively quenches the signal from the first monolayer. The v(SH) mode 
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also supports the "first-layer" effect. The signal from the v(SH) mode increases until an 

exposure of 5 to lOL, then remains constant. These data also suggest that a complete 

monolayer is formed at these exposures. For the aimealed surfaces it was determined that 

a monolayer formed at ca. IL. Additional layers of thiophenol change the spectrum from 

a pure surface species to the bulk species. On the annealed surfaces, additional layers of 

thiophenol contribute to the overall signal observed. 

The data on the coldly-deposited Ag surfaces suggests that some of the thiophenol 

molecules adjacent to the surface are still of the hydrogenated species. It is believed that 

molecules absorb out of the vacuimi environment maintaining their orientation. Molecules 

that have the S-H group at or near the surface dehydrogenate and chemically bond to the 

surface. Other orientations physisorb and maintain the S-H group giving rise to the signal 

observed in Figure 5-3. In a solution environment, the thiophenol molecules can reorient, 

deprotonate and chemically bond to the surface. At the liquid-nitrogen temperatures of the 

coldly-deposited surfaces, this mobility is lost and some of the thiophenol molecules 

maintain their S-H group. The weak signals from the annealed surfaces prevent any 

determination of the S-H group in relation to the first monolayer of thiophenol. 

UHV CORRECTION FACTOR 

In order to account for the signal loss due to the vacuum-air interface, a correction 

factor is needed. The vacuum environment is separated from the air environment by a 2 nun 

thick Pyrex glass wall. The presence of this Pyrex wall is the only difference in sampling 
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between the different surfaces used in this study. In order to correct for this, spectra from 

a MP Ag surface with a thiophenol monolayer were acquired in and out of vacuum. The 

power of the incident laser was adjusted (for the losses due to the Raman cell) so that the 

power density was identical for each spectra acquired. The first spectrum in Figure 5-8a 

was acqmred under UHV conditions, while the second spectrum (Figure 5-8b) was acquired 

in the normal optical arrangement used in this laboratory. The average signal and 

background intensities and average S/B and S/N values for the thiophenol mode at 997 cm ' 

are tabulated in Table 5-1, along with the correction factors. 

Table 5-1 Correction Factors for UHV data 

997 cm ' 
Signal Counts 

Average Back-
groimd Counts 

Average 
S/B 

Average 
S/N 

Acquired in Air 6.1 X lO"' 6.1 X 10' 1.00 560 

Acquired in UHV 4.1 X 10^ 4.6 X 10-' 0.90 644 

Correction Factor 1.48 1.33 1.11 0.87 

These data show that the S/B and S/N values are close to agreement for each environment. 

The signal counts are different by a factor of 1.48, with the background counts different by 

1.33. Therefore, data taken in the UHV chamber can be directly compared to data normally 

taken in our laboratory by multiplying by these correction factors. 



Ui 

a 
(D 

A 

800 1200 . 1600 
Wavenumbers (cm" ̂ ) 

Figure 5-8 Raman spectra of thiophenol in tiie a) vacuum environment and in the h) laboratory ambient. — 



160 

CHAPTER VI 

RAMAN SPECTROSCOPIC INVESTIGATION OF 1-BUTANOL 

ON COLDLY-DEPOSITED AND ANNEALED SILVER SURFACES IN UHV 

INTRODUCTION 

This chapter will focus on the Raman study of 1-butanol on both coldly-deposited 

and annealed silver films in ultrahigh vacuum. Using surface Raman selection rules, the 

orientation of 1-butanol will be determined on both surfaces as a function of butanol 

coverage. In addition, the Raman spectra of 1-butanol at these surfaces will be compared 

to spectra of the amorphous solid. The orientations of butanol on these two distinctly 

different surfaces will be discussed. The indication of a "first-layer" effect on the coldly-

deposited Ag films will also be discussed. 

EXPERIMENTAL 

Ag surfaces were created using the protocols discussed in Chapter 2. Data were 

acquired at integration times of 1 min for the coldly-deposited surfaces and 5 min for the 

annealed surfaces. 
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RESULTS AND DISCUSSION 

Vibrational Assignments for 1-Butanol 

Figures la and b show the Raman spectra of butanol as an amorphous solid and as 

a neat liquid, respectively. The amorphous solid description is used for the glassy solid 

based on the work of Ohno et al.*^' In their previous work, Raman and FTIR studies of 

liquid, glassy, and crystalline butanol were presented. Their glassy butanol sample was 

prepared similarly to our amorphous solid by cooling bulk liquid butanol to 80K.^' Their 

crystalline sample was made by slowly spraying butanol onto a Csl plate held at 15K. We 

have never produced this crystalline form in this laboratory; our solid spectrum resembles 

that of Ohno's glassy butanol. Thus, the term amorphous solid is used here to describe bulk 

butanol cooled to liquid nitrogen temperatures. Assignments for the vibrational modes in 

Figure 1 were obtained from the work of Ohno and coworkers®"' and from previously 

published data from this laboratory" (Table 6-1). These frequencies, along with surface 

Raman selection rules, will be used to determine the orientation of 1-butanol on coldly-

deposited and annealed Ag metal films. 

Solvent Orientation 

Previous studies from this laboratory on the interaction and orientation of a series 

of alcohols,®'^"'"'®"''^'^ alkanethiols,®^ ®"' and organosilanes^'" ®*" at Ag and Au surfaces 

have been performed using Raman spectroscopy. For all of these systems, the v(C-H) region 

proved to be very sensitive to molecular orientation. Using surface selection rules, the 
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relative intensities of the antisymmetric and symmetric v(C-H) modes have been used to 

infer the orientation of these molecules at surfaces, and how these orientations change in 

response to some perturbation.®"'^ It has been found that the relative intensity ratio of the 

antisymmetric to symmetric modes for the methyl (CHj) and methylene (CH 2 ) groups 

relative to their ratio in the bulk phase can change significantiy as a function of an applied 

perturbation (e.g., change in potential). The strong intensity of this spectral region and its 

sensitivity to molecular orientation make this region particularly useful, and therefore, will 

be the major focus of this study. 

Background Spectra 

In order to determine the orientation of a molecule on a surface by Raman 

spectroscopy, it is important to know that the vibrations observed originate from the species 

of interest Background spectra for coldly-deposited and annealed Ag surfaces are presented 

in Figures 6-2a and b, respectively, to demonstrate the cleanliness of the starting surfaces. 

Figure 6-2a shows a Raman spectrum acquired immediately after formation of a coldly-

deposited film, prior to exposure of 1-butanol. The bands at 681 and 1042 cm ' have been 

assigned to oxygen species adsorbed on the coldly-deposited Ag surface. Otto et al.®"'^ 

proposed that these vibrations are due to a peroxide (Oj^ ) and superoxide (O2 ) species on 

the surface, respectively. The bands at 2110 and 2143 cm ' are due to chemisorbed and 

physisorbed carbon monoxide (CO), respectively, on the Ag surface as reported by Klein and 

Wood.*^'" The weak peaks between 1250 and 1500 cm"' and those between 2800 and 3000 



2143 

CO 

1042 

in 

a 
(D 

681 

2110 
Carbon 

La\ 
Carbon 

1000  2000  3000  

Wavenumbers (cm" 
Figure 6-2 Raman spectra of bare Ag surfaces, a) Coldly-deposited Ag film and b) an annealed Ag film. g* 



165 

cm ' indicate that a small amount of carbonaceous contamination is also present on these 

surfaces. The amount of this carbonaceous material varied from day to day (depending on 

bake-out) and was normally present at low to non-existent quantities. Figure 6-3 shows the 

proposed orientation of the gaseous species on the coldly-deposited Ag surfaces. 

It is believed that the gaseous and carbonaceous species adsorbed on these coldly-

deposited Ag surfaces are present in sub-monolayer quantities. The large intensities and 

excellent signal-to-noise ratio observed are due to large enhancement factors (ca. 10^) on 

these surfaces, and the large Raman scattering cross-sections for these species. It is also 

likely that these gaseous species are adsorbed to specific sites (ASR features) at which 

uniquely enhances signals are observed. In describing the SERS mechanism at coldly-

deposited Ag surfaces. Otto proposed that enhancements of 10^ occur from a chemical 

charge transfer (CT) mechanism due to adsorption of species at atomic scale roughness 

(ASR) features that are less than 5 nm in diameter. Adsorption of these gaseous species at 

such sites would be expected to result in strong signals consistent with those observed. 

Only a few sources of oxygen and carbon monoxide exist in the vacuum chamber. 

The Ta filaments used to heat the Ag source can liberate carbon monoxide from adsorbed 

carbon and oxidation of the filament. Using a quadrapole mass analyzer, an increase in the 

amount of carbon monoxide in the vacuum chamber was observed when the filament was 

heated to its operating temperature. This amount is sufficient to account for the carbon 

monoxide present on our coldly-deposited Ag surfaces. Oxygen must be present firom small 

leaks in the chamber, probably at the rotatable feedthrough. Despite the reasonable base 
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pressure of this chamber, such a leak would be sufficient to produce the observed level of 

oxygen species on the surface. 

Figure 6-2b shows the spectrum taken immediately after the formation of an 

annealed Ag film and subsequent cooling to liquid nitrogen temperatures. This spectrum 

is drastically different from that of the coldly-deposited Ag film. There is little evidence of 

any hydrocarbon contamination in this spectrum, and the intense vibrations from the CO and 

the oxygen species that were present on the coldly-deposited Ag films are not present. A 

small peak at 2156 cm"' is observed that may be due to a small amount of adsorbed CO on 

the armealed surfaces at 77 K. Previous studies of CO on annealed Ag films indicate that 

physisorbed CO may be present, but only at extremely low temperatures near 10 K. Thus, 

the coldly-deposited Ag films must posses specific CO adsorption sites that are not present 

on the annealed Ag films. The difference in enhancement factors of these two surfaces, ca. 

10^ for coldly-deposited versus ca. 6 for the annealed surfaces,®"'^ must also contribute to the 

different intensities observed for this species. 

1-Butanol on Coldly-Deposited Ag 

The adsorption of butanol on coldly-deposited Ag surfaces has several interesting 

aspects. First, at 77K, the sticking coefficient for these surfaces is expected to be near unity. 

Furthermore, Gellman's previous work on the adsorption of similar alcohols an Ag(l 10) 

showed relatively high desorption temperatives (ca. 225K) in TPD experiments.®"" These 

results suggest little surface mobility of butanol on Ag at 77K. The lack of mobility at these 



168 

temperatures is important in determining the orientation of butanol at these surfaces. It is 

assumed that once the first monolayer of butanol is formed, subsequent layers do not alter 

the orientation of the first layer of butanol. 

Second, the unique surface morphology of these surfaces dictates the orientation of 

butanol once it reaches the sinface. We have previously proposed that our coldly-deposited 

surfaces are relatively smooth due to their lower roughness and surface enhancement factors 

of ca. 5-7 and 1respectively, when compared to values reported in the literature ca. 20 

and 10"'-10^®''®^" We believed that our coldly-deposited Ag surfaces have a smooth exterior 

surface and a rough internal (e.g., pores) surface.*^"^ This has the effect of lowering the 

roughness and enhancement factors of our coldly-deposited Ag surfaces. The thickness (150 

nm) and deposition rates (1 A/s) used during film formation generated the roughness and 

enhancement factors of these films. 

As noted above, physisorbed species exist on the surface prior to butanol dosing. 

Figure 6-4 shows the dependence of the intensities of these three physisorbed species with 

increasing butanol coverage. A dramatic decrease in intensity of all modes is noted with 

only 0.5L of butanol (Figure 6-4b), and the intensities of these bands continue to decrease 

with increasing butanol exposure. The spectral data indicate that most of the physisorbed 

species are displaced from the surface at a coverage of 5 tolOL of butanol (Figure 6-4d to 

e), although the behavior of the superoxide species band at 1053 cm' is somewhat difficult 

to interpret due to coincidental overly with butanol vibrations. It is interesting to note that 

the intensities of these physisorbed species decrease with increasing butanol coverages up 
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to SOL and then remain constant. Collectively, this behavior is interpreted to indicate that 

at low exposures, butanol displaces most but not all of the physisorbed species from the 

surface. The physisorbed species that remain are most likely retained deep in the pores and 

are unaccessible by the larger butanol molecules. At higher exposures, a solid butanol 

lattice forms that prevents further desorption of these species. Therefore, both the 

physisorbed species and surface butanol molecules occupy all of the available sites on the 

surface. 

Figure 6-5 shows the v(C-H) region of 1-butanol as a function of exposure on coldly-

deposited Ag surfaces. A background spectrum for OL exposure (Figure 6-5a) and a 

spectrum of the bulk amorphous solid (Figure 6-5i) are shown for comparison. The 

spectrum of the amorphous solid is used as the model for these surface spectra, because all 

spectra are acquired at liquid nitrogen temperatures, and are therefore expected to be solid. 

On coldly-deposited Ag for all coverages, the shape of the v(CH) envelope is different from 

that of the bulk amorphous solid. The intensity in this region is observed at significantly 

lower frequencies than the amorphous solid butanol by between ca. 40-50 cm ' (see Table 

6-1), suggesting an interaction of the v(CH) modes with the surface. 

The orientation of butanol can be estimated from consideration of the relative 

intensities of the methyl v(CH3) and methylene v(CH 2 ) modes in this region.^'^ The 

presence of "soft" v(CH) modes is further indicative of direct interaction of the alkane C-H 

moieties with the surface.Hoffinann"° observed large frequency shifts to lower 

frequency of 315 and 404 cm ' of the v(CH) modes for cyclopentane and cyclohexane. 
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172 

Table 6-1 Vibrational Assignments of Botanol 

Assignment^ Liquid Solid Cold Surface Annealed Surface Ref 

6(CC0) 353 362 360 357 1 

6(CCC) 396 398 399 399 1 

6{CCC), 6(CCO) 452 453 457 453 1 

6(CCC), 6(CCO) 487 486 1 

6(CC0), 6(CCC) 515 519 521 517 1 

r(CH2) 743 743 734 I 

u(CC)o 810 814 816 814 1,6 

u,(CCCCO), r(CH2) 828 830 828 828 1,6 

rCCHj), r(CH3)op 848 847 842 842 1,6 

u(CC)o 880 880 877 I 

iKCCV 902 903 900 902 1 

r(CH3)^ 945 945 945 945 1,6 

r(CHj).^ u(CCOK 955 955 1,6 

r(CH,) 967 962 960 961 1,6 

u(CCO>r 993 997 992 992 1,6 

D(CC)g 1015 1013 1012 1012 1 

t(CH2), u(CO)x 1030 1033 1034 1031 1,6 

0{CC>r 1051 1049 1050 1,6 

u(CC>r 1061 1061 1057 1057 1,6 

u(CCO)g 1071 1072 1072 1,6 

r(CH3)., 1114 1118 1112 1113 1 

r(CH3)ip 1130 1132 1132 1132 1 

tCCHj) 1222 1223 1219 1220 1 

KCHj) 1253 1253 1249 1 
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Table 6-1 Vibrational Assignments of Butanol 

wCCHj), 6(C0H) 1299 1299 1296 1298 1 

MCH^) 1307 1305 1 

6(COH) H-bonded 1336 1 

MCHJ) 1368 1368 1370 1 

8s(CH3) 1375 1384 1370 1 

S(CH2)c 1437 1436 1436 1442 1 

s(CH,)c 1449 1451 1449 1447 1 

6.(CH3)^ 1457 1459 1455 1458 1 

1465 1471 1469 1468 1 

s(CH,)o 1474 1480 1475 1 

OT, Comb. 2848 2848 2846 2846 1 

v,(CH,) 2868 2868 2818 2818 1,6 

FR 2876 2874 2826 2826 6 

vXCH,) 2885 2883 2856 2856 6 

2896 2896 2846 2846 6 

u/CHj) 2907 2905 2906 2906 6 

2914 2914 2914 2914 6 

u.(CH,) 2926 2929 2876 2876 6 

«.(CH3)pr 2935 2937 2887 2887 6 

U.(CH3) 2957 2959 2914 2914 1,6 

u.(CH3) 2975 2975 2925 2925 1,6 

i)(OH) 3300 6 
" u = stretch 6 = bend , = symmetric , = anti-syimnetric r = rocking 
s = scissoring w = wagging t = twisting ip = in-plane = out-of-plane 
T = trans ^ = gauche OT = overtone Comb. = combination mode 
X = where x is the atom the vibrational group is attached to 
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respectively, on Ru(001). Lehwald et al. "'-^22 observed similar frequency shifts of 180 and 

310cm ' forcyclohexaneonNi( 111)andPt(111), respectively. Hoffinanndetermined, with 

a series of (C3 through Cg) cycloalkanes, that the soil modes occurred when a geometric 

match between the ring hydrogens (only Cj and Q) and the surface's hollow sites exists. 

Hoffmann suggested that the large frequency shifts are due to hydrogen-bonding of these 

groups with the surface. These modes will be discussed further below in relation to the 

orientation of butanol and the presence of a first-layer effect on these coldly-deposited Ag 

surfaces. 

Figures 6-6a and b show the peak intensity ratios for the antisymmetric to synmietric 

vCCHj) and vCCHj), respectively, on these coldly-deposited surfaces. The ratio for the 

amorphous solid species is included as a reference. The surface intensity of these modes 

compared to the bulk value indicates the angle of these groups with respect to the surface 

normal."" The intensity ratio for the methylene modes was determined from the peak 

intensities of the surface "soft" v^CCHj) stretch at 2856 cm' and the "soft" v/CHj) stretch 

at 2818 cm '. From surface selection rules for Raman spectroscopy, weak or absent 

intensities indicate vibrations that occur largely parallel to the surface, while large signal 

intensities indicate modes that are largely perpendicular to the surface. These rules can be 

applied to flmctional groups (methylene or methyl group) of a molecule that have two modes 

that are perpendicular to each other. For example, if the ratio value of the v,(CH2) to 

v/CHz) stretch is small compared to the bulk ratio value, the v ,(CH 2) stretch must be 

perpendicular to the surface. If this ratio value was greater then the bulk value the v/CHj) 
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stretch must be perpendicular to the surface. 

For the methylene group, the v,(CH2) stretch causes a change in polarizability that 

is approximated to bisect the two hydrogens. The v,(CH2) stretch causes a change in 

polarizability approximately perpendicular to the v,(CH2) stretch. At submonolayer 

coverages of butanol, the intensities of the v,(CH2) and v,(CH2) modes are approximately 

equal and their ratio value is lower than the bulk amorphous solid ratio value. As the 

coverage is increased, this ratio value increases rapidly and approaches the bulk ratio value 

at monolayer coverages (5 to lOL). At higher coverages, the ratio increases slightly and is 

larger than the bulk ratio value. At low coverages of butanol, the low ratio value suggests 

that the methylene groups of butanol are oriented close to perpendicular or normal to the 

surface. The large frequency shifts of 50 cm ' for the v/CHj) and V/CH2) modes, suggests 

a direct interaction of the methylene hydrogens with the Ag surface. This proposed 

orientation will be discussed in further detail below. 

The v,(CH3) and v,(CH3) modes show a similar behavior to the methylene modes. 

At submonolayer coverages, the ratio of the surface "soft" modes v [CH 3) to v ^CH 3) at 2914 

and 2835 cm ', respectively, is lower than the bulk ratio value (Figure 6-6b). This ratio value 

increases to the amorphous solid ratio at one monolayer (5 to lOL). At higher coverages, the 

ratio increases slightly with increasing butanol exposure. At low coverages of butanol, the 

low ratio value suggests that the methylene groups of butanol are oriented normal to the 

surface. A large frequency shift of 47 and 41 cm"', respectively, associated with these modes 

suggests a direct interaction of the methyl group with the surface. 
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The behavior of the methylene and methyl ratio values can be used to determine the 

orientation of butanol on the coldly-deposited Ag surfaces. At submonolayer coverages of 

butanol, both modes have ratio values that are lower than the bulk ratio values. These low 

ratio values, and subsequent frequency shifts, suggest that the CHj and CHj groups of the 

i n i t i a l  b u t a n o l  m o l e c u l e s  i n t e r a c t  w i t h  a n d  a r e  n o r m a l  t o  t h e  s i u f a c e .  I t  i s  k n o w n t h a t  

methylene units of alkyl chains interact with metal surfaces in vacuum resulting in a flat 

orientation. Therefore, the butanol molecules need to be oriented in such a way to allow the 

methylene and methyl groups to be adjacent and normal to the surface. The only location 

on the coldly-deposited surface that allows this orientation to exists is inside the pores. If 

the initial butanol molecules are at the bottom of the pores, every methylene unit could be 

on opposing walls. This orientation would allow the methylene and methyl groups to be 

adjacent and normal to the surface with both hydrogens interacting with the surface. This 

orientation would generate the low ratio values observed in Figures 6-6a and b. This 

behavior suggests that initial butanol molecules preferentially adsorb at the bottom of the 

pores. 

At higher exposures of butanol, the ratio value increases rapidly until the coverage 

reaches one monolayer. This rapid increase in the ratio value suggests that subsequent 

butanol molecules attain orientations that are less normal to the surface. With increasing 

exposure, the limited sites at the bottom of pores are no longer available, and the butanol 

molecules are forced to attain alternate orientations. These orientations have the methylene 

and methyl groups interacting with the sur&ce, but at angles less normal to the surface. The 
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ratio values increasing rapidly due to the large amount of surface area still available on the 

surface. It is believed that the additional butanol molecules attain a 'flat' orientation that 

allows one hydrogen from each group to interact with the surface. This flat orientation 

allows the symmetric modes of the methylene and methyl groups to be approximately 45° 

from the surface normal (i.e., surface ratio ^ bulk ratio). At higher exposures, more random 

orientation are possible in the over layers and the surface ratio increases slightly with 

increasing exposure. 

One might expect that after large coverages, the spectrum of butanol on coldly-

deposited Ag would resemble that of the bulk amorphous solid spectrum. However, this 

expectation is not borne out by the spectra in Figure 6-5. Even at coverages greater than 

15,000 L, the 1-butanol surface spectrum does not resemble that of the amorphous solid. 

Moskovits and coworkers^" have proposed that a "first-layer effect" exists for coldly-

deposited Ag surfaces wherein molecules in the first layer immediately adjacent to the 

surface are enhanced up to lO"* times as much as molecules in subsequent layers not in direct 

contact with the surface. This effect is evident in the spectra in Figure 6-5, because the 

v(CH) "soft" modes which are attributed to surface butanol dominate the spectra at all 

coverages. The intensity ratios shown in Figure 6-6 are also consistent with a "first-layer 

effect". For exposures greater than lOL, the spectra become invariant with coverage 

consistent with a "first-layer effect" on these coldly-deposited Ag films. The "first-layer 

effect" can be used to indicate monolayer coverage at these surfaces, in that subsequent 

layers of butanol do not increase the signal observed. For butanol on coldly-deposited Ag, 
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this occurs at an exposure between 5 and lOL, suggesting that a complete monolayer of 

butanol is formed at these exposure. 

Figure 6-7 shows the coverage dependence for 1-butanol on coldly-deposited Ag in 

the v(C-C) and 6(C-H) regions. The peak frequencies are given in Table 6-1. The vibrations 

of interest in these two regions include the rCCHj), v/CCCCO) and 6/CH3) modes at 743, 

827 and 1375 cm ', respectively. Those modes involving vibrations of the CHj and 

groups are shifted to lower frequencies relative to the spectrum of the amorphous solid, 

although none are shifted by as much as the v(CH) modes discussed above. We interpret 

this observation to indicate that, although the C-H bands are clearly weakened substantially 

through H-metal surface interactions, the bending vibrations are not affected by an equal 

amount because proximity of these groups to the surface makes these vibrations difficult 

despite the weakening of the C-H bonds. All of these modes increase in intensity with 

butanol coverage up to an exposure of lOL then remain constant. 

The r(CH2) and v/CCCCO) modes can be used to infer the orientation of butanol on 

coldly-deposited Ag. The rlCHz) mode (743 cm ') has its change in polarizability largely 

perpendicular to the alkyl chain stretch (v,(CCCCO), 848 cm ') of butanol, and a small 

intensity relative to the bulk value would indicate that this vibration is largely parallel to the 

surface. The data in Figure 6-7 show that the rCCHj) mode is very weak at low coverages 

of butanol and grows in rapidly with exposure and is constant after 5-lOL. A frequency shift 

of this mode from 743 to 734 cm ' in the surface spectra suggests an interaction with the 

surface consistent with the v(CH) "soft" modes observed in the v(C-H) region. The weak 
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intensity of the mode at low coverages, suggests the this mode is parallel to the 

surface. If the butanol molecules are in the pores with both hydrogen of the methylene unit 

interacting with the surface the r(CH2) mode would be parallel to the surface. As the 

coverage is increased the observed intensity increases suggesting that this vibration becomes 

more normal to the surface. This behavior is consistent with the butanol molecules having 

a flat orientation with one hydrogen interacting with the surface. This onentation allows the 

r(CH2) mode to be normal to the surface which is consistent with the v(C-H) region. 

The mode at 1375 cm"' is orthogonal to the axis of the adjacent carbon 

through the methyl group and is perpendicular to the 6/CH3) mode. A large intensity of this 

mode relative the antisymmetric mode would suggest that the methyl group is parallel to the 

surface. In Figure 6-7, the fisCCHj) mode is weak relative to the antisymmetric mode and 

increases in intensity up to an exposure of 5-lOL. A shift of 5 cm ' to lower frequency of the 

6(CH3) mode associated with an interaction with the surface consistent with the v(CH) 

"soft" modes discussed above. The change in intensity of this mode with butanol coverage 

is consistent with two adsorption sites discussed above. At sub-monolayer coverages of 

butanol, molecules at the bottom of the pores have the methyl group largely perpendicular 

resulting in the low intensity of the 6,(CH3) mode relative to the 6.(CH3) mode. As the 

coverage increases the butanol molecules attain alternate adsorption sites that have the 

methyl groups less normal to the surface resulting in the increase in intensity of the 6 /CH 3) 

mode. 

With the information {s-esented above, the orientation of butanol on coldly-deposited 
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Ag can now be proposed It has been previously reported*^''-®"" that the methylene units and 

oxygen lone pairs of alcohols interact with the sur&ce in the vacuum environment. From the 

Raman spectra in the v(C-H) region, it was determined that two orientation of butanol exist 

on the coldly-deposited Ag surface. At sub-monolayer coverages, butanol preferentially 

adsorb into the bottom of the pores. At the bottom of the pores, the methylene and methyl 

units are onentated perpendicular to the surface and have both hydrogens adjacent to the 

surface. This orientation explains the low intensity ratios for these modes at low coverage 

as well as the low intensities of the r(CH2), v j[CCCCO) and 8 j[CH 3) modes. The presence 

of "soft" modes and large shifts in frequency for the surface species suggests that the 

methylene and methyl hydrogens are interacting with the surface. The large intensity of the 

rCCHj) mode (743 cm ') relative to the (CCCCO) mode suggests that this vibration is 

perpendicular to the surface, while the v,(CCCCO) mode is parallel to the surface. The 

weak intensity of the S.CCHj) mode also suggests that the methyl group is normal to the 

surface. The behavior of these modes suggests that the initial butanol molecules attain an 

onentation at the bottom of the pores. This proposed orientation is depicted in Figure 6-8a. 

As the coverage of butanol is increases the sites at the bottom of the pores are no 

longer available and the butanol molecules are forced to attain alternate orientations. From 

the data presented above, it is believed that as coverage is increased the butanol molecules 

attain a flat orientation tilted on their sides, either on the terrace sites or on the pore walls. 

This flat sideways orientation allows the methylene and methyl units to interact with the 

surface producing the frequency shifts observed in the spectra. This orientation explains the 



183 
H H H H H 

XH-H' 
H H H H 

H H H H H 

H H H H 

Pore Wall 

Ag 

10 A 

><ix s ixn: 

=$= 

Side Views 

Bottom 
of Pores 

Terrace Site 

Ag 

Figure 6-8 Proposed orientations of butanol on coldly-deposited Ag held at 77K. 
Orientations shown include the orientation at the bottom of the pores, 
pore walls and terrace sites. 



184 

increase in intensity ratios observed for the methylene and methyl groups as these groups are 

becoming less normal to the surface with increasing coverage. This orientation allowrs the 

v/CCCCO) mode to be parallel to the surface, and the sideways tilt allows the rCCHj) mode 

to be more perpendicular to the surface. This sideways orientation, with one hydrogen 

interacting with the surface, explains the increase in intensity observed for the r(CH 2) mode. 

Between sub-monolayer and monolayer coverage the butanol molecules attain this sideways 

titled orientation. 

All of the spectral data presented for butanol on coldly-deposited Ag surfaces 

exhibited identical coverage dependence. The intensities of the Raman bands increases up 

to a coverage of 5 to lOL and then remain constant. Additional exposure to butanol does not 

change the observed spectra significantly, suggesting that a complete monolayer of butanol 

is formed between 5 and lOL. It is believed that after an exposure of lOL, no more butanol 

can reach the pores or surface, and the "first-layer effecf dominates the spectra. 

The v(OH) modes (3200-3600 cm ') are inherently weak in Raman spectroscopy; two 

literature studies will be used to infer the orientation of the (0-H) group in butanol. Gellman 

and Zhang^'^ performed a study of straight-chain alcohol monolayers adsorbed onto a 

Ag( 110) surface. XPS and TPD were used to determine the adsorption strength and packing 

density of these alcohol monolayers. The XPS data showed that the alcohols were oriented 

with their alkyl chains parallel to the surface, due to a decrease in signal of the oxygen Is 

peak with increasing chain length. A decrease in density (molecules/cm^ was interpreted 

to indicate that the alcohols were in flat orientations. If the oxygen Is peak had remained 
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constant, it would have indicated a Langmuir-Blodgett-like structure on the surface. 

Gellman and Zhang's TPD data showed an increase in adsorption strength with increasing 

chain length, indicating that the methylene groups were interacting with the surface. Their 

data showed that the oxygen part of the molecule had an absorption strength of 36 kJ/mol 

while the methylene units added 4.6 U/moI per unit. Sexton and Hughes"" showed the 

same trends in adsorption strength for a series of alcohol and alkane monolayers on Cu( 100) 

and Pt( 111). The alcohols had larger adsorption strengths when compared to saturated 

alkanes of the same chain length. Their data indicate an absorption strength of 35kJ/moI for 

the oxygen on Cu and 5-6.5 kJ/mol for each additional methylene unit. Both groups 

concluded that the alcohols were oriented parallel to the surface, thus allowing the 

methylene groups and the oxygen lone pairs to interact with the surface. 

The resiilts of Gellman and Zhang'^'^ and Sexton and Hughes""* are consistent with 

the results presented here for the coldly-deposited Ag surface. The observed frequency 

shifts and the behavior of serval vibrational modes (r(CH2) and v(CCCCO)) suggest that the 

butanol molecules interact with the surface and are parallel to the surface. This behavior 

is identical for either adsorption site on the coldly-deposited Ag surface. 

1-Butanol on Aimealed Ag 

Annealed films of Ag are non-enhancing compared to the coldly-deposited films. 

They have surface enhancement factors on the order of ca. 6 compared to ca. 10^ for the 

coldly-deposited surfaces.^" Thus, the spectra obtained from these surfaces are of 
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considerably lower signal-to-noise ratio than those obtained from coldly-deposited films. 

Annealed films have a surface morphology which is much better defined with a roughness 

factor of ca. 1.0.®"'® 

Figure 6-9 shows spectra in the v(C-H) region as a function of butanol coverage for 

these Ag films. For these surfaces it was determined that when the spectra changed from 

a surface spectrum to a bulk spectrum monolayer coverage had been achieved (2L). At 

monolayer coverages (Figure 6-9c), the annealed spectra resemble the spectra obtained on 

coldly-deposited Ag films for coverages between IL and lOL and not sub-monolayer 

coverages. The "soft" vCCHj) modes at 2856 and 2818 cm 'dominate the spectrum. The 

frequency shift associated with these "soft" modes suggests that there is an interaction with 

the surface. The ratio of the surface "soft" modes is less than the bulk amorphous solid 

ratio. This is consistent with the proposed flat orientation of the butanol molecules 

suggested for the coldly-deposited surfaces. 

The ratios of the methylene and methyl antisymmetric to symmetric stretches are 

shown in Figures 6-10a and b, respectively. As the coverage is increased, the relative 

intensity ratios approach the values observed for the amorphous solid. At lOOOL exposure, 

the spectrum observed is almost identical to that of the bulk amorphous solid. This behavior 

was not observed on the coldly-deposited surfaces due to the "first-layer effect." The "first-

layer effect" on the coldly-deposited Ag surface causes the monolayer signal to dominate 

the spectnmi. On the annealed surfaces, additional layers of butanol contribute to the 

overall signal resulting in relative intensity ratios that mimic those of the bulk at high 
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coverages. 

Spectra in the v(C-C) and 6(C-H) regions for annealed surfaces were too weak to be 

useful and therefore are not shown. No discemable peaks were observed in these spectra 

until exposures of lOL of butanol or more. After coverages of SOL, bulk butanol peaks were 

observed. 

The orientation of a monolayer of butanol on annealed Ag will be proposed on the 

basis of the data in the v(C-H) region. The v(CH) "soft" modes and their associated 

fiequency shifts suggest an interaction of the methylene and methyl groups with the surface. 

The intensity ratio of the "soft" v.CCHj) to v , (CH 2) surface modes suggests that the 

methylene groups are less then normal to the surface. As was the case with the coldly-

deposited surface, the oxygen lone pairs and the methylene groups interact with the surface. 

The surfaces used by Gellman/Hughes®"''-^^ are similar to the annealed films', it is therefore 

proposed that the butanol molecules lie flat on the annealed surface with a sideways tilt at 

low coverages (Figure 6-11). This allows the oxygen lone pairs and methylene hydrogens 

to interact with the surface. 

Orientation of Butanol in Vacuum. 

It was determine that on the coldly-deposited Ag surfaces butanol molecules attain 

two different orientations. At sub-monolayer coverages, the molecules specifically adsorb 

at the bottom of the pores. At the bottom of the pores the molecules attain an orientation 

parallel with the sinface that allows the methylene and methyl group to be perpendicular to 
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the surface. This orientation also supports methylene adsorption to multiple pore walls. As 

the coverage is increased, an additional onentation is attained with the butanoi molecules 

lying in a flat sideways orientation. This flat sideways orientation also occurs for adsorption 

on the annealed Ag surfaces. 

It is believed that the vacuum-solid interface and liquid nitrogen temperatures of 

these surfaces plays a crucial role in the orientation of butanoi on these surfaces. This 

interface forces the butanoi molecules to interact with the surface unlike their in-situ and 

emersed counterparts. At the in-situ and emersed Ag-butanol interfaces solvation can occur 

from cations, anions and solvent molecules present at the interface. Solvation allows the 

butanoi molecules to attain orientations that have an angle with respject to the surface. 

Typically, the oxygen end of the butanoi molecules is adsorbed to the surface while the alkyl 

chain protrudes into the solvent at an angle from the surface. This orientation is then 

susceptible to an applied perturbations (voltage) which can alter the orientation of the 

butanoi molecules. In the vacuum environment, solvation by cations, anions or solvent 

molecules is not present and the molecules maximize adsorption to the surface resulting in 

the orientations discussed above. The liquid nitrogen temperatures of these surfaces also 

limits their mobility to attain alternate orientations. 

CONCLUSIONS 

The Raman spectral data presented in this work are used to infer the orientation of 

butanoi on coldly-deposited and annealed Ag surfaces. The coldly-deposited Ag surfaces 
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support the adsorption of gas species on "active" sites, whereas the annealed Ag surfaces do 

not, which desorfo upon the co-adsorption of butanol. The coldly-deposited Ag surfaces 

support a "first layer effect" which dominates the Raman spectra, which is not found on the 

annealed surfaces. It was determined that butanol attains two distinct orientation on coldly-

deposited Ag. At submonolayer coverages, butanol preferentially adsorbs into the bottom 

of the pores with the methylene and methyl groups normal to the surface. Once these sites 

are no longer available the butanol molecules occiqty sites on the pore walls and terrace sites 

in a flat onentation with a sideways tilt These orientations allow the methylene and methyl 

hydrogens and oxygen lone pairs to interact with the surface. The rocking modes are 

enhanced while the backbone vibrations are suppressed. For the annealed Ag surfaces, the 

same flat sideways titled orientation occurs that allows the oxygen lone pairs and the 

methylene and methyl units to interact with the surface. 

It is believed that the proposed orientations are influenced by the temperature of 

these surfaces. With the surfaces held at 77K, the mobility of butanol molecules on these 

surfaces is limited. If these surfaces were allowed to warm up to higher temperatures, the 

mobility of the butanol molecules should increase. (Note: monolayer butanol desorption 

begins at 205K, and the coldly-deposited Ag surfaces begin to aimeal at 170K.) It is not 

understood at this time if aimealing these monolayers will actually change the orientation 

of butanol at these surfaces. 

These studies are the im'tial step in developing a model of the electrochemical 

double-layer in the vacuum environment. The next step in developing these interfaces will 
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be to add ions, both positive and negative, to more closely resemble the interface found in 

the solution environment. The next several chapters will deal with these interfaces. 
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CHAPTER Vn 

X-RAY PHOTOELECTRON SPECTROSCOPY OF Br AND Na-DOSED 

COLDLY-DEPOSITED AND ANNEALED Ag SURFACES. 

INTRODUCTION 

In order to perform Raman experiments that involve the coadsorption of two 

different species, it is important to know the quantity of each species present at the surface. 

The following two chapters describe the coadsorption of butanol with Br and Na atoms, 

respectively. It is important to calibrate these ion sources before performing these 

experiments. 

The UHV chamber used in this work was one-dimensional (i.e., Raman spectroscopy 

only); therefore, calibration was performed in a separate UHV chamber. These experiments 

were conducted in the VG ESCALAB MKII UHV chamber which was equipped with x-ray 

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and ultraviolet 

photoelectron spectroscopy (UPS). XPS was used for these experiments due to its sensitivity 

to small quantities of atomic species as well as the chemical envirotmient of the atoms. 

For each atomic species studied, the experiments were performed on two different 

substrates; coldly-deposited and annealed Ag surfaces. A survey scan, along with the XPS 
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data in the regions of interest, were acquired for each substrate. These data were then used 

to construct adsorption isotherms that serve as calibration curves for these sources. The 

behavior of other adsorbed species such as carbon and oxygen will also be discussed. 

EXPERIMENTAL 

With the additional chamber attached to the VG ESCALAB MKII, both room and 

liquid nitrogen temperature experiments could be performed. For each experiment, a new 

Ag substrate was grown on a clean Cu stub. After polishing, the stub was introduced into 

the VG ESCALAB MKII through its fast entry system. After the fast entry system was 

pumped down to ca. 1x10"® torr, the stub was transferred into the ESCALAB MKII 

preparation chamber through a gate valve. The stub was then placed on a translational tray 

that was moved into the analysis chamber through another gate valve with the use of a 

rotatable feedthrough. Once the stub was isolated in the analysis chamber, the gate valve 

to the newly added chamber was opened and the stub was transferred onto the sample arm. 

The sample arm was brought back into the new chamber and the gate valve was shut. The 

base pressure inside the additional chamber was 2x10'^ torr or lower. With the stub inside 

the new chamber, Ag films could be deposited on the stub according to the protocol 

described in Chapter 2. Due to lack of space inside the added chamber, it was not possible 

to measure the thickness of the Ag film with a quartz crystal microbalance (QCM). In order 

to achieve the proper film thickness, the Ag depositions were timed, and these times were 

correlated with deposition times from the Raman UHV chamber. For a thickness of 
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approximately 150 nm, the films were deposited for 45 min for the Br experiments and 25 

min for the Na experiments. This time difference was due to the fact that the Ag source was 

rebuilt in between these two sets of experiments, changing its operating parameters. 

After deposition of the Ag surfaces, XPS data were acquired in the regions of 

interest. Once the composition of the new Ag surface was determined, dosing of the surface 

with either Br or Na was performed. As mentioned above, this dosing was performed with 

the gate valve closed to eliminate contamination of the VG ESCALAB MKII analysis 

chamber. The pressure in the ESCALAB MKII analysis chamber was 2x10"' torr with the 

gate valve closed and 2x10"* torr with it open. The Ag substrate was positioned above the 

proper source and was dosed with the element to be studied. These dosing procedures will 

be discussed in their respective sections below. After each dosing, the sample was moved 

into the analysis chamber and the XPS data were acquired. 

The following parameters were used in the acquisition of the XPS data. The sample 

arm was extended 13" from its zero position, and was rotated at an angle of 20° counter

clockwise from top dead center. The x-ray source was extended to bring it as close to the 

surface as possible. The A1 Ka source (1486.6 eV) was used at an energy of 14 KeV at 20 

mA, and the analyzer (monochromator) slits were set to the CI position which opened the 

entrance and exit slits to 15x6 mm. Survey scans were acquired every 1 eV for 0.1 s with 

the pass energy set to 100 eV. Elemental spectra were taken every 0.1 eV for 0.1 s with a 

pass energy of 50 eV. Multiple acquisitions were acquired for the elemental spectra to 

increase the signal-to-noise ratio. The elemental data were acquired with a total of 5 scans 
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for Ag for a total of 0.5s/0.1 eV, 10 scans (1 s/0.1 eV) for O and C, 50 scans (5s/0.1 eV) for 

Br and 20 scans (2s/0.1 eV) for Na. The survey scans were acquired over a region that 

contained all of the elemental XPS peaks of interest. For the set of Br data, this region 

extended from 1000-0 eV, and for Na it was 1100-0 eV. 

The most intense XPS peak was studied for each element to provide the best 

sensitivity. The regions studied were from 385-360 eV for Ag, which included the 3d32and 

3di2 peaks, 540-525 eV for the O Is peak, 290-280 eV for the C Is peak, 195-175 eV for the 

Br 3p, 2 and 3p3 2 peaks, and 1080-1065 eV for the Na Is peak. For Br, the most intense XPS 

peaks are the 3d32 and 3d5,2 peaks at 69 and 70 eV. These peaks were not usable due to the 

overlapping and large intensity of the Ag 4p peak at 58 eV. The 3d peaks were therefore 

chosen for these experiments. 

The XPS data can be used to quantify the amount of a species (e.g., Br) present at 

a surface (e.g., Ag). The area of a peak is proportional to the amount of each species present 

and several other experimental parameters as given in equation 1. In this equation, N is the 

Iil = X — 
^Ag ^Ag ^Ag ^Ag ^Ag hr 

number of atoms sampled, I is the integrated area of the peaks, o is the cross section of the 

element taken from Scofield^ ' (Ag = 10.66, Br = 3.31 + 1.72 and Na = 8.52), X is the escape 

depth for the electrons given by A = 0.41aM^'^M"^ where a^, is the atom size (lOOOp^Naw^ 

= Am, with p = density and A = mean atomic weight of the matrix atoms) and ^ is the 
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energy of the electrons (1486.6 - Eb), is the integration time and T is the transmission of the 

electrons through the hemispherical analyzer. T can be approximated by where 

is the kinetic energy (primary energy less the binding energy) of the ejected electrons.'"^ 

Other experimental parameters such as x-ray line flux, area analyzed and angiilar asymmetry 

all cancel out Multiple peak areas can be used if the cross sections are added together. To 

determine the ratio of the number of atoms of each element, equation 1 can be rearranged 

to give equation 2. For the 

U. o._ T,_ 

^Br ^Br ^Br *Ag 
(2) 

experiments in this chapter, a thin overlayer on a thick substrate, the escape depth of the 

overlayer is assumed to be Ab,= I." Equation 2 is used to determine the amount of Br and 

Na on the annealed and coldly-deposited Ag surfaces. 

Br EXPERIMENTS 

Br on Annealed Ag 

It is knowTi that only a monolayer of Br will adsorb onto a room temperature Ag 

surface.'•' Therefore, the XPS signal of Br was monitored after every dose until there was 

no further increase in the signal intensity. At this point, a monolayer of Br should be 

adsorbed on the sur&ce, and an isotherm of the Br adsorption can be constructed from these 

data. Lambert et al.^"* showed that on an Ag(111) surface, Br produces a (/S x >/'3)R30P 
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LEED pattern at low coverages, and a 3 x 3 LEED pattern at hi^ coverages, suggesting 0.75 

of a Br monolayer on the Ag( 111) surface. 

A survey scan of the annealed Ag surface held at room temperature was taken to 

determine the elemental composition of the surface before dosing Br. This survey scan is 

shown in Figure 7-1. The Ag 3s, 3p, 2, 3p3,2, 3d32, ^d,2,4s, and 4p peaks are all present at 

718, 604, 573, 374, 368, 97, and 58 eV, respectively. A small amount of O and C are 

observed at 531 and 287 eV, respectively. It is important to note that there are no observable 

peaks due to the underlying Cu stub (954,934, 124, 79, and 77 eV), indicating that the Ag 

film is thick enough to block any electrons from the stub. 

For each atomic species, a smaller XPS region was studied allowing for better 

resolution and signal-to-noise ratios for these species. Br, Ag, O and C were studied in the 

regions mentioned above. The XPS spectra for Ag, O and C are not shown here. The area 

of the Ag XPS peak at 368 eV is used as an internal standard, and the sum of the areas of the 

Br peaks at 189 and 182 eV is ratioed versus the Ag area to eliminate systematic errors in 

these experiments. 

The O and C data will be discussed briefly. The XPS signal from these species 

decreases in intensity upon Br adsorption, but the signals become constant after the initial 

dose of Br, suggesting that O and C are still present on the stirface. 

Figure 7-2 shows the XPS data for Br adsorbed on an annealed Ag surface. The XPS 

signal increases from zero Br coverage (Figure 7-2a) to a monolayer of Br (7-2h). These 

data are of the Br 3p„ and 3p3y2 binding energy peaks at 189 and 182 eV, respectively. The 
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Figure 7-1 XPS survey scan of a bare annealed Ag surface prior to Br adsorption. 
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Figure 7-2 Br 3p region for an annealed Ag surface, for Br coverages of a) 0.0 ^C, 
b) 0.35 ^C, c) 0.72 ^C, d) 1.17 nC, e) 1.62 fiC, f) 2.21 ^C. 
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other peak present at 192 eV is a satellite of Ag. The area from each spectrum was 

integrated and ratioed versus the integrated area of the Ag peak at 368 eV for each coverage 

of Br. These data were then plotted versus the amount of charge passed to create an 

adsorption isotherm. A typical adsorption isotherm for monolayer adsorption of Br on an 

annealed Ag surface is shown in Figure 7-3. 

These data are similar to the adsorption isotherm of Br on Ag(l 11) observed by 

Lambert et al.^ ' The rising portion of the isotherm has a slope close to one. Once a 

monolayer is reached, the intensity ratio levels off From this isotherm, it can be determined 

that a monolayer of Br is achieved by passing a charge of ca. 2.2 fiC. Therefore, by dosing 

a percentage of this amount, an equal percentage of a monolayer would be dosed onto an 

annealed surface. These data are used to calibrate the adsorption of Br on annealed Ag 

surfaces. 

According to Figure 7-3,2.2 jiC was required to generate a monolayer of Br on the 

annealed Ag surface. With a monolayer on the surface, there are ca. 23.6 Br atoms per 100 

Ag atoms or ca. 4.24 Ag atoms per Br atom present at the annealed Ag surface. The 

observed XPS signal is generated by a monolayer of Br and 4.24 monolayers of Ag for a 

total depth of ca. 12.31 A. These values are consistent with the penetration depth of XPS of 

ca. 10 A. These values represent the fact that the XPS data were acquired at an angle other 

than grazing. If it was possible to acquire XPS data only of the Br monolayer and one Ag 

layer these values would be different. For the 3 x 3 packing structure 0.75 Br atoms would 

be present for each Ag atom. For the x •/3)R30''structure a maximum of 0.56 Br atoms 
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per Ag would be present. 

Br on Coldly-Deposited Ag 

The XPS behavior of Br on coldly-deposited Ag at liquid nitrogen temperatures is 

very different from the behavior on annealed Ag at room temperature. No previous 

references to this system were found. Therefore, these data were used to determine the 

behavior of Br on these surfaces. A survey scan of the siuface was taken to determine its 

composition prior to these experiments, and is shown in Figure 7-4. As stated above, all of 

the Ag peaks as well as a small amount of O and C can be observed in the spectrum. As for 

the annealed surface, no peaks are observed due to the underlying Cu stub, indicating the 

presence of a thick Ag film. 

The same XPS regions were studied for Br, Ag, 0 and C, with the signals for Ag 

again used as an internal standard. The XPS signals for O and C decrease in intensity upon 

Br adsorption, but become constant after the initial dose of Br. 

Figure 7-5 shows the XPS data for Br on a coldly-deposited Ag surface in the region 

containing the Br 3p,/2 and 3pj^ peaks at 189 and 182 eV, respectively. The peak present 

at 192 eV due to the Ag satellite is not present on the coldly-deposited surfaces. This may 

be due to roughness of the coldly-deposited Ag surfaces. Rough surfaces have an averaging 

effect on electron exit angles and shadowing effects." 

Figure 7-5a shows that no Br is present on the surface prior to the dosing. The area 

of the Br Sd,.^ and peaks in each spectrum was integrated and ratioed versus the 
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Figure 7-4 XPS survey scan of a bare coldly-deposited Ag surface prior to Br adsorption. ^ 
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Figure 7-5 Br 3p region for a coldly-deposited Ag surface, for Br coverages of 
a) 0.0 pC. b) 0.36 liC, c) 0.95 ^C, d) 2.02 nC, e) 5.12 nC, f) 8.3 ^C, 
g) 11.4nC, h) 17.56^C. 
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integrated area of the Ag peak at 368 eV for the same coverage of Br. These areas are 

plotted as a function of charge passed in Figure 7-6. This isotherm for the coldly-deposited 

surface increases sharply with the initial coverage of Br (equivalent to 0.16 ML on an 

annealed Ag) and changes slope increasing slightly with dosing. The intensity ratio for Br 

on coldly-deposited Ag reaches the value observed on annealed surfaces at an exposure of 

17.1 pC. This value would predict a roughness factor of ca. 7.8, which is close to the value 

suggested in Chapter 4 of ca. 7. 

The behavior on coldly-deposited Ag surfaces can be explained in terms of 

morphology. The top surface area is mainly comprised of pore openings, with little area 

associated with the terrace sites (see Chapter 4). The initial increase in intensity in the 

adsorption isotherm suggests that Br is adsorbing on the surface. With increasing exposure, 

there is a slight rise in slope (0.43) suggesting that additional Br is adsorbing onto the 

surface as the exposure is increased. This behavior suggests that the initial Br adsorbs onto 

the terrace sites at low exposures. Once the terrace sites are full, additional Br 2 that reaches 

the surface is repelled by electron-electron repulsion forces. The electronegativity of Br (2.8 

Pauling scale) on the surface repels the incoming Brj away from the surface. This behavior 

is shown in Figure 7-7 and is consistent with the adsorption isotherm in Figure 7-6. The 

slight increase in intensity observed in Figure 7-6 suggests that some of the Brj does enters 

the pores and adsorbs on the pore walls. 

Additional experiments were performed to verify that the Br on the coldly-deposited 

Ag surface exists as Br atoms and not physisorbed Brj. It is assumed that a shift in binding 
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energy occurs for the Br on Ag compared to the physisorbed Brj species. An annealed Ag 

surface was cooled to liquid nitrogen temperatures and the above experiments repeated. The 

XPS peaks for Br were observed at the same energies for the cold and room temperature 

surfaces (Figure 7-8). This behavior is strong evidence that the Br 2 species dissociates upon 

reaching a Ag surface held at liquid nitrogen temperatures. 

Na EXPERIMENTS 

A custom Na getter source was used in conducting the Na XPS experiments (Figure 

2-16). When a constant current is passed through the source, a constant amount of Na is 

liberated. The amount of Na dosed onto the surface is regulated by the opening and closing 

of a swing-away shutter. The Na Is XPS signal was monitored versus the amount of time 

the shutter was open. From these data, isotherms were constructed for the annealed and 

coldly-deposited Ag surfaces. 

Na on Annealed Ag 

Unlike the case of Br, multiple layers of Na adsorb onto Ag surfaces as shown by 

Marbrow and Lambert on Ag(l lO).'"® For most atomic species, it is known that the first 

monolayer adsorbs with a different energy than subsequent layers due to the strength of 

interaction of the first layer with the underlying surface. In this case, the isotherm exhibits 

a break in slope between the first monolayer and bulk layers. This break in slope between 

the first two monolayers was observed by Lambert et al.^"^ and Zhu et al.'"* for Na on 
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Figure 7-8 3p region for Br on annealed Ag surfaces at a) liquid nitrogen and 
b) room temperatures. 
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Ag(110). 

Before the experiments were performed on annealed Ag surfaces held at room 

temperature, a survey scan was acquired to determine surface composition (Figure 7-9). The 

same Ag, O, and C peaks were observed in this surface spectrum. No peaks attributable to 

the underlying Cu stub are observed, suggesting the presence of a thick Ag film. For the 

atomic species Ag and Na, smaller XPS regions containing the Sdj^ 3d ,7and Is peaks were 

studied. As for Br-dosed surfaces, the Na XPS peak at 1173 eV was ratioed to the Ag Sdj,^ 

peak. 

Figure 7-10 shows the Na Is (1073 eV) region for adsorption on an annealed Ag 

surface. The Na peak is shifted in 1.2 eV from the pure Na metal binding energy. Wagner^"' 

reports a AeV change of +0.7 for Na being partially oxidized, suggesting that the Na present 

on the annealed surfaces is oxidized. The XPS intensity increases from zero Na coverage 

(Figure 7-10a) to a monolayer of Na (7-lOe), with the data above one monolayer provided 

to show the break in slope after one monolayer. These data were then plotted versus the 

amount of time the shutter was open to create an adsorption isotherm (Figure 7-11). 

A large initial increase in intensity with the first Na exposure is observed. Additional 

coverages produce a constant slope in the curve up to an exposure of 150 sec. At this 

exposure, a break in slope is observed, then the slope remains constant for all additional 

dosages. These data are interpreted to indicate that a monolayer of Na is dosed onto the 

sur^ice after an exposure to the source of 150 sec. Only minimal data were acquired after 

300 sec, because the necessary experiments (to follow in Chapters 8 & 9) are only concerned 
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Figure 7-9 XPS survey scan of a bare annealed Ag surface prior to Na adsorption. 
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Figure 7-10 Na Is region for an annealed Ag surface, for Na coverages of a) 0.0 ML, 
b) 0.1 ML (15s). c) 0.5 ML (75s), d) 0.8 ML (120s), e) I.O ML (150s), 
f) 1.4 ML (210s), g) 2.0 ML (300s). 
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Figure 7-11 Isotherm of Na adsorption on an annealed Ag surface. CJI 
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with information for coverages less than one monolayer. Therefore, the information below 

150 sec is of primary interest, and any percentage of this exposure will produce the 

equivalent of a monolayer. The change in slope is due to the transition from the first 

monolayer to the second and resembles that observed in the works cited above. 

One monolayer was determined to occur at an exposure of 150 sec with the source 

operated at 7 A. At this exposure, there are 57 Na atoms per 100 Ag atoms, giving ca. 1.75 

monolayers of Ag. A monolayer of Na and 1.75 layers of Ag give a total depth of 8.78 A. 

These values are consistent with the penetration depth of XPS of ca. 10 A. 

Na on Coldly-Deposited Ag 

The Na adsorption experiments were repeated under the same conditions on coldly-

deposited Ag films. As for Br adsorption on coldly-deposited surfaces, no prior references 

were found for this system. Therefore, these data are used to determine the behavior of Na 

on these surfaces. A survey scan of the coldly-deposited surface taken to determine its 

composition prior to these experiments is shown in Figure 7-12. The Ag, O, and C peaks 

were once again observed in this surface spectrum. There are no observable peaks due to 

the underlying Cu stub, indicating the presence of a thick Ag film. 

The XPS data for the adsorption of Na (1072.6 eV) on a coldly-deposited surface are 

shown in Figure 7-13. The Na peak is shifted in 0.8 eV from the pure Na metal binding 

energy. Wagner'"* reports a AeV change of +0.7 for Na being oxidized, suggesting that the 

Na present on the coldly-deposited surfaces is oxidized. These spectra range from a 
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Figure 7-12 XPS survey scan of a bare coldly-deposited Ag surface prior to Na adsorption. 
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Figure 7-13 Na Is region for the coldly-deposited Ag surface, for Na coverages of 
a) 0.0 ML, b) 0.06 ML (30s), c) 0.19 ML (90s), d) 0.31 ML (150s), 
e) 0.44 ML (210s), f) 0.75 ML (360s), g) 1.0 ML (480s). 
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coverage of zero Na (Fig. 7-13a) to a coverage of a full monolayer of Na at 480 sec (Fig. 7-

13g). The Na area from each spectrum was integrated and ratioed versus the area of the Ag 

3d peak at 368 eV for the same coverage of Na. These data are plotted versus the amount 

of time the shutter was open to create an adsorption isotherm. The rest of the acquired data 

are presented in the isotherm and are shown in Figure 7-14. For the coldly-deposited Ag 

films, the slope of the isotherm is constant up to an exposure of 90 sec when there is a 

change in slope. After this change, the slope changes slope again and rolls over at an 

exposure of480 sec. These data are interpreted to indicate that during the first 90 sec, the 

Na atoms occupy the terrace sites, and after 90 sec, additional Na atoms are filling in the 

pores. At or near exposures of 480 sec, the roll-over is interpreted to indicate an 

electrostatic repulsion between the Na atoms. The leveling suggests that as more Na is 

dosed onto the surface the repulsive forces repel or make it difficult to add more Na onto the 

surface. 

There is a slight difference in the Na binding energy between the annealed and 

coldly-deposited surfaces of 1073 and 1072.6 eV, respectively. This difference will be 

discussed in Chapter 9. 

CONCLUSIONS 

XPS data of Br and Na were used to construct adsorption isotherms of these species 

on annealed and coldly-deposited Ag surfaces. These isotherms will be used as calibration 

curves for these sources, and are needed for the co-adsorption experiments that are described 
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in the following two chapters. The behavior of Br on annealed Ag corresponds to that 

reported in the literature, as only one monolayer adsorbs onto these surfaces. The behavior 

of Br is very different on the coldly-deposited surfaces due the unique surface morphology. 

The behavior of Na on annealed Ag corresponds to that reported in the literature, in that 

multiple layers form on annealed surfaces and a break in slope occurs between the first and 

second layers. On coldly-deposited surfaces, Na adsorbs according to the surface 

morphology, with the first ca 0.19 ML (90 sec exposure) adsorbing mainly on the terrace 

sites (16% of surface or 77sec) and additional Na (after 90 sec) adsorbing into the pores. 

Since the co-adsorption studies that follow are concerned with sub-monolayer coverages, 

only the data up to one monolayer are important in this work. The oxidation of Na on these 

surfaces will be discussed in detail in Chapter 9. 
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RAMAN SPECTROSCOPIC INVESTIGATION OF BUTANOL 

ON Br-COVERED Ag SURFACES 

INTRODUCTION 

This chapter describes the Raman spectroscopic investigation of the orientation of 

1-butanol on coldly-deposited and annealed Ag surfaces with varying coverages of Br. The 

Ag surfaces were first exposed to a calibrated amount of Br, then the Br-covered surfaces 

were dosed with butanol. The coverages of Br were varied up to one monolayer, while the 

butanol coverages were kept constant. These exposures of butanol are identical to the 

exposures used in Chapter 6. It was hypothesized that as the coverage of Br was varied, the 

orientation of butanol would change from that observed on the clean Ag surfaces. The 

presence of the Br on the surface may change the underlying surface morphology or the 

availability of adsorption sites, thus altering the orientation of butanol on these surfaces. 

Another possibility is that the electronegative properties of Br will change the surface 

chemistry of the Ag surface resulting in a change in orientation of the butanol molecules. 

A similar behavior was demonstrated for the in-situ and emersed environments by Joa, Shen 

and Pemberton.*"'®'^*'^ As the potential of the surface is varied, the orientation of the butanol 



223 

molecules changes relative to the PZC (see Chapter 1). 

There have been many experiments on the adsorption properties of Br on metal 

surfaces. One area discussed in Chapter 1 deals with the adsorption of Br in relationship to 

modeling of the electrochemical double-layer. These experiments dealt with the 

following techniques: HREELS,*^ LEED,^'-*"' 8-5.8^.8-7 fimction and 

UPS*"' on Pt,*"^ (^J^5.m.8-7.8-8 ^g^.8-5.8^ suifaces. The LEED and work function data 

provide information relevant to the experiments in this chaprter, because it was not possible 

to perform these experiments in our chamber. The LEED studies provide information about 

the packing structure of Br on metal surfaces. For Br on Cu( 110), the packing structure was 

c(2 x 2) (F ^ 0.1) at low coverages and (3 x 2) at higher coverages. The results from work 

flmction studies are relevant to the experiments in this chapter in the following way. Sass 

et al.®"' showed that the work function changes up to 1000 mV for a monolayer of Br on 

Cu( 1 lO)*"^ *"' and over 1.24 V for Br on Ag( 110).*^-" This information is important to these 

experiments in that any fraction of a monolayer that is deposited on the surface will alter the 

Ag surface work function proportionately. For example, at F = 0.5, the Ag surface 

experiences a 0.62 V change in work fimction.®^ 

Other reports that include the study of Br on single crystals are by Lambert et al. ®''° 

Lambert used LEED, AES, TPD and work function experiments to study Br adsorption on 

V( 111 and Ag( 111 f"'" surfaces. The work on Ag( 111) is relevant to the experiments 

described in this chapter. LEED showed that a (t/'3 x V"3)R30° (F ^ 0.75) packing structure 

exists at low coverages and a (3 x 3) structure exists at higher coverages. Lambert et al. 
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further showed that a monolayer of Br on a Ag( 111) surface produces a 1.4 eV change in 

work function. Sass has demonstrated that a 1 eV change in the work flmction of a metal 

is equivalent to a 1 V change in an electrode's potential.*^ Therefore, if a fraction of a 

monolayer is deposited on the Ag surfaces an equivalent change in work flmction is 

expected. This information will be used later in this chapter when discussing the adsorption 

of Br on Ag surfaces. 

EXPERIMENTAL 

The basic experimental procedures used to acquire the data in this chapter are 

outlined in Chapter 6 and 7. Once the Ag surface was fabricated, a background spectrum 

was acquired. Once a specific amount of Br was adsorbed onto the Ag surface, another 

background spectrum was obtained. The Br-covered Ag surface was now ready to be 

exposed to butanol. Spectra were acquired for exposures from 0.5 to lOOOL. As was the 

case in Chapter 6, data were acquired on the single monochromator (see Chapter 2) using 

the 1200 gr/mm grating, with 150 mW of power, the slit at 50 ^m, and integration times of 

60s for the coldly-deposited surfaces and 300s for the annealed surfaces. 

BUTANOL ON Br-DOSED COLDLY-DEPOSITED Ag SURFACES 

The adsorption isotherm for Br on coldly-deposited Ag is difficult to use as a 

calibration curve for the Br source on these surfaces due to the effects of the unusual surface 

morphology on the isotherm response. Therefore, as a first approximation to estimating the 
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quantity of Br dosed onto these surfaces, the data obtained on the annealed surfaces are 

extrapolated to the coldly-deposited surfaces by correcting for surface rou^iness. According 

to the thiophenol data discussed in Chapter 5 and the work by Taylor et al., ' the roughness 

factors (RFs) for the coldly-deposited and annealed surfaces are ca. 7 or 7.8 and 1, 

respectively. Therefore, the data obtained on annealed surfaces can be extrapolated to the 

coldly-deposited surfaces by multiplying the monolayer coverage on the annealed surfaces 

by 7 or 7.8. To obtain a monolayer of Br on annealed surfaces, a source charge of 2.2 nC 

is needed. Therefore, for the coldly-deposited surfaces a value of 15.5 to 17.1 ^C should 

produce a monolayer of Br on these surfaces. These values are used to estimate the 

monolayer coverage of Br on the coldly-deposited surfaces. Given the poorly-defined nature 

of the isotherm, the Br coverages obtained in this way should only be viewed as estimates. 

The following data are used to determine the orientation of butanol on Br-covered 

coldly-deposited Ag surfaces. A change in orientation may occur as the amount of Br is 

increased on these surfaces. This change in orientation could be caused by a change in the 

work function of the metal, thus altering the orientation of butanol on the more 

electronegative sinface. This change in orientation may also be caused by the morphology 

of the surface due to the Br overlayer. In Chapter 7, it was determined that the im'tial Br 

adsorbs on the terrace sites and pore openings which may be preferential for the adsorption 

of butanol. In referring to the amount of Br on these surfaces, the term F is used to indicate 

the fiactional monolayer present at these surfaces (e.g., F = 1.0 is a full monolayer). For the 

experiments discussed in this chapter, the following coverages of Br were used, F = 0.0, 
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0.05,0.09, 0.36, 1.4. 

The data for zero Br coverage (F = 0.0) were discussed in detail in Chapter 6 and are 

shown in Figure 6-5. The onentation of butanol on these surfaces was also discussed in 

Chapter 6 and is shown in Figure 6-8. It was determined that the vacuum-solid interface of 

the coldly-deposited Ag surfaces dictates the orientation of the adsorbed butanol molecules. 

It was proposed that butanol attains two orientations on these surfaces. Submonolyer 

butanol adsorbs into the bottom of the pores in a flat orientation while additional molecules 

attain a flat sideways titled orientation on the surface, either on the terrace sites or pore 

walls. These orientations allow the oxygen lone pairs and the methylene and methyl units 

to interact with the surface producing the frequency shifts observed in the spectra (Figures 

6-5 and 6-7). This orientation was further supported by the large intensity of the rCCH,) 

mode (743 cm"') and its frequency shift, relative to the weak intensity of the v/CCCCO) 

mode. In this chapter, specific amounts of Br are dosed on the coldly-deposited Ag surfaces 

prior to the adsorption of butanol. It was hypothesized that the orientation of butanol would 

be altered as the coverage of Br was increased either due to changes in morphology or work 

fimction. 

Figures 8-1 through 8-4 show the v(C-H) region of 1-butanol as a function of 

exposure on coldly-deposited Ag surfaces with Br coverages of 0.05, 0.09, 0.36 and 1.4, 

respectively. Background spectra for the specific coverages of Br in the absence of butanol 

are also shown to indicate the cleanliness of the starting surfaces. As was described in 

Chapter 6, the shape of the v(CH) envelope for surface butanol is different than bulk 
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Figure 8-1 Raman spectra of the v(C-H) region of butanol on a coldly-deposited Ag 
surface with a Br coverage of r= 0.05, for butanol exposures of a) 0 ML, 
b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) I ML, f) 5 ML, g) 10 ML, h) 100 ML. 
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Figure 8-2 Raman spectra of the v(C-H) region of butanol on a coldly-deposited Ag 

surface with a Br coverage of T = 0.09, for butanol exposures of a) 0 ML, 
b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) 1 ML, 0 5 ML, g) 10 ML, h) 100 ML. 
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Figure 8-3 Raman spectra of the v(C-H) region of butanoi on a coldly-deposited Ag 

surface with a Br coverage of F = 0.36, for butanoi exposures of a) 0 ML, 
b) 0.05 ML, c) O.I ML, d) 0.5 ML, e) I ML, f) 5 ML, g) 10 ML, h) 100 ML. 
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Figure 8-4 Raman spectra of the v(C-H) region of butanol on a coldly-deposited Ag 

surface with a Br coverage of F = 1.4, for butanol exposures of a) 0 ML, 
b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) 1 ML, f) 5 ML, g) 10 ML, h) 100 ML. 



231 

amorphous butanol at every exposure. The intensity in this region was observed at lower 

frequencies for the surface butanol. In the surface spectra, all modes are shifted to lower 

frequency by ca. 40-50 cm"' (see Table 6-1), suggesting an interaction of the methyl and 

methylene groups with the surface. 

The spectra in Figures 8-1 through 8-4 resemble the spectra obtained in Chapter 6 

(Figure 6-5). The v(CH2) and v(CH3) modes are shifted in frequency and the peak intensity 

ratio of the V3(CH2) to V5(CH2) modes at 2856 and 2818 cm ' is below the bulk amorphous 

ratio. This ratio increases rapidly with exposure and approaches the bulk value at monolayer 

coverage. After monolayer coverage the ratio increases slightly with increasing exposure 

(Figure 8-5a). This behavior was observed in Chapter 6 for the clean coldly-deposited Ag 

surfaces. 

The orientation of butanol can be estimated from consideration of the relative 

intensities of vibrational modes in this region. The stretching modes of the methyl v(CH3) 

and methylene v(CH2) groups can be used for this purpose. *"'* Also, the presence or absence 

of "soft" v(CH) modes is indicative of direct interaction of the alkane C-H moieties with the 

surface.*"'^*"'"*®"'^ Hoffmanif'^ suggested that these large frequency shifts were due to 

hydrogen-bonding of these groups with the surface. These modes will be discussed fiirther 

below in relation to the orientation of butanol and the presence of a "first-layer" effect on 

these Br-covered coldly-deposited Ag surfaces. 

The behavior of the v/CHj) to v,(CH3) intensity ratios for the Br-covered surfaces 

follows the trends observed in Chapter 6 (Figure 8-5b). Figures 8-5a and b show the peak 
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intensity ratios for the antisymmetric to symmetric stretches for the "soft" methylene and 

methyl modes, respectively, on the coldly-deposited Br-covered surfaces. The ratio for the 

amorphous solid species is included as a reference. Comparing the intensity of the bulk ratio 

to the surface ratio indicates the angle of these groups relative to the surface normal. The 

intensity ratio for the methylene modes was determined from the intensities of the surface 

"soft" v,(CH2) stretch at 2856 cm ' and the "soft" v^CHj) stretch at 2818 cm '. From surface 

selection rules for Raman spectroscopy, weak or absent intensities indicate vibrations that 

occur largely parallel to the surface, while large signal intensities indicate modes that are 

largely perpendicular to the surface (see Chapter 6 for more discussion). 

For the methylene group, the v^CCHj) stretch causes a change in polarizability that 

is approximated to bisect the two hydrogens. The v jtCHj) causes a change in polarizability 

approximately perpendicular to the v/CHj) stretch. At submonolayer coverages of butanol 

on the Br-covered surfaces, the intensities of the v,(CH2) and v, (CHj ) modes are 

approximately equal and their ratio value is lower than the bulk amorphous solid ratio value. 

As the coverage is increased, this ratio value increases rapidly and approaches the bulk ratio 

value at monolayer coverages (5 to lOL). At higher coverages, the ratio increases slightly 

and is larger than the bulk ratio value. At low coverages of butanol, the low ratio value 

suggests that the methylene groups of butanol are oriented close to perpendicular or normal 

to the surface. The large frequency shifts of 50 cm"' for the v^CCHz) and v^CCHj) modes, 

suggests a direct interaction of the methylene hydrogens with the Br-covered Ag surfaces. 

These data agree with the proposed orientation discussed in Chapter 6 and will be discussed 
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in further detail below. 

The v.CCHj) and v,(CI^) modes observed from the Br-covered surfaces show the 

same behavior as the methylene modes. At submonolayer coverages of butanoi, the ratio 

of the surface "soft" modes v/CHj) to vjtCHj) at 2914 and 2835 cm', respectively, is lower 

than the bulk value coverages of butanoi (Figure 8-5b). This ratio value increases to the 

amorphous solid ratio at one monolayer (5 to 10 L). At higher coverages, the ratio increases 

slightly with increasing butanoi exposure. At low coverages of butanoi, the low ratio value 

suggests that the methylene groups of butanoi are oriented normal to the surface. A large 

frequency shift of 47 and 41 cm'', respectively, associated with these modes suggests a direct 

interaction of the methyl group with the surface. 

The behavior of the methylene and methyl ratio values can be used to determine the 

orientation of butanoi on the coldly-deposited Br-covered Ag surfaces. At submonolayer 

coverages of butanoi, both modes the methylene and methyl ratio values are lower than the 

bulk ratio values for all Br-covered surfaces. These low ratio values, and subsequent 

frequency shifts, suggest that the CHj and CH3 groups of the initial butanoi molecules 

interact with and are normal to the surface (see Chapter 6). As was the case in chapter 6, it 

is believed that submonolayer butanoi adsorb into the bottom of the pores. This behavior 

suggests that initial butanoi molecules preferentially adsorb at the bottom of the pores. 

At higher exposures of butanoi on the Br-covered sur&ces, the methylene and methyl 

ratio values increase rapidly until the coverage reaches one monolayer. This rapid increase 

in the ratio values suggests that subsequent butanoi molecules attain orientations that are less 
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normal to the surface. With increasing exposure, the limited sites at the bottom of pores are 

no longer available, and the butanol molecules are forced to attain alternate orientations (see 

Chapter 6). It is believed that the additional butanol molecules attain a 'flat' orientation that 

allows one hydrogen from each group to interact with the Br-covered surface. At higher 

exposures, more random orientation are possible in the over layers and the surface ratios 

increase slightly with increasing exposure. The "first-layer effect" discussed in detail in 

Chapter 6 also exists for coldly-deposited Br-covered Ag surfaces. This effect is evident in 

the spectra in Figures 8-1 through 8-4, because the v(CH) "soft" modes which are attributed 

to surface butanol dominate the spectra at all coverages. The "first-layer" effect can be used 

to indicate monolayer coverage at these surfaces, in that subsequent layers of butanol do not 

increase the signal observed. For butanol on coldly-deposited Br-covered Ag, this occurs 

at an exposure between 5 and 10 L, suggesting that a complete monolayer of butanol is 

formed at these exposures. 

Spectra in the v(C-C) and 6(C-H) regions for coldly-deposited surfaces with Br 

coverages of 0.05, 0.09, 0.36 and 1.4 are shown in Figures 8-6 through 8-9, respectively. 

The vibrations of interest in these two regions include the r(CH2), v/CCCCO) + rCCHj) and 

6,(CH3) modes at 743, 827 and 1375 cm ', respectively. Those modes involving vibrations 

of the CHj and CH3 groups are shifted to lower frequencies relative to the spectrum of the 

amorphous solid, although none are shifted by as much as the v(CH) modes discussed above. 

We interpret this observation to indicate that, although the C-H bands are clearly weakened 

substantially through H-metal surface interactions, the bending vibrations are not affected 
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Figure 8-6 Raman spectra of the 8(C-II) and n<C-C) regions of butanol on a coldly-depsoited Ag surfacc with a 

Br coverage of r= 0.05, for butanol exposures of a) 0 ML, b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, 
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Figure 8-7 Raman spectra of the 5(C-H) and v(C-C) regions of butanoi on a coldly-deposited Ag surface with a 

Br coverage of r= 0.09, for butanoi exposures of a) 0 ML, b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, 
e) I ML, 0 5 ML, g) 10 ML, h) 100 Ml-, i) amorphous solid x 0.5. 
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by an equal amount because proximity of these groups to the surface makes these vibrations 

difficult despite the weakening of the C-H bonds. All of these modes increase in intensity 

with butanol coverage up to an exposure of lOL then remain constant. 

The rtCHi) and v/CCCCO) modes can be used to infer the orientation of butanol on 

the Br-covered Ag surfaces. The rCCHj) mode (743 cm ') has its change in polarizability 

largely perpendicular to the alkyl chain stretch (v/CCCCO), 848 cm ') of butanol, and a 

small intensity relative to the bulk value would indicate that this vibration is largely parallel 

to the surface. The data in Figures 8-6 through 8-9 show that the r(CH2) mode is very weak 

at low coverages of butanol and grows in rapidly with exposure and is constant after 5-lOL. 

A frequency shift of this mode from 743 to 734 cm ' in the surface spectra suggests an 

interaction with the surface consistent with the v(CH) "soft" modes observed in the v(C-H) 

region. The weak intensity of the r(CH2) mode at low coverages, suggests the this mode is 

parallel to the surface. If the butanol molecules are in the pores with both hydrogen of the 

methylene unit interacting with the surface the rCCHj) mode would be parallel to the surface. 

As the coverage is increased the observed intensity increases suggesting that this vibration 

becomes more normal to the surface. This behavior is consistent with the butanol molecules 

having a flat orientation with one hydrogen interacting with the surface. This orientation 

allows the iXCHj) mode to be normal to the surface which is consistent with the v(C-H) 

region. A slight increase in intensity of the rCCHj) mode is observed at the higher Br 

coverages. Figures 8-8 and 8-9, suggesting that the r(CH2) mode is more perpendicular on 

these surfaces. 



241 

The 6,(CH3) mode at 1375 cm ' is orthogonal to the axis of the adjacent carbon 

through the methyl group and is perpendicular to the 6/CHj) mode. A large intensity of this 

mode relative to the antisymmetric mode would suggest that the methyl group is parallel to 

the surface. In Figures 8-6 through 8-9, the SjCCH,) mode is weak relative to the 

antisymmetric mode and increases in intensity up to an exposure of 10 L. A shift of 5 cm ' 

to lower frequency of the 6(CH3) mode associated with an interaction with the surface 

consistent with the v(CH) "soft" modes discussed above. The change in intensity of this 

mode with butanol coverage is consistent with two adsorption sites discussed above. At sub-

monolayer coverages of butanol, molecules at the bottom of the pores have the methyl 

group largely perpendicular resulting in the low intensity of the 6 ̂ CHa) mode relative to the 

S.CCHj) mode. As the coverage increases the butanol molecules attain alternate adsorption 

sites that have the methyl groups less normal to the surface resulting in the increase in 

intensity of the 6,(CH3) mode. 

With the information presented above, the behavior of butanol on the Br-covered 

coldly-deposited Ag surfaces can now be proposed. The possible orientations will be 

discussed in terms of two separate explanations that are supported by the data presented in 

this chapter. For case I, the orientation of butanol will be discussed in terms of available 

adsorption sites. For Case Q, the orientation of butanol will be discussed in terms of the 

changing surface chemistiy of the Br-covered coldly-deposited Ag surfaces. For each case, 

experiments that would distinguish between the possibilities, and could not be conducted 

in the UHV chamber used, will be discussed. 
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For each case, the "soft" mode ratios and large frequency shifts observed in all the 

spectra suggest that butanol still attains a flat orientation at the bottom of the pores at sub-

monolayer coverage. At higher coverages the butanol molecules attain the flat tilted 

orientation on the terrace sites or pore walls. 

Case I: Surface Adsorption Sites 

The spectra for specific exposures 0.05, 0.1, 0.5 and 1 ML of butanol with varying 

coverages of Br are shown in Figures 8-10 through 8-13, respectively. The spectral data 

from Chapter 6 are included as a reference for zero coverage of Br. These spectra provide 

a comparison of the changes in the butanol spectra as the amount of Br was increased on the 

coldly-deposited surfaces. The hypothesis presented here is based on one interpretation of 

the Br XPS data presented in Chapter 7. 

As was discussed in Chapter 7, Br adsorption on the coldly-deposited Ag surfaces 

was different than the adsorption on annealed surfaces. On the coldly-deposited surfaces, 

it is believed that im'tial Br adsorbs on the terrace sites and at the mouth of the pores. Once 

Br adsorbs at these sites, the electron-electron repulsive forces do not allow additional Br 

to adsorb onto the surface unless the Brj finds its way directly into a pore. This 

interp>retation is based solely on the behavior of the isotherm shown in Figure 7-6. From this 

isotherm, the amount of surface area occupied by Br can be calculated from the amount of 

current passed. For the effective Br coverages of 0, 0.05, 0.09, 0.36 and 1.4 used in this 

chapter (calculated from the Br isotherm on annealed Ag) the true amount of Br on the 
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Figure 8-10 Raman spectra of the v(C-H) region of 0.05 ML of butanol on 

coldly-deposited Ag surfaces with varing coverages of Br. 
a) r= 0.0, b) r = 0.05, c) r = 0.09, d) r= 0.36, e) r= 1.4. 
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Figure 8-11 Raman spectra of the v(C-H) region of 0.1 ML of butanol on 

coldly-deposited Ag surfaces with varing coverages of Br. 
a) r= 0.0, b) r = 0.05, c) r= 0.09, d) r= 0.36, e) r= 1.4. 
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Figure 8-12 Raman spectra of the v(C-H) region of 0.5 ML of butanol on 

coldly-deposited Ag surfaces with varing coverages of Br. 
a) r= 0.0, b) r= 0.05, c) r= 0.09, d) r= 0.36, e) r= 1.4. 



2700 2800 2900 3000 

Wavenumbers (cm' ̂  ) 
Figure 8-13 Raman spectra of the v(C-H) region of 1 ML of butanol on 

coldly-deposited Ag surfaces with varing coverages of Br. 
a) r= 0.0, b) r= 0.05, c)r = 0.09, d) r= 0.36, e) r= 1.4. 
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surfaces can be determined from the isotherm. The fraction of a monolayer, relative to the 

annealed surfaces (top of coldly-deposited surface), was determined to be ca. 0, 16, 16, 16 

and 24%, respectively. If enough current was passed to deposit a 1.4 ML coverage of Br on 

the surface, effectively only 24% of the surface (terrace sites) would be occupied by Br 

(Chapter 7 Figure 7-6). If this holds true, a majority of the surface area (inside the pores) 

is lefr available for butanol adsorption. 

There are few changes apparent in Figures 8-10 through 8-13 except for a decrease 

in butanol intensity compared to the Ag surface with zero Br. As mentioned above, the 

shape and frequency shifts associated with these modes suggest that butanol still attains the 

orientations discussed above and in Chapter 6. At submonolayer coverages the butanol 

molecules can still attain the flat orientation at the bottom of the pores. At higher coverages, 

the molecules attain the other flat orientation on the terrace sites and pore walls. When the 

exposure of butanol is increased, up to 10 L (Figure 8-13), the intensity and shape of the 

v(CH) region begin to resemble those of the clean coldly-deposited surface with a slight 

decrease in intensity. This slight decrease in intensity, together with the XPS data from 

Chapter 7, suggest that the Br atoms (at terrace sites), decrease the amount of surface area 

available for butanol adsorption. This would suggest that the "first-layer" effect operates 

over a very short distance and the adsorbed Br decreases the amount of butanol available 

(adjacent to the surface) for this phenomena. 

Collectively, these data are interpreted to suggest that Br on the coldly-deposited Ag 

surfaces influences the adsorption of butanol. It is believed that the Br atoms preferentially 



248 

adsorb on the terrace sites and pore openings leaving most of the surface bare. This bare 

surface area allows the butanol molecules to attain the same orientation found on the clean 

surfaces discussed in Chapter 6. The decrease in signal is explained by the presence of the 

Br atoms on the surface, which reduce the amount of surface area available for butanol 

adsorption thus reducing the amount of signal observed. This proposed behavior of Br 

adsorption on the coldly-deposited Ag surfaces is shown in Figure 8-14, and is representative 

for all coverages of Br. 

Case II. Surface Chemistry 

Another possible interpretation of the spectral data (Figures 8-1 through 8-13) is that 

the electronegativity of the Br atoms, and the net change in work function of the metal, 

influence the behavior of these interfaces. Using the values from Sass*^ (1.24 V per ML), 

the amount of Br (0,0.05,0.09,0.36 and 1.4) on the surface will alter the Ag work fimction 

positive of the PZC by ca. 0,0.06,0.11,0.45 and 1.74 V, respectively. This theory assumes 

that the adsorption isotherm of Br pffS data Chapter 7) is not reflective of the true 

adsorption of Br. If enough current is passed to generate a monolayer of Br, a monolayer 

of Br will adsorb onto the surfaces. 

Joa and Pemberton*"' showed that the orientation of butanol was dependent on the 

applied potential. The presence of electrolyte in the interface and underlying surface 

morphology had little effect on the orientation of butanol. It was also possible to monitor 

the movement of electrolyte in and out of the interface using Raman spectroscopy. Data 
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acquired either on rough or smooth surfaces provided the same orientation information. 

Therefore, it was evident that the orientation changes were direct responses to the apph'ed 

potential. 

The spectra] data presented above, suggest that little change occurs in the orientation 

of butanol with increasing Br coverage. The lack of change in the spectra suggest that the 

presence of Br and the change in work fimction ($) have little effect on the orientation of 

butanol. At submonolayer coverages butanol still attains the same flat orientation at the 

bottom of the pores as observed in Chapter 6. As the coverage is increased, butanol adsorbs 

in a flat orientation on the terrace sites and pore walls as described in Chapter 6. It is 

believed that when Br is present on the coldly-deposited Ag surfaces a change, positive of 

the PZC, in work function occurs. This change in work ftmction increases the hydrogen 

bonding interaction of the butanol molecules. At low coverages of Br (0.05 and 0.09 ML) 

the change in work function is minimal and plenty of bare surface area is available for the 

adsorption of butanol. These interfaces resemble those discussed above for Case I and are 

depicted in Figure 8-14. 

As the amount of Br is increased on the surface, the effective potential is moved 

further positive. At higher coverages of Br (0.36 and 1.4 ML), the more positive surface 

increases the hydrogen bonding interaction of the methylene and methyl groups with the 

surface. This increase in hydrogen bonding causes the methylene and methyl groups to be 

more normal to the surface. This behavior is reflected in Figures 8-8 and 8-9 where the 

rCCHz) mode is more intense relative to the v(CCCCO) mode than on the low Br covered 



250 

Terrace Sites 

Br 

l O A  

Bottom 
of Pores 

Figure 8-14 Orientation of butanol on Br-covered coldly-deposited Ag surfaces, for 
Case 1 at all coverages of Br and Case U at low coverages of Br. 
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surfaces (Figures 8-6 and 8-7). From Chapter 6, it was determined that the rCCHj) mode is 

vertical at high coverages of butanol (terrace and pore walls). This behavior is consistent 

with an increase in hydrogen bonding of the butanol molecules with the Br-covered surfaces. 

This behavior also suggests that there is little to no difference between the adsorption of 

butanol on the Br-covered and clean Ag surfaces. The orientation of butanol on the high Br-

covered Ag surface is shown in Figure 8-15. 

Summary 

The two possible interpretations of the Raman and XPS data are either due to surface 

area or chemical considerations. The possibility of Case I or Case n could be determined 

with the use of temperature programed desorption (TPD). TPD experiments would provide 

information on the exact amount of butanol and Br adsorbed on the coldly-deposited Ag 

surfaces. Br desorption would indicate exactly how much Br is present on the siuface for 

each exposure level 0, 0.05, 0.09, 0.36 or 1.4 ML. TPD experiments would also provide 

information on the difference between the amount of butanol on the clean and Br-dosed 

surfaces. This difference should be related to the amount of Br on the surface and should 

explain the observed decrease in butanol intensity on the Br-covered surfaces. 

Another experiment that could be perfomied is angle-resolved XPS. Angle-resolved 

XPS would help verify which sites the Br atoms occupy on the coldly-deposited Ag surfaces. 

Terrace sites, pore openings or deep within the pores. If Br is adsorbed only on the terrace 

sites and pore openings the XPS signal should remain constant as the angle approaches 
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Figure 8-15 Orientation of butanol on Br-covered coldly-deposited Ag surfaces for 
Case II at high coverages of Br (IML). 



253 

grazing. If Br is evenly distnbuted across the surface the XPS signal should decrease as the 

angle approaches grazing. 

With the data provided in this chapter, it is believed that the data support Case I. The 

belief that as more Br is deposited on the surface, less surface area is available for butanol 

adsorption is supported by the Raman data in Figures 8-10 through 8-13. As the amount of 

Br is increased on the surfaces the intensity of the Raman signal decreases. This 

corresponds directly to a quenching of the "first-layer" effect observed on these surfaces. 

Only butanol adjacent to the surface is observed, and a decrease in signal suggest that less 

butanol is present adjacent to the surface. If Case n was supported by the data, there should 

be no decrease in intensity in the data. This is not the case for the data presented here. 

Along with data from the corresponding experiments mentioned above, it is believed that 

Case I explains the adsorption behavior of butanol on Br-covered coldly-deposited Ag 

surfaces. 

BUTANOL ON Br-DOSED ANNEALED Ag SURFACES 

Aimealed films of Ag are non-enhancing compared to the coldly-deposited films; 

thus, the spectra obtained from these surfaces were of considerably lower signal-to-noise 

ratio than those obtained from coldly-deposited films. Therefore, the data presented here 

are only viewed as preliminary data and the orientation of butanol on these surfaces is not 

interpreted. These data will be presented here but not discussed in terms of orientation. 

The v(C-H) region of butanol on Br-covered annealed surfaces at Br coverages of 
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r = 0.2 and 0.5 are shown in Figures 8-16 and 8-17, respectively. These spectra are very 

different from the spectra observed on the bare annealed surface discussed in Chapter 6. In 

these spectra, the signal from butanol does not appear until an exposure of 66.7 ML of 

butanol. For the F = 0.0 Br-covered surfaces, the butanol data began at exposures of 1.3 ML 

and increased in intensity with increasing exposure. These data suggest that Br alters the 

annealed surface and influences the spectra obtained from these surfaces. 

Figure 8-16 shows the data for a Br coverage of F = 0.2 ($ of 0.25); it is difficult to 

draw conclusions from these data due to the surface contamination observed in Figure 8-16a. 

There may be some change in the spectra at exposures of 3.3 and 10 ML, but it is difficult 

to determine due to the contamination. At the highest exposure (66.7 ML), the butanol 

modes have grown in and are representative of bulk butanol on an annealed surface. Figure 

8-17 shows the spectral data for a Br coverage of F = 0.5 ($ of 0.62). These data do not 

show the same contamination that was observed on the F = 0.2 surface (Figure 8-16). As 

the coverage of butanol is increased, from 3.3 to 10 ML, there is no increase in the butanol 

signal. At the highest coverage (66.7 ML) the butanol modes are present indicating bulk 

butanol on the annealed surface. These spectra suggest that at higher exposures the partial 

pressure of butanol is large enough for condensation to occur generating the bulk signal 

observed in spectra (Figure 8-18b). At lower exposures, the Br present on the surface may 

prevent the butanol molecules from adsorbing onto the surface (Figure 8-18b). 

Spectra in the v(C-C) and 6(C-H) regions for annealed surfaces were too weak to be 

useful and therefore are not shown. No discemable peaks were observed in these spectra 
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Figure 8-16 Raman spectra of the v(C-H) region of butanol on an annealed Ag surface 
with a Br coverage of F = 0.2, for butanol exposures of a) 0 ML, 
b) 3.3 ML, c) 10 ML, d) 66.7 ML. 
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Figure 8-17 Raman spectra of the v(C-H) region of butanol on an annealed Ag surface 
with a Br coverage of r= 0.5, for butanol exposures of a) 0 ML, 
b) 3.3 ML, c) 10 ML, d) 66.7 ML. 
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Figure 8-18 Butanol adsorption on Br-covered annealed Ag surfaces, a) Case I at low 
exposures of butanol and b) Case 11 at high exposures of butanol. 
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until exposures greater than 66.7 ML of butanol. This is consistent with the data observed 

in the v(CH) region. 

Similar to the problem with the coldly-deposited Ag surfaces, the experiments 

performed on the annealed surfaces do not provide enough information for an accurate 

picture of these interfaces. For the annealed surfaces, the Raman experiments need to be 

reproduced, without the surface contamination, to obtain data which will elucidate the 

orientation of butanol on these surfaces. Data acquired at lower exposures and at smaller 

exposure intervals would allow greater spectral interpretation. Additional experiments 

would also provide information complementary to the Raman and XPS data. 

TPD experiments at low butanol coverages would determine if butanol molecules 

were adsorbing onto the Br-dosed surfaces. The absence of a TPD signal for low exposure 

levels would suggest that butanol was not adsorbing on the Br-covered surface explaining 

the lack of signal observed. A TPD signal, at low exposure levels, would suggest that 

butanol present on the surface does not generate a large enough Raman intensity to be 

observed. As was the case with the coldly-deposited Ag surfaces, work function ($) 

experiments would provide an exact measurement of the $ changes as the amount of Br is 

increased on these surfaces. 

For lower exposures of butanol, the lack of signal might be explained by a change 

in the sticking coefficient. As Br is dosed onto the surfaces the sticking coefficient may 

change altering the adsorption properties of butanol on these surfaces. The change in 

sticking coefficient may be related to the electrostatic repulsive forces mentioned in Chapter 
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7. At hi^er concentrations of butanoL, higher pressure and back-filling of the chamber, the 

concentration is high enough to condense butanol on the Br-covered surfaces. 

CONCLUSIONS 

Two possible explanations are provided for the adsorption of butanol on the Br-

covered surfaces. Either the spectra are explained by a surface coverage argument or by a 

change in the work function of Br-covered Ag surface. For Case L, only a fraction of the Br 

dosed onto the surface sticks leaving bare surface available for butanol adsorption. With 

bare surface area available, the butanol molecules attain the same orientations discussed in 

Chapter 6. For Case E, Br adsorbs at the calculated coverages and alters the work fimction 

of the Ag surfaces positive of the PZC. Once positive enough, the butanol molecules 

hydrogen bond more strongly with the surface and changes occur in the spectra. On the 

annealed surfaces, contamination and lack of signal prevents an accurate interpretation of 

the butanol data. At higher coverages of butanol the concentration (partial pressure) is high 

enough to induce condensation. This may be due to the lack of surface interactions which 

limit the signal observed until multilayers of butanol have formed on top of the Br-covered 

surface. 

These experiments were intended to compare the behavior of butanol on these 

surfaces to the behavior observed in the electrochemical environment. Two possible 

conclusion were drawn for the adsorption of butanol on Br-covered Ag. Until one of these 

interpretations is proven correct, direct comparison to the electrochemical systems is futile. 
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At this time, it is unknown if the UHV systems will ever resemble the electrochemical 

systems. The Br-covered annealed Ag surfaces do not provide enough information for a 

direct comparison to the electrochemical interfaces. 
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CHAPTER DC 

RAMAN SPECTROSCOPIC INVESTIGATION OF BUTANOL 

ON Na-COVERED Ag SURFACES 

INTRODUCTION 

This chapter examines the orientation of 1-butanol on coldly-deposited and annealed 

Ag surfaces with varying coverages of Na. The Ag surfaces were first exposed to a 

calibrated amount of Na, and then the Na-covered surfaces were dosed with butanol. The 

exposures of Na were varied up to one monolayer, while the butanol exposures were kept 

constant These exposures of butanol are the same as in Chapter 6. It is hypothesized that 

as the coverage of Na is varied, the orientation of butanol would change fi"om that observed 

on the clean Ag surfaces either due to the electropositive properties of Na or a reduction in 

available surface area. The electropositive nature of Na will alter the work function of the 

metal such that it mimics electrode potentials negative of the PZC. By adding Na to the 

surfaces, the surface area available for butanol adsorption will also be reduced and may alter 

the amount of butanol adsorbed and hence, the signal observed from these surfaces. 

Many experiments on the adsorption properties of Na on metal surfaces have been 

performed. One area discussed in the introduction deals with the adsorption of Na in 
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relationship to the modeling the electrochemical double-layer.'"' '"^ These experiments dealt 

with the following techniques; LEED,'"'-''^TPD,'"'-'"^ woiic function (<^),''' AES®"^ and LIPS'"' 

on Cu®"' and Ag®"^ surfaces. The most pertinent information from these studies includes the 

LEED information and the work fimction studies. The LEED studies provide information 

about the packing structure of Na on these surfaces. For Na on Ag(111), the packing 

structure is (1 x 1) at coverages below 1.5 monolayers.This packing structure changes to 

(V7 X /7)R19.2° for additional layers of Na. The results from the work fimction studies 

provide easy conversion of the Na coverages reported in this chapter. 

Another important group of studies includes the study of Na on single crystals. 

'Lambert et al.'"' used LEED, XPS, AES, UPS, TPD and work function experiments 

to study Na adsorption on Ag( 1 lO)'""'® surfaces. Zhu et al.'^ performed XPS and LFPS 

studies of Na on Ag(110). The work on Ag(llO) surfaces is relevant to the experiments 

described in this chapter. LEED experiments showed that a (1 x 2) structure exists at low 

coverages, and a (1 x 3) structure exists at higher coverages. 

The work function measurements provide the most information for the experiments 

that follow. Lambert et al.'"' showed that 0.5 ML of Na on a Ag(l 10) surface produced a 

-2.0 eV change in the work fimction of the metal. Sass has demonstrated that a 1 eV change 

in the woric function of a metal is the equivalent of a 1 V change in an electrode potential. 

This information will be used to compare the UHV interfaces to their solution counterparts, 

and in the discussion of the adsorption of Na on the different Ag surfaces.. 
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EXPERIMENTAL 

The basic experimental procedures used to acquire the data in this chapter are 

outlined in Chapter 2. Specific experimental details will be discussed here. After the 

formation of the Ag surface, a background spectrum was obtained; the surface was then 

exposed to a specific coverage of Na. Once a specific amount of Na is adsorbed onto the 

Ag surface, another background spectrum is acquired. The Na-dosed Ag surface is now 

ready to be exposed to butanol. Spectra were acquired for butanol exposures from 0.05 to 

100 ML. 

BUTANOL ON Na-DOSED COLDLY-DEPOSITED Ag SURFACES 

Figures 9-1 through 9-4 show the v(C-H) region of 1-butanol as a function of 

exposure on coldly-deposited Ag surfaces with Na coverages of F = 0.07, 0.15, 0.3 and 1.0, 

respectively. Background spectra for the specific coverages of Na with 0 ML of butanol are 

shown to indicate the cleanliness of the surfaces. As was discussed in Chapter 6, the shape 

of the v(CH) envelope for surface butanol is different than the bulk amorphous solid at every 

exposure. Intensities in this region were observed at lower frequencies for the surface 

butanol. All of the modes are shifted in frequency by ca. 40-50 cm ' (see Table 6-1) in the 

surface spectra, suggesting an interaction of the CH groups with the surface. 

The orientation of butanol can be estimated fi-om consideration of the relative 

intensities of vibrational modes in this region. The stretching modes of the methyl vCCHj) 

and methylene vCCHj) groups can be used for this purpose. Also, the presence or absence 
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Figure 9-1 Raman spectra of the v(C-H) region of butanol on a coldly-deposited Ag 
surface with a Na coverj^e of r= 0.07, for butanol exposures of a) 0 ML, 
b) 0.05 ML, c) O.I ML, d) 0.5 ML, e) I ML, f) 5 ML, g) 10 ML, h) 100 ML. 
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Figure 9-2 Raman spectra of the v(C-H) region of butanol on a coldly-deposited Ag 

surface with a Na coverage of r= 0.15, for butanol exposures of a) 0 ML, 
b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) 1 ML, f) 5 ML, g) 10 ML, h) 100 ML. 
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Figure 9-3 Raman spectra of the v(C-H) region of butanol on a coldly-deposited Ag 

surface with a Na coverage of r= 0.3, for butanol exposures of a) 0 ML, 
b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) 1 ML, 0 5 ML, g) 10 ML, h) 100 ML. 
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Figure 9-4 Raman spectra of the v(C-H) region of butanoi on a coldly-deposited Ag 

surface with a Na coverage of r= 1.0, for butanoi exposures of a) 0 ML, 
b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) 1 ML, f) 5 ML, g) 10 ML, h) 100 ML. 
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of "soft" v(CH) modes is indicative of direct interaction of the alkane C-H moieties with the 

surfece.'^ ''Hoffinann suggested that the large frequency shifts observed were due to 

hydrogen-bonding of these groups with the surface. These modes will be discussed further 

below in relation to the orientation of butanol and the presence of a first-layer effect on these 

Na-covered coldly-deposited Ag surfaces. 

The spectra in Figures 9-1 through 9-3 resemble those described in Chapter 6 (Figure 

6-5). The v(CH2) and v(CH3) modes are shifted in frequency and the intensity ratio of the 

v.CCHz) to Vs (CH2) modes is near unity at low coverages and increases slightly with 

increasing exposure (Figure 9-5a). It is believed that at these low coverages of Na (F = 0.07, 

0.15 and 0.3), a sufficient amount of surface area is available for the butanol molecules to 

attain the flat orientations discussed in Chapter 6. The Na can either be on the terrace sites 

or inside of the pores; enough surface area, ca. > 0.7 ML, is available for butanol adsorption. 

Figure 9-4 shows the behavior of butanol adsorption on a coldly-deposited surface 

with a Na coverage of F = 1.0. At the Na F = 1.0 surface, low exposures of butanol have a 

different behavior than for Na coverages of F = 0.07, 0.15 and 0.3 ML. In Figure 9-4b and 

c, little intensity in the v(CH) region is observed from butanol. These data are interpreted 

to suggest that the Na atoms on the surface are preventing the butanol molecules from 

reaching the surface and producing the spectra normally observed. It is believed that butanol 

and Na atoms compete for the same surface sites on the coldly-deposited surfaces. If a 

complete monolayer of Na existed on the surface, it is believed the observed intensity would 

be significantly reduced. The Na atoms would prevent or reduce the amount of CT to the 
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adsorbed butanol, thus limiting the enhancement from the "first-layer" effect and the 

resulting spectra. This is not the case for the higher coverages of butanol on Na-covered 

surfaces (1 ML). For butanol exposures above 0.1 ML (Figure 9-4c), the spectra once again 

resemble those of a clean coldly-deposited surface. The spectra in Figure 9-4 suggest that 

surface area is still available on the Na F = 1.0 covered surface. Otherwise, the surface 

signal of butanol would not be present in the spectra. At higher exposures of butanol, the 

vCCHj) and vCCHj) modes exhibit the frequency shift and intensity ratios found on all other 

surfaces discussed above, suggesting that butanol attains the same orientations on either 

clean or Na-dosed surfaces. 

The behavior on the Na F = 1.0 covered surface suggests that a complete monolayer 

of Na does not exist. Bonzel'"'^ has reported that alkali metals have a very high surface 

mobility at temp)eratures > lOOK. It is believed that at the liquid nitrogen temperatures (> 

77K) of these surfaces, the Na atoms are mobile and can migrate into the pores in the 

surface. The pores have a large volume compared to the surface area of these films. If the 

Na atoms are mobile and fill in the pores, bare Ag surface area would be available for the 

adsorption of butanol, which could attain the flat orientation on the terrace sites and pore 

walls, producing the spectra observed at higher exposures of butanol. 

Figures 9-5a and b show the peak intensity ratios for the antisymmetric to symmetric 

"soft" methylene and methyl modes, respectively. The ratios for the amorphous solid 

species are included as a reference. The intensity ratio for the methylene modes was 

determined from the intensities of the surface "soft" VjCCHj) stretch at 2856 cm*' and the 
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Figure 9-5 a) I[Va(CH2)]/I[vfe(CH2)] and b) l[v^(CH3)]/I[Vs(CH3)] for Na coverages 
of r= 0 (o) r= 0.07 (•), r= o.is (A), r= o.3 (•), r= i.o (^) 
on coldly-deposited Ag with bulk (—) amorphous solid as a reference. 
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"soft" v/CHj) stretch at 2818 cm"'. From surface selection rules for Raman spectroscopy, 

weak or absent intensities indicate vibrations that are largely parallel to the surface. These 

rules can be applied to functional groups (methylene or methyl group) of a molecule that 

have two modes that are perpendicular to each other. For example, if the ratio value of the 

v.CCHj) to v/CHj) stretch is small compared to the bulk ratio value, the v,(CH2) stretch must 

be perpendicular to the surface. If this ratio value was greater than the bulk value the 

v,(CH2) stretch must be parallel to the surface. For the methylene group, the v,(CH2) stretch 

causes a change in polarizability that is approximated to bisect the two hydrogens. The 

VjCCHj) stretch causes a change in polarizability approximately perpendicular to the v^CCHj) 

stretch. 

The behavior of butanol on the low coverage Na-covered Ag surfaces (0.07 and 0.15 

ML) is similar to the behavior on the clean Ag surfaces. At submonolayer coverages of 

butanol, the intensities of the v/CHj) and v/CHj) modes are approximately equal and their 

ratio values are lower than the bulk amorphous solid ratio value. As the coverage is 

increased, these ratio values increase rapidly and approach the bulk ratio values at 

monolayer coverages (5 to lOL). At higher coverages of butanol, these ratios increase 

slightly and are larger than the bulk ratio value. At low coverages of butanol, these low ratio 

values suggests that the methylene groups of butanol are oriented close to perpendicular or 

normal to the surface. The large frequency shifts of 50 cm"' for the v,(CH2) and v,(CH2) 

modes, suggests a direct interaction of the methylene hydrogens with the Ag surface. 

The v,(CH3) and v,(CH3) modes show behavior similar to that of the methylene 
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modes for the low Na-covered sur^ces (0.07 and 0.15 ML). At submonolayer coverages, the 

ratio of tfie surface "soft" modes v/CHj) to v/CHj) at 2914 and 2835 cm ', respectively, is 

lower than the bulk ratio value (Figure 9-5b). This ratio value increases to the amorphous 

solid ratio at one monolayer (5 to lOL). At higher coverages, the ratio increases slightly with 

increasing butanol exposure. At low coverages of butanol, the low ratio value suggests that 

the methylene groups of butanol are oriented normal to the surface. A large frequency shift 

of 47 and 41 cm ', respectively, associated with these modes suggests a direct interaction of 

the methyl group with the surface. 

The behavior of methylene and methyl groups on the low Na-covered Ag surfaces 

can now be explained. At submonolayer coverages, butanol attains the same orientation at 

the bottom of the pores as was observed on the clean Ag surfaces. At higher coverages of 

butanol, the increase in the methylene and methyl ratio values suggest that butanol attains 

a flat orientation on the terrace sites and pore walls (see Chapter 6). It is believed that the 

amount of Na on these surfaces is insufficient to cause a change in the spectra observed from 

these surface. Therefore, the spectra observed form the low Na-covered surfaces are 

identical to the bare Ag surfaces. 

As the amount of Na is increased on the surface significant changes occur in the 

observed spectra. For the 0.3 ML Na-covered sur&ce the methylene and methyl ratio values 

are much higher for the submonolayer butanol coverages. This behavior is easily observed 

for the methylene ratio on the 0.3 ML Na-covered surface shown in Figure 9-5a. This 

behavior suggests that submonolayer butanol does not attain the same orientation on the 0.3 
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ML Na-covered surface. It is believed that the Na atoms migrate imo the pores and occupy 

the sites normally taken by the initial butanol molecules. If these sites are not available for 

butanol adsorption the butanol molecules attain the flat sideways tilted orientation normally 

observed at higher coverages of butanol. 

This effect is further magnified for the surface with 1.0 ML of Na. The methylene 

ratio starts at the monolayer ratio value for submonolayer coverages of butanol, suggesting 

that adsorption sites are no longer available at the bottom of the pores and all the butanol 

molecules attain the flat orientation on the terrace sites and pore walls. The methylene 

ratio value is identical for submonolayer and monolayer butanol suggesting that only one 

orientation exist on these surfaces. 

The "first-layer effect" is also observed for Na-covered coldly-deposited Ag surfaces. 

This effect is evident in the spectra in Figures 9-1 through 9-4 and 9-10 through 9-13, 

because the v(CH) "soft" modes which are attributed to surface butanol dominate the spectra 

at all coverages. The "first-layer effecf can be used to indicate monolayer coverage at these 

surfaces, in that subsequent layers of butanol do not significantly increase the signal 

observed. For butanol on coldly-deposited Ag, this occurs at an exposure between 0.5 and 

1 ML, suggesting a complete monolayer of butanol. 

Spectra in the v(C-C) and 6(C-H) regions for coldly-deposited surfaces with Na 

coverages of 0.07, 0.15,0.3 and 1.0 are shown in Figures 9-6 through 9-9, respectively. It 

is interesting to note that the peaks associated with the adsorbed O2 species (Chapter 6) at 

681 and 1042 cm"' are not present on this surface. Peaks associated with carbon 
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Figure 9-6 Raman spectra of the 8(C-H) and v(C-C) regions of bulanol on a coldly-deposiled Ag surface with a Na 
coverage of r= 0.07, for bulanol exposures of a) 0 ML, b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, c) 1 ML, 
f) 5 ML, g) 10 MI,, h) 100 ML, i) amorphous solid x 0.1. t-j 
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Figure 9-7 Raman spectra of the ft(C-H) and v(C-C) regions of butanoi on a coldly-deposited Ag surface with a Na 

coverage of F- 0.15, for butanoi exposures of a) 0 ML, b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) I ML, 
0 5 ML, g) 10 ML, h) 100 ML, i) amorphous solid .x 0.1. ^ 
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Figure 9-8 Raman spectra of the 8(C-H) and v(C-C) regions of butanol on a coldly-deposited Ag surface with Na 

coverage of r= 0.3, for butanol exposures of a) 0 ML, b) 0.05 ML, c) 0.1 ML, d) 0.5 ML, e) I ML, 
0 5 ML, g) 10 ML, h) 100 ML, i) amorphous solid x 0.1. K) 
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Figure 9-9 Raman spcctra of the 5(C-I I) and v(C-C) regions of butanol on a coldiy-dcpositcd Ag surface with a Na 

coverage of r= 1.0, for butanol exposures of a) 0 ML, b) 0.05 Ml., c) 0.1 Ml., d) 0.5 Ml-, e) I ML, 
f) 5 ML, g) 10 ML, h) 100 ML, i) amorphous solid x 0.25. K) 
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contamination are not present either. It is beleived that the Na on these surfaces reduces 

these species and they are no longer observed in the spectra. The vibrations of interest in 

these two regions include the rCCHj), v/CCCCO) and 6j(CH 3) modes at 743, 827 and 1375 

cm', respectively. Those modes involving vibrations of the CHzand CH3 groups are shifted 

to lower frequencies relative to the spectrum of the amorphous solid, although none are 

shifted by as much as the v(CH) modes discussed above. We interpret this observation to 

indicate that, although the C-H bands are clearly weakened substantially through H-metal 

surface interactions, the bending vibrations are not affected by an equal amount because 

proximity of these groups to the surface makes these vibrations difficult despite the 

weakening of the C-H bonds. All of these modes increase in intensity with butanol coverage 

up to an exposure of lOL then remain constant. Figures 9-6 through 9-8 will be discussed 

first. 

The rCCHj) and v^CCCCO) modes can be used to infer the orientation of butanol on 

Na-covered coldly-deposited Ag surfaces. The r(CH2) mode (743 cm ') has its change in 

polarizability largely perpendicular to the alkyl chain stretch (vXCCCCO), 848 cm"') of 

butanol, and a small intensity relative to the bulk value would indicate that the molecule is 

parallel to the surface. These data (Figures 9-6 throu^ 9-8) show the r(CH ̂  modes growing 

in rapidly with butanol exposure and remaining constant after 0.5 ML. A frequency shift of 

the r(CH2) modes from 743 to 734 cm ' in the surface spectra suggests an interaction with 

the surface consistent with the v(CH) "soft" modes observed in the v(C-H) region. The 

r(CH2) modes are very intense compared to the \ (CCCCO) modes on the Na-covered 
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surfaces, compared to bare and Br-covered Ag surfaces. This behavior suggests that the 

rCCHi) modes are very normal to the surface in order to generate this large signal intensity. 

The intensity of the rCCHz) modes and there frequency shifts suggest that the methylene 

groups must be parallel and interacting with the surface. 

The 6,(CH3) mode at 1375 cm ' is orthogonal to the axis of the adjacent carbon 

through the methyl group and is perpendicular to the 6/CH 3) mode. A large intensity of this 

mode relative the antisymmetric mode would suggest that the methyl group is parallel to the 

surface. The 6,(CH3) modes are weak in the spectra and increases in intensity up to an 

exposure of 0.5 ML, then remain constant. There is a shift of 5 cm ' in frequency of the 

6(CH3) modes associated with an interaction with the surface consistent with the v(CH) 

"soft" modes discussed above. These modes are more intense in the surface spectra than in 

the spectrum of the amorphous solid. 

The data present in Figure 9-9 show the behavior of butanol adsorbed on 1.0 ML Na-

covered coldly-deposited Ag surface. The spectra presented in Figure 9-9 are drastically 

different than those shown in Figures 9-6 through 9-8. The background spectrum of the 1.0 

ML Na-covered surface is very different than the other Na-covered Ag surfaces (Figures 9-6 

through 9-8). Two peaks are observed in the spectra at 769 and 1220 cm ', while two others 

not shown were observed at 487 and 580 cm '. The other two vibrations at 769 and 1220 cm" 

' are due to CO2 or Hp species adsorbed on the Na-Ag surface.'"'^ '"''' Nakamoto®"'^ reports 

a frequency of 772 cm ' for the 6(000) for HCOO on Na salt, suggesting that the peak 

observed at 770 cm ' is due to COj on the Na-covered surfaces. Weaver®"'^ reports the 
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appearance of a D/) bend at 1177 cm ' on K-covered Pt( 111). This frequency suggests that 

the peak observed at 1220 cm ' may be due to HjO on the Na-covered surface. This 

laboratory now has evidence that HjO is transferred from the cold finger to the surface at 

pressures as low as 10"'° torr.'"'^ With the disappearance of the O2 peaks from the surface, 

and the presence of HjO, it is believed that these species react with the Na on the surface 

forming NaO, Na20, NaOH, Na-F^O and Na-CQ species. As the exposure of butanol is 

increased, the normal modes associated with butanol increase up to a coverage of 1 ML, then 

remain constant. 

With the information presented above, the behavior of butanol on the Na-covered 

coldly-deposited Ag surfaces can now be proposed. The spectra for specific exposures of 

0.05,0.1,0.5 and 1 ML of butanol with varying coverages of Na are shown in Figures 9-10 

through 9-13, respectively. The spectral data from Chapter 6 are included as a reference for 

zero coverage of Na. These spectra provide a comparison of the changes in the butanol 

spectra as the amount of Na is increased. 

These changes are apparent in Figure 9-10 where the spectra in 9-lOd and e show a 

different behavior than the other spectra, which are essentially identical. The Fn. = i.o 

surface does not show any butanol vibrations for 0.05 ML of butanol exposure suggesting 

that no butanol is on the surface. The spectrum for 0.3 ML of Na has a weaker overall 

intensity than the two lower Na coverages. This behavior suggests that either less butanol 

adsorbs on these surfaces or the butanol molecules react with the Na on the surface. The Na 

atoms must be occupying some of the surface sites, thus limiting the number of butanol 
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Figure 9-10 Raman spectra of the v(C-H) region of 0.05 ML of butanol on 
coldly-deposited Ag suifaces with varing coverages of Na. 
a) r= 0.0, b) r = 0.07, c) r = 0.15, d) r = 0.3, e) r= 1.0. 
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molecules at the surface and decreasing the overall intensity in this region ("first-layer" 

effect). 

The behavior observed above is consistent for 0.1 ML butanol as shown in Figure 9-

11. For the Fn. = 1.0 covered surface, there is barely any intensity from butanol, suggesting 

that little or no butanol is on the surface. For 1.0 ML Na, the Na atoms must be occupying 

the sites normally taken by butanol molecules or have reacted with the butanol. The 

spectrum in Figure 9-lid (0.3 ML Na) has a weaker intensity than the spectra in Figures 9-

1 la,b and c, suggesting less butanol is on the surface. 

When the butanol exposure is increased to 0.5 ML, the spectra change significantly 

compared to Figures 9-10 and 9-11. In Figure 9-12e, there is a large increase in intensity for 

the 1.0 ML Na spectnmi. This suggests that there is still sufficient surface area available for 

the adsorption of butanol molecules. The intensity in this spectrum is weaker than the 

intensity observed in the other spectra in Figure 9-11. The spectrum for 0.3 ML Na is closer 

to the other spectra (9-12a - c), but is still slightly weaker in intensity, consistent with the 

data in Figures 9-10 and 9-11. 

The last set of spectra in this series is shown in Figure 9-13. At a butanol exposure 

of 1 ML (for low Na coverages Figures 9-12b and c), the spectra resemble those of clean Ag 

surfaces. The 0.3 ML Na coverage data also resemble these spectra but with a slight 

decrease in intensity. The spectrum for the Na 1.0 ML also resembles the other spectra in 

intensity and shape of the v(CH) region, but with lower intensity. This spectrum seems to 

have broader band widths in the v(CH) region. 
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Figure 9-11 Raman spectra of the v(C-H) region of 0.1 ML of butanol on 
coldly-deposited Ag surfaces with varing coverages of Na. 
a) r= 0.0, b) r = 0.07, c) r = 0.15, d) r = 0.3, e) r= 1.0. 
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Figure 9-12 Raman spectra of the v(C-H) region of 0.5 ML of butanol on 

coldly-deposited Ag surfaces with varing coverages of Na. 
a) r=0.0, b)r=0.07, c)r = 0.15, d)r = 0.3,e) r= LO. 
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Figure 9-13 Raman spectra of the v(C-H) region of 1 ML of butanol on 

coldly-deposited Ag surfaces with varing coverages of Na. 
a) r=0.0, b) r= 0.07, c)r= 0.15, d)r = 0.3,e)r= 1.0. 
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From Bonzel,'^ it is believed that Na atoms are mobile on the coldly-deposited Ag 

surface at 77K, and migrate into the pores. The pore surface area is very large, thus reducing 

the effective surface coverage of the Na exposures mentioned above. 

For Na coverages of 0.07 and 0.15 ML, it is believed that Na migrates into the pores. 

At these low coverages of Na, there is litde effect on the surface chemistry or area available. 

Therefore, no change in the spectra is observed at these coverages, and the spectra resemble 

those of butanol on clean coldly-deposited Ag. For a Na coverage of 0.3 ML, the Na reduces 

the surface area enough to alter the spectra observed. These spectra show a decrease in 

intensity compared to the lower Na-covered surfaces and a change in the methylene ratio 

occurs. These changes may also be due to a chemical reaction of butanol with the Na-

covered surface. When the Na coverage is increased to 1.0 ML, the spectra obtained are 

significantly different. Little or no signal intensity was observed for low exposures of 

butanol (0.05 and 0.1 ML), and large background peaks were observed in the spectra. At 

higher exposures of butanol, the spectra once again begin to resemble the normal surface 

spectra of butanol. These data further support the hypothesis that Na atoms migrate into the 

pores of the surface and that a chemical reaction has taken place. The proposed behavior 

of Na on the coldly-deposited Ag surfaces is shown in Figures 9-14 and 15. 

The possible orientations will be discussed in terms of three separate explanations 

that are supported by the data presented in this chapter. For case I, the spectra will be 

discussed in terms of the availability of surface sites for adsorption and the reactivity of the 

Na-covered surfaces. Case n, discusses the changes sticking coefficient while Case III 
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Figure 9-14 Behavior of butanol on Na-covered coldly-deposited Ag surfaces for 
low coverages of Na, 0.07 and 0.15 ML. 
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Figure 9-15 Behavior of butanol on Na-covered coldly-deposited Ag surfaces for 
high coverages of Na, 0.3 and 1.0 ML. 
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discusses changes in the work function of these surfaces. For each case, experiments that 

would distinguish between each possibility, and could not be conducted in the UHV 

chamber used, will be discussed. 

Case I; Surface Adsorption Sites 

For Na coverages of 0.07 and 0.15 ML the spectra are very similar to the clean Ag 

surfeces. The behavior of the methylene and methyl modes show that the butanol molecules 

attain the same orientations on the Na-covered and clean Ag surfaces. The concentration 

of Na on these surfaces is not high enough to detect any differences between the Na-covered 

and clean Ag surfaces. It is believed that the Na atoms migrate into the pores at these 

temperatures (77 K). At these concentration levels, some of the sites at the bottom of the 

pores are still available for butanol adsorption. Butanol that adsorbs at the bottom of the 

pores generates the low methylene and methyl ratio values discussed above. At higher 

exposures of butanol, the molecules attain the same orientation observed on the clean Ag 

surfaces (Chapter 6). It is believed that Na on the coldly-deposited Ag surfaces is very 

reactive.^' The lack of O and C peaks in the background spectra suggests that Na reacts 

with these species. If Na does reacts with the initial butanol to create reaction products the 

amount produced is insufficient to be detected. This scenario is depicted in Figures 9-14. 

When the Na coverage is increased to 0.3 ML, the spectra begin to change 

significantly. There is a slight decrease in the intensity in the v(CH) region for the 0.3 ML 

Na-covered surface, and the methylene ratio increases towards the bulk ratio value for 
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submonolayer butanol. At these coverages, the Na atoms occupy a larger volume of the pore 

bottoms. If the pore bottoms are no longer available the orientation of butanol at 

submonolayer coverages (Chapter 6) no longer exist and the methylene ratio increases 

(Figure 9-5a). At higher coverages of butanol, butanol can still attain the same orientation 

observed for the terrace sites and pore walls (Chapter 6). The behavior of the methylene 

ratio value at high coverages of butanol is consistent with this orientation. 

With a higher concentration of Na, and a decrease in intensity of butanol at 

submonolayer coverages, it is believed that reaction chemistry has occurred. The detection 

limit of butanol on the coldly-deposited Ag surfaces is very good = 0.01 L. If no reaction 

had occurred, the submonolayer butanol could adsorb on the terrace sites or pore walls and 

generate a detectable signal. This does not occur on the 0.3 ML Na-covered surface. 

Therefore, it is believed that butanol reacts with the Na-covered surfaces and generates the 

reaction products discussed above. There is a slight possibility that sodium butoxide may 

be formed as a reaction product. It is believed that this does not occur because the butoxide 

species should generate enough signal to be detected. This is more obvious on the 1.0 ML 

Na-coVered surface where little butanol or butoxide intensity is observed at low coverages 

of butanol. Intensity from these reaction products are weak for the 0.3 ML Na-covered 

surface and are not observed in the spectra (Figure 9-8). This possibility is depicted in 

Figure 9-15. 

For the 1.0 ML Na-covered surface, the amount of Na on the surface is sufficient 

enough to significantly alter the spectra observed from these surfaces. First, a large portion 
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of the pore volume is no longer available for butanol adsorption. Submonolayer butanol that 

does adsorb on the surface has a methylene ratio (Figure 9-5a) that is consistent with butanol 

adsorption on the terrace sites and pore walls. The decrease in butanol intensity up to 

exposures of IL of butanol (Figure 9-9e) suggests that butanol is reacting with the Na-

covered Ag surface. This behavior is consistent with the data in the lower frequency regions 

(Figure 9-9) and is shown in Figure 9-15. The 1.0 ML Na surface shows unique vibrational 

modes not found on the other coldly-deposited Na-covered Ag surfaces. These modes are 

believed to be products from the oxidation of Na discussed above. 

These molecular depictions could be verified with additional experiments that were 

not possible in the UHV chamber used for these experiments. Angle-resolved XPS would 

determine if the Na atoms are at the bottom of the pores or evenly distributed throughout the 

surface. If the Na atoms have migrated into the pores, the XPS intensity would decrease as 

the angle approaches grazing. If the Na atoms are evenly distributed across the surface, the 

XPS signal would remain constant as the angle is varied. 

Additional experiments that would verify the make-up of these interfaces is TPD. 

TPD experiments would help to distinguish between monolayer and multilayer Na. Two 

peaks would be present if the Na is migrating into the pores and creating bulk Na. If the Na 

is evenly distributed across the surface only one peak should occur. 

Case n. Sticking Coefficient 

There is the possibility that the presence of Na alters the sticking coefficient of these 
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surfaces. Bonzel^ discusses that fact that alkali metals on surfaces reduce the sticking 

coefficient for some adsorbing species. Bonzel uses the example of CO adsorption on bare 

and K-covered Pt( III) to demonstrate this point. The sticking coefficient of CO is reduced 

on the K-covered Pt( 111) surface compared to the bare Pt( 111). The sticking coefficient is 

also dependent on the temperature of the sample and at these temperatures this reduction 

may have little effect. This behavior may not affect the adsorption of butanol on low Na-

dosed surfaces, but may have a more profound effect at higher Na coverages. At lower 

coverages of Na the change is sticking coefficient may not alter significantly. 

To verify the change in sticking coefficient, a similar molecule to butanol would be 

needed. The coverage of Na is compared to the uptake of a species that only forms a 

monolayer. At the temperatures of these surfaces, this experiment would be very difficult 

to perform. The cold temperatures of these surfaces helps in determining if Na reacts with 

butanol. Any reaction products should be trapped on the surface due to the cold 

temperatures. TPD could determine the quantity and composition of these reaction 

products. 

Case in. Work Function 

Changes in the electronic structure may also explain the data observed on the Na-

covered Ag surfaces. As the amount of Na is increased on the surface, the electropositive 

nature of Na moves the work fimction of Ag negative of the PZC. The coverages of Na used 

0.07,0.15,0.3 and 1.0 ML correspond to woik function changes of 0.28,0.6, 1.2 and 4.0 eV, 
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respectively, negative of the PZC. These estimated values are likely to be high due to the 

migration of the Na atoms into the pores. As Na fills in the pores, the effective coverage of 

Na is decreased. Na atoms in the pores are no longer adjacent to the Ag surface (Na-Na 

interactions), making the estimated work fimction values less negative than discussed above 

(<0.28, <0.6, <1.2 and <4.0 eV). 

As discussed in Chapter 8, in the electrochemical enviroimient molecules change 

orientation due to an applied potential. Therefore, the orientation of butanol may be 

influenced by the changes in work fimction. At low Na coverages, large changes are not 

expected and the spectra remain constant At high Na coverages, the potential of the surface 

has changed enough to affect the butanol signal. Butanol molecules may have attain an 

orientation that is similar for all location on the surface. This orientation is represented by 

the methylene ratio values shown in Fig;ure 9-5a. For the 1.0 ML Na-covered surface, the 

properties of the surface may be such that submonolayer amounts of butanol attain an 

orientation that has the methylene units very normal to the surface (Figure 9-5a). At higher 

coverages of butanol, this orientation is attained by additional butanol and the methylene 

ratio value remains constant. Therefore, it is believed that the changes in work function of 

these surfaces may contribute to the spectra observed in this chapter. 

Summary 

Of the three possible explanations described above, it is believed that the spectra 

shown in this chapter follow Case I the closest For case I, changes in available surface area 
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and reaction chemistry explain the observed spectra. At low coverages of Na there is little 

effect on the spectra acquired and butanol can attain the orientations observed on the clean 

Ag surfaces. At higher Na coverages, Na begins to take up more pore volume and the 

butanol orientation at the bottom of the pores is no longer available. Additional butanol 

molecules then adsorb onto the terrace sites and pore walls. The Na reacts with the initial 

butanol thus reducing the signal observed. At Na-coverages of 1.0 ML enough Na is present 

that the reaction products are observed in the spectra (Figure 9-9). 

For Case n,  very few changes in the spectra support the conclusion that the sticking 

coefficient has changed. Only the decrease in the observed butanol signal supports this 

theory. Additionally, the temperatures of these surfaces (77 K) would compete against this 

conclusion. 

For Case III, changes in the electronic structure of the surface due to Na may be 

considered. As the amount ofNa is increased, significant changes in the spectra occur. A 

reduction in the surface enhancement factors due to the presence of Na may explain the 

results observed. As the amount of Na is increased this effect becomes more prominent, and 

less butanol is observed at low coverages. At higher coverages of butanol, enough butanol 

would be present on the surface to generate the observed signal. 

BUTANOL ON Na-DOSED ANNEALED Ag SURFACES 

Annealed films of Ag are non-enhancing compared to coldly-deposited films; thus, 

the spectra obtained from these surfaces are of considerably lower signal-to-noise ratio than 
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those obtained from coldly-deposited films. These data should be viewed as preliminary 

data and only general observation will be discussed. It is hypothesized that the Na atoms 

alter the behavior of butanol on these surfaces. The annealed surfaces are very smooth and 

lack the pores found in the coldly-deposited surfaces. Without these pores, a more profound 

effect on the butanol behavior is expected. 

The spectra of butanol on annealed surfaces covered with 0.2, 0.6 and 1.0 ML of Na 

are shown in Figures 9-16 throu^ 9-18, respectively. These spectra are very different than 

observed for the annealed surface with no Na. In these spectra, the signal from butanol does 

not appear until exposures of 6.7 to 33.3 ML. For surfaces with no Na, butanol intensity is 

observed at exposures of 1.3 ML and increases with increasing exposure. 

Figure 9-16 shows the data for a Na coverage 0.2 ML. These data suggest that even 

at this low coverage, the butanol molecules do not adsorb in the normal flat orientation 

(Chapter 6). As mentioned above, Na attains (1x1) and (1x2) packing structures on 

Ag( 111 )'"^ and Ag( 110),^ respectively. On annealed surfaces with a roughness factor of 

1.0,^'^ it is believed that similar packing structures should exist. On this surface, butanol 

peaks are not observable until an exposure of 33.3 ML. It was expected that butanol would 

adsorb on these surfaces at this coverage of Na, but butanol does not seem to adsorb until 

high enough pressures at which time it condenses out on the Na-covered surfaces. 

Similar behavior exists on the surfaces with Na coverages of 0.6 and 1.0 ML, shown 

in Figures 9-17 and 9-18, respectively. At these coverages of Na, there are still no 
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Figure 8-16 Raman spectra of the v (C-H) region of butanol on annealed Ag surface with 

a Na coverage of r= 0.2, for butanol exposures of a) 0 ML, b) 0.7 ML, 
c) 1.3 ML, d) 3.3 ML, e) 6.7 ML, f) 33.3 ML, g) 66.7 ML, h) 666.7 ML. 
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Figure 8-17 Raman spectra of the v(C-H) region of butanoi on annealed Ag surface with 

a Na coverage of r= 0.6, for butanoi exposures of a) 0 ML, b) 0.7 ML, 
c) 1.3 ML, d) 3.3 ML, e) 6.7 ML, 0 33.3 ML, g) 66.7 ML, h) 666.7 ML. 
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Figure 8-18 Raman spectra of the v(C-H) region of butanol on annealed Ag surface with 

a Na coverage of r= 1.0, for butanol exposures of a) 0 ML, b) 0.7 ML, 
c) 1.3 ML, d) 3.3 ML, e) 6.7 ML, f) 33.3 ML, g) 66.7 ML, h) 666.7 ML. 
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observable butanol peaks until coverages of 6.7 and 33.3 ML of butanol, respectively. At 

these coverages of Na, it was still expected that some butanol would adsorb onto these 

surfaces and be detectable with Raman. Not until high exposures of butanol does it 

condense on these surfaces. 

Spectra in the v(C-C) and 6(C-H) regions for the annealed Ag surfaces provide little 

spectral information and are shown in Figures 9-19 through 9-21. No discemable butanol 

peaks are observed in these spectra until exposures of 33.3 ML of butanol (Figure 9-20f) or 

more. The only noticeable peaks are the two in the low frequency region at 400 and 528 cm' 

These peaks are believed to be from reaction of Na with the coldly-deposited Ag surface. 

These peaks are present at zero coverage of butanol for all the Na-covered aimealed Ag 

surfaces. Similar to the v(CH) region, butanol finally condenses out on the surface at high 

enough pressures. 

The possible orientations will be discussed in terms of two separate explanations that 

are supported by the data presented in this chapter. For case I, the spectra will be discussed 

in terms of the reactivity of the Na-covered surfaces. For Case n, the spectra will be 

discussed in terms of the sticking coefficient of the Ag surface. For each case, experiments 

that would distinguish between each possibility, and could not be conducted in this UHV 

chamber, will be discussed. 

Case I, Reaction Chemistry 

In discussion of the Na-covered coldly-deposited Ag surfaces, the possibility of a 
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Figure 9-19 Raman spectra of the 8(C-H) and v(C-C) regions of butanol on an annealed Ag surface with a Na 
coverage of r= 0.2, for butanol exposures of a) 0 ML, b) 0.7 ML, c) 1.3 ML, d) 3.3 ML, e) 6.7 ML, 
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Figure 9-20 Raman spectra of the 8(C-H) and v(C-C) regions ofbutanol on an annealed Ag surface with a Na 
coverage of r= 0.6, for butanol exposures of a) 0 ML, b) 0.7 ML, c) 1.3 ML, d) 3.3 ML, e) 6.7 ML, 
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Figure 9-21 Raman spectra of the 5(C-H) and v(C-C) regions of butanol on an annealed Ag surface with a Na 
coverage of r= 1.0, for butanol exposures of a) 0 ML, b) 0.7 ML, c) 1.3 ML, d) 3,3 ML, e) 6.7 ML, 
0 33.3 ML, g) 66.7 ML, h) 667 ML. U) 
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chemical reaction between butanol and Na was discussed. As mentioned above, if butanol 

reacts with the Na-covered surfaces, several reaction {)roducts can be produced. If a reaction 

does take place, it is believed that the cold temperatures will trap these products on the 

surface. If the products are trapped on the surface they may be detected with Raman; 

however, no products were observed. It is believed that the enhancement factor is not 

sufiBcient to observe these species. At high exposures, butanol condenses on the surface and 

is detectable with Raman. 

TPD could be used to determine if reaction products are on the surface and their 

composition. Lack of any signal would suggest that neither butanol nor reaction products 

were on the surface. A TPD signal would indicate that some species was on the surface and 

the mass spectrometry could be used to determine these species. 

Case n: Alloying and Sticking Coefficient 

One explanation of the unique Raman data acquired from these surfaces considers 

changes with the annealed Ag surface. According to the spectra in the low frequency region, 

it is apparent that with no butanol several peaks are observed in the spectra. These peaks 

may be due to an annealing or alloying of Na with the surface. This chemical interaction 

can have two possible effects on the Ag surface. The Na on the annealed surface may 

change the sticking coefficient as proposed by Bonzel.'"' This may be significant enough 

to prevent butanol molecules from adsorbing onto the surface, but not likely due to the cold 

temperatures of these surfaces. This would explain the absence of intensity at low butanol 
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exposures (Figure 9-22a). At high exposures, enough butanoi is present to condense on the 

surface giving rise to the intensity observed (Figure 9-22b). Second, the Na-Ag complex 

may change the dielectric properties of the surface, thus changing the optical properties of 

the surface and making Raman spectroscopy difficult from these surfaces (Figure 9-22c). 

The butanol signal may not be obserable until large quantites are present on the surfaces 

(Figure 9-22d). 

These possiblities can be distinguished using TPD which would provide information 

on whether butanol was on the surface at low Na-coverages. The lack of a TPD signal 

would suggest that butanol was not present on these surfaces at low exposures and that the 

sticking coefficeint of these surfaces had changed. A TPD signal would indicate that 

butanol did adsorb on the surface but was undetectable by Raman spectroscopy. This would 

support the possibility that the optical properties of the surface were altered reducing the 

ability to acquire Raman spectra from these surfaces. TPD would also verify if an alloy had 

formed. 

Summary 

The most probable solution to the chemistry on the annealed surfaces is Case I. The 

lack of any Raman signal for low coverages of butanol suggests that butanol is not on the 

surface. This is either due to a change in the sticking coefficient or reaction with the Na-

covered Ag surface. Reaction products may be undetectable and/or prevent butanol from 

reaching the surface. Therefore, it is believed that case I is the most probable on the 
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annealed surfaces. 

CONCLUSIONS 

On the coldly-deposited surfaces the mobility of the Na atoms allows the Na atoms 

to migrate into the pores. This behavior affects the coverage dependence of Na on these 

surfaces, and frees surface area for the adsorption of butanol. At low Na coverages there is 

little effect on the adsorption properties of butanol. The adsorbing molecules can then attain 

the flat orientations discussed in Chapter 6. These orientation allow the methylene and 

methyl hydrogens to interact with the surface, thus inducing the frequency shifts observed 

for these vibrational modes. On the annealed surfaces, the Na-coverage dependence is still 

not understood. The Raman and XPS data are not sufficient to determine the exact nature 

of the data reported in this chapter. Therefore, no conclusions on the adsorption of butanol 

on the Na-covered annealed Ag surface are drawn. 
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CHAPTERX 

CONCLUSIONS 

Overview of Problem 

In Chapter I the research objectives were outlined. This dissertation was to focus 

on the adsorption of 1-butanol on clean and Br and Na pre-dosed coldly-deposited and 

annealed Ag surfaces in UHV. Raman spectroscopy and XPS were used to detemiine the 

molecular information at these surfaces. 

In the course of these experiments six areas are presented in this dissertation: 

1) The UHV chamber was redesigned to increase the collection of scattered light from the 

surfaces studied. 

2) A thorou^ investigation of the vibrational assignments of the alcohol series methanol-

butanol along wath thiophenol was performed. 

3) Thiophenol was studied to determine the coverage and enhancement factors of the 

coldly-deposited and annealed Ag surfaces, along with a UHV correction factor. 

4) Determination of the orientation of 1-butanol on coldly-deposited and annealed Ag 

surfaces was performed using Raman spectroscopy. 

5) Ion sources were built to dose Br and Na ions on the Ag surfaces and were calibrated 
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using XPS. 

6) Determination of the orientation of 1-butanoI on the pre-dosed Br and Na Ag surfaces 

was performed using Raman spectroscopy. 

These data were used to determine the validity of these UHV model interfaces, and 

the future of these experiments. 

Section I, UHV Chamber 

In the course of these experiments the UHV chamber was redesigned in order to 

improve the Raman signal obtained, improve reproducibility of the data and improve the 

cleanliness of these surfaces. Towards these ends, several modifications were performed 

in order to improve the original chamber design. The old Raman cell was removed (Figure 

2-7), the axis of travel was changed, and a metal-to-glass vacuum adaptor was used for the 

new Raman cell (Figure 2-10). These modifications greatly improved the collection of 

Raman signal from the chamber and eliminated the large number of optics previously used 

(Figure 2-8). The new chamber design positioned the sample directly in front of the 

monochromator's entrance slit (Figure 2-11), allowing spectra to be obtained in the optical 

configuration normally used to acquire surface Raman spectra in this laboratory. The 

improved signal increased the quality of data by increasing the signal-to-noise ratio and 

decreasing the integration times required. Also, the reduction in the number of optics 

allowed for greater reproducibility of the data. 

The second modification involved the addition of a fast entry system. By adding a 
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gate valve, sample transfer mechanism and pumping system, fresh clean samples could be 

introduced into the chamber. In the old chamber, samples were left in the chamber during 

the bake out procedure which created problems with the cleanliness of these surfaces. The 

fast entry system allowed the introduction of fresh clean samples moments before the 

experiment. By using fresh samples, the overall cleanliness of the samples were greatly 

improved and background signal from carbonaceous material was reduced. 

These modifications were extremely important in the development of UHV Raman 

spectroscopy as a useful analytical techm'que. These experimental modifications have made 

a large contribution in the area of UHV Raman spectroscopy. 

Section 2, Vibrational Assignments 

In Chapter 3 the vibrational assignments for methanol, ethanol, propanol, butanol 

and thiophenol were discussed. The assignments for thiophenol are well published and were 

included as a reference for Chapter 5. For the alcohols, many papers have been published 

from this laboratory that have lacked several significant spectra regions. These data were 

presented to complete the vibrational assignments of these alcohols. The assignments for 

butanol were used as a reference for Chapters 6, 8 and 9. 

Section 3, Thiophenol on Ag Surfaces in UHV 

The data for thiophenol on coldly-deposited and annealed Ag were used to determine 

- roughness Actors and sur&ce enhancement factors (SEFs) for these surfaces. Also, a UHV 
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correction factor was determined in order to correct for losses due to the vacuum-air 

interface. It was determined that the roughness factors were ca. 5-7 and 1 for the two 

surfaces, respectively. The SEFs were determined to be ca. 10^ and 6, respectively, by 

comparison of these interfaces to thiophenol on Pt (SEF of 1). It was also determined that 

a monolayer of thiophenol adsorbed in the coldly-deposited and armealed Ag surfaces at 

exposures of ca. 5 to lOL and 0.5 to IL, respectively. The presence of a "first-layer" effect 

was observed on the coldly-deposited Ag surfaces. 

Section 4, Butanol on Ag Surface in UHV 

In Chapter 6 the orientation of butanol on coldly-deposited and annealed Ag was 

determined. The orientations were bome in the Raman spectral data in Figures 6-5,6-7 and 

6-9. On the coldly-deposited Ag surfaces the "first-layer" effect allowed the monolayer 

coverage to be determined at ca. 5 to lOL of butanol. On the aimealed surfaces monolayer 

coverage was determined to be ca. 1-2L. On the coldly-deposited surfaces butanol obtained 

two distinct orientations. At sub-monolayer coverages, butanol preferentially adsorbed at 

the bottom of the pores in an orientation that allowed the methylene and methyl units to be 

perpendicular and interact with the sur&ce. At higher coverages, butanol adsorbed onto the 

pore walls and terrace sites in a flat side-ways tilted orientation that also allowed the 

methylene and methyl hydrogens to interact with the surface. This orientation also occurred 

on the annealed Ag surfaces. These interactions greatly affected the observed spectra in the 

v(C-H) regions on both surfaces, creating large frequency shifts for the v(CH2) and v(CH3) 
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modes of butanol. These orientations are depicted in Figures 6-8 and 6-11, respectively. 

Section 5, Ion Sources 

In order to move to the next stage in modeling these interfaces, ion sources for Br 

and Na were built and calibrated. Both sources were calibrated using XPS, with 

modifications to the VG ESCALAB MKII chamber (Figure 2-18). XPS data were acquired 

and calibration curves constructed for each source (Chapter 7). These calibration curves 

were used to determine the concentration of each ion on these two UHV surfaces. 

Section 6, Adsorption of Butanol on Br and Na Covered Ag Surfaces. 

Multiple surfaces were created with varying coverages of Br or Na and then exposed 

to butanol. The orientation of butanol was then determined using Raman spectroscopy. For 

Br on the coldly-deposited Ag surfaces the adsorption of Br at the pore openings and terrace 

sites has little effect on the orientation of butanol at low coverages. At higher coverages of 

butanol, only a slight decrease in the observed butanol signal was observed. It was 

determined that Na is mobile on the liquid-nitrogen cooled coldly-deposited Ag surfaces and 

migrates into the pores in the surface. This migration has the effect of reducing the 

coverages reported and frees surface area for the adsorption of butanol. This surface area 

allows the butanol molecules to attain the same orientations observed on the clean Ag 

surfaces. At hi^ coverages of Na, the Na at the bottom of the pores prevents low coverages 

of butanol from obtaining the orientation at the bottom of the pores. At higher exposures. 
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butanol adsorbs onto the pores walls and terrace sites in the flat side-ways tilted orientation. 

The presence of Br and Na ions affects the overall intensity of the Raman signal observed 

from these surfaces. 

On the annealed surfaces, the presence of Br and Na significantly affect the 

adsorption of butanol. Even at low coverages of Br and Na, there is no observable signal 

from sinface butanol. At higher coverages the only signal observed is from the bulk butanol 

species. 

CONCLUSIONS 

The vast improvements in our UHV chamber have made UHV Raman spectroscopy 

a viable analytical technique. The adsorption of molecules on the UHV surfaces is dictated 

by the vacuum-solid interface. This interface influences the adsorption of molecules by 

limiting the mobility of butanol away from the surface. The adsorption of Br and Na at these 

surfaces was dictated by the unique surface morphology of each surface. The porosity of the 

coldly-deposited Ag surfaces allows Na ions to migrate into the pores, freeing surface area 

for the adsorption of butanol. 

These studies have provided a wealth of information about the surface interaction 

of these molecules and ions on the two surfaces used in this work. Little was known about 

the adsorption of atomic species on the coldly-deposited Ag surface until now. The 

possibility of modeling the electrochemical inter&ce using this molecule/surface system was 

originally thought to be significant. The data presented in this dissertation show that the 
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unique surface morphology of the coldly-deposited Ag surfaces, coupled with liquid-

nitrogen temperatures, creates its own unique surface chemistry. This chemistry at these 

surface is important in the development of UHV Raman and the understanding of these 

interfaces. As a model for the solution electrochemical interface, this particular system fails 

in many ways and improvements are discussed in the future directions below. 

FUTURE DIRECTIONS 

The future directions of this research include the improvement of the existing UHV 

chamber, moving to smoother surfaces and temperature matching solvent systems. 

The first area of improvement is with the existing UHV chamber. In the data 

presented in this dissertation XPS data were acquired in a separate modified UHV chamber. 

Great care was taken to maintain similar geometries during these experiments. 

Incorporating XPS or Auger spectroscopy into the existing UHV chamber would allow for 

calibration of the ion sources under normal operating conditions. Other UHV techniques 

such as TPD, LEED and kelvin probe measurements would significantly add to the 

information obtained from the Raman spectroscopy. 

After these experiments were completed, AES, TPD, LEED and a kelvin probe were 

added to the chamber in order to meet these needs. 

Second, the coldly-deposited Ag surfaces were very significant in the development 

of the existing UHV chamber and the parameters used to acquire the data. The undefined 

morphology of these surfaces created their own unique chemistry distracted from the goals 
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of this research. Moving these experiments towards surfaces with a well-defined 

morphology (e.g., annealed and single crystal) would simplify spectral interpretation. 

Last, the liqiud-nitrogen temperature of these surfaces influenced the mobility and 

chemistry observed. These temperatures also make comparison of these systems to room 

temperature solvent systems extremely difficult. If the solvent system and the temperatures 

used in vacuum and the laboratory ambient were the same and molecular mobility not 

a problem, the UHV systems would more closely approach the solution based systems, and 

a direct comparison would be more meaningful. 
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