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Low energy (tens of eV) ion-surface collisions carried out in a tandem mass 

spectrometer are investigated as a tool to characterize self-assembled monolayer (SAM) 

films. The target films are prepared by spontaneous chemisorption of thiol-based (HS-R) 

compounds onto Au (111) substrates. Most of the films used as targets contain alkane or 

fluoro-alkane backbones, some with unique groups in the terminal position (e.g.. -CD,. -

OH. -0C(0)CF-,). Pyrazine is the most frequently used probe ion. however in certain 

cases other small organic molecules are also used. Common interactions between the 

impinging ion and the target film that var\' as a function of film characteristics include, 

but are not limited to. reactive scattering, neutralization and T- V conversion. Pyrazine 

ion readily reacts when colliding with hydrocarbon films at 20-eV. forming product ions 

that incorporate a hydrogen atom or a methyl group. Several examples of the utility of 

these processes to characterize film properties are presented. For hydrocarbon films, ion-

surface reactions of pyrazine ion resulting in addition of a hydrogen atom or a methyl 

group are shown to vary with the quality, chemical composition and orientation of the 

target film. Experiments with isotopically labeled films show that the ion beam interacts 

predominantly with the end groups of the film, however interactions with underlying 

groups increase as the film or substrate quality decreases. The orientation difference of 

odd and even chain length w-alkanethiols produces a measurably different degree of 

hydrogen addition with the higher free energy odd chain length orientation being more 
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reactive. The composition of mixed component films (H. D or H. F ) is tracked by 

measuring the abundance of unique reaction products, energy transfer (translational to 

vibrational conversion) and charge exchange properties. When mixed films containing 

deuterium labeled and unlabeled w-alkanethiols are subjected to collisions of 20-eV 

pyrazine ion. the D-addition ion abundance increases linearly with the surface 

concentration of D-containing alkane chains. When mi.xed films containing different 

ratios of H and F components are the target, several processes track with the changing 

population of surface species. As the target films become more fiuorocarbon in nature H-

addition decreases, total ion current reaching the detector increases, and dissociation 

increases. Several properties of electron transfer from the film to the ion are examined. 

When the probe ion and collision energy remain consant. charge exchange is shown to be 

primarily governed by the work function of the film and the thickness of the adsorbed 

layer. Fiuorocarbon films, which have a higher work function than hydrocarbon films, 

consistently show less charge exchange. When comparing hydrocarbon films of varying 

chain lengths (ranging from 15 to 18 carbons), a increase of - 1% in total ion current 

measured at the detector is observed for each additional methylene in the chain. 
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BACKGROUND AND SIGNIFICANCE 

1.1 SURFACES AND MASS SPECTROMETRY 

The technique of using a tandem mass spectrometer to produce low energy (1 Os of 

eV) collision of organic ions with target surfaces has been a focus of a number of research 

groups since the technique was first reported in 1985.' Studies using this technique have 

historically developed along two distinct lines. In one line of investigation, the collision 

induced mass spectrum or "product ion spectrum" provides information about the target 

surface and interactions that occur between impinging ions and surface. In a second line 

of investigation, the target surface is used strictly as a means of promoting fragmentation 

of the impinging ion to allow structural characterization of the ion. 

The instrumental and experimental design shares many similarities with other 

tandem mass spectrometry or "MS/MS" techniques. The term MS/MS refers to the 

experiment in which two stages of mass analysis are combined into a single experiment. 

The analysis sequence involves mass-selection of an ion of interest, collisional activation 



of the ion. followed by mass analysis of the collision products (Figure 1.1). 

Selected Ion .A.ctivation Dissociation 

Surface 

Inert Gas 

Figure 1.1 Tandem mass spectrometr>' experiment. .\n ion of 
interest is selected. acti\ ated to induce dissociation. 
and the product ions are anaK zed. 

In commercial instruments, activation is accomplished by collision of the mass-

selected ions with an inen target gas (collision-induced dissociation. CID). If the goal is 

the structural characterization of an ion of interest, then the use of a surface as an 

acti\ation medium (surface-induced dissociation. SID) can provide some unique 

advantages o\ er the use of an inert target gas. Specificalh. SID delivers a higher 

conversion of kinetic energy (T) to internal energy (V) and creates product ions with a 

narrower distribution of internal energ\ versus CID." These are particular critical features 

in light of advances in ionization technology such as electrospray ionization (ESI) and 

matri.x assisted laser desorption ionization ( .VI.A.LDI) that allow ven.' large ions (e.g.. 

polymers and biopolymers) to be introduced into the mass spectrometer. With large ions, 

the increased number of oscillators means more energy is required to induce dissociation. 



The features of high T - V conversion with a narrow internal energy distribution range 

result in easily tunable internal energies allowing for a more energetically meaningful 

study. The Wysocki group has successfully exploited SID as a technique for sequencing 

small peptides and investigating the mechanisms of dissociation pathways/"^ 

In another category of experiments, the primary concern is not to characterize a 

selected ion. but to characterize the properties of the target surface or to investigate 

processes that occur because of the colliding ion beam.' The body of work described 

in the following chapters falls into this category. The relatively low energy (< 100-eV) of 

the ion-surface collisions is one experimental feature that sets this work apart from the 

more commonly used mass spectrometr\ -based surface analysis tool of SIMS (secondary 

ion mass spectrometry). SIMS experiments range in collision energy from 0.5-keV to 

several tens of keV. whereas the collision energies used in the experiments described here 

are below 100-eV.'In the SIMS experiment, the primary process is sputtering of 

surface material induced by momentum transfer from a primary- ion beam produced by an 

ion gun. The experiment can be run in one of two modes - dynamic or static. In dynamic 

mode the primary ion beam is usually operated w ith current densities of several 100 

nA/cm" with the beam focused to a few microns. With these conditions, elemental 

sputtering is the dominant process. If the primary ion beam is held in a fixed position, 

sample erosion can provide a depth profile. Rastering the primary ion beam can be 

performed to obtain an elemental map of the sample. This mode of SIMS operation is 

widely used for the analysis of trace elements in solid materials, especially 

semiconductors and multilayer thin coatings.'"* The disadvantage of dynamic mode 
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SIMS is that essentially all the molecular information is lost due to the high current 

densities. In static mode the current densit>' is held to a few nA/cm" or less and the beam 

is defuse versus dynamic mode. Because the primarv" ion current densit> is low and the 

beam is diffuse, the probabilitj- that the same area of the surface will be struck multiple 

times is small. In this mode molecular secondary ions are obser\ed. Static SIMS has 

been effectively used to analyze surfaces composed of organic-based materials such as 

synthetic polymers, biopolymers and thin films (Langmuir-Blodgett and self-assembled 

monolayer)."^ "' However, because of the high energy of the collisions, the technique can 

be insensitive to subtle structural features that may be present at the interface and the 

eroding nature of the beam is destructive to the sample. 

In contrast to the SIMS e.xperiment. low energy ion-surface collisions in a mass 

spectrometer are relatively benign to the sample. The use of a conventional electron 

impact (El) ion source allows a variety- of small organic compounds to be used as the 

primary' ion beam. Because of the reduced energy of the collision, sputtering is not the 

dominant process observed in the spectra. While surface sputtering can sometimes be 

obser\ ed. lower energy processes are often the main pathways represented in the 

spectra."'^ Because the idea of using low energy ion-surface collisions to characterize 

organic films is relaii\ ely new, a large portion of the work in this area has been dedicated 

to investigating the fundamental aspects of the technique.' To describe a 

relationship between a feature in a low energy collision spectrum and a property of the 

target, the relationship must first be adequately defined. To define such a relationship 

requires a series of well-defined model target surfaces. Thiol-based self-assembled 
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monolayer films (SAM films) on metal substrates offer many features that are desirable in 

a model target surface. SAM films are highly organized chemical structures that are 

simple to prepare and stable in both air and vacuum/^'The simplest variety of thiols, 

the w-alkanethiols. take the general form HS(CH2)„X where X = CHj."' The properties of 

the assembled film can be tailored for a specific purpose by changing either the chemical 

composition of the thiol or through the preparation of mixed composition films where the 

film is composed of two different thiol compounds/''"""^ This feature of SAM films has 

been the key to a growing area of research focused on explaining the structure-property 

relationships of SAM films formed from a number of thiol compounds.''' A wide range 

of techniques have been applied to the task of characterizing SAM films, including 

diffraction methods (X-ray and electron). Raman and IR spectroscopies, wetting, 

ellipsometry. force microscopies and electrochemistry, to name only a few. Jhe 

large body of literature available on a variety of SAM systems has made SAM films a 

popular choice of targets by most groups researching low energy ion-surface collisions 

since the first reports of collisions at SAM films appeared in 1991 SAM films play a 

key role in the low energy collision studies presented here, providing a source of well-

behaved targets with documented chemical and physical properties to select from when 

considering different experimental designs. 
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Figure 1.2 illustrates some processes that can occur during a low energy ion-

surface collision. The figure includes fragmentation (also referred to as surface-induced 

dissociation or SID), neutralization (also referred to as charge exchange), chemical 

reaction and chemical sputtering. Ion-surface reactions at SAM films are one of the more 

extensively investigated processes.®"'" Figure 1.2 shows the ion-surface 

collision spectra collected when benzene (ni'z 78) molecular ion collides at 30-eV with a 

hydrocarbon SAM film {a) and a fluorocarbon SAM film (h). The spectra were acquired 

sequentially during a single run in the mass spectrometer using the same set of tuning 

parameters and identical sample pressure in the instrument. A comparison of the tw o 

spectra provides an example of how low energy ion-surface collisions at different types of 

films translate into a variety of distinct and measurable mass spectral features. Both 

spectra contain film-specific reaction product ions appearing at a higher mass than the 

impinging benzene ion. The hydrocarbon film contributes a CH, group to the benzene ion 

followed by loss of to give a reaction product ion at nvz 91(Figure 1.2-0)." '"The 

addition of a fluorine atom from the fluorocarbon film to the benzene ion followed by 

loss of H or H, gives reaction product ions at m/z 95 and 96 (Figure \ .2-h)V° Another 

difference obser\ ed in the two spectra is a higher abundance of fragment ions for 

collisions at the fluorocarbon film versus the hydrocarbon film.^"^^^* Not readily 

apparent from the spectra is but clearly observable in the plot of total ion current is a 
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significant increase in the ion current measured at the detector when the target film is 

fluorocarbon versus hydrocarbon.' This is an indication that the extent of charge 

exchange (neutralization) at the beam/surface interface is lower at the fluorocarbon film. 

In one of two reports first documenting ion-surface reactions at SA.Vl films, 

pyrazine ions are obser\ed to abstract H/ D atoms and CH/CD; groups from alkanethiol 

and labeled alkanethiol monolayers."® The authors. Cooks and coworkers, speculated that 

the reaction mechanism involved an electron transfer from a surface alkyl group to the 

probe ion followed by rapid dissociation of an alkyl bond and formation of a new bond 

between the neutral probe and the ionic alkyl fragment."' Cooks has also reported 

observing ion-surface reactions of metal and metal carbonyl ions at alkanethiols and 

tluorinated alkanethiols. They obserxed similar reaction products to those in the earlier 

s t u d i e s ,  i n c l u d i n g  t h e  i n c o r p o r a t i o n  o f  g r o u p s  s u c h  a s  H .  F .  C H ;  a n d  C . H - , . '  " I n  

contrast to the mechanism proposed for the reactions of pyrazine. a one step mechanism 

was proposed for the metal-monolayer reactions w here an atom or group is directly 

abstracted from a single monolayer chain without a preceding electron transfer step. An 

argument against a preceding electron transfer is made because the recombination energy 

of the metal ion is lower than the ionization energy of the SAM film making the transfer 

energetically unfavorable. 

A contrasting set of studies by the Cooks group explores ion-surface reactions as a 

surface modification technique either by the soft-landing of ions or by inducing an ion-

surface reaction where the probe ion or some functionality native to the probe ion is 

incorporated into the target.Recent offerings in this line of investigation involve 
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the modification of a hydroxyl-terminated SAM film by 15-eV collisions of SilCHj)/ 

ions. Ex-situ analysis (XPS and time-of flight-SIMS) of the modified hydroxyl-

terminated surface provided convincing evidence that trimethylsilonium ions had been 

covalently attached to the film (30% conversion) via Si-O bond formation at terminal the 

OH group.*" Hanley has published results of similar ion deposition phenomena at a 

variety of polymer surfaces using low energy (< 100-eV) primar\- ion beams of Cd-I/F)," 

and C,(H/F)5 '. .A combination of experimental results and molecular dynamics 

simulations confirm that the types of structures that form at the surface (e.g.. intact probe, 

fragments, embedded, cross linked) are dependent on the energy of the collision and the 

structure of the incident ion.*^ 

Early work in the W'ysocki group focused not only on describing fundamental low 

energy ion-surface collision processes but also investigated the utility of the technique as 

a tool to characterize changes in the "quality" of hydrocarbon and tluorocarbon S.A.Vl 

films. Comparing the 30-eV benzene spectra obtained from collisions at long chain 

(n>l 1) and short chain (n<8) n-alkanethiols it was obser\ed that the short chain films 

consistently yield a higher abundance of H-addition product ions." It was speculated that 

decreased film order for the short chain films could be the cause because I) there are 

more exposed hydrogen atoms in favorable orientations for reactions to occur and'or ii) a 

disordered film might be more susceptible to the adsorption of reactive physisorbed 

hydrocarbons present in the chamber.® This argument is supported by data that show that 

the time the substrate spends in contact with the thiol solution also affects the overall H-

addition obsened. Films that remain in the thiol solution for 3 days, on average, yield 
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lower H-addition than films prepared overnight. The conclusion here is that a 3 day film 

will be more ordered versus an overnight film and would therefore be less reactive.^ The 

increased H-addition on short chain length films was consistently accompanied by 

increased ion neutralization (decreased ion signal measured at the detector). Similar 

"film order" arguments were made to explain the increased neutralization at short chain 

length films, but no direct connection between the H-addition abundance and degree of 

neutralization was discussed.'* 

Other small organic probe ions such as acetone, dimethyl sulfo.xide (DMSO). and 

pyridine where also shown to be sensitive to differences in film quality.The spectra 

collect during collisions of these probe ions with a 10 carbon fluorinated SAM film 

(CF3(CF,)7(CH2):-S-Au) show a small amount of hydrocarbon reaction product ions (e.g.. 

+H. +CnHj originating from physisorbed hydrocarbons.'" If the film becomes damaged, 

for example by sputtering, the yield of hydrocarbon-based reaction product ions increases 

as additional hydrocarbons are physisorbed at the damaged areas.'" 

To understand better the main sites of interaction between the probe ion and the 

surface. Gu employed a series of Langmuir-Blodgett (LB) films formed from labeled and 

unlabeled «-octadecanoic acids (CH3(CH2)|(,COOH. '^CH3(CHi),6COOH. 

CD3(CH2)|fiCOOH and CD5(CDi),6COOH). When benzene ion collides at 30-eV. the 

reaction product ions that were observed incorporated predominantly the labeled moieties 

( D, ''CH3. CD3) demonstrating that the probe was interacting largely with the first few 

atomic layers of the target film." In a follow-up study the results obtained for low 

energy collisions at LB films formed from CF3(CH,)ie,COOH. CF3(CF,),:|COOH and 



CH;(CH;;),^COOH OTC compared." The goal of the study was to investigate the 

properties of energy transfer (T - V) and charge exchange (neutralization) with respect to 

the identit>' of the terminal group. Using the CF;-terminated film, assessment of the role 

of the terminal group versus the components of the underlying chain is made. Fluorinated 

films usually show increased T - V conversion and decreased ion neutralization versus 

hydrocarbon films.^ Collision experiments using a number of different probe ions 

showed that CP;-terminated LB film behaved similarly to the fiilly fluorinated LB film. 

The results showed that, a least for the series of LB-films in question, the T - V 

conversion and the charge exchange properties are directed primarily by the terminal 

group with minimal influence from the underlying chain. While LB films and SAM films 

are not completely analogous, the findings in these two LB studies are a critical starting 

point for the work presented in this dissertation involving low energy ion-surface 

collisions at S.\M films. 



1.3 OVERVIEW 

This dissertation focuses on the further development of low energy (< 100-eV) 

ion-surface collisions in a mass spectrometer as a technique to characterize the 

physicochemical properties of organic thin films. The bulk of the experiments presented 

in the following chapters involves small organic molecular ions (e.g.. pyrazine. benzene) 

colliding with thiol-based SAM films chemisorbed to silica supported gold substrates. 

Data collect from ancillary techniques such as XPS. .AFM and reflection-absorption IR 

spectroscopy (RAIRS) are used directly to support results obtained from an ion-surface 

collision experiment, or to clarify' a structure-property relationship inferred by an ion-

surface collision experiment. The long term goal of this work is to develop a qualitative 

and quantitative mass spectrometr\ -based surface analysis tool that samples the first few 

atomic layers of an organic film, is relatively nondestructive, and is sensitive to the 

chemical and stnictural properties of an organic thin film. Figure 1.2 illustrates the 

processes (e.g.. reaction, dissociation, neutralization) that are the basis for studies 

presented in the following chapters. 

Chapter 2 describes the tandem mass spectrometer and the primars' experimental 

methods used to acquire the low energy collision spectra. Short descriptions of the 

ancillar>- techniques used in this work are provided. The general procedure for the 

synthesis of novel thiol compounds is described and the procedures for the preparation 

and handling of SAM films used as collision targets are documented. 
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Chapter 3 focuses on reactive 20-eV collisions of pyrazine ions with long chain n-

alkanethiol SAM films. By using films formed from n-icosanethiol. CH;(CH2),c,SH. and 

two isotopically labeled analogues. CD-,(CD,),qSH and CD3(CH.),gSH. the dominant site 

in the film where H/D reaction takes place is determined and the effects of changing 

substrate topography and SAM film qualit>' on H-addition are evaluated. Monitoring H/D 

reaction product abundance showed that the dominant site of reaction is the terminal 

group. Reducing substrate roughness and/or improving the quality of the film decreased 

the H-addition obser\'ed on the CDj-terminated SAM film. These experiments confirm 

previous results that inferred a connection between measured ion-surface reactivity and 

relative film order or substrate qualit\'."° 

In Chapter 4 reactive collisions (20-eV) producing H-addition product ions are 

shown to var\' as a function of chain length for two classes of SAM films. SAM films 

formed from «-alkanethiols (CH^CCH^VS-Au. n = 14-17) and 4-(4-alko.\yphenyl)-

benzenethiols (4-(4-CH-,(CH,)n,OC(,H4)-C(,H4-S-Au. m = 14-17) chemisorbed onto .Au 

(111) substrates are known to exhibit a chain-length-dependent odd-even effect that 

places the terminal C-C bond into different orientations.'*^ SAM films with odd chain 

lengths (n. m = 14 and 16) have a consistently higher relative abundance of H-addition 

product ions versus SAM films with even chain lengths (n. m = 15 and 17). The \ ariation 

is attributed to an orientation difference between odd and even chain length films where 

the odd chain length films present the incoming ion with hydrogen atoms in more 

favorable positions to react. This is an important example of the shallow depth of 

penetration of low energy ion-surface reactions and suggests that this characteristic might 



be exploited to distinguish subtle difference in film geometry 

Chapter 5 explores ion-surface 20-eV collisions of azine ions (pyridine, pyrazine 

and triazine) with a v ariety of mixed composition SAM films. Mixed composition films 

are of particular interest because the physicochemical properties of the film can be 

controlled by varying the composition and can thus provide a means of tailoring the 

properties of a film to a specific purpose or application.'^ In this work one series of 

mixed SAM films are formed from CH5(CH2),<,SH and CD3(CD;)|qSH. The composition 

of the film is controlled by the mole fraction of each component present in the solution as 

the film is formed. For all three azine probe ions used in the study. D-addition is 

observ ed to increase with increasing mole fraction of the labeled species in solution. A 

second mi.xed composition system is a combination of HO(CH,)||SH (CI lOH) and 

CF3(0)C0(CH2),,SH (CI ITF.A). These types of films are formed by the chemical 

reaction of trifluoroacetic anhydride (TFAA) and triethylamine (TEA) with a single 

composition monolayer of CI lOH. Mixed films are form by quenching the reaction with 

water before it has reached completion. The spectra collected for 20-eV collisions of 

pyrazine ion with films of different CI lOH/Cl ITFA composition are shown to vary 

systematically with respect to H-addition. degree of dissociation, and total ion current 

measured at the detector. Overall, as the mole fraction of the CFj-terminated component 

increases. H-addition decreases with concomitant increases in dissociation and total ion 

current. It should be noted that these two examples are demonstrative in nature and no 

mixed films of unknown composition were investigated. The data, however, are good 

"proof of concept" case studies that show the potential of low energy ion-surface 
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collisions as a primary tool to track the chemical composition of mixed film systems. 

The process of charge exchange between the probe ion and the target SAM film is 

examined in Chapter 6. The charge exchange properties for hydrocarbon and 

fluorocarbon SAM films are investigated by measuring the ion current reaching the 

detector during 20-eV collisions of pyrazine. In general it is observ ed that charge 

exchange is significantly decreased if a film has a fluorocarbon moiety as the terminal 

group (e.g.. CFj- and CF3(0)C0-) versus a hydrogen containing moiety (e.g.. CH,- and 

OH-). The observation is attributed to the higher IE (ionization energy) of the 

fluorocarbon terminal group that reduces the likelihood that electron transfer will occur. 

Films with chemically similar terminal groups, here w-alkanethiols formed from 

CH3(CH3)„SH (where n= 11. 13. 15 and 17). show a trend of decreasing charge e.xchange 

with increasing chain length (i.e.. film thickness). From these initial experiments, the 

dependence of charge exchange on thickness appears linear and not the exponential 

function observ ed in solution-based electrochemical experiments. 



CHAPTER 2 

37 

INSTRUMENTATION AND EXPERIMENTAL BACKGROUND 

2.1 LOW ENERGY ION-SURFACE COLLISIONS 

2.1.1 Extrei dual quadrupole mass spectrometer. In the studies that comprise this 

dissertation, a custom designed dual quadrupole tandem mass spectrometer is used.''" The 

instrument consists of two Extrei 2000 u quadrupoles arranged in a 90" geometry with a 

surface intersecting the ion optical path. Experiments are carried out with the surface at a 

45° angle relative to the ion beam exiting from the first quadrupole (Figure 2.1). 

A multiple surface holder that allows up to four surfaces to be positioned in the 

vacuum chamber is used(Figure 2.2).*'' The holder is a 18-mm x 140-mm Kel-f strip 

connected to the end of a magnetically coupled movable rod that allows precise linear 

movement of the surface holder in the Z direction and full rotation in the x. y plane. The 

holder is positioned perpendicular to the ion beam exiting the first quadrupole. allowing 

any of the four surfaces to be positioned into the path of the ion beam. Surfaces are 
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Figure 2.1 I'op view of tandem mass spectrometer showing 90 degree configuration and multiple surface holder. 



Figure 2.2 The multiple surface holder can accept up to four surfaces. The surfaces can 
be positioned in any sequence into the path of the ion beam without re-tuning the 
spectrometer. 



40 

inserted into the instrument through a fast entry apparatus constructed from a stainless 

steel cube that can be isolated from the main vacuum system via a gate valve. The 

surfaces are electrically linked via the back of the holder, and a single power supply is 

used to apply an equivalent potential to each surface. The instrumental setup is designed 

to minimize changes in pressure, voltage tuning parameters, and general instrument 

conditions during experiments on one or multiple sets of surfaces. 

Small organic compounds (e.g.. pyrazine. benzene) are used as probe ions in all 

the experiments described in the following chapters. Because the compounds are 

relatively volatile, introduction into the instrument can be initiated by direct evaporation 

or sublimation from a small reservoir of the compound. The vapor phase sample is 

directed to the ionization source through a stainless steel tube fed through an inlet port 

directly into the source block. The base pressure in the main chamber is routinely in the 

range of 2xlO'^torr. Sample introduction is controlled by a needle valve. During an 

experiment, the sample pressure in the instrument is routinely in the range of 5x 10'^ torr 

to 7x10'^ torr. Small organic compounds are easily ionized by removal of an electron 

from the gas phase neutral molecule using electron impact ionization (EI source).''^ In the 

EI source electrons produced from a tungsten filament are accelerated to 70-eV and 

collide with the sample causing an electron to be ejected from the sample. Ion detection is 

performed by a horn style Galileo Electron Multiplier equipped with a 4-kV dynode. 

Data collection is performed a Prolab software package collecting spectra using 32 points 

per peak. 

Figure 2.3 illustrates the two steps involved in performing the basic ion-surface 
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collision experiment. The first step requires tuning the instrument with the potential 

difference between the ion source block and the surface set at 0-eV. Because the EI 

source produces a population of ions including the molecular ion and fragment ions, it is 

necessary to select the molecular ion with the first quadrupole (Q1). This is 

accomplished by setting Q1 into single ion mode with the mass selection window set to 

the appropriate value. For example, if the sample were benzene, the mass window would 

be set to 78. In this mode, only ions with a value of 78 will pass through the 

analyzer. A transmission or 0-eV spectrum is collected by scanning the second 

quadrupole (Q2) for a given mass range (e.g.. 10-100 mass units). If the mass selection 

and instrument tuning parameters are adequate, the transmission spectrum should contain 

a single peak, indicating that the ion beam is homogeneous in m/z. To acquire a collision 

spectrum, the potential difference between the ion source block and the surface is 

increased, for example to 30 volts to produce a 30-eV collision, and the instrument is 

retuned to maximize collection of the product ions. 

To produce a collision, a potential difference is set up between the source block 

and the surface and the voltages on the other focusing lenses are floated accordingly. The 

collision energy is determined by the potential difference between the ion source block 

and the surface and the charge on the ion. Einzel lens assemblies are positioned at the 

entrance and exit of both quadruples to facilitate tuning of the ion beam. Peak 

assignment for collisions of pyrazine with hydrocarbon films. In the following chapters 

the most commonly encountered ion-surface collision spectra are of pyrazine (or 

pyrazine-i/,) colliding at 20-eV with hydrocarbon-based SAM films. Because this type of 
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Figure 2.3 Two step process lo tune a low energy ion-surface collision with a benzene molecular 
ion. On the right is the homogeneous transmission (O-eV) spectrum and on the left is the 30-eV 
collision spectrum. 

to 
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spectrum occurs so frequently, it is useful to include some discussion of the identity of 

peaks in the collision ion spectrum. Collisions of pyrazine and pyrazine-c/, with 

CH3(CH,),qSH (C20) and CD3(CD2),9SH (DC20) films are employed to make specific 

peak assignments and to remove any ambiguity associated with the ascribed formulae. 

Tables 2.1. 2.1. 2.3 and 2.4 summarize the results for the possible combinations of probe 

ion and film. 

2.1.2. Peak assignments for collisions of pyrazine with hydrocarbon films 

Methyl addition: m - 95. 98. 99 and 102 (Figure 2.4). The four peaks that appear in this 

region of the spectra are associated with methyl addition. The peak occurs at rwz 102 

when the film and probe are labeled. The peak shifts 3 mass unit down from 102 when to 

ntz 99 when the surface is unlabeled (CD3 -CH5) and four mass units down to nt: 98 

when the probe is unlabeled (pyrazine-c/4 - pyrazine). With an unlabeled probe and film 

the peak occurs at m/- 95. 

D-addition: m/z 86 and 82 (Figure 2.5). Peaks that can be assigned as D-addition. m/z 

86 when the probe is pyrazine-J^ and m/z 82 when the probe is pyrazine. occur with 

significant abundance only when the surface is labeled. A low abundance D-addition 

peak is observed when pyrazine-t/, collides with an unlabeled film due to the adsorption 

of a small amount of the neutral probe. 

H-addition: m/z 85 and 81 (Figure 2.5). Peaks that can be assigned as H-addition. ni/z 

85 when the probe is pyrazine-i/^ and m/z 81 when the probe is pyrazine. occur with 
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significant abundance only when the surface is unlabeled. A low abundance H-addition 

peak is observed for collisions at labeled films due to the adsorption of a small amount of 

hydrocarbon material present in the vacuum chamber. 

DCN and HCN loss: m/z 58,57,56,55,54 and 53 (Figure2.6). The peak at rn : 56 is 

only observed when pyrazine-£y4 is used as the probe ion and the peak at m/: 53 is only 

observed when pyrazine is used as the probe ion. regardless of the composition of the 

film. These peaks are assigned as the direct loss of the loss of DCN or HCN from 

pyrazine-t/4 and pyrazine respectively. Peaks at mz 58. 57. 55 and 54 shift with both the 

film and probe ion composition and are therefore assigned as fragments of ions that result 

from H/D-addition reactions. The intensities of these peaks also scale appropriately with 

their unfragmented counterparts at m z 86 / m/z 82 (D-addition). and m z 85 / m z 81 (H-

addition). This assignment is further supported by looking at the spectra of the mi.\ed 

combinations. pyrazine-cy4 with the C20 film and pyrazine with the DC20film. For these 

combinations, the dominant fragments besides peaks associated with direct dissociation 

of pyrazine-t/j and pyrazine occur at m/z 57 (C4D4N2+H-DCN) and m/z 55 (C4H4N2+D-

HCN). showing the retention of the H or D atoms acquired during the ion-surface 

reactions. 

CjDjN / CjHjN and CDjNj / CHjN, loss: m/z 30,29,28 and 26 (Figure 2.6). The 

two possible assignments for the ion at mz 26 are CN" and C,H/. If CN' was the 

correct assignment this ion would appear in the spectra of both pyrazine and pyrazine-i/,. 
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because nv'z 26 only appears in the spectra of pyrazine it is assign as C,H/. The ion at 

m/z 28 appears in all the spectra in Figure 2.6 and has two assignments. When the probe 

ion is pyrazine-t/j. the ion is assigned as C^D/. a direct fragment of the molecular ion. 

The peak at m : 28 in the spectra of pyrazine colliding with a C20 film is assigned as 

CHiN' and the peak at m/z 30 in the spectrum of pyrazine-J, is assigned as CD.N". The 

mi.xed combination of pyrazine with the DC20 film (Figure 2.6 cj produces peaks at niz 

28 and r 29. CH^N' and CHDN" respectively. For this combination. CHDN" must 

originate from a reaction product, indicting that analogous peaks in the other three 

spectra. CH.N" and CD.N". can arise from either the molecular ion (e.xclusively). from 

H/D-addition reaction products or both. 



Table 2.1 Peak assignments for a 20-eV collision of 
pyrazine-</4 {m/z 84> with a DC20 4M film. 

Pathway Product Ion ntz 

C4D4N, + CD; - C,D7N/ 102 

C4D4N/ + D - C4D5N, 86 

C,D4N3 + H - C4D4HN/ 85* 

C4D4N3 +D - DCN - C5D4N 58 

C4D4N, +H - DCN - C3D3HN- 57* 

C4D4N, - DCN - C3D3N 56 

C4D4N, +D - C-DjN - CD:N- 30 

C4D4N, - C,D,N, - C,D, 28 

• indicates low abundance peaks from physisorbed hydrocarbons 

Table 2.2 Peak assignments for a 20-eV collision of 
pyrazine-f/^ {m/z 84> with a C20 SAM film. 

Pathway Product Ion mz 

C4D4N, +CH3- C5D7N, 99 

C4D4N/ + D - C4D5N,- 86* 

C4D4N3 + H - C4D4HN, 85 

C4D4N/+D - DCN- C3D4N 58* 

C4D4N, +H - DCN - C3D3HN 57 

C4D4N, - DCN- C3D3N 56 

C4D4N. +D - CjD^N- CD,N 30* 

C4D4HN, - C3D3N - CDHN 29 

C4D4N. - C,D,N, - C.D/ 28 

• indicates low abundance peaks from physisorbed pyrazine-c/4 



Table 2.3 Peak assignments for a 20-eV collision of pyrazine 
(m/z 80) with a DC20 SAM Him. 

Pathway Product Ion mz 

C.H.N,- + CD3 - C5H,D3N/ 98 

C,H,N/ + D - C,H,DN: 82 

C,H,N/ + H - QH^N," 81* 

C^H.NZ+D- HCN- C3H3DN- 55 

C,H,N/+H - HCN - C,H,N 54* 

C.H^N/ - HCN - CjH.N 53 

C.H^NZ + D- C;.H;N - CHDN 29 

C,H,N, +H- C3H3N - CH:N 28 

C,H,N, - C,H,N, - C,H: 26 

* indicates low abundance peaks from physisorbed hydrocarbons 

Table 2.4 Peak assignments for a 20-eV collision of 
pyrazine (m/z 80) with a C20 SAM film. 

Pathway Product Ion niz 

C , H 4 N : - + C H 3 -  C , H , N /  9 5  

C , H , N , + H -  8 1  

C.H^NZ+H - HCN - C;H,N- 54 

- HCN - QHjN- 53 

C,H,N/+H- C3H3N - CH,N 28 

C.H.N, - C,H,N, - C,H/ 26 
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Figure 2.4 Methyl addition region for a 20-eV collision of a) pyrazine-t/, w ith a 
DC20 film, b) pyrazine-J4 with a C20 film, c) pyrazine with a DC20 film and tl) 
pyrazine with a C20 film. 
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Figure 2.5 Molecular ion and H/D-addition region for 20-eV collisions of a) 
pyrazine-c/4 with a DC20 film, h) pyrazine-c/^ with a C20 film, c) pyrazine with 
DC20 film and J) pyrazine with a C20 film. 
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Figure 2.6 Fragments of the molecular ion and H/D-addition products for 20-eV 
collisions of a) pyrazine-c/^ with a DC20 film, h) pyrazine-c/, with a C20 film, c) 
pyrazine with a DC20 film and d) pyrazine with a C20 film. 
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2.2 THIOL SYNTHESIS AND SAM FILM PREPARATION 

A number of different thiol-based thin films were used in the studies presented in 

the following chapters. Many of the thiol compounds employed were not commercially 

available and had to be synthesized. The synthesis is the for all the thiol compounds 

prepared in house is described in section 2.2.1 except for a series of four 4-(4-

alkoxyphenyl)-benzenethiols used in a study presented in Chapter 4. A detailed account 

of the synthesis of the 4-(4-alkoxyphenyl)-benzenethiols can be found as supporting 

information for reference 12. 

Self-assembled monolayers films can be prepared using many types of compounds 

and substrates.*^ Examples include alkylsilane monolayers on glass, fatty acids on metals 

and alkanethiol monolayers on gold and silver."'''The work presented in the following 

chapters focuses on thiol-based SAM films on gold substrates."*^^' The preferred cr\ stal 

face for alkanethiol S.AM preparation on gold substrates is the (111) face.''^ w hich can be 

obtained by using single cr> stal substrates or by the more frugal approach of using \ apor-

deposited Au (111) films on flat supports (typically glass or mica). Several ditTerent 

solvents can be used at the low thiol concentrations (typically in the mM range) 

commonly employed, but the most commonly used solvent is ethanol. Though a self-

assembled monolayer forms ver>' rapidly on the substrate, it is necessar\- to use an 

incubation time of 12 or more hours to obtain well-ordered, defect-free SAM film.""''"' ''' 

An adsorption time of two to three days is optimal in forming the highest-quality 

monolayers. In general, thiols form a dense monolayer with the terminal groups pointing 
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outward from the surface, and muhilayers do not form."'^Section 2.2.2 describes the 

basic procedure used to prepare the SAM films used in the studies presented in the 

following chapters. 

2.2.1 Thiol synthesis. The preparation of thiols involves nucleophilic substitution of the 

S^-2 type on alkyl halides using the reagent thiourea as the source of sulfur. The reaction 

proceeds through an intermediate known as an isothiouronium salt. The salt is 

hydrolyzed with base to give urea and the desired thiol (scheme 2.1 ).'^ 

Reaction. Tlie thiol compounds synthesized for research described in the following 

chapters was usually performed in a single 100-mL round bottom flask on the half gram 

H.N H.N* H;N 

C - S : - R - - X :  C -  S  -  R  r X ^  •  C  Q :  *  H S  R  

H-N HA H-N 

Thiourea Alkv I Halide Isothiouronium Salt L rca Thiol 

Scheme 2.1 Reaction scheme for thiol preparation (adapted from reference 99). 

to one gram scale. The reaction is initiated by adding the alkyl halide and thiourea (in 

slight molar e.xcess) to the reaction vessel with - 35-mL of 200 proof punctilious ethanol. 

The \ essel is connected to a West condenser equipped with a cold water recirculator. and 

immersed in a heated sand bath at 110 "C. The reaction solution is allowed to reflu.x for 

-72-hrs. The solution may become colored (not always) as the reaction proceeds. 



yellowish if the halide leaving group is iodide or reddish-purple if the halide leaving 

group is bromide. After the initial 72-hrs reflu.\ one equivalent of base (aqueous 0.1 M 

NH^OH) is added to the reaction vessel and the solution is allowed to reflu.\ for an 

additional 3-hrs. At this point the reaction is complete and the solution is allowed to cool 

to room temperature. 

Separation. Aqueous 0.1 M HCl is added drop wise to the cooled solution until the 

solution turns pH indicator paper orange indicating that the solution has been acidified 

sufficiently to protonate the thiol. The acidified reaction solution is transferred to a 150-

mL separator)' flask and the thiol compound is extracted from the reaction mixture with 

three successive 15-mL aliquots of toluene, collecting the aqueous layer (bottom layer) 

and decanting the toluene layers (top layer) into a clean 150-mL beaker. The toluene is 

then poured into a clean 150-mL separator>" funnel and extracted with successive 20-mL 

aliquots of deionized water until the toluene is clear. The toluene solution is transferred 

to a clean 100-mL round bottom flask and the volume the liquid reduce to approximately 

half the original volume (15 to 20-mL) by evaporation. The concentrated solution is 

transferred to a clean 50-mL round bottom flask for distillation. 

Purification. The thiol compound is purified via bulb to bulb (short path) distillation, 

performed using a kugelrohr oven (Figure 2.7). The setup is operated under reduced 

pressure (usually 10 to 50-torr). achieved either using house vacuum or a simple belt 

driven single stage vacuum pump. Once the system is under vacuum, the oven should be 
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turned on at the lowest temperature setting and equilibrated for - 5-min. to allow residual 

solvents to evaporate before beginning the distillation. After the system has equilibrated 

at the lowest temperature setting, begin raising the temperature in the oven in increments 

of two or three degrees, allow ing the system equilibrate each time. The exact temperature 

at which the material will begin to flow across into the collection bulb varies depending 

on the compound and pressure. Once material begins to cross over into the collection 

bulb the collection process can be facilitated by tilting the oven slightly and cooling the 

bulb with ice. To avoid collection of any impurities, the 50-mL round bottom flask inside 

the oven should be check periodically and distillation should be stopped when about 90% 

of the material has been collected. 

\acuum 
4 cn 

o 
rr 3 e 

o un 

Kuiiclrohr Oven 

temp Collection bulb 

Figure 2.7 Kugelrohr o\ en setup for short path bulb to bulb distillation 

Materials synthesized from this procedure can be analyzed by gas chromatography 
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mass spectrometry (GC/MS) to confirm the chemical identity and the purity of the 

compound. Materials synthesized and used in work presented in this dissertation were 

analyzed on a Hewlett-Packard 5988A GC-MS system in the Department of Chemistr\ 

Mass Spectromeirv' Facilit>. The identit>' the of synthesized compounds was confirmed 

by nominal molecular weight and computer-based librar\- matching of the El dissociation 

spectra. The purity of the materials was assessed by area percent in the GC trace 

(routinely > 98%). 

The thiol compounds that were synthesized using the preparati\e route described 

above are listed in Table 2.5 with the corresponding halide starting material. 

Table 2.5 Synthesized 

Halide 

CHjlCH,),,! (98%) 

CH;.(CH,)„1 (97%) 

CH..(CH,),3r (98%) 

CD3(CH,),3r(98%) 

CD;,(CD,),3r(98%) 

HO(CH,),,Br(98%) 

CF-.(CF,),(CH,),1 (98%) 

thiol compounds 

Source 

.Aldrich Chemical. Milwaukee. WI 

Fluka Chemical. Ronkonkoma. NY 

Aldrich Chemical. Milwaukee. WI 

Cambridge Isotopes. Cambridge. UK 

Cambridge Isotopes. Cambridge. UK 

.Aldrich Chemical. Milwaukee. WI 

Diakin Chemicals. Japan 

Thiol 

CH3(CH:)„SH 

CH;.(CH,)„SH 

CH-.(CH,)„SH 

CD3(CH,)„SH 

CD;(CD,)„SH 

H0(CH,)„SH 

CF3(CF,)«(CH,)^SH 

2.2.2 S.\M film preparation. 

The specific procedure employed for preparation of SAM films in our laborator\' 

is illustrated in Figure 2.8 and unless otherw ise stated in the experimental section of a 
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chapter, all the SAM films in\estigated were prepared using this protocol. Vapor-

deposited Au (111) substrates were obtained from Evaporated Metal Films (Ithaca. NY). 

The 17-mm =< 13-mm '< 0.5-mm silica-based substrates are composed of a 5-nm under 

layer of titanium covered with 100-nm of vapor-deposited gold. The Au substrates are 

UV cleaned (Boekel UV-cleaner model #135500. Boekel Industries Inc. USA) in ambient 

conditions for 10 minutes just before use. A film is formed by immersing a freshly 

cleaned substrate into a -20-mM ethanol solution of a given thiol. The substrate is 

incubated in the thiol solution for 24 to72-hrs (exact times for specific films are gi\en 

throughout the te.xt). The film is then rinsed 4-6 times with ultrasonication in ethanol. 

dried under a stream of nitrogen and inserted immediately in to the fast entr>- lock of the 

mass spectrometer. Table 2.1 lists the thiol compounds used to form S.A.M films. The 

last column in Table 2.1 is a list of abbreviations used to represent films formed from a 

given thiol compound. 
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A  r n n  S  S  S  S  S  S  
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Ti = 0.5 nm SiO, 

-  2 0  m M  I  h i o l a t c  

i;ioi 1 
O, 72 hr rinse 

Au " " *• " Vacuum Chamber 

Au Au 

Figure 2.8 Diagram showing the preparation of a self-assembled monolayer film. 
Ozone cleaning of the gold substrate is performed in a UV cleaner. Films are rinsed 4 to 
6 times with ethanol before use. 
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Table 2.6 Thiol compounds and abbreviations for films formed on Au substrates. 

Thiol Compound Film Abbreviation 

CH:,(CH,)„SH (n= 11-17) Cn-1 (e.g.. C18) 

CH,(CH,)„SH C20 

CD.,(CH,)„SH C20D3 

CD3(CD,)„SH DC20 

HO(CH,),,SH CllOH 

CF5C(0)0(CH,),,SH* CllTFA 

CF..(CF,)>,(CH,),SH FC12 

4-(4-CH-.(CH:)„OQHj-QH,SH (m=14-17)** (Cm-1 )BP (e.g.. C18BP) 

* see section 5.2.1 for surface preparation details 

** see section 4.2 for synthesis and surface preparation details. 
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2.3.1 X-ray and ultraviolet photoelectron spectroscopy (XPS, UPS).^^ Two types of 

photoelectron spectroscopy are used to characterize thin films. The instrumental 

distinction between these techniques is the type of photon source used to generate the 

photoelectrons. Photo emission spectroscopy is based on the Einstein photoelectric 

effect. In this process, a photon with a well-defined energy hv. hits the sample and is 

absorbed. If the photon energy is high enough, excited electrons escape from the surface 

and their kinetic energy is roughly given by: 

KE = hv - BE - (p, 

where BE is the binding energy of the escaping electron and (p, is the work function of the 

solid. If an X-ray photon source is used, core electrons are ejected as photoelectrons 

(Figure 2.9). Because each element has a unique core electron binding energy, the ejected 

photoelectrons are characteristic of each element. The photoelectrons emitted originate 

from the first 10 to 50-A of the sample.""' The peak area is related to the concentration of 

a given species and. with appropriate sensitivity factors, can be used quantitatively to 

determine the composition of surface materials."^ In Chapter 5. XPS employing an Al K-

a x-ray (1486.6-eV) source is used quantitatively to determine the composition SAM 

films formed from two different film components (mi.xed composition films). 



hv 

Figure 2.9 The photoelectric etTect. A surface irradiated with x-rays will emit core level 
photoelectrons. The energy of the photoelectrons is determined by the difference in the 
binding energy and the energy of incident radiation, (adapted from Skoog. D. A.; Lear\ . 
J. J. Principles of Instrumental Analysis: Fourth ed.: Saunders College Publishing: New 
York. 1992) 

In the UPS experiment the irradiating photons are from the UV portion of the 

spectrum, in this case produced by a Helium lamp emining at 21.2-eV (He I radiation). 

The lower photon energy in UPS compared to XPS means that core electron levels cannot 

be e.xcited. and only photoelectrons emitted from the valence band or shallow core levels 

are obser\ ed. UPS is applied in Chapter 6. to determine the IE of two S.A.M films with 

different chemical compositions. 

The XPS and the UPS experiments were performed on the same Kxatos AXIS-

ULTR.A small spot photoelectron spectrometer. The base pressure of the instrument was 

approximately 5x10 '' torr during the experiments. The appro.ximate size of the analysis 
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area on each sample is - 300 800 microns. Detection of the photoelectrons is 

accomplished using a concentric hemispherical analyzer consisting of two metal 

hemispheres combined with a micro channel plate (MCP). The design is such that one 

hemisphere has a concave shape, and the other a convex shape and they are arranged such 

that their centers of cur\'ature are coincident (Figure 2.10). Different voltages are placed 

on each hemisphere such that an electric field between the two hemispheres is generated. 

Electrons are injected into the gap between the hemispheres. If the electrons are traveling 

very fast, they will impinge on the outer hemisphere. If they are traveling ver\- slowly, 

they will be attracted to the inner hemisphere. Therefore, only electrons in a narrow 

energy region (called the pass energy) succeed in getting all the way around the 

hemispheres to the MCP. The detector was operated in a constant analyzer pass energy 

mode with the pass energy set to 20-eV. In this mode, the electrons are slowed by a 

constant retarding force that is a ratio of the electron energy to be analyzed. That is. if the 

retarding ratio is 10. and 1000-eV electrons are to be detected, then the electrons will be 

slowed to 100-eV. and the pass energy will be set to 100-eV. 
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Figure 2.10 Concentric hemispherical analyzer used to detect photoelectrons. 
(adapted from figure Skoog. D. A.; Lear\-. J. J. Principles of Imtrumenial 
Analysis: Fourth ed.: Saunders College Publishing: New York. 1992) 
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2.3.2 Atomic Force Microscopy (AFM).'"' AFM images of the gold substrates 

including roughness measurements are reported in Chapter 3. The topographs were 

acquired using a Digital Instruments MultiMode Nanoscope III SPM (scanning probe 

microscope). AFM is performed using an atomicallv sharp tip attached to the end of a 

cantilever. The tip is brought very close to the surface of interest where feedback 

mechanisms enable piezoelectric scanners to maintain a constant force (to obtain height 

information), or height (to obtain force information) between the tip and the surface. If 

the instrument is set to maintain a constant force, a topographical image is obtained by 

rastering and recording the deflections of the tip. The Nanoscope III AFM system head 

employs an optical detection system in which the tip is attached to the underside of a 

reflective cantilever. A diode laser is focused onto the back of the cantilever and as the tip 

moves up and down with the changing contour of the surface, the laser beam is deflected 

into a dual element photo diode (Figure 2.11). The photodetector measures the difference 

in current generated between the upper and lower elements and the difference is 

converted to a voltage. Feedback from the photo diode difference signal, through 

software control from the computer, enables the tip to maintain a constant force. The 

particular instrument used to obtain the images presented in Chapter 3 can be operated in 

contact mode, tapping mode, frictional force mode, phase/frequency mode, and 

magnetic/electrostatic force mode. However, all measurements described in Chapter 3 

were made in ambient under conditions with the instrument in contact mode. Microscope 

resolution in tapping or contact mode is approximately at the nanometer scale laterally 

and Angstrom scale vertically, but is somewhat tip dependent. Images and roughness 
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measurements were acquired in constant force mode using etched silicon tips, with 

resonance frequencies between 300 kHz and 400 kHz and with a force constant of -0.6-

N/m. Scan rates were 2 or 3-Hz with a total of 512 lines acquired over a 1 micron sample 

area. 

Position sensitive 
deflector Laser 

Cantilever 
Sample 

Piezoelectric 
scanner 

Figure 2.11 Basic design for an atomic force microscope. 
Topographical information is recorded by the deflection of a diode laser 
focused on top of the probe tip. (adapted from Wiesendanger. R. 
Scanning Prohe Microscopy and Spectroscopy: Cambridge University 
Press: New York. 1998) 
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2.3.3 Reflection Absorption IR Spectroscopy (RAIRS).^ As a molecule sits on a 

surface, it will vibrate. If the molecule has a dipole. the vibrations can be studied by 

shining infrared (IR) light onto the surface. This consists of reflecting a beam of IR 

radiation off a metal surface, through an adsorbed layer, and looking at the loss in 

intensity of the reflected light at frequencies that correspond to the vibrational modes of 

the adsorbed species or interactions of the adsorbed species with surface atoms. 

Therefore, an infrared spectrum of light reflected from the surface will show absorption 

peaks that are characteristic of the molecule and its method of bonding to the surface. 

This is the basis of the RAIRS technique. 

If the angle of incidence is close to the surface normal, the incident and reflected 

IR waves combine to form a standing wave and the electric field vectors cancel and 

cannot interact with the dipole moments of the adsorbed molecules. To minimize the 

destructive interference of the incident and reflected radiation a large angle of incidence 

is required. In addition, the light is usually polarized parallel to the plane of incidence to 

minimize cancellation of the electric field vectors (Figure 2.12). As a consequence of 

these e.xperimental criteria, the strength of the interaction of the radiation with an 

adsorbed species is dependent on the orientation of the dipole moment versus the plane 

incidence. The strongest interaction will occur when a dipole moment is at 90" 

(perpendicular) versus the plane of the surface and the strength of the interaction will fall 

off as the orientation of the dipole approaches an orientation parallel to the plane of the 

surface. 

In Chapter 4. the orientation dependence inherent in RAIRS spectra is e.xploited to 
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characterize the change in orientation of terminal methyl groups for SAM films with 

alkane groups of varying chain length. The data were collected on a Nicolet Magna 550 

FTIR spectrometer equipped with a liquid N-, cooled MCT-A detector. The samples were 

positioned on a Spectra Tech FT-80 grazing angle accessory (80^ incident angle). The 

FT-80 accessory was mounted in the FTIR chamber and the system was allowed to purge 

with dry air for 5-min before spectra were acquired, /'-polarization was used for all 

measurements. A freshly UV-cleaned gold surface was used as the background in all 

spectra. The spectrometer was set up to collect 400 scans at a resolution of 4-cm ' with 

Happ-Genzel apodization. 



s polari/ed p polarized 

a) 180 degrees out of phase 

A 

b) 90 degrees out of phase 

Figure 2.12 Incident and reflected radiation polarized a)  perpendicular and b)  parallel 
to the plane of incidence. In case a the electric field vectors are phase shifted 180 
degrees such that they cancel. In case h the electric field vectors are phase shifted 90 
degrees such that the net vector is additive in the direction of the surface normal. 



CHAPTER 3 

68 

THE EFFECTS OF FILM AND SUBSTRATE TOPOGRAPHY ON 

REACTIVE ION-SURFACE COLLISIONS 

3 . 1  B A C K G R O U N D  

The intrinsic analytical value of the ion-surface collision spectrum is that the 

observed product ions carry diagnostically useful information relating to both the selected 

ion and the target surface. Translating the information available in a collision spectrum 

into a useful result requires a good working knowledge of the processes that occur during, 

or after an ion-surface collision. When using well-defined targets such as thiol-based 

self-assembled monolayers (SAM) formed from A7-alkanethiols on gold or LB films on 

aluminum. " small projectile ions such as pyrazine have been observed to abstract 

hydrogen atoms and groups from the film. Hanley et al published computer 

simulations that predict that a 20-eV collision of a nv'z 80 projectile ion can penetrate 

approximately 0.25-nm into a SAM film. If the simulation is accurate, with an ideally 
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formed film.reactions should be limited to the first two or three carbons in the alkyl 

chain. The site of reaction is experimentally examined in a study published by Gu and 

coauthors using a series of LB films formed from fatty acid compounds where the 

terminal carbon is perdeuterated or '^C labeled. When pyrazine ion reactively collides 

at 20-eV with three-layer LB films of these compounds, the reaction products formed 

incorporate predominantly the isotopically labeled moieties showing that reactions occur 

at the uppermost carbon of the target film. This finding is in good agreement with the 

computationally predicted penetration depth of 0.25-nm. however, it is not clear whether 

reaction products that contain more than a single carbon from the film are formed due to 

deeper penetration of some projectiles into the film. 

Two studies reported by the Cooks group and a third by the Wysocki group 

extended the experimental work in this area to thiol-based self-assembled monolayers. 

The Cooks group employed 1.2-. 1.3- and 1.4-dimethyl benzenethiol on gold and silver 

substrates as targets. Films formed from these compounds place the methyl groups into 

different geometries with respect to the plane of the substrate. Reactive collisions of 

pyridine and chromium ions with these isomeric films yielded a variety of reaction 

products dependent upon the position of the methyl groups. In a related study by the 

Cooks group, it was observed that chromium ions colliding at 45-eV produced reaction 

product ions due to the abstraction of chlorine atoms from monolayer films formed from 

4-chlorobenzenethiol on gold. In similar collision spectra with monolayers films formed 

from 2-chlorobenzenethiol. no chlorine abstraction was observed. " The implication of 

the two experiments is that the impinging chromium ion has direct access to the chlorine 
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atom in the para position whereas the aromatic ring hinders access when the chlorine is in 

the ortho position. The sensitivity of ion-surface reactions to small changes in film 

orientation is illustrated in a study published by the Wysocki group (detailed account in 

Chapter 4 of this dissertation) where differences in the relative abundances of reaction 

product ions were measured as a function of chain length for two classes of SAM films, 

rt-alkanethiols (CH5(CH2)„-S-Au. n = 14-17) and 4-(4-alkoxyphenyl)-benzenethiols (4-

(4-CH3(CHi)„OQH4)-QH4-S-Au. m = 14-17).'- Pyrazine ion colliding at 20-eV with 

films where the total chain length is odd (n & m = 14 «& 16) had a consistently higher 

relative abundance of H-addition product ions (measured as a percentage of the total ion 

current) compared with even chain length SAM films (n & m = 15 & 17). The variations 

are consistent with the well-characterized orientation differences known to exist for films 

of this type where odd-chain-length films are oriented such that the last C-C bond is more 

parallel to the plane of the surface than it is for even-chain-length films. It was 

hypothesized that the parallel orientation of the terminal C-C bond of odd-chain-length 

films presented the impinging ion with more accessible hydrogen atoms than the 

orientation adopted by the even-chain-lengths. 

The key element that links the three studies discussed above and leads to the work 

presented in this chapter is a demonstration that adsorbate orientation (e.g.. alkanethiol 

odd-even effect)'- and geometry (e.g.. positional isomerization)"^"' can be measured and 

characterized by ion-surface reactions. Not explored in these studies, are other factors 

such as film quality and substrate topography that contribute to the population surface 

groups that the impinging ion has access to but are not directly related to either intrinsic 
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film orientation or geometry. Consider the hypothetical reaction where a hydrogen atom 

is abstracted from a perfectly formed alkanethiolate SAM film on an atomically smooth 

substrate by a colliding 20-eV pyrazine ion. If the film is free of contaminants and no 

significant penetration into the film occurs. H-addition should occur exclusively at the 

terminal CH3 group and possibly the first underlying methylene (Figure 3.1). A collision 

at a perfect film, formed on a defect free substrate is. however, only a nominally accurate 

model of the real conditions of the experiment. A comprehensive view should account 

for the imperfections known to exist in both the substrate topography and the film 

structure. Polycrystalline Au substrates on glass and mica supports are 

composed of terraces of smooth gold but also contain defects such as step edges, hillocks 

and other features that represent defects in the Au lattice present before the monolayer is 

formed. Within the formed monolayer structure there are well-ordered regions 

separated by a variety of domain boundary defects created while the film is forming. The 

combination of Au substrate topography and defects produced during film formation 

cause a characteristic density of features where the probe ion might have access to 

underlying portions of the film or even the bare metal. Defect sites also provide 

areas of higher free energy that could be more susceptible to the adsorption or insertion of 

physisorbed contaminants (PCs). Reconsidering the pyrazine reactive collision with this 

view in mind, clearly depending on the site of the collision, reactive hydrogen atoms can 

originate from a terminal methyl group, any exposed underlying methylenes, or 

physisorbed contaminants. 

The first portion of this study is an investigation of the sources of hydrogen atoms 
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involved in ion-surface reactions. The goal is to quantify the H-addition contribution 

from each source using films prepared in the conventional manner (section 2.3). In a 

mass spectrum, a simple way to unambiguously assign product ions that originate from a 

specific site in the monolayer is to isotopically label the site. Three compounds were 

synthesized to take advantage of this approach. «-icosanethiol CH3{CH2),gSH (C20). and 

two isotopically labeled analogues CD5(CH2)i,SH (C20D3) and CD3(CD.)|qSH (DC20). 

By using identically prepared C20. DC20 and C20D3 SAM films the contribution to the 

total H/D-addition from different reactive sites is measured. Pyrazine-t/^ (CjH^N, = nt: 

84) is the probe ion used in the bulk of the e.xperiments in the study. This compound is 

selected because, at low collision energies (< lOO-eV) with H/D containing films, the 

molecular ion (M) is moderately reactive, with a little over half the ions being detected as 

H/D-addition reaction products (M+H and M+D). 

In the second part of the study the population of structural features in the 

monolayer is varied in order to measure the effect on ion-surface reaction products. This 

is accomplished by using films formed on Au substrates with different topographies and 

by annealing the SAM films after formation on the different substrates. SAM films are 

formed on three types of Au substrates including two composed of vapor-deposited Au on 

silica and one of vapor-deposited Au on mica. Silica-based substrates are the standard 

0.5-mm thick substrates used in the laboratory and consist of 100-nm of gold deposited 

onto a 5-nm adhesion layer of titanium (prepared by Evaporated Metal Films). The 

substrates are characterized using an atomic force microscope in contact mode and root-

mean-square (rms) roughness values are used to compare topography of different 
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substrates. The landscapes of the substrates vary in the nanometer regime. SAM films 

are annealed using a process developed by Allara and co-workers where a SAM film 

formed for 12-18 hours in room temperature thiol solution is then heated to 80°C for - 1-

hr while still immersed in the mother thiol solution. STM topographs of SAM films 

before and after the heating step show a decrease in the density of the angstrom-sized 

defects attributed to structural domain boundaries and Au vacancy islands. Defect 

sites that are domain-boundary related occur due to degeneracies in the super lattice of the 

film and include translational components (tilt angle and direction) and rotational 

components (twist orientation). Specifically relevant to ion-surface reactions are 

domain boundaries delineated by tilt direction defects since these boundaries represent 

areas where an impinging probe ion has increased access to underlying methylenes. Au 

vacancy islands, or pitting defects as they are sometimes referred to. are pit-like features 

that appear as depressions scattered throughout a gold terrace. Consistent with a single 

gold atom step height, the depths of the Au vacancy islands are - 2.4 A. The mechanism 

for vacancy island formation is not yet clearly understood, but early research has 

proposed that the substrate is etched while immersed in the thiol solution. However. 

recent studies using STM and ultrahigh-vacuum STM show that vacancy island formation 

may be the product of a reorganization of the Au lattices to accommodate the adsorbing 

monolayer via migration of mobile Au-adatoms or shrinkage of the surface lattice 

constant. 

Heating the formed film promotes Ostwald ripening of individual domains and Au 

vacancy islands into larger domains.*"* The process is thought to occur through a 
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combination of desorption/adsorption of the thiolate combined w ith diffusional migration 

of the thioIate-Au species, and because the film remains immersed in the thiol solution, 

areas of bare gold are not formed."" The use of three different Au substrates combined 

with the film annealing procedure gives six target films with a range of topographical 

variation and film quality. The C20D3 is the primary monolayer used in these 

experiments because variation in M+H abundance can be assigned exclusively to changes 

in the environment of exposed methylenes and PCs. 
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3.2.1 Substrate preparation. Gold/silica substrates obtained from Evaporated Metal 

Films were treated using two different protocols. The first protocol, termed "standard." 

follows details outlined in section 2.2.2. The second protocol, termed "roughened." 

includes heating the substrate for 24-h at 220-250 °C before use. Both the standard and 

roughened Au substrates were UV cleaned in air for 10 minutes before immersion into 

the thiol solution. The vapor-deposited Au on mica material was generously provided by 

the McCarley group. Details related to the preparation of Au/mica substrate material 

from the McCarley can be found in the following journal article; Peanasky. J. S.: 

McCarley. R. L. Lcmgmuir 1998. 113-123. In short, these films consisted of 200-nm of 

gold vapor-deposited onto freshly cleaved Muscovite mica. The substrates were 

subsequently annealed for 3-3.5 h at 325 "C. The Au/mica substrates were rinsed with 

copious amounts of ethanol immediately before use but were not UV cleaned. 

3.2.2 Monolayer preparation. Films were prepared from «-alkanethiol compounds on 

three different substrates by two processes. The first process follows the criteria as 

described in section 2.2.2. In brief, films were formed by immersing freshly cleaned gold 

substrates into a -20-mM ethanol solution of a given thiol and allowing them to react for 

72 hours. The second process produced films termed "annealed." These films are 

allowed to form in solution for 12 tol8-hrs after which the container with the SAM film 



that is still immersed in the mother thiol solution is allowed to equilibrate in a 75 "C water 

bath for l-hr.'"^ The container with the solution-immersed SAM was then removed from 

the water bath and cooled rapidly in cold running water. Films prepared by both methods 

were rinsed 4-6 times in ethanol with ultra-sonication. dried under nitrogen and 

immediately inserted into the fast entry lock of the mass spectrometer and put under 

vacuum or into the dr>' air purged FTIR chamber. 
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3.3.1 H and D addition. Figure 3.2 a-c are the tandem mass spectra for a 20-eV 

collision of pyrazine-t/, molecular ion M" (n: 84) with a C20 film, a DC20 film and a 

C20D3 film respectively. The three films were prepared on similar standard vapor-

deposited Au (111) substrates immersed in mM ethanol solutions of the three thiol 

compounds for 72-h. rinsed and inserted into the mass spectrometer at the same time. In 

Figure 3.2 a {C20). the peak at m : 85 labeled MH' is the peak that corresponds to the 

addition of a hydrogen atom to the probe ion. The M' and the MH" ions can undergo loss 

of a DCN neutral unit to give the two most abundant fragment ions in the spectrum 

appearing at 56 [M-DCN]" and m: 57 [MH-DCN]'. In Figure 3.2 b (DC20). the 

peaks corresponding to H-addition have shifted by one mass unit to m r 86 and ni z 58. 

The shift is consistent with the change from a hydrogenated to a deuterated film. Peaks 

of low abundance are still obser\ able at m : 85 and m r 56. because the DC20 film has no 

native source of hydrogen atoms, these H-addition product ions can be directly assigned 

to reactions of the probe ion with physisorbed contaminants. In the last spectrum in the 

series. Figure 3.2 c (C20D3). all the peaks for D- and H-addition are clearly obserxed. 

The ion corresponding to the addition of a deuterium atom (MD ) is the base peak in this 

spectrum. Because the terminal methyl group is the only source of deuterium apart from 

adsorbed probe molecules, this is strong evidence that the probe ion is reacting 

predominantly with the terminal group. A comparison of MH" ion intensities in Figure 
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3.2 b and c shows a significant increase in H-addition when going from the DC20 to the 

C20D3 films. To interpret this observ ation, we assume that surface coverage of PCs is 

the same for both films; this is a reasonable assumption given that all three films were 

prepared under identical conditions, inserted into the mass spectrometer and examined 

simultaneously. Working from this premise, the difference in the H-addition abundance 

for the two films can be assigned to reactions of the probe ion with underlying 

methylenes in the C20D3 film. 

3.3.2 Isotope effects and integration results. The spectra in Figure 3.2 illustrate two 

important aspects of the ion-surface reaction process that result in the addition of H/D 

atoms from alkanethiolate SAM films. First, terminal methyl groups, underlying 

methylenes, and PCs clearly participate in reactions with the probe ion. Second, by using 

an analogous series of specifically labeled films assigning part of the total H/D-addition 

ion abundance to each reactive site is possible. This is carried out quantitatively by 

integrating the peak areas associated with the unreacted molecular ion. M and its 

f ragments  {m z  84 +  /n  r  56) .  the  H-addi t ion  product .  .VIH and  i t s  f ragments  (m z  ^5  n i  z  

57) and the D-addition product. MD and its fragments (m z S6 ^ m z 58). Table 3.1 

presents the averages of the raw integration values obtained for a series of three to four 

separate runs where the target films are the icosanethiolate analogues C20. DC20. C20D3 

and a 1:1 C20:DC20 mi.xed composition film. 
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Table 3.1 Molecular ion and reaction product ion percentages. 

Film M MH MD 

C20 36 ±1 62=1 1=1 

DC20 42 ±1 5=1 52=1 

C20D3 37 ±1 19=1 43=1 

1:1C20:DC20 36 ± 2 46=1 18 ±1 

An assessment of the M ion abundance for the three films reveals that the C20 

film is the most reactive with only 36% of the detectable ions sur\ iving as unreacted 

molecular ion versus 42%. 37% and 39% for the DC20. C20D3 and the 1:1 C20:DC20 

films, respectively. These data lead to the conclusion that a primarv H/D isotope effect 

may be contributing to the overall measured ion intensities because the total unreacted M 

is greatest for the fully deuterated film. The data for the C20D3 and 1:1 mixed film can 

only be interpreted accurately after a correction for the isotope effect. The difference in 

reacti\ ity between hydrogen and deuterium atoms is represented mathematically by Eq. 

3.1. 

X = C20„./DC20„„ Eq. 3.1 

The H-addition reaction rate (C20„,J is the MH ion abundance measured at the 

C20 film minus the contribution from physisorbed hydrocarbon divided by the unreacted 

molecular ion abundance M. Assuming that the coverage of physisorbed hydrocarbons is 

the same for the C20 and DC20 films, the MH value measured for the C20 film can be 
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corrected by subtracting the MH ion abundance measured at the DC20 film. The D-

addition reaction rate DC20p^n is the MD ion abundance measured at the DC20 film minus 

the contribution from physisorbed pyrazine-t/4 divided by the unreacted molecular ion 

abundance M. Assuming that the coverage of pyrazine-J, is the same for both the C20 

and DC20 films the MD value measured for the DC20 film can be corrected by 

subtracting the MD ion abundance measured at the C20 film. Substitution into Eq. 3.1 

yields Eq. 3.2 

Inserting the values from Table 3.1 and solving for X. an isotope effect of - 1.3 is 

obtained. From the data in Table 3.1. a simple calculation can be performed to predict 

the MH and MD values that should be obser\ ed for a film composed of 50% C20 and 

50% DC20. In this calculation it is assumed that the 5% contribution to the MH total 

originating from physisorbed hydrocarbons and the 1% contribution from physisorbed 

pyrazine-i/j to the MD total will remain constant. To calculate the MH total, the 

contribution from adsorbed hydrocarbons (5%) is subtracted from the MH total for the 

C20 film, and the value is divided by two. based on a film that is one half C20. Then the 

contribution from adsorbed hydrocarbon is added back to the quotient (Eq. 3.3). The MD 

total is calculated in a similar fashion using the 1% value for adsorbed pyrazine-c/4 (Eq. 

3.4). 
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MH% = (MH, :,, - Eq. 3.3 

MD% = (MD,^ - XfD, •:,J X 0.5'MD, Eq. 3.4 

Table 3.2 row 1 shows the results of the simple calculation. Clearly, the simple 

calculation does not accurately reflect the experimentally measured values in row 3. In 

particular, the measured MH% and the MD% values differ significantly from those 

calculated from Eq. 3.3 and 3.4. Equations 3.5 and 3.6 are written to include the isotope 

effect X. 

\tH% = Eq. 3.5 

.\fD% = - MD, :,j0.5) X'SID, :,, Eq. 3.6 

.V/% = 100 - MH% - MD% Eq 3.7 

With the isotope effect added to the calculation, the predicted H/D-addition and 

measure molecular ion intensities are in much better agreement (rows 2 and 3). 

Table 3.2 Predicted abundances with isotope effect correction 

1:1 C20:DC20 M% MH% .V1D% 

Simple Prediction 40 33.5 26.5 

Corrected Prediction 37.5 42 20.5 

Measured 36 46 18 

An assessment of the isotope effect allows for an accurate determination of the 

contributions to the total H/D-addition ion abundance from the three possible sources. 

The contribution to the total H-addition from terminal methyl groups, underlying 
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methylenes and physisorbed contaminants can be obtained from equations 3.8. 3.9 and 

3.10. 

%Methyl = ((MD, - \/D, y^ ̂ X) Eq. 3.8 

%\fethylenes = yj X/ TOT/^^^ Eq. 3.9 

%PCs = (\fD, y ,^.\l'(XfH„:„X) TOT^,y Eq. 3.10 

Sormalizing Factor: 

TOT/^yy = %.Vterhyl-%Xfeihylene~%PCs Eq. 3.11 

The percentage of reactions that occur at the terminal methyl groups and 

underlying methylene groups is obtained from Eq. 3.8 and Eq. 3.9. respectively, using 

the abundance of D-addition and H-addition product ions measured for the C20D3 film 

(Table 3.1). Eq. 3.8 is corrected for physisorbed pyrazine-^/,(MD^^^.,|). Eq. 3.9 is 

corrected for physisorbed hydrocarbons (MHjx-:o)- and both are correct for the isotope 

effect (X). Eq. 3.10 incorporates the H-addition value from the DC20 film and the D-

addition value from the C20 film into an equation to calculate the contribution from 

physisorbed species, both values are corrected for the isotope effect (X). The assumption 

is made that the amount of physisorbed material is the same on all films. Eq. 3.8. Eq. 

3.9 and Eq. 3.10 are normalized using the value obtained from Eq. 3.11 so that the 

percentages calculated reflect only the ions that react with the film. 

Figure 3.3 is a graphical representation of the evaluation of Eq. 3.8. Eq. 3.9 and 

Eq. 3.10. inserting the values from Table 3.1 and normalizing the results using the value 

for TOTrxv; obtained from Eq. 3.11. Most reactions. 74%. are occurring at terminal 

methyl groups showing that the films are relatively well ordered and not coated to any 
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Figure 3.3 Contribution from possible sources of hydrogen atoms to the total H-
hn collision of pyrazine-c/, for long chain alkanethiol 
based SAM tilms corrected for H/D isotope effect. 
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large extent with physisorbed contaminants. Previous results from this laboratory, where 

the targets were isotopically-labeled three-layer LB films, showed a qualitatively similar 

trend for H/D-addition reactions. Minor peaks corresponding to H-addition on the 

labeled LB films were attributed to physisorbed contaminants and/or underlying 

methylenes depending on the composition of the film (CD;(CH,)COOH or 

CD-(CD,)COOH). However, no attempt was made to distinguish the two sources of 

hydrogen atoms or to quantitate the contribution of each to the total H-addition. The 

physical properties of LB and SAM films are very similar with a few noteworthy 

differences. For example, the assembling geometry of LB films produces an orientation 

for the fatty acid chains that is parallel to the surface normal compared to a 28" tilt angle 

for w-alkanethiol SAM films. Because the chains in the LB film are aligned with the 

surface normal it less likely that the impinging pyrazine ion would have access to 

underlying methylenes. It is also possible that the added thickness of the LB films (3 

layers vs. a monolayer) could compensate for edge effects and other heterogeneities in the 

polycrv stalline Au substrate by bridging the defect sites and allowing more chain-chain 

interactions to occur. Future work in this area could include studies to determine if subtle 

film differences such as those presented by SAM and LB films can be distinguished by 

low energy ion-surface collision. 

3.3.3 Varj'ing substrate topography. To address the issue of substrate topography. 

three gold substrates with different degrees of roughness are employed. .An atomic force 

microscope (AFM) is used to characterize the different topographies of the three 
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substrates. The standard substrate used most frequently to form SAM films in this 

laboratory is a 0.5-mm silica base with 100-nm of gold vapor-deposited on top of a 5-nm 

titanium adhesion layer. This substrate is UV cleaned in air immediately before 

immersion in the thiol solution but is otherwise used as received. The contact mode 

topograph of this standard substrate after UV cleaning is pictured in Figure 3.4. From the 

l-//m- topograph, it can be seen that this substrate has a landscape of 5-nm to 15-nm tall 

hillocks with an overall root-mean-square (rms) roughness of 1.4-nm. Attempts were 

made to improve the smoothness of the silica-based substrate by heat annealing at -250 

°C overnight. This procedure consistently produced a rougher substrate than the original 

unhealed substrate. The heat treated substrate produced the roughened topography 

pictured in Figure 3.5. The topograph shows an increase in the hillock size to include 

features in the 25-nm to 30-nm range with a corresponding increase in rms roughness to 

2.4-nm. Annealing studies reported in the literature describe the opposite effect where, 

using STM and AFM. increases in surface grain size and decreases in root-mean-square 

roughness values were observed for annealed gold on silica at temperatures between 200 

and 500 The surfaces used in the studies cited are similar in all respects to the 

silica-based films used in the experiments described here except for the presence of the 

titanium adhesion layer. It is possible that the topography of the adhesion layer is 

protruding as a relief through the gold layer following heating. Although annealing did 

not produce a smoother substrate, it was useful from the perspective that it did achieve 

the primar>' goal of changing the substrate topograph. A smoother substrate was found 

via a collaboration with the McCarley group who provided a sheet of vapor deposited 
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gold on mica. The mica substrate consisted of 200-nm of vapor-deposited gold that was 

annealed at 325 ~C for 3-hr. The AFM topograph of the mica-based substrate is shown in 

Figure 3.6. The mica-based substrate has the lowest rms roughness. 0.45-nm. and the 

grainy texture that characterized the two silica-based gold substrates is replaced by a 

softer landscape with smaller variations in the Z direction. Figure 3.7 a-c are the 20-eV 

pyrazine-c/4 collision spectra at C20D3 SAM films formed on the mica, standard, and 

roughened substrates, respectively. The inset te.xt on each spectrum summarizes the 

average integration results for three runs on films prepared for 72-hrs on standard and 

roughened silica-base target surfaces and two runs on films prepared for 72-hrs on the 

mica-base target surface. The feature that stands out in the spectra is the % H-addition 

starting at ~ 14% for the mica-base film, increasing to - 18% for the standard silica-base 

film and reaching a high of 23% for the roughened silica-base film. Because the only 

sources of hydrogen atoms present in the C20D3 film are the underlying methylenes and 

PCs. this obser\ ation must be related to an increased availability of one or both 

components. STM studies have shown that defect features of the underlying .Au 

substrate, such as terraces and steps, remain after the formation of a SAM film.'^ .\n 

increased population of defects in the gold lattice translates into an increase in the number 

of sites where underlying methylenes might be e.xposed to the impinging ion beam. In 

addition, a rougher surface will have a higher free energy and be more susceptible to the 

adsorption of hydrocarbon contaminants present in the vacuum chamber. The important 

finding illustrated in Figure 3.7 a-c is that the changes in quality of the film are detectable 

in the low energy collision spectra via the reaction peaks. 
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Figure 3.4 Contact mode AFM image of standard gold on silica substrate with a rms roughness of 1.4-nm. 
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Figure 3.5 Contact mode AFM image of roughened gold on silica substrate with an rms roughness of 2.4-nm. vO o 
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Figure 3.6 Contact mode AFM image of vapor deposited gold on mica substrate witha rms value of 0.45-nm. 
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3.3.4 Varying film topography. The influence of topography is extended to features 

that are exclusive to the film by thermally treating or annealing (Figure 3.8) C20D3 films 

in an attempt to increase domain size. The annealed films are examined using low energy 

ion-surface collisions in the mass spectrometer to track the effects on H/D-addition 

product ions. The films are formed for 12 to 18-hr in the thiol solution and then heated at 

75 °C for 1-hr."^ The goal here is to increase the size of the individual film domains by 

decreasing tilt direction defects and Au vacancy island defects. Figure 3.9 a-c are 20-eV 

pyrazine-c/, collision spectra at annealed C20D3 films. The spectra are representative of 

three sets of data collected on standard and roughened substrates and a single run on the 

mica substrate, respectively. For the standard and roughened targets, the data is averaged 

and compared with the data from Section 3.3.3 to assess the effect of the thermal 

treatment. The mica substrate was only run once because the substrate was particularly 

sensitive to the heating process and several attempts to anneal films on the substrate 

caused the gold to flake away. Annealing of a film on an Au/mica substrate was only 

successful once. Failed attempts to anneal produced damage to the gold layer such that a 

voltage could not be applied to it. rendering the surface useless as a target in the mass 

spectrometer. 

The data collected on films after annealing showed a decrease in H-addition. The 

decrease is attributed to collisions at films w ith larger domain sizes and therefore fewer 

defect areas where either trace hydrocarbons could accumulate or underlying methylenes 

could be exposed. Annealing the C20D3 films formed on the mica substrate had the least 

effect on the overall H-addition abundance. It is possible that the smoother 
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characteristics of the mica could negate most of the effects of film annealing because a 

smoother substrate would produce a film with fewer defects initially. The most dramatic 

change in H-addition abundance is observed when comparing the unannealed and 

annealed films formed on the standard substrate. The MH value decreased by -8% on the 

standard Au substrate after the film was annealed. A less dramatic decrease of -3% was 

observed on the roughened substrate after film annealing. The results for the various 

combinations of substrates and film preparations are summarized in Figure 3.10 using 

the average values for sets three of films for the standard and roughened substrates and a 

set of two using the mica substrate and the single annealed film on a mica substrate. 
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3.4 CONCLUSIONS 

In summan'. isotopically labeled analogues of w-icosanethiol were employed to 

determine that approximately 74% (Figure 3.3) of the H-addition reaction observed for 

the pyrazine (or pyrazine-i/,) ion colliding at 20-eV occurs at the chain termini of long 

chain alkanethiol SAM films. This percentage is valid when the standard vapor-

deposited substrate and film preparation procedures used in this laboratory are employed. 

An isotope effect of 1.3 was used to correct these values for the differing reactivities of 

hydrogen and deuterium atoms. 

In addition, the results reported in this chapter provide strong preliminary 

evidence that low energy ion-surface reactions are sensitive to film quality and substrate 

topography. Using the C20D3 films as the targets, substrate topographies analyzed by 

AFM varying in rms roughness from 2.4-nm to 0.45-nm yielded clearly distinguishable 

increases in H-addition abundance as the roughness of the substrate increased. Annealing 

the C20D3 films to increase the domain size, had the effect of lowering the H-addition 

abundance. The marriage of low energy ion-collision spectra with contact mode AFM 

also illustrates the fle.xibility of the mass spectrometr> -based technique when used as a 

complement to other surface analysis tools. The two results show that ion-surface 

collisions with organic thin films have great potential as a tool to track changes in both 

the substrate and film topography. 



CHAPTER 4 

REACTIONS OF PYRAZINE WITH TWO CLASSES OF SAM FILMS 

INFLUENCE OF ALKYL CHAIN ORIENTATION 

4.1 BACKGROUND 

Many different self-assembled monolayer systems, including A7-alkanethiols and 

modified alkanethiols, have been examined by a variety complementary of 

techniques."'^^^"^ The packing geometry, tilt angle, van der Waals diameter, surface 

coverage and chain orientation were examined in two studies carried out by Porter and 

co-workers on regular and fluorinated alkanethiolate films formed on Au( 111) 

substrates.^ AFM images of hydrocarbon SAM films with a chain length greater than 

four carbon units yielded nearest and next-nearest neighbor distances (=5 A) that are 

indicative of a (\/3 x V3) R30° adlayer on Au( 111 This packing arrangement is in 

good agreement with previous infrared absorption studies that used transition dipole 

moment to extract the chain tilt angle and the surface-S-C angle.'" On Au (111) 
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substrates the angle has been described as tetrahedral-like with a Au-S-C angle of 110" 

around the sulfur when the alkanethiol is position at hollow site between gold atoms 

(most stable arrangement)."" "^ The effect of this angle is to produce a chain tilt angle (0) 

of ~ 30° with respect to the surface normal for the all-trans alkyl chains resulting in 

different cant angles versus the surface normal for the terminal C-C bond of odd versus 

even-chain- length  f i lms  (F igure  4 .1  For  long  cha in  SAM fi lms  prepared  f rom n-

alkanethiols having an even number of carbon units the position of the terminal C-C bond 

is almost parallel to the surface normal. If the SAM film is prepared from «-alkanethiols 

with an odd number of carbon units, the terminal methyl group adopts an orientation 

closer to parallel with respect to the plane of the surface (Figure 4.1). 

The results highlighted in Chapter 3 showed that during 20-eV collisions of 

pyrazine ions with the long chain (C20) alkanethiol SAM films, approximately 65% of 

the ions measured at the detector are H-addition ions. Using a combination of unlabeled 

and labeled SAM films it was calculated that of the total ion population that reacts to 

form hydrogen adducts, about 74% originates from the terminal methyl group. 19% from 

the underlying methylenes and 7% from hydrocarbon contaminants. The goal of the study 

presented in this chapter is to take advantage of the sensitivity and shallow depth of 

penetration provided by low energy ion-surface collisions to investigate the influence of 

alkyl chain orientation on ion-surface reactions. Data are presented in this chapter that 

show that the abundance of reaction product ions measured when pyrazine ions collide at 

20-eV with ^-alkanethiol SAM films varies as the chain length of the alkyl group varies. 



even odd 

Figure 4.1 Idealized structure fur odd and even chain length /}-alkanethiols showing the changing 
position of the terminal C-C bond caused by the chain tilt 0 versus the surface normal z (inset), (from 
ref. 12) 
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Two model SAM systems were selected for this study. The first system is a series 

of simple /i-alkanethiols of the form CH3(CH2)„SH (n = 14-17). SAM films of this type 

have a well-documented orientation difference for the terminal methyl groups 

Dif ferences  in  or ien ta t ion  of  the  te rminal  methyl  groups  of  odd and even  cha in  length  n-

alkanethiol films has been reported experimentally by FTIR. Raman, wetting studies and 

most recently by friction force microscopy.-" '"^This so called "odd-even" effect 

arises from a tilt angle (0) with respect to the surface normal for the all-trans alkyl chains 

resulting in different cant angles for the terminal methyl group as the chain length is 

varied from odd to even numbers of carbon atoms (Figure 4.1 ).'°^ The second system of 

thiols investigated is a series of 4-(4-alkoxyphenyl)-benzenethiols (4-(4-

CH3(CH2)n,OC6H4)-C6H^-S-Au. m = 14-17) (Figure 4.2). The odd-even effect reported 

for these compounds as measured by FTIR and contact angle measurement is enhanced 

over that of simple n-alkanethiols. The enhancement is observed because of steric 

constraints imposed on the alkoxy substituent by the aromatic head groups in formed 

films.'-" '-' Specifically, the conformations that the alkoxy substituent can access through 

chain twisting (chain twisting attenuates the odd-even effect) are limited by the rigid 

herringbone packing arrangement of the aromatic head groups (Figure 4.2). 
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Figure 4.2 Side and top view of 4-(4-alkoxyphcnyl)-benzcncthiol SAM film (4-(4-CH,(CU,),„ OCJI,)-
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4.2 MATERIALS AND FILM PREPARATION 

Four w-alkanelhiols films. CI5. CI6. CI 7 and CI8. were used in these 

experiments. C16 and C18 films were prepared ft-om CH5(CH2),5SH and CH3(CH;,),7SH 

compounds used as purchase fi-om Aldrich (99%). C15 and CI 7 films were prepared 

fi-om thiol compounds synthesized fi-om the corresponding alkyl iodides using the 

synthetic route described in section 2.2.1. All «-alkanethiol films were prepared 

following the procedure described in section 2.2.2. 

The 4-(4-alkoxyphenyl)-benzenethiols. 4-(4-CH5(CH2)mOCftH4)-C5H4SH (m = 14-

17) were prepared by the synthetic route outlined in Scheme 4.1. A detailed account of 

the synthetic procedure and a summar>' of NMR and high resolution mass spectra 

characterizing intermediates and final products can be found as supporting information 

for reference 12. The 4-(4-alko.\yphenyl)-benzenethiol films were prepared following the 

procedure outline in section 2.2.2 with the exception that a solution of THF/EtOH (1:1 

v/v) was used as the incubation solvent in place of straight ethanol. 

Na i l  _  _  
RHr  

Hr—:  ~  —OH Hr— — - -OR 
> \  n i l -

NaH 
A mr 

^  I  tS l I  

Na 
Ml ' 

lis— — —OR-* CIICll-S— ^OR 
'  • '  ^  I  I I I -  •  • '  '  ,  

Scheme 4.1 The general reaction pathway to s> nthesize 4-(4-
CH3(CH:LOC,H,)-C,H,SH(m= 14-17). (from ref. 12) 
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4.3.1 Reactivity of if-alkanetliiols and 4-(4-alkoxypiienyi)-benzenethiols. Figure 4.3 

shows the tandem mass spectrum for a 20-eV collision of pyrazine molecular ion M" (m/z 

80) with a CI8 surface. Two reaction product ions can be observed in the spectrum. The 

peak at m/z 81 represents a reaction between the molecular ion and the SAM film 

resulting in the addition of a hydrogen atom to the projectile. The peak at m/r 95 

corresponds to the addition of a methyl to the m/~ 80 ion. At this collision energy, the 

molecular ion and H-addition product ion acquire adequate internal energy to fragment. 

Two dominant fragment ions corresponding to loss of neutral CHN appear at m/z 53 and 

m/z 54 (see section 2.1.2 for peak assignments). To track changes in the abundance of 

species associated with unreacted pyrazine. H-addition and CHj-addition the normalized 

f)eak areas are integrated and a summation of the contributions from each group of ions is 

performed for w-alkanethiol and 4-(4-alko.\yphenyl)-benzenethiol films (Table 4.1 and 

Table 4.2 respectively). 
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Figure 4.3 TTie 20eV collision spectrum of pyrazine ion (m/z 80) with a CIS SAM film. 
The base peak in the spectrum at m/z 81 represents a reaction of the probe ion with a 
hydrogen atom from the SAM film. The peak at m/z 95 is the formal addition of methyl 
to the molecular ion. The two most intense fragment ions at m/z 53 and m^z 54 represent 
the loss of a neutral CHN unit from the m/z 80 and the m/z 81 ions respectively, (adapted 
rom ref 12) 
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Table 4.1 % of ions associated with pyrazine. and H-addition for n-alkanethiols 

Film %M„„ %MH,„, 
{ m / z  80 + m ' z  53) (rn z 81 + m z 54) 

C15 67.3 ±1 33.2 ±1 

C16 65.8 ±1 34.5 ±1 

CI 7 66.7 ±1 32.5 ±1 

C18 64.5 ±1 35.5 ±1 

% represents the average calculated for three trials 

Table 4.2 % of ions associated with pyrazine. H-addition and CH-addition for 4-(4-
alkoxyphenyl)-benzenethiols 

Film %M,„, %MH,„, "/oCH-.-addition 
( m z  80 + m z  53) (/n . 81 + m  z  54) ( m z  95 vs. total) 

C15BP 66.9 ±1 33.1 ± 1 0.96 ±0.2 

C16BP 63.1 ± 1 36.9x1 2.09±0.2 

C17BP 67.1 ±1 32.9 ±1 1.08 ±0.2 

C18BP 62.8 ±1 37.2 ± 1 2.00 ± 0.3 

% represents the average calculated for three trials 

Fluctuations in the H-addition reactivity of - 2% for «-alkanethiols and - 4% for4-(4-

alkoxyphenyl)-benzenethiols are measured when going from odd to even chain length 

films. Because this change is relatively small, a "reactivity quotient" is calculated by 

dividing the MH,o, value by the M,^, value to allow values from different sets of films to 

be compared on the same scale. Plotting the reactivit>' quotient versus the chain length 

g i v e s  t h e  r e s u l t  i n  F i g u r e  4 . 4 .  T h e  s o l i d  l i n e  r e p r e s e n t s  t h e  d a t a  c o l l e c t e d  f o r  t h e  n -

alkanethiol system and the dashed line represents the data collected for the 4-(4-
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alkoxyphenyl)-benzenethiols. A clear odd-even effect can be obser\'ed for both systems 

with the odd chain length analogues leading to a greater percentage of H-addition product 

ions. Each point represents an average of the measurements taken on three different 

SAM films. The variation in reaction quotient for each point reflected by the error bars is 

likely due to small changes in instrument conditions and the reproducibility of substrate 

and film quality. A similar plot for methyl addition is presented in Figure 4.5 for the 4-(4-

alkoxyphenyl)-benzenethiols. Here, the y-axis is the percentage of all the ions in the 

spectrum (normalized peak area of all ions) that corresponds to methyl addition (peak 

area associated with ni: 95). Alternating reactivity is again observed, however, in 

contrast to hydrogen addition results, methyl addition occurs more readily on even chain 

length films. 

The variations in reactivit>' for odd and even chain lengths is consistent with chain 

length dependent differences in terminal group orientation.'® ̂ Specifically, the 

difference in cant of the terminal methyl groups produced by the chain tilt (0) (Figure 4.1) 

results in subtle differences in the position of the terminal C-C bond with respect to the 

surface normal (Figure 4.2).'" When the chain length is odd. the terminal C-C bond is 

closer to perpendicular with respect to the surface normal than when the chain length is 

even. The different orientations for odd and even chain lengths present the incoming ion 

with two spatially distinct environments, each with a different set of steric requirements 

that must be met for an ion-surface reaction to take place. The orientation adopted by the 

terminal C-C bond of the odd chain length films places one terminal hydrogen atom, on 

average, slightly above the plane of the chain termini. In this orientation, the hydrogen 
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Figure 4.4 Reaction peak intensities presented as a ratio of MH,o/M,o, plotted versus 
chain length for «-alkanethiols and 4-(4-alkoxyphenyl)-benzenethiols. Larger values for 
reaction quotient indicate more H-addition. (from ref 12) 
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Figure 4.5 Percentage of total ion current that corresponds to methyl addition plotted 
versus total number of alkyl carbons for pyrazine colliding at 20-eV with CI 4. CIS. C16 
C17 and C18 films, (from ref 12) 
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atoms on the terminal group also inhibit access to the terminal carbon. This orientation 

also allows the impinging ion more ready access to the hydrogen atoms bound to the first 

underlying methylene (Figure 4.6). Conversely, the orientation adopted by the even chain 

length films exposes the terminal carbon, placing the terminal hydrogen atoms in 

equivalent but less exposed orientations, hinders access to the hydrogen atoms on the first 

underlying methylene and leaves the terminal carbon in a more exposed position (Figure 

4.6). Although the alternating reactivit>' cannot be unambiguously attributed to hydrogen 

atoms bound to terminal methyl groups, data in Chapter 3 showing that 74% of the 

impinging ions interact with the terminal groups would suggest that those hydrogen 

atoms are the primar>- contributors. 

4.3.2 /f-alkanethiols versus 4-(4-alkoxyphenyl)-benzenethiois. A comparison of the 

data plotted in Figure 4.4 shows that the 4-(4-alkoxyphenyl)-benzenethiols have a larger 

variation in reactivity quotient than do the «-alkanethiols. Figures 4.7 and 4.8 show the 

RAIRS spectra for films composed of 4-(4-CH-,(CH,)„OC(,H4)-C(,H4SH (m = 14-17 ) and 

CH;(CH,)„SH (n = 14-17). The RAIRS data are shown here as an independent measure 

of the monolayer structures. The peaks of interest occur at 2878-cm ' and 2965-cm ' 

corresponding to the V5(CH3) and ^^(CH;. ip) stretches, respectively, with the methylene 

stretching modes ^^(CH,) and Vj(CH:;) appearing at 2850-cm ' and 2919-cm '.^ In both 

sets of spectra, for films with alkyl chains containing an even number of carbons (m & n 

= 15.17). the abundance of the \-,(CH3) stretching mode for the terminal methyl group is 

enhanced and the abundance of the Vj(CH3. ip) stretching mode is diminished while the 
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Figure 4.6 I'hc dii'fcrcnt cunt angles of terminal methyl groups on odd and even chain length alky I chains 
provide two different sets of steric parameters for interactions with the impinging pyra/.ine ion. liven 
chain lengths allow better access to the terminal carbon atom. Odd chain lengths allow better access to the 
terminal hydrogen atoms and the first underlying methylene hydrogen atoms. 
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Figure 4.7 Methyl and methylene stretching regions of the reflection absorption IR 
spectra of the four chain lengths of 4-(4-alkoxyphenyl)-benzenethiols. Variations in the 
intensity of the methyl stretching modes (2965-cm ' and 2878-cm ') for odd and even 
chain lengths are caused by different orientations of the permanent dipole moment, (from 
ref 12) 
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Figure 4.8 Methyl and methylene stretching regions of the reflection absorption IR 
spectra of the four chain lengths of w-alkanethiols. Illustrating a muted odd-even 
variation in the terminal methyl stretching modes (2965-cm ' and 2878-cm ') when 
compared to Figure 4.7. (from ref 12) 
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reverse is obsers ed for films with alkyl groups containing an odd number of carbons (m 

& n = 14. 16). The intriguing aspect of the two sets of data comes from a comparison of 

the abundance of the alternating effect. Clearly, when compared with the 4-(4-

alkoxyphenyD-benzenethiols. the alternating abundance produced by the «-alkanethiol 

films is diminished.'-^ The underlying cause for the enhanced odd-even effect in the IR 

data for the SAM films composed of 4-(4-alko.\yphenyl)-benzenethiols are the different 

conformational constraints imposed on the alkyl moiety by the aromatic head group 

versus the n-alkanethiols.'-' The maximum odd-even effect is observed in RAIRS spectra 

for an odd-even pair when the chain twist angle ((p) is minimized (Figure 4.9). If. for an 

odd-even pair, ip = 90". the orientation of the two chains is identical and no odd-even 

effect would be obser\ed (Figure 4.9). If half an odd-even pair is oriented at cp = 180" 

and the other half is oriented at (p = OMhe pair is again identical (Figure 4.9). Because of 

the available stable packing arrangements of the aromatic head groups and the resulting 

decrease in rotational freedom of the alkoxy substituents. films formed from 4-(4-

alkoxyphenyl)-benzenethiols have an enhanced (minimized chain twisting) odd-even 

effect versus /7-alkanethiols.'-' 

The reactivity data in Figure 4.4 are clearly mirroring the same trend seen in 

Figures 4.7 and 4.8. both in odd-even effect and in the intensity of the effect. The 

increased degree of variation of the reactivity quotients for odd and even chain lengths 

obser\ ed for the for the 4-(4-alkoxyphenyl)-benzenethiols are consistent with ion-surface 

collisions occurring at target films with a larger population of alkyl chains having a zero 

twist angle. It should also be mentioned that the alternating trend observed for methyl 
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Figure 4.9 Orientation of the terminal group versus the twist angle for odd and even ehain length n -
alkanethiols. I'he nuiximum odd-even effect is observed when the twist angle is 0" for both films. At (j) = 
90" for both films, the orientations are identical. When an t)dd-even pair have (|) ^ 0" and 180" the terminal 
methyl groups again have the same orientation, (adapted from ref. 120) 
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addition in Figure 4.5 was only observed for the 4-(4-alkoxyphenyl)-benzenethiols and 

not the aikanethiols. Because the CHj-addition reaction product ion is a low abundance 

ion. representing only ~1% of the ions in the spectrum, the effect was not observable for 

the w-alkanethiols. While a comparison of the odd-even effect for these systems has been 

previously documented, the significant new result presented here is that these subtle 

differences in the average chain orientation can be detected by low energy ion-surface 

reactions.'-' 

4.3.3 Effects of film order and substrate topography. Another general observation 

that can be made when comparing the plots in Figure 4.4 is an overall decrease in the H-

addition abundance for the 4-(4-alko.\yphenyl)-benzenethiols for all chain lengths. The 

reaction quotient values for the M-alkanethiols vary from 1.82 to 2.08 and the values for 

the 4-(4-alkoxyphenyl)-benzenethiols range from 1.65 to 2.05. We speculate that 

differences in film order and the effects of using a polycr>'stalline gold substrate are 

influencing hydrogen addition. It has been shown that the 4-(4-alko.\yphenyl)-

benzenethiols tend to form more ordered films than the w-alkanethiols primarily due to 

constraints imposed by the rigid aromatic head group.'-' Another possible factor is the 

increased thickness of 4-(4-alkoxyphenyl)-benzenethiols. The aromatic head groups add 

~ 12 A to the thickness of each SAM film. The added film thickness could compensate 

for edge effects and other heterogeneities in the polycrystalline Au substrate by bridging 

the defect sites and allowing more chain-chain interactions to occur. Earlier work 
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published by this group highlighted the potential effects of film order on reaction 

a b u n d a n c e  b y  c o m p a r i n g  s h o r t  ( 1 - b u t a n e t h i o l )  a n d  l o n g  ( 1 - o c t a d e c a n e t h i o l )  c h a i n  n -

alkanethiols.® The short chain films were consistently better hydrogen donors. The 

conclusion drawTi in that research was that the short chain film was less ordered leaving 

more of the underlying methylenes exposed and/or more susceptible to adsorption or 

insertion of hydrocarbon contaminants present in the vacuum chamber of the mass 

spectrometer.^ In Chapter 3, results forC20. DC20. and C20D3 SAM films are used to 

evaluate and separate the contribution of all possible sources of hydrogen to the total 

hydrogen addition ion current. As stated in Chapter 3. during a 20-eV collision of 

pyrazine with the hydrocarbon SAM films, approximately 65% of the ions measured at 

the detector are observed as H-addition ions. We have calculated that of the total ion 

population that reacts to form hydrogen adducts. about 74% originates from the terminal 

methyl group. 18% from the underlying methylenes and 7% from hydrocarbon 

contaminants. It was also demonstrated in Chapter 3 that these numbers are influenced 

by a combination of the quality of the film that can be formed from a particular 

compound and the topography of the substrate onto which it is deposited. The substrate 

used in these experiments is a silica slide with a 5-nm under layer of titanium onto which 

100-nm of gold is deposited. The morphology of the gold is not consistently smooth at 

the atomic level but is known to have a "hill-like" landscape with cr> stalline areas 

approximately 0.01- /;m- and an average height variation in the 5-10 nm range (Figure 

3.5). We acknowledge that the topography of the gold can introduce a degree of 
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nonuniformity to the film orientation and order that is sufficient to expose the underlying 

methylenes to the colliding projectile. However, the size of the ion beam used in these 

experiments (approx. 6x8 mm)'-^ is sufficient to insure a valid average sampling of the 

film. Remarkably, in spite of irregularities in the film and substrate it is still possible to 

observe that the orientation of these surface-confined species influences the extent of ion-

surface reaction. 
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4.4 CONCLUSIONS 

The data presented in this chapter illustrate that low energy (20-eV) ion-surface 

reactions of pyrazine ion are remarkably sensitive to small differences in the orientation 

of alkyl-terminated SAM films. The abundance of H-addition and CH3-addition ions is 

shown to vary when comparing odd and even chain length films for two different SAM 

film systems. The variation of the abundance of the reaction product ions is attributed to 

subtle differences in the position of the terminal C-C bond. The orientation of the odd-

chain length films allows better access to terminal hydrogen atoms while hindering direct 

access to the terminal carbon. The even chain length orientation limits access to the 

hydrogen atoms but better exposes the terminal carbon. The sensitivity of the process is 

underscored by comparing the data collected for the «-alkanethiol system and the 4-(4-

alkoxyphenyl)-benzenethiol system. This comparison reveals that reactions of pyrazine 

ion with hydrogen native to the film are discriminating enough to distinguish small 

differences in the average orientation of the terminal groups. The difference in reactivity 

of surface-confined alkyl chains with different numbers of carbons seems somewhat 

remarkable, at first consideration, because polycrystalline vapor-deposited gold and a 

standard SAM surface preparation is used with no annealing of the gold or the SAM film. 

However, if one considers that each probe of the surface is a single ionized molecule, the 

results are reasonable since even relatively small ordered domains on the surface present 

a relatively large ordered domain to the ionic probe molecule. Averaging of the 
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individual interactions gives a result that is consistently different for odd versus even 

chain lengths. 
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COLLISION OF AZINE IONS WITH MIXED SAM FILMS: 

INDICATORS OF MIXED FILM COMPOSITION 

5.1  BACKGROUND 

In recent years, the use of organic thin films as platforms for the design of 

molecular-based electronics, sensors technologies and optic is becoming increasingly 

ubiquitous in many areas of academic and industrial research. Strategies for the 

design of such devices are often predicated on the fabrication of multi-component thin 

films where the goal is to tailor the properties of the film by varying the composition.'^'" 

As these areas continue to grow, the development of characterization tools that 

provide information on various aspects of mi.xed film structure and composition becomes 

increasingly important. A host of techniques, including FTIR spectroscopy. Raman 

spectroscopy, XPS, wetting. ellipsometr>'. and force microscopies are routinely used for 

this purpose.®^^'' The objective of the work in this chapter is to illustrate the 



123 

potential utility of low energy (tens of eV) ion-surface collisions as a unique tool that can 

provide information related to the chemical composition of the outermost atoms or 

groups of an organic thin film. The studies presented are specifically focused on 

demonstrating the usefulness of low energy ion-surface collisions as a technique for 

tracking the composition of mixed component organic thin films. As in Chapters 3 and 4, 

the work in this chapter employs self-assembled monolayer (SAM) films of thiol-based 

compounds on gold as targets because they provide well-characterized, easy to prepare 

model targets. 

Mixed composition thiol-based SAM films can be formed through a number of 

preparative routes. One method for preparing mi.xed composition SAM films involves 

the use of asymmetric disulfides of the form RSSR'.'^- Films formed from these types of 

compounds have been shown to yield monolayers that contain equal portions of the two 

thiolate groups, without phase separation.'^' Microcontact printing is another widely 

reported method for preparing mi.xed films."^ The microcontact printing process is 

carried out by first stamping one thiol compound onto the substrate and then immersing 

the substrate in a solution of the second thiol compound and allowing the second thiol to 

attach to areas left bare by the stamping process.'^^ An advantage inherent to this 

technique is the option to form the mi.xed film with any pattern, provided an appropriate 

stamp can be prepared.'* 

Perhaps the simplest and most commonly used approach to form mi.xed 

composition films is to immerse the substrate into a solution containing a known 

stoichiometric ratio of two different types of thiol compounds.'^' Some studies covering 
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the topic of mixed composition SAM films formed in solution have concluded that the 

fmal film composition tracks closely with the solution ratio and a heterogeneous 

monolayer of the two components is formed.However, the community is somewhat 

divided on this subject. A study by Whitesides and coworkers suggested that when the 

two thiol components differ significantly in physical properties, such as chain length or 

van der Waals diameter, some preferred adsorption and phase separation may occur.'-' 

Other groups studying mi.xed composition SAM films where one or both of the 

components contain a functionalized end group report that the film composition may not 

reflect the solution composition.'^^"" A less commonly used approach to form a mi.xed 

composition film is to partially derivatize a single component film that has a reactive 

terminal group. One advantage of this approach is the abilit> to prepare a mi.xed 

monolayer that does not rely on the adsorption kinetics of two different compounds to 

define the film composition. 

For the studies presented in this chapter two varieties of mi.xed films are 

employed as targets. One type of mixed film is prepared using a mixed thiol solution of 

CH3(CH2)|qSH and CD3(CDi)„SH (C20:DC20). This is one of the simplest mi.xed film 

combinations that can be formed due to the similarity in the physical characteristics of the 

two compounds. The two compounds share a common chain length of 20 carbon units 

and similar van der Waals diameter. The obvious feature that distinguishes the two 

compounds is the mass difference created via isotopic labeling. In a similar fashion to 

experiments described in Chapter 3. the mass difference of provided by isotopic labeling 

allows the amount of ion-surface reactions taking place at C20 or DC20 film components 
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to be measured. The goal is to use the intensities of H-addition and D-addition product 

ions to track the composition of mixed C20:DC20 films. 

The second type of mixed composition film used is a combination of HO(CH.)|, 

SH (CI lOH) and CF3(0)C0(CH,),,SH (CI 1 TFA). Pure films of C1ITFA and mixed 

films of CI lOH and CI ITFA are formed by the chemical reaction of trifluoroacetic 

anhydride (TFAA) and triethylamine (TEA) with a single composition monolayer of 

CllOH (Figure 5.1). The derivatization chemistry was first reported by Liedberg and 

Bertilsson in a 1993 study that focused on the kinetics of SAM film formation from 

mixed composition solutions of CH3(CH,)||SH and CI lOH.'"" Converting the OH 

groups to a TFA groups allowed for more accurate quantitation by RAIRS using the 

distinctive stretching modes of the CFj moiety. The kinetics of the derivatizing 

chemistry was subsequently studied in 1998 by Ratner and coworkers using RAIRS. XPS. 

and TOF-SIMS. Ratner's group was able to show that with the reactants present at mM 

concentrations the CI lOH monolayer was completely converted to the TFA derivative 

after ~ 5-min. 

We were initially attracted to this chemistry because we were interested in 

investigating a target film with a hydrocarbon chain but a CF3 terminal group. The 

original goal was isolate the effects of a CF3 terminal group by comparing collision from 

such a film with an FC12 film (CF3(CF2)q(CH,)-S-Au) where nine of the underlying 

eleven methylenes are fluorinated. Subsequently, we obtained a series of fatty acids. 

18.18.18-trifluorooctadecanoic acid (CF3(CH2),6-COOH), perfluorotetradecanoic acid 

(CF3(CF,),,-C00H) and octadecanoic acid (CH3(CH;,),6-COOH) that could be used to 
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Figure 5.1 Synthetic route to convert formed film of C11 OH to CI ITFA. 
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prepare LB films with the desired properties for that study. The results of ion-surface 

collision experiments collected with the LB films showed that the terminal CF3 group is 

the main determinant for characteristic energy transfer (projectile dissociation) and 

electron transfer properties (projectile neutralization) of the target." 

The TFAA/TEA chemistry, however, still turned out to be useful in a different set 

of experiments. The reaction initiated by the TFAA and TEA can be quenched by the 

addition of water to produce a mixed composition film of C11 OH and C11TFA. 

Conversion from CI lOH to CI ITFA is controlled by the concentration of the 

derivatizing components and the time they are allowed to act on the C11 OH film before 

quenching the reaction. A series of mi.xed composition films can be produced via the 

TFAA/TEA route by quenching the reaction at different times to vary the mole fraction of 

the two film components. 

Analysis of the mixed CI lOH/Cl ITFA films is based on established differences 

in the properties of hydrogen-containing and fluorine-containing SAM films as target in 

low energy ion-surface collision experiments. In general, fluorocarbon films facilitate an 

increase in dissociation of the projectile ion and a decrease in neutralization.^ " The 

increase in dissociation is attributed to a larger transfer of kinetic energy to vibrational 

energy for collisions at fluorocarbon films versus hydrocarbon films.^'' Presumably, the 

increased mass of the fluorine atoms produces a larger momentum transfer upon collision 

than for the hydrocarbon-based films.® " Collisions at hydrocarbon films also produce 

H-addition and CHj-addition reaction product ions that are not present in the collision 

spectra of fluorocarbon films. Figure 1.3 illustrates the general trends observed when 
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comparing collision spectra for hydrocarbon and fluorocarbon-based films. Figure 1.3 

shows that both surfaces yield unique reaction products and also that a marked increase in 

dissociation of the probe ion is observed for collisions at the fluorocarbon (FC12) film 

versus the hydrocarbon film (C18). The reactions of benzene at the C18 film include the 

incorporation of hydrogen atoms (m/z 77 [QH^+H-H^]) while at the PCI 2 film fluorine 

atoms are added (m/z 95 and 96 [C^H^+F-H and QH^+F-HJ). Increased dissociation is 

observed as a larger abundance of low mass fragment ions present in the collision 

spectrum for the FC12 film. Accompanying the increased dissociation observed for 

collisions at fluorocarbon films is an increase in the total ion current that reaches the 

detector (Figure 1.3)." Approximately 60-65% of the colliding ions survive and reach 

the detector when the target surface is fluorocarbon.'* Hydrocarbon films typically yield a 

much lower total ion current, with 5-15% of the colliding ions reaching the detector 

depending on the type of hydrocarbon film being employed as a collision target. Similar 

results are consistently observed when comparing fluorine-terminated and hydrogen-

terminated SAM film at a variety of collision energies and with a variety of probe ions 

(benzene, pyrazine. pyridine, acetone, and dimethylsulfoxide)." '" In this chapter, data are 

presented that illustrate the potential use of these differences to distinguish mi.xed films of 

CI 10H:C1 ITFA. To connect the data generated by ion-surface collision to a specific 

film composition, the mole fraction of each of the two film components is established by 

x-ray photoelectron spectroscopy (XPS). 
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DC20. C20. CI lOH and mixed C20:DC20 films were prepared following the 

procedure in section 2.2.2. The composition C20:DC20 mixed films was controlled by 

preparing mixed solutions from 10-mM stock solutions of each compound. The formed 

CI lOH monolayers were derivatized to CI ITFA or mixed CI 10H:C1 ITFA monolayers 

using TFAA and TEA following the synthetic route in Figure 5.1. Trifluoroacetic 

anhydride (98%) and triethylamine (98%) were obtained from Aldrich and used as 1-mM 

ethanol stock solutions. The reaction vessel, a three-neck round bottom flask, was fire 

polished before use to remove trace water. To keep the \essel dr\" during the reaction 

period the vessel was purged with dry nitrogen. The reaction was initiate by introducing 

a formed CI lOH film to a reaction vessel that contained -50 mL of the TF.A^iTEA 

solution. A stop watch started when the film was introduced and the film was allowed to 

react in the TFAA/TEA solution for times of 30-sec to 10-min. When the given reaction 

time had been reached, the reaction was quenched b\' adding copious amounts 18-mega 

o l ' a i i  M i l l i - Q  w a t e r .  T h e  m o d i f i e d  f i l m s  w e r e  r e m o v e d  f r o m  t h e  v e s s e l ,  r i n s e d  w i t h  

ethanol. and transported in ethanol to the mass spectrometer where they were blown dr\' 

and inserted into the fast entry chamber. 
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5.3.1 H/D-addition at mixed C20:DC20 films. The films used as targets in these 

experiments include pure C20 and three mixed films formed from 1:3. 1:1 and 3:1 mixed 

solutions of C20:DC20. The films are examined with three probe ions, which are all 

members of the azine family. The azines are simple six member rings with differing 

numbers of nitrogen atoms. Specifically used in this study are pyridine, pyrazine-4. and 

triazine which contain 1, 2 and 3 nitrogen atoms respectively (Figure 5.2). The goal the 

study is to determine whether the changing abundance of the H/D reaction products will 

track linearly with film composition, or be a less straightforward function. 

Figure 5.3 a-c shows the spectra for a 20-eV collision of pyridine (m/z 79). 

pyrazine-cy4 (m'z 84) and triazine (m/z 81) molecular ions with a 1; 1 mixed C20:DC20 

film. Several possible chemical formulas match the nominal masses, however, labeling 

experiments with pyrazine have shown that the peak assignments in Scheme 5.1 can be 

made with reasonable confidence (see section 2.1.2). The spectra are analyzed by 

integrating the peaks associated with the molecular ion. Fl-addition and D-addition 

product ions. It should be noted that low mass peaks at m/z 26. 28 and 29. 30 are 

excluded from the integration of pyridine and pyrazine-^/j spectra because of their low 

abundance. Peaks at m/z 28 and 29 are included in the integration of triazine spectra 

because these are the base peaks in the spectrum and. due to the structure of triazine. can 

be assigned as fragments originating from reaction products. Table 5.2 shows results 
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Figure 5.2 Three azines. ( a )  pyridine, ( b )  pyrazine and ( c )  
triazine. Only the pyridine has a net dipole moment, while 
pyrazine and triazine have local dipole moments at each of the 
nitrogen atoms. 
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Figure 5.3 20-eV collision of three different azine probe ions with a 1:1 C20:DC20 
mixed monolayer (a) pyridine, (b) pyrazine-t^. and (c) triazine. As the number of 
nitrogen atoms in the probe ion increases the amount of H-addition increases. 
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obtains by the integration where the values are the average four separate trials performed 

on four different films. 

Table 5.1 Integration results for 20-eV collision at mixed C20:DC20 films. 

Molecular ion = pyridine 

Film Type Molecular Ion 
(79&52) 

3:1C20:DC20 43 ± 1 

1:1C20:DC20 42 ± 1 

1:3 C20:DC20 46 ± 1 

Molecular ion = pyrazine-c/^ 

Film Type Molecular Ion 
(84 & 56) 

3:1C20:DC20 39 ±1 

1:1C20:DC20 36 ± 2 

1 : 3 C 2 0 : D C 2 0  4 ± 1  

Molecular ion = triazine 

Film Type 

3:1 C20:DC20 

1:1 C20:DC20 

1:3 C20:DC20 

Molecular Ion 
(81 &54) 

1 2 ± 2  

5± 1 

1 1  ± 2  

H-addition 
(80&53) 

50 ± 1 

43 ± 1 

2 9  ± 2  

H-addition 
(85 & 57) 

53 ± 1 

46 ± 1 

68 ± 1 

H-addition 
(82. 55 & 28) 

78 ± 1 

68 ± 1 

46 ±3 

D-addition 
(81 &54) 

6 ±0.5 

15± 1 

25 ± 1 

D-addition 
(86& 58) 

8 ±  1  

1 8 ±  1  

28 ± 1 

D-addition 
(83. 56&29) 

1 2 ±  1  

28 ± 1 

43 ±2 

Figure 5.4 is a plot of the total %D-addition (% of total ion current) versus the 

mole fraction of DC20 for three mixed composition films. The assumption in this plot is 

that the mole fraction of DC20 present in a particular mixed film partitions linearly with 

the mole fraction of the DC20 compound present in the solution from which it was 
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formed. For all three probe ions, the total ion abundance observed as D-addition tracks as 

a linear function of the mole fraction DC20 in the film. The equations for the least square 

fit for each of the three data sets are list below. 

pyridine: y = 57.53x - 13.24 (for y = 0; x = 0.23) 

pyrazine: y = 66.59x - 14.40 (for y = 0: x = 0.22) 

triazine: y = 93.99x - 19.05 (for y = 0; x = 0.20) 

The data sets exhibit good linearit\. yielding fitting correlation coefficients > 0.999 in 

each case. It is interesting to note that although each probe ion shows a linear change in 

D-addition with changing surface composition, the slope and intercept calculated for each 

of the three probe ions is different. Each intercept is negative, indicating that the D-

addition would likely deviate from the fit line at low surface concentrations of the D-

containing thiol. Because we know that even small amounts of D-containing species 

absorbed onto the surface are detectable by D-addition reactions (see 2.1.2). it is not 

expected that the percentage of D-addition would go to zero at the mole fraction predicted 

by the fit equations. 

When triazine is the probe ion. a significantly steeper slope is observ ed versus the 

other two probe ions. The spectra in Figure 5.3 have several features that might explain 

the variation in the slopes. In Chapter 3 (section 3.3.2) a primary H/D isotope effect of 

1.3 is reported for reactions of pyrazine ions colliding with mi.xed C20/DC20 films. In 

general, one would expect that as the reactivity- of the probe ion increased, the influence 

of the isotope effect would be diminished, and in fact the slopes of all three probe ions 

follow this trend. 
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Scheme 5.1 Peak assignments of 20-eV collision of pyridine. pyrazine-J^. and triazine 
with a 1:1 mixed C20:DC20 film. Only the peaks included in the integration are 
adressed in this scheme. 
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Overall the Figure 5.4 is a good indicator that a linear calibration cur\'e could be 

constructed that would allow the determination of the mole fraction of mixed C20:DC20 

films of unknown composition. It should be noted that the ability of any calibration curv e 

to predict an unknown lies in the quality of the standards used in the construction of the 

curve accurately, therefore; well-characterized standard films must be used. In Figure 

5.4. the three mixed films are assumed to have compositions approximately equal to the 

solution concentrations of the two compounds. Given that the two compounds share 

similar physical characteristics this is a reasonable assumption. If. however the two 

components of interest were significantly different in some respect, such as chain length, 

van der Waals diameter or any physical parameter that causes the adsorption kinetics to 

deviate from a linear relationship with concentration, then the above assumption would 

no longer be valid. 
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Figure 5.4 Plot of total D-addition versus the mole fraction of DC20 in thiol solutions 
used to form mixed C20:DC20 monolayers. 
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53.2 Azines as reactive probe ions. The azines are members of the class of 

compounds referred to as n-detlcient .\'-heterocycles. The azines are formed b> 

replacement of one or more of the CH groups in a benzene ring with a nitrogen atom(s). 

Because nitrogen is more electronegative than carbon, a general consequence is a 

disturbance of the s\ mmetr> of the Jt-electron system creating a localization of charge on 

the nitrogen atom(s). The charge localization decreases the resonance stabilization and 

aromatic character of the molecule. With the partial negative charge localized on the 

nitrogen atom(s) of the neutral molecule, these molecules make better proton acceptors 

than simple benzene. However, it should be recognized that the reaction involves a 

radical cation with the charge and the radical localized on the nitrogen atom(s). 

Another point to consider is that each of these molecules has a different proton 

affinitv" due to the different numbers of nitrogen atoms (listed in Table S.Z).''"* 

Table 5.2 Reported proton affinity- values for three azines.''^ 

Species Pyridine Pyrazine Triazine 

Proton .Affmit>'« 924.0 ±16 871±16 843 =16 
kJ/mol 

• Reported proton affinities are acquired from the neutral gas phase species. 

This creates an interesting set of conditions when considering the inclination of 

each of these ions to participate in ion-surface reactions resulting in H-addition product 

ions. If one considers an ion-surface reaction resulting in the addition of a hydrogen atom 
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or a deuterium atom to be an acid-base reaction, then the temptation is to assume that the 

abundance of H/D-addition reaction products will track with the changing proton affmity 

of the probe ion. if the acidity of the surface remains constant. If the reaction proceeds 

through a radical ion mechanism, then the initiating step is the transfer of an electron 

from a surface C-H bond to the impinging ion creating a neutral probe molecule and a 

cationic radical site at the surface. The final step is the transfer of a proton to the now 

neutral nitrogen atom creating a cationic protonated product and a radical site at the 

surface (Figure 5.5). The proposed mechanism points to several characteristics of the 

probe that are important for a reaction to take place. These include electron transfer 

properties, proton affinities and the reaction geometry. The ionization energies, as 

reported in the NIST database are 9.26-eV for pyridine. 9.0 to 9.29-eV for pyrazine and 

9.8 to 10-eV for triazine. The ionization energy of a hydrocarbon SAM film (CI 8) as 

measured by UPS is reported in Table 6.1 of this dissertation as ~8.5-eV. This means that 

an electron transfer from the film would be thermodynamically favored for all three 

probes. The best match occurs for the pyridine and pyrazine probes where the differences 

between the recombination energy and the film ionization potential are 0.5 to 0.7-eV 

respectively. The energy difference for triazine could be as high as 1.3 to 1.5-eV. If the 

electron transfer step is important, then the order of reactivity (H-addition) would be 

affected by the recombination energies of the probe ions in the following order: pyridine 

= pyrazine > triazine. Due to the nitrogen lone pairs, after the electron transfer has 

occurred the nitrogen atom(s). are the site w here the partial negative charge is localized. 

Pyridine (as a neutral) will have the greatest attraction for the proton since it is the only 
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Figure 5.5 I'roposcd radical cation mcchanism lor ll-addition reaction between a methyl -terminated SAM 
film and an a/.ine N-heterocycle (pyridine). An electron transfer from the film leaves a neutral probe 
approaching a positively charged methyl group. Proton transfer yields a cationic even electron probe and a 
radical site at the surface. 
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one of the three molecules that has a net dipole moment (Figure 5.2). The presence of 

additional nitrogen atoms in pyrazine and triazine rings allows resonance sharing of the 

negative charge and consequently decreases the electron density around the reacting 

nitrogen, thereby weakening its attraction for the proton. The electronic characteristics of 

the three probes would lead to the prediction that the H-addition reactivity would have the 

order pyridine > pyrazine > triazine. The data presented in Figure 5.4 is in conflict with 

the prediction based of proton affinity values and recombination energy values. The 

missing ingredient needed to explain the result illustrated in Figure 5.4 is the total number 

of nitrogen atoms in each probe. Assuming that the nitrogen is the reactive site then 

increasing the number nitrogen atoms in the probe may improve the kinetics of electron 

transfer and/or proton transfer. This argument is even more plausible if the residence 

time of the probe at the interface is a few vibration periods. A probe with more reactive 

sites is more likely to strike the surface in a orientation favorable for a reaction to take 

place. 

The data in Figures 5.4 support the hypothesis that the number of nitrogen atoms 

in the ring is having the significant effect on the reaction kinetics. Take, for example, the 

points associated with the 1:1 C20:DC20 film, the total % D-addition increases from 15% 

to 18% on going from pyridine ion. containing a single nitrogen atom, to pyrazine ion 

with two nitrogen atoms. On 1:1 films, the highest value (28% D-addition) is observed 

when the probe ion is the three nitrogen analogue triazine. A caveat to this observation is 

that increasing the number of nitrogen atoms by a factor of two or three does not cause 

the total abundance of D-addition reaction products to increase by a factor two or three. 
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This fact leaves open the possibility that factors such as probe recombination energy 

(pyridine = pyrazine > triazine) and proton affinit>- (pyridine > pyrazine > triazine) may 

be involved in determining the final rate of reaction but are subordinate factors with 

respect to the total number nitrogen atoms. 

5.3.3 H-addition at mixed CI 10H:C1 ITFA films. In the second set of experiments, 

mixed films of C110H:C1 ITFA were prepared following the synthetic route described in 

section 5.2 and illustrated in Figure 5.1 Three ion-surface collision processes, ion-

surface reaction (H-addition). percent dissociation, and ion neutralization (total ion 

current) are measured as a function of film composition. Film composition is determined 

by XPS and used as a point of reference in conjunction with ion-surface collision results. 

Pyrazine ion is used as the probe ion in all the experiments with these films because the 

intermediate reactivity of this probe is ideal to allow H-addition abundance to be tracked 

unambiguously. 

Figure 5.6 (a-d) shows the tandem mass spectrum for a 20-eV collision of 

pyrazine molecular ion M" {ni : 80) with a series of SAM films, one pure C1 lOH film 

(a), and two mi.xed CI 10H:C1 ITFA films (b and c) exposed to the TFAA/TEA solution 

for 45-sec and 90-sec respectively, and one film (d) left in TFAA/TEA solution for 10-

min. allowing the reaction to go to completion. The peak at m : 81 labeled MH" 

represents a reaction between the M" ion and the SAM film resulting in the addition of a 

hydrogen atom to the projectile. At this collision energy, the M' and MH* ions acquire 

adequate internal energy to fragment. Two dominant fragment ions corresponding to loss 
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Figure 5.6 20-eV collision of pyrazine with a)  pure CI lOH, h)  45-sec film, c )  90-sec 
film and d) a 10-min pure CI ITFA film. The inset in each spectrum is the reaction 
quotient, where a larger value means less H-addition. 



144 

of a neutral HCN appear at m'z 53 [M-HCN]* and m/z 54 [MH-HCN]" (see 2.1.2). A 

second set of lower mass fragment ions appears at m/z values 26 and 28. corresponding to 

C2H2 and H2CN respectively. The ion at m'z 28 can originate from either the molecular 

ion (M") or the H-addition product ion (MH ). Because the peak assignment for the ion 

at m'z 28 is ambiguous and the intensity of the ion low enough so as not to skew the 

result, it is excluded from the integration total (see section 2.1.2). The fragment at mz 26 

originates from the molecular ion M" exclusively and becomes significant as the mole 

fraction of CI ITFA increases. Total H-addition is calculated by taking a ratio of the 

integrated ion abundances of ions that originate from the molecular ion M" (niz 26. 53 

and 80) designated M,o, and the ions that originate from the H-addition product ion MH" 

(m/z 54 and 81) designated MH,o,. In Figure 5.6 the M,o/MH,o, value, or "reaction 

quotient" value for each of the four films is listed as an inset on each spectrum. The 

reaction quotient values, which increase as H-addition decreases, range from 0.60 (pure 

C11 OH) to 21.9 (pure C11TFA). What the ratio illustrates is that as the C11 OH film is 

converted to CI ITFA the ion abundance associated with H-addition decreases rapidly. 

Some minor H-addition is still observed, even after complete conversion. These H-

addition peaks can originate from underlying methylenes or physisorbed hydrocarbons. 

This small contribution from sources other than the terminal OH groups is assumed to be 

constant in all spectra and therefore no correction was made to the reaction quotient 

values 

To anchor the reaction quotient to a specific film composition, mixed films were 

examined by XPS to determine the mole fraction of C1 ITFA. Photoelectron spectra were 
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obtained for each film and the mole fraction of TFA derivatization was calculated by 

measuring the abundance of the fluorine Is peak originating from the CF, group versus 

the carbon 1 s peak associated with the 11 underlying methylene groups. Because the 

CllOH and C11 TFA film components have the same number of methylenes, the 

intensity of the methylene C Is peak is constant and is used to represent the total number 

of moles present in the XPS sampling area. A correction is made to account for the 

photoelectron emission efficiency. 

Figure 5.7 is a graphical representation of film composition obtained by XPS (x-

a.\is) versus the H-addition ratio (y-a\is). The coordinates are curv e fitted using Microcal 

Origin, a graphing program that has an onboard sigmoidal curve fit routine that employs 

the Boltzmann equation. The shape of the plot shows a steep rise in the value of the 

reaction quotient as the mole fraction of CI I TFA in the film increases. The response 

rises sharply as the mole fraction CI ITFA increases and eventually plateaus. One 

possible explanation for the nonlinear response is the difference in the van der Waals 

diameters of the two terminal groups. The TFA terminal group (-C(0)CF5) has a van der 

Waals diameter that is roughly twice that of the OH terminal groupIf the 

derivatization reaction proceeds in a fashion that produces a mixed film that has a random 

distribution of TFA groups, then it is likely they could be acting like umbrellas, shielding 

neighboring OH groups from the impinging ion beam. 

5.3.4 Percent dissociation at mixed CI 10H:C1 ITFA films. Looking again at the 

spectra in Figure 5.6. it is apparent that as the film composition is converted to a higher 
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percentage CI ITFA. more of the collision energy is transferred to the pyrazine probe ion. 

The base peak in the collision spectrum when the target surface is a pure CI lOH film. 

(Figure 5.6 a) is the H-addition product ion MH" at m/z 81. As the film composition is 

converted to a greater and greater mole fraction of the CI ITFA component, the base peak 

shifts to the fragment ion at m/z 53. which originates from the M" molecular ion. 

Increased dissociation is a characteristic of the SAM films terminated with fluorine-

containing groups. Presumably, the increased mass of the fluorine atoms induces a 

greater momentum transfer to the colliding ion allowing more kinetic energy to be 

converted to internal energy facilitating greater dissociation. To track this observation, a 

plot (Figure 5.8) is constructed that contains the mole fraction of the C1 ITFA component 

determined by XPS as the .\-axis and the y-a\is is % dissociation where % dissociation is 

the abundance of ions below m/z 80 divided by total ion abundance. This plot also has a 

similar shape to the plot in Figure 5.7 but is shifted towards lower values on the x-a.\is. 

5.3.5 Ion neutralization at mixed C110H:C11TFA films. A third ion-surface 

collision process that is observed to change dramatically with mole fraction CI ITFA is 

the total ion current measured at the detector. Figure 5.9 is a plot of the total ion current 

versus time measured at the detector for the spectra presented in Figures 5.6. The ion 

source is turned off while the next surface in the series is positioned into the ion beam 

path creating a baseline between the individual current measurements. For a given set of 

instrument condition (e.g.. tuning, pressure), a decrease in total ion current when a 

different target surface is placed into the path of the ion beam is an indication that a larger 
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portion of the beam is being neutralized as it collides with the film. The first surface in 

the sequence, the pure CI lOH. is clearly the least efficient, producing a lower total ion 

current than any other surface examined. The series as a whole follows the trend of 

increasing total ion current with increasing mole fraction of CI ITFA. This is consistent 

with earlier work comparing hydrocarbon and fluorocarbon S.AM films where 

fluorocarbon-based films provided significantly higher ion currents.' To quantify the ion 

current and establish a relationship between film composition and neutralization the ion 

current measured at each film is integrated over a set time period. This is accomplished 

first by making a baseline correction to the total ion current plot and then integrating a 2-

min slice of each of the four current measurements. The integration values are then 

plotted against the film compositions obtained by XPS (Figure 5.10). The fit to the curve 

has a steep rise as the film composition increases and plateaus at high values of CI ITFA. 



Mole Fraction CI ITFA 

Figure 5.7 Plot based on total H-addition from the spectra in Figure 5.6. versus mole 
fraction C11 TFA determined by XPS. The solid line is a curve fit of the data points and 
the dashed line is an estimation of the linear region of the curve. 
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Figure 5.8 Plot based on % dissociation obtained from spectra in Figure 5.7. versus mole 
fraction CI ITFA determined by XPS. The solid line is a curve fit of the data points and 
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Figure 5.10 Plot based on normalized total ion current obtained from data in Figure 
5.10. versus mole fraction C11TFA determined by XPS. The solid line is a curve fit of 
the data points and the dashed line is an estimation of the linear region of the curve. 
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5.3.6 CI 10H:C11TFA mixed films: Summary. Figures 5.7. 5.8 and 5.10 were 

constructed from data collected on a single set of surfaces. The main reason multiple data 

points are not reported is the difficulty in producing consistent film compositions via the 

derivatization reaction. Controlling the concentration of the TFAA reagent was the most 

difficult aspect of the reaction to manage. The main driver for the inconsistent TFAA 

concentration is the same chemistry used to quench the reaction. 

0(CF:,(0)C), + H,0 - 2CF3(0)C0H 

Because water readily converts the anhydride reagent to the acid, the concentration of the 

TFAA reagent in solution was difficult to control. With the TFAA concentration being 

the primary factor controlling the reaction rate, small variations in TFAA concentration 

produced large variations in surface composition. This aspect of the reaction rendered a 

comparison of data collect from films derivatized for the same time period somewhat 

intractable. With this drawback in mind, it should be noted that e.xperiments in sections 

5.3.3. 5.3.4 and 5.3.5 are intended to be of a demonstrative nature where the goal is to 

show proof of concept. 
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5.4 CONCLUSIONS 

The main goal of the research presented in this chapter is to illustrate the potential 

utility of ion-surface collision processes as a tool to characterize mixed composition SAM 

films. A clear case is presented, using mixed SAM films of regular and isotopically 

labeled alkanethiols. that ion-surface reactions can be used to track changes in film 

composition when unique reaction products are present in the spectra that identify the 

individual film components. If the two film components have similar physical properties 

(e.g.. C20:CD20 films), then the trend exhibits a linear dependence with film 

composition. In addition to the characterization of the C20;DC20 mixed film system, the 

use of a series of azine probe ions provided some insight into the mechanism of H-

addition reactions. The overall reaction rate may be dominated kinetically by the ability 

of the probe ion to strike the surface in the appropriate reaction geometry. In the specific 

case of the azine ion series, increasing the number of reactive sites (number of nitrogen 

atoms in the ring) increases the abundance of H-addition reaction product ions. An 

interesting caveat to this relationship, however, is that the H-addition abundance does not 

increase as a multiple of the number of nitrogen atoms but at a somewhat lower value. 

This observation supports the argument that thermodynamic considerations such as the 

surface ionization and the probe recombination energy and proton affinity may play a role 

in determining the final rate of H-addition. 

Ion-surface reactions involving H-addition again proved useful when investigating 
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the CI 10H:C1 ITFA mixed composition films. Analysis of these films by ion-surface 

reaction is carried out by monitoring the decreasing H-addition ion abundance as the OH 

moiety is converted to the TFA moiety. Dissociation and neutralization of the probe ion 

also tracked with film composition yielding spectral features that are commonly 

associated with fluorine-terminated films. Linking the measured changes in these three 

ion-surface processes to film compositions obtained by XPS allowed quantitative plots to 

be constructed that could be used to determine the individual mole fractions of the two 

components for a mi.xed film where the composition is unknown. 
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CURRENT MEASUREMENTS AT SAM FILMS AS A FUNCTION OF 

TERMINAL GROUP IDENTITY AND FILM THICKNESS 

6.1 BACKGROUND 

When an ion collides at a relatively low energy (tens of eV) with an organic thin 

film (e.g.. self-assembled monolayer. LB film) several potential outcomes can give 

information about both the projectile and the target surface. Two commonly observed 

features in the collision spectra are dissociation of the probe ion and reaction of the probe 

ion with material native to the target surface.^"" The results described in Chapters 3 and 5 

and other studies published by this group show that the degree of dissociation and identity 

of the reaction product ions are most influenced by the composition of the uppermost 

portion of the target film." •*" In Chapters 3 and 4 subtle features, such as the orientation 

of the film components and topography of the substrate, were shown to have a 

measurable impact on the resulting collision spectrum.'" A less apparent process that is 
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also taking place simultaneously with dissociation and reaction is charge exchange 

between the surface and the probe ion. Because the probe ion is converted to a neutral 

during this process and can no longer be measured at the detector, it is a feature that is not 

readily apparent in the spectrum. To observe relative changes in the charge exchange 

properties of a target film, one must either measure changes in total ion current (measured 

at the detector) or changes in the current flowing through the surface as ions strike the 

surface and are neutralized. 

When the target is a gold surface modified by the chemisorption of a self-

assembled monolayer, it becomes necessar>' to consider the charge exchange in terms of 

the gold/film system. As discussed throughout the background material for each chapter 

the properties attributed to SAM films on gold include relative stability, a high degree of 

organization, and the ability to act as barriers to electron transfer. The latter of these 

qualities was the motivation that led to their use as targets in low energy (<100-eV) ion-

surface collision experiments.^The rationale for introducing the SAM film was to 

reduce the degree of ion neutralization that occurs during ion-surface collisions and 

increase the signal reaching the detector. Considerable neutralization of odd electron ions 

because of charge transfer with the surface is observed when unmodified metal surfaces 

are used as targets (e.g.. >99%). Measurements of neutralization at targets surfaces have 

been made using several approaches. Cooks and co-workers, who used stainless steel 

surfaces and a variety of projectiles, measured neutralization by using the ratio of total 

ion current (TIC) measured at the detector after the surface collision versus the initial ion 

current w ithout collision." Measurements of this type have been reported for C4. C8. C12 
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and C18 films.* It was observed that the TIC produced for 30-eV collisions of benzene 

increased from less than 2% of the initial ion current on bare gold to more than 10% on 

films formed from long chain (n=17) SAM films.^ The overall trend reported was an 

increase in ion current as the number of methylene units in the n-alkanethiol increased. 

Fluorinated SAM films of the form Au-S(CH2)2(CF2)7CF3 (FCIO). present an even more 

dramatic example. When this type of film is used as a target for 30-eV collisions of 

benzene, up to 66% of the initial ion current reaches the detector.® 

Although the studies cited above report changes in the degree of charge exchange, 

no clear model for how the charge exchange process occurs has been established. To 

understand charge exchange in the ion-surface collision experiment, it is useful to think 

of the system as an electrochemical cell without the surrounding solution environment. 

In this scenario, the working electrode is represented by the target surface and the flow of 

electro active species toward the electrode is represented by the ion beam. Because the 

ion-surface collision experiment takes place in the vacuum chamber of the mass 

spectrometer, solvent effects that are important components in solution-based experiment 

need not be considered. At a minimum, this includes compensation for the fact that the 

solvent no longer defines the transport of electro active species to and from the electrode 

surface and other solvent related features, such as the diffuse layer and the double-layer, 

are absent. 

When considering a target surface modified with an organic thin film, other 

aspects of the charge exchange process in solution versus in vacuum come into play. 

Electron transfer in solution at a working electrode modified with a SAM film has been 
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described for a number of different s\ stems.In general, for homogeneous SAM 

films without an attached redo.x moiety, a large portion of the electron transfer takes place 

at defect sites where the electro active species has the most direct access to the free 

electrons present in the metal substrate.'"^ The relative surface area occupied by defect 

site has been measured by electrochemical gold oxide stripping, and the individual size 

populations have been estimated with micro electrode calculations applied to the currents 

measured with various redox species. Values for the average defect fraction range from 

10 " to 10 \ and the estimated sizes range from 35 to 200-nm. depending on the monolayer 

and the reference from which the data are taken.Using phenol as a 

polymerization agent. Finklea reportedly blocked charge transfer at the defect sites on 

CI8 films and successfully isolated the current component associated with intact portions 

of the monolayer. Under these experimental conditions, the rate of electron transfer is 

slow and assumed to be under kinetic control. The CI8 film did not. however, exhibit the 

expected behavior of a 1 order of magnitude increase in current for ever>' 120-mV. The 

anomalous behavior at high overpotentials was attributed to the complicating effects of 

micro-environments created at flaws in the film structure such as collapsed areas in the 

monolayer."*' 

Later work by a number of groups with ruthenium pentamine pyridine-terminated 

and ferrocene-terminated SAM monolayers demonstrated that for long chain hydrocarbon 

systems (n ^9) the electron transfer rate follows the Butler-Volmer description where the 

rate is exponentially dependent on film thickness.'"^ Chidsey and co-workers 

using ferrocene-terminated films showed that exceptions to this behavior that occur at 



159 

high overpotentials and on films where n < 9 are related to changes in the reorganization 

energy that coincide with the generation of an image charge in the metal electrode.'^" For 

short chain films (n < 9) it was speculated that changes in the structure of the monolayer 

might account for the de\ iation from the predicted electron transfer rate. The rate of 

electron transfer was shown to slow dramatically (2 orders) when the redox moiet>' is 

positioned within the interior of the monolayer, inferring that the rate of electron transfer 

in solution can depend greatly on the partitioning of ions from solution into the 

monolayer. 

Using a similar phenol polymerization process as described by Finklea. the 

W'ysocki group eliminated exposed metal as a significant contributor to charge exchange 

during ion-surface collisions in the mass spectrometer by comparing unmodified S.AM 

films with electrochemically passivated monolayers.'"^ Specifically, monolayers formed 

from CHj(CH,)3SH (C4). CH;(CH;.)pSH (C18) and CF3(CF,MCH:);SH (FCIO) were 

passivated via electro polymerization of phenol."'' The total ion current (TIC) measured 

for a 30-eV collision of benzene at C4. CI 8 and FC surfaces was essentially the same at 

both urmiodified and passivated films (6.1 ).'*'" This result implies that charge exchange is 

occurring predominantly as a direct interaction between the SAM film and the probe ion 

and not at defect sites where the underlying metal substrate is exposed. 

Another feature present in the data in Figure 6.1 is the large decrease in TIC 

obser\ed when switching from the tluorocarbon film (FC) to the two hydrocarbon films 

(C4 and CIS). Results published by Gu et al. and data presented in the preceding 

chapters support the conclusion that the interactions of ions colliding with thin films at 
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low collision energies (< 100-eV) occur predominantly with the terminal group/- If this 

hypothesis holds true for the charge exchange process, the increased total ion current 

observed for the fluorocarbon films could be. at least in part, based on differences in 

terminal group compositions. In support of this argument, consider the plot of TIC versus 

CI 10H:C1 ITFA mi.xed film composition (Figure 5.9). The TIC consistently increases 

with increasing mole fraction of fluorine-containing TF.'\ groups present in the film. This 

plot is consistent with the fluorocarbon example in Figure 6.1. and also demonstrates that 

the fluorine atoms need only be present in the terminal group for an increased ion current 

to be observ ed. 

The TIC plot for the hydrocarbon films in Figure 6.1 shows more charge exchange 

taking place at the C4 film than at the CI8 film. Because both films are CH^-terminated. 

we must look to properties other than composition to explain the difference in TIC. For 

example, what role does the thickness of the film play with respect to electron transfer in 

the ion-surface collision experiment. Should similar behavior to that observ ed in 

solution-based electrochemistry experiments be expected, where a thinner film supports 

a higher electron transfer rate.' "^ '^ 

In this chapter, the TIC measurements similar to those in Figure 6.1 are used to 

characterize the electron transfer properties of a number of different SAM films in the 

ion-surface collision experiment. The films were selected based on different chemical 

and physical properties. Specifically presented are current measurements for films with 

different chemical compositions including SAM films formed from CF;(CF2)4(CH2):SH 

(FC12). CF:,(0)C0(CH,),,SH (CI ITFA). HO(CH,),,SH (CI lOH). and CH:,{CH,),8SH 
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(CI 8). To investigate the effects of different physical properties a series of films 

consisting of «-alkanethiols is selected to provide a set of films with identical chemical 

constituents, here a hydrocarbon chain, but different thicknesses. The general formula for 

this set is CH3(CH,)„SH where n is the number of methylene units. .As described in Table 

2.6 these films are referred to by the total number of carbon units in the chain hence. CI 2. 

C14. C16. and C18. This series of surfaces provides chemically similar targets with only 

the thickness of the layer changing. To aid in the comparison and support the TIC 

measurements, ultraviolet photoelectron spectroscopy is used to assess the ionization 

energies of the FC12 and CI 8 films. 
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6.2 FILM PREPARATION 

Seven SAM films are used in the experiments in this chapter. FC12. CI ITF.A. 

CI lOH. C12. C14. C16 and CI8. All films were prepared for 72-hrs as described in 

section 2.2.2 except the CI ITFA films. The CI ITFA films were formed directly from 

CI lOH films following the synthetic route described in section 5.2. The CI lOH films 

were allowed to react in the TFAA/TE.A solution for times exceeding 10-min to insure 

complete conversion of the OH groups to the TFA moiety. 
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6.3.1 A model for charge exchange in an ion-surface collision. Before presenting 

specific examples of total current measurements and other experimental results it is 

useful to speculate on possible charge transfer mechanisms and make an attempt to define 

the important variables that affect the charge transfer during a low energy ion-surface 

collision. Two possible sequences for such an event are illustrated in Figure 6.2. The 

first step for both sequences is the same. The probe ion. as it approaches close to the 

surface, exerts an electrostatic force across the film causing an image charge to be 

generated in the underlying metal substrate. .As the probe ion moves into the range where 

it can interact directly with electrons in the film, there must be a perturbation of the 

orbitals of both the probe ion and the film. Because ion-surface reactions are also 

obser\ ed in the spectrum, we know that the time the ion spends in immediate contact 

with the film is long enough to break a bond in the film and form a new bond to the probe 

ion. TTiis means that the incident ion is in close contact with the film for at least one 

molecular vibration (- 1 10 '" sec.). Garrison and co-workers report time-of-fiight results 

where surface collisions producing reaction products show no measurable shift in flight 

times or distortion in peak shapes; this indicates the reaction time on the surface is less 

than 160-ns. Theoretical calculations in the same report show that the reactions are 

"direct." inferring a scattering mechanism (Eley-Rideal) where the incident ion reacts 

with the adsorbate without itself adsorbing on the surface. This type of reaction would 
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require a residence time in the femtosecond regime. It is also known from labeling 

studies that for collisions that result in the formation of a reaction product ion the 

interaction of the probe ion will likely be with the terminal group (see section. 3.3.2). 

One possibilit>- presented in Figure 6.2 is a concerted •"through-bond" electron 

transfer event where a probe ion orbital overlaps with a terminal group orbital and an 

electron is transferred up from the gold substrate through the bonds of the underlying 

chain to the terminal group and ultimately to the probe ion. The products of this path are 

a neutral and an essentially unchanged film. A key surface propert\" in this sequence is IE 

of the surface, which in this te.\t will be taken as ihe energy- required to remove an 

electron from the metal monolay er system. The IE of the surface is defined as the sum of 

the work function of the metal substrate ((Ps) plus the work function of the adsorbate 

taking into account any change in electronic properties that occur during the adsorption 

process. Another key factor to consider is the recombination energy of the probe ion. 

The experiments presented in this chapter are performed using the same probe ion 

allowing this value to remain a constant and any effects related to other processes such as 

ion-surface reaction, sputtering etc. are assumed to be minimized. In this sequence, there 

must be enough energy present to overcome the ionization energy of the surface and 

electron transfer through the film must be coincident with the surface residence time of 

the probe ion. Consequently, if this model for charge e.xchange is accurate and the same 

probe ion and collision energy are used, differences in the charge exchange properties of 

various target surfaces would be primarily caused by differences in the IE of the surface. 

.A.nother possibility presented in Figure 6.2 is a two-step process where the first 
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step is a localized charge exchange event that occurs between a surface terminal group 

and a probe ion. Again, there must be enough energy present to overcome the ionization 

energy of the film. However, in this scenario the probe leaves the surface as a neutral and 

the film, with a now positively charged terminal group, behaves like a capacitor with the 

positive charge remaining until the potential across the film is great enough to induce 

current to flow (Figure 6.2. 2-step). In this model ions are being neutralized at a rate that 

is dependent on the abilit>' of the film to support (store) and conduct charge. As a 

consequence of this condition, some potential (constant or variable) must always be 

present across the film during the course of the experiment. Experimental conditions 

dictate that surfaces in the instrument at the same time are under identical potential 

control (electrically connected to a single power source) during the experiment to achieve 

a given collision energy (e.g.. 20-eV). However, while the potential difference 

established between the source block and the surface defines the energy of the collision 

(see 2.1.1). it is unclear what the potential difference across the monolayer is at any given 

time during the experiment. To examine the implications of this model requires that the 

monolayer material be considered as the insulating material (dielectric) in a capacitive 

junction with the plates of the capacitor being defined as the gold substrate and the 

impinging ion beam. Viewing the monolayer as the insulator in a capacitive junction 

implies that properties such as the dielectric constant (e). the dielectric strength, dipole 

(^/e). and thickness (d) will define the ability of the surface to store charge. Ulman and 

Evans, based on surface potential measurements made using a Kelvin probe apparatus, 

showed that for a series of ;j-alkanethiols SAM films formed on gold substrates there 
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exists a native net or apparent dipole (fine/^nei) across the monolayer.'^'' The value of 

HncAnci's defined as the sum of the apparent dipole of the sulfur head group (|i|/ei) plus 

the apparent dipole of the hydrocarbon tail Also reported in that study was the 

obser\'ation that the surface potential varied as a function of chain length of the alkyl tail, 

indicating a change in capacitance with film thickness. 

This result becomes crucial when considered in the context of the maximum 

voltage the monolayer material can support before current will flow (dielectric strength) 

and the effect of the implied breakdown voltage on charge exchange between a given film 

and an impinging ion during collision event. Taking a C22 film as an example and 

assuming that the dielectric strength (V/m) of the monolayer is similar to that of bulk 

alkane. the breakdown voltage can be calculated using a reported C22 monolayer 

thickness (d). 

P3J5 = d X V/m where (Eq. 6.1) 

d = 22xl0-'"m and V/m = 18x10'-* 

= 40-mV 

*dielectric strength of polyethylene 

Due to the fact that the film is extremely thin (molecular scale), a strikingly low value for 

P3J5 is obtained from this calculation. Extending this mathematical treatment to other 

films implies that different film types (e.g.. chemical composition, thickness) will each 

have a unique breakdown voltage. Experimentally it has been shown that current flows 
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through hydrocarbon and fluorocarbon monolayers while the ion beam is striking the 

surface." Clearly, if the films were completely insulating the surface the would quickly 

become charged as ions collided with the film and were neutralized. Because complete 

polarization of the film does not occur, the argument can be made that the voltage across 

the monolayer during the experiment has reached the breakdovsn voltage for the 

monolayer material and current is flowing through the film as if it were a conductor. 

Assuming the condition that the breakdown voltage has been reached, the current flowing 

through the film can be described by the equation for conductivity 

CT=y U Eq. (6.2) 

where j is the current density (I/A. current per unit area), and U Pads ) is the potential. 

Viewed from this perspective, the two-step model in Figure 6.2 can be described as a 

dynamic equilibrium where the current density/ is determined by the current that can 

flow through the film while still sustaining a voltage equal to or greater than breakdown 

\ oltage. This implies that as (he voltage a particular monolayer material can support 

increases the current density that can flow through that material decreases. The only 

further condition that must be satisfied for such a dynamic equilibrium to exist is that the 

ion beam flux striking the surface be larger than the current density that the target surface 

can support. Without this last condition, the charge exchange properties of a target 

surface would have an altemating current (AC) component related to the capacitive 
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properties of the monolayer. This condition is assumed because, to date, no experimental 

evidence indicating the presence of an AC current through the monolayer during an ion-

surface collision experiment has been shown. 

It should also be noted that both proposed models neglect through space tunneling 

and direct interaction of the probe ion with exposed gold. The effect of through space 

tunneling in electrochemical experiments has been shov\Ti by Finklea to be small when 

the distance between the gold substrate and the ion is greater that a few angstroms (> 5-

A).'"® Relying on Finklea's findings, we neglect through space tunneling as a major 

contributor in the following experiments, because the target films investigated have 

reported thicknesses that e.xceed the region where through space tunneling occurs 

efficientlyIn support of this assumption, the work of Kane et al.. w ith normal and 

passivated SAM films, is cited.Kane showed that blocking sites where the ion beam 

might have close access to the gold substrate had no effect on the obser\ ed TIC. This 

finding provides good supporting evidence that charge exchange mechanisms at S.-VM 

films that require the probe ion to be close to the gold substrate, like through space 

tunneling or direct charge exchange with the underlying metal, are not major processes. 

The following sections show a variety of experimental results using a number of different 

target surfaces that have different chemical compositions, physical properties or both. 

The probe ion used in the ion-surface collision experiments is pyrazine ion employing a 

collision energy of 20-eV. The results will be examined in the conte.xt of whether they 

support one. both or neither of the two models described in the preceding text and figures. 

6.3.2 Charge exchange: hydrocarbon versus fluorocarbon. A comparison of 
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fluorocarbon and hydrocarbon SAM films is selected as a starting point to illustrate the 

changes in charge exchange that are observed during a ion-surface collision experiment. 

ShowTi in Figure 6.3 is the total ion current measure for pv razine ions colliding at 20-eV 

with a C18 film and a FC12 film. This is a particular good e.xample because the 

difference in amount of charge exchange that is obser\'ed for the two films is fairly 

dramatic. Integration of the normalized TIC measured at the FC 12 and the C18 surfaces 

show that the current measured at the FC 12 film is 5.5 time greater than the current 

measured at the C18 film. To investigate whether this large variation in charge exchange 

is driven by differences in the IE. vacuum ultraviolet photoelectron spectroscopy (UPS) is 

employed estimate the IE of the two surfaces. In this experiment, the solid sample is 

irradiated with ultraviolet light produced by a Helium plasma source, emitting at 21.21-

eV (He 1 radiation) and a resulting spectrum of photoelectrons emitted from the sample is 

collected (see section 2.2.1). The spectrum obtained is plotted as lntensit>^ (counts/sec) 

versus the kinetic energy (eV) of the ejected electrons. Figure 6.4 shows the UPS spectra 

for a bare gold surface a FC 12 film and a C18film. A spectra generated by this technique 

when applied to a solid surface appears as a series of overlapping broad peaks that 

represent a band of electrons that are the convolution of the monolayer and the gold 

substrate valence electrons. The electrons with the highest kinetic energy are those that 

originate from the valence edge of the gold substrate. The gold valence edge in all three 

spectra essential remains constant. Electrons at lower kinetic energies are attributed 

primarily to the adsorbed monolayer and continue down the kinetic energy scale to the 

low kinetic energy cutoff To estimate the IE of a SAM film 
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modified surface a median value for the band is obtained by first estimating of the 

valence edge for the adsorbed film and then subtracting the low kinetic energy cutoff 

value from the estimated monolayer valence edge (Figure 6.4). The IE of the surface is 

calculated using the Einstein equation (Equation 6.3) describing the photoelectric effect 

substituting the median band value for and using 21.21-eV as the energy of the 

incident photons. 

2l.2l(eV).K™. = rE.,,^, (Eq. 6.3) 

Table 6.1 summarizes the results of these calculations for the C18 and the PC 12 surfaces. 

For comparison, the ionization energies for a free alkane and a free fluoroalkane are 

included below the table. 

Table 6.1 Estimates of IE for a C18 and a FC12 film from UPS spectra. 

Surface Valence Edge (film) Low KE Onset Median Energy Surface IE 
Type (eV) (eV) (eV) (eV) 

CI 8 22.6 9.6 13.0 8.2 

FC12 19.3 10.6 8.7 12.5 

Note: For comparison, listed below are the ionization energies for free species in the 
gas phase. 

perfluoropropane (CjFj) = 13.38-eV '™ 
octane (CsH,8) = 9.80-eV 
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The estimates of surface IE from this calculation are consistent with the trend in the TIC 

observed for the FC12 and C18 films in showTi in Figure 6.3. Qualitatively, these data are 

not in conflict with either of the two models described in section 6.1.1. With respect to 

the concerted model, the increase in the TIC observed for the PC 12 would be expected as 

a direct consequence of the higher IE of the PC 12 film. Considering that the ionization 

energy of the pyrazine is reported in the NIST database as 9.28-eV. it is energetically 

predictable that the CI8 film will be more prone to charge exchange with ionized 

pyrazine than the PC 12 film. 

To describe the observations in terms of the two step model requires making an 

estimation of the breakdown voltage of the two films (Eq. 6.1). Using a reported 

thickness of 20-A and assuming a bulk dielectric strength (polyethylene 1.8^ ICf)'^' the 

breakdown voltage for the C18 film is estimated to be 36-mV. No experimental value for 

the FC12 film thickness has been reported in the literature, but an experimental thickness 

for FCIO (Au-S-(CH2)2(Cp2)7Cp3) has been reported as 17 ± 1 Using an average 

bond length for a C-C overall) bond of 1.53 A and the reported chain tilt angle a 

(PCIO). an estimated thickness of the FC12 film can be calculated (Eq. 6.4). 

PC 12 Thickness =17A + 2(1.53A ) X  sin(90-a) Eq. 6.4 

a = chain tilt angle = 16'' 

Solving this expression gives an estimated thickness of 20 A for the PC 12 film with about 

o , 
4 A commg from the two methylene spacer and the rest from the fluorocarbon portion of 
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the chain. The dielectric strength of Teflon (60^ 10^ V/m)'is used as an approximation 

of the dielectric strength of the fluorocarbon portion of the film, and breakdown strength 

of polyethylene as an estimation for the hydrocarbon portion. Substituting these values 

into Eq. 6.1 yields a breakdown voltage of 102-mV for the FC12 film. When compared 

with the CI8 (P3d5=36-mV) film the FC12 has the capacity to store about three times as 

much charge before current will flow through the film. It should be reiterated that this 

model does not exclude the possibility that a primary effect from the IE of the surface 

may be a key component in the charge exchange process. Considering that both the 

ionization energies and the calculated breakdown voltages are significantly different for 

the two films, it is possible that both properties have a role in determining the observed 

TIC. 

6.3.3 TIC versus film thickness for n-aikanethiols. To test the association of film 

thickness and TIC. a series of w-alkanethiol films was prepared. The «-alkanethiols 

employed are identical in chemical composition but differed in the number of underlying 

methylenes. The series consists of C12. C14. C16 and C18 films. In Chapter 4 it was 

shown that odd and even chain length films show some measurable differences reactivity. 

To minimize any effects that differing film reactivity may have on the measured TIC. 

odd chain length films were intentionally excluded. Figure 6.5 is a plot of the TIC 

measured during 20-eV collisions of pyrazine ions with each of the four films. The plot 

shows a systematic increase in the measured TIC as the thickness of the target film 

increases. Integration of a 2-min area (baseline correction made) of the current associated 
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Figure 6.5 TIC plot for a 20-eV collision of pyrazine ions with four «-aIkanethiol SAM 
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with each film is performed, normalizing the value to the C18 current. Using the 

integration results, a curve is constructed (Figure 6.6) representing the relative currents 

measured at each film versus the total number of carbons in the alkane chain (average of 

three trials with 72-hr films for each point). Using linear regression, the slope of the line 

through the points is calculated to have a rise of 8.11 % for each additional methylene 

unit in the chain relative to the TIC measured at the C18 surface. If we wish to present 

this data in terms of the total ion flu.\ striking the surface, we need to know the 

percentage of the total ion flu.\ that survives the collision at the C18 film with the charge 

intact. To get the absolute percentage a simple experiment with a picoampere meter is 

performed, where the ion beam flux is measured at a bare Au surface and then at a C18 

film. Since - 99% of the ion beam is neutralized at the bare Au surface, the current 

measured can be used to represent the total ion beam flux. Dividing the current measured 

at the CI8 film by the current measured at the bare Au surface gives a good estimate of 

the percentage of the beam neutralized at the C18 film. Table 6.2 lists the values 

gathered for three separate experiments using 20-eV pyrazine as the probe ion and 72-hr 

films prepared on different days. Because instrument conditions (sample pressure, source 

conditions etc.) vary slightly from day to day. different instrument tuning parameters are 

required to optimize the signal, consequently the total ion flux varies. 

Table 6.2 Percentage of the ion beam surviving a collision with a C18 film. 
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Trial Iau (pA) Ici^ipA) 

1 270 238 

2 229 199 

3 402 341 

100 100-(Ic,S/1AU'< 100) 
% Neutralization % Surviving 

88.0 12.0 

86.9 13.1 

84.8 15.2 

From the three data points in column five we calculate an average of 13 ±2% of 

the ions that collide with the C18 film survive the collision with the charge intact. This 

result is comparable to earlier published results by the Wysocki group using 30-eV 

benzene ion as the probe that report a 12% "efficiency" for C18.® The reported value was 

calculated using a method where the total ion current measured at the detector without 

collision represents the total ion beam fiu.x. The current measured at the detector during a 

collision is used in the numerator to represent the surviving ion current. Direct current 

measurements at the surface were also reported, showing a trend of increasing ion current 

with decreasing alkanethiol chain length." The data in Figure 6.6 is re-plotted in Figure 

6.7. adjusting the y-a.\is to reflect percentage of the total ion beam flux. Linear regression 

of these data points gives a slope of 1.05 % increase in the TIC for each additional 

methylene unit in the chain relative to the total ion beam flu.\. 

Putting this result in the conte.xt of the concerted model is problematic. Because 

the M-alkanethiols films have the same basic structure and chemical composition it is not 

reasonable to predict that they will have significantly different ionization energies. Using 

evaluated ionization energies from the NIST database Figure 6.8 is constructed showing 



Total Number of Carbons 

Figure 6.6 Integration of a two minute area under each of the TIC values from Figure 
6.5. The integration values are then normalized to the C18 value and plotted versus the 
total number of carbon units present in the film. 



slope = 1.07% per carbon 

Total Number of Carbons 

Figure 6.7 Percentage of the total ion beam flux that survives collision with each of the 
four w-alkanethiols from Figure 6.9 using the the C18 film as the normalizing factor. The 
assumption is made that 13% of the ion beam survives the collision with the CI 8 film. 
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Figure 6.8 Plot of NIST evaluated ionization energies for free alkanes from ethane 
through undecane. Fitting the data points to an exponential function yields the curve 
(dashed line). Extending the curve allows a prediction of ionization energies for alkanes 
with chain lengths greater than 11 carbons. 
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the experimentally obtained IE values for ethane through undecane (free hydrocarbons) 

in the gas phase (values for longer chain lengths were not available). The solid line in 

Figure 6.8 is constructed by fitting the IE values using a first order exponential decay 

expression. The resulting curve approaches the asymptote rapidly as the chain length 

approaches 10 carbons. Table 6.3 shows the solution to the fitting equation for the chain 

lengths of the four films used to generate the TIC plot in Figure 6.5. 

Table 6.3 IE values calculated from the theoretical exponential decay polynomial. 
y = 9.459 + 3.705exp(-x/3.336) 

Chain Length "x" Ionization Energy "y" (eV) 

12 9.560 

14 9.514 

16 9.489 

18 9.475 

The variation in predicted IE for dodecane through octadecane is -0.1-eV with the longer 

alkane actually having the lowest IE. It should be stated that the values in Table 6.3 are 

not intended to represent the actual IE of the surfaces of interest but are shown here to 

support the assumption that the actual IE are not expected to vary significantly. If we 

assume that IE values of the alkanethiol films exhibit a similar dependence on chain 

length then it is difficult it attribute the trend in TIC shown in Figure 6.5 to differences in 

the IE of the surfaces. 

In the context of the two step model the results in Figure 6.5 are somewhat more 
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Figure 6.9 30-eV collision of benzene ion with four target surfaces functionalized with 
different SAM films. 
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expected. The relationship described in Equation 6.2 states a linear dependence between 

the conductive of the monolayer and the potential across the film where the conductivity is 

inversely proportional to the potential. The potential across the film is defined by the 

dielectric strength of the monolayer material and the thickness of the monolayer. 

Because the chemical composition of the films is the same it is assumed that they have a 

common dielectric strength, leaving the thickness of the monolayer as the only changing 

variable. Using a reported value for the thickness of 20 A for the C18 monolayer the 

thicknesses of C16. C14 and C12 monolayers is calculated using Equation 6.4. 

Substituting the thickness values into Equation 6.1 yields estimated breakdown voltages 

for the alkanethiol series (Table 6.4). 

Table 6.4 Estimated breakdown voltages for alkanethiol series. 

Target Film Est. Thickness (A) Est. (mV) 

C18 20.0 36.0 

C16 17.3 31.2 

C14 14.7 26.5 

C12 12.1 21.8 

The trends in Table 6.4 mirror the trends for charge in Figures 6.7 and 6.6. The 

estimations for the breakdown voltages of the four films would appear to support the 

hypothesis that the films are acting like insulating dielectric materials with respect to 

charge exchange. 

6.3.4 Charge exchange: fluorocarbon versus trifluoroacetate. In Figure 6.9 the TIC 



186 

produced by p\ razine ions colliding at 20-eV with an FC12. C11TFA. C11 OH and C18 is 

shown. The first two are FC12 and CI ITFA films; these two films each contain a CF, 

component as the terminal group. These tw o films exhibit the least amount of charge 

exchange of the four films in the series. Integration of the TIC produced from collisions at 

the CI ITFA and the FC12 films show that the TIC measured for the CI ITF.A film is 80% 

as great as the TIC measured at the FC12 film. These are ver\' similar current values 

considering that the CI 1TF.'\ film has an underlying methylene chain that is completely 

hydrocarbon. The similarity in current values is attributed to the presence of the chain 

terminating CF-, group present in both films. This type of behavior is consistent with 

previously reported results for films containing terminal CF-. groups. For example, work 

performed by Gu using LB films as targets showed that LB films formed from 

CF;(CF;),2C00H and CF3(CH2),6COOH yield nearly identical TIC values during a 30-eV 

collision of benzene molecular ion." If the CF, group is the primars" controlling factor, as 

for the LB films, then how do we account for the 20% drop in TIC for the CI ITFA versus 

the FCI2 considering that no such current drop is obser\ ed for the LB films? 

Looking at the chemical composition of the FC12 and the CI ITF.A films there are 

some obvious chemical differences that are not present in the LB systems investigated by 

Gu. If the IE of the films the key factor, a primar\' concern is the close proximity of the 

acetate carbonyl group that sits adjacent to the CF, group. It is difficult to imagine that the 

carbonyl group is completely shielded from the impinging ion beam by the CF-, group 

which means that some portion of the impinging ion beam will interact with carbonyl 

oxygen. It is also possible the overall IE is of the film is lowered due to the presence of 
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Figure 6.10 Region of total ion current corresponding to 30-eV collisions of benzene ion 
with CI lOH and C18 target ions. Enhanced from Figure 6.9. 
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oxygen atoms in the chain versus a fluorocarbon film without any oxygen. A study by 

Young and Cheng reported the IE of 1.1.1-trifluoro-2-propanone (CH;C(0)CF3) as 

determined by gas phase UPS to be 10.67-eV.'^' A similar UPS study by Takhistov. et al. 

reported the gas phase IE of 1.1.1-trifluoro-ethane (CH-.CF.) to be 13.26-eV. and a study 

by Dewar et al. reported the IE of octafluoropropane (CF^CF.CFj) to be n.jS-eV.'^""'" If 

we take the latter two gas phase IE values as representative of the IE of the two LB films 

investigated by Gu, where the IE of the gas phase analogues are only separated by 0.1-eV. 

then one could predict the experimental observation that the measured TIC for the two LB 

films would be ver\' similar. Applying the same logic to the FC12 and CI ITFA S.A.Vl 

films using the gas phase IE values of the l.l.l-trifluoro-2-propanone and the 

octafluoropropane. the difference in IE of the two surfaces could be as high as 2-eV which 

is in line with the experimentally measured TIC. 

Comparing the two films in terms of dielectric properties requires viewing the 

films as layers of different insulating materials. The FC12 film is composed of 

hydrocarbon layer that is two methylene units thick and a fluorocarbon layer that is 9 

methylene units thick with a terminating CF, group. The C1 ITFA film has a considerable 

thicker hydrocarbon layer composed of 11 methylene units followed by a trifluoro-acetate 

terminal group connected to the chain through a linking oxygen. The breakdown voltage 

for the CI ITFA would be the sum of the breakdown \ oltages for hydrocarbon layer the 

oxygen layer and the trifluoro-acetate layer. From equation 6.1 the estimated contribution 

from the hydrocarbon portion of the chain would be -- 20-mV and a single CF-, group 

would contribute - 12-mV for a total of - 32-mV. Its is difficult to estimate the 
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contribution from the linking oxygen and the carbonyl group but based on this rough 

estimation of the breakdown voltage neglecting the these components the breakdown 

voltage of the C11TFA film is similar to the a C18 film. Because the current measured for 

the CI ITFA films is considerable higher than that measured for a C18 film we can 

conclude that the terminal CF, is playing a key role in limiting charge exchange at the 

CI ITFA film. 

6.3.5 Charge Exchange: hydrocarbon versus alcohol. The second two films in the TIC 

plot in Figure 6.9 are the CI lOH and the CI 8. Of the films represented in Figure 6.9. 

these two films clearly present the most favorable interface for charge exchange. The 

primar> reason proposed for the large difference in the charge exchange properties of these 

two films versus the FC12 and the CI ITF.A are differences in the IE of the terminal 

groups. Figure 6.10 is an enhanced view of the TIC region at the C11 OH and the C18 

films. Comparing the data for the two films, it is obser\ed that the CI lOH yields a 

current that is only about half that of the C18 film. The NIST database repons an 

evaluated IE for hexanol of 10.35-eV and 10.13-eV for hexane. The hydrocarbon has a 

slightly lower IE by - 0.2-eV. Even if the solid state environment created by the formation 

of the thin films changes the IE. it is unlikely that the relative IE of the two will var>' 

greatly with respect to each other. Based on this interpretation one would expect that the 

two films would yield nearly the same ion current. 

In terms of dielectric strength, if the CI lOH film had similar properties as a alkane 

film then the TIC measure at the C11 OH film would be only slightly lower than the 
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current measured at the CI8 film. Because this is not what is observed experimentally we 

must either assume that the OH terminal group is significantly changing the breakdown 

voltage or that some other mechanism is affecting the charge exchange properties of the 

film. There is some evidence for both of these explanations. .A study reported by Ulman 

on mixed CI 10H/C12 films showed that the surface potential varied systematically with 

the mole fraction of the CI lOH component. The fact that adding hydro.xy groups in the 

terminal position of the film causes a shift in that surface potential value hints at a possible 

explanation, but it is unclear at this point how the native surface potent might affect the 

fmal breakdown voltage of the film. In this final example, both models are some what 

lacking when tr> ing to describe this result pointing to the need for fiirther experimentation. 
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6.4 CONCLUSIONS 

To construct an accurate model describing the charge exchange process, one must 

consider that the film-beam interface is a dynamic environment. Because the target film 

does not become polarized enough to deflect the ion beam, equilibrium must be reached 

where the excess charge created at the terminal groups is quenched by electrons flowing 

through the film. The comparison of charge exchange at hydrocarbon versus fluorocarbon 

films highlights the effect that the chemical composition of the film has on the rate of 

charge exchange and the final charge equilibrium that exist at the beam-film interface. 

Both the IE and the dielectric properties of the film support the observed trends in TIC. 

Using chemically similar w-alkanethiol films of var> ing thickness, charge exchange 

is obser\ed to decrease linearly as film thickness. The decrease is not exponential as 

obser\ ed in solution-based experiments indicating the film is acting more like a conductor 

than an insulator. This obser\ation is more easily explained by considering the dielectric 

properties than it is to infer a change in the ionization energy of the film material. 

In the final two examples comparing the FC12 and CI ITFA films and the CI8 an 

CI lOH films the importance of the chemical composition of the terminal group is 

highlighted. Neither of these of these examples clearly supports the IE arguments or 

dielectric considerations leading to the conclusion that a unified model will incude aspects 

of both models as well as additional features that are yet to be defined. 
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SCOPE AND FUTURE DIRECTIONS 

In general, the studies in this dissertation and previous work by the Wysocki group 

portray low energy ion-surface collisions with surfaces as an emerging surface 

characterization tool.'*"' '-"'-The current state of the method is such that studies 

involving low energy ion-surface collisions often serve the duel purpose of investigating a 

particular surface of interest while concomitantly probing one or more properties of the 

technique. The work in the preceding chapters made use of self-assembled monolayer 

films as targets because they provide a source of well-characterized targets and allow 

considerable fle.xibility in experimental design when investigating a number collision 

properties. In several of the studies presented, ion-surface collisions were also shown to 

work well in a complementary fashion with other surface characterization tools such as 

XPS. UPS and RAIRS. Future studies using a multi-technique approach will be the key to 

validation of ion-surface collision data as well as helping to bring the technique into the 

mainstream. 
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One main advantage of the technique is the low collision energy (<100-eV). which 

prov ides a shallow depth of penetration. This attribute means that mass spectra that are 

generated from a collision experiment are particular sensitive to the physical and chemical 

environment of the upper most portion of the target. On well-formed SAM films, ion-

surface reactions occur mainly with the terminal group.^- In Chapters 3 and 4 this property 

was e.xploited to investigate aspects of film orientation and quality. In Chapter 3. using 

alkyi films that were selectively perdeuterated at the terminal methyl group, clear 

differences in the intensity of H-addition product ions could be measure for films of 

varv ing quality. The general conclusion is that as the relative order the film decreases the 

impinging ion has reduced interactions with the isotopically labeled terminal group. This 

means that ion-surface reactions could be used to directly characterize different film 

preparation protocols or assess the effects of different substrates on film order. In Chapter 

4 small differences in the orientation of odd and even chain length M-alkanethiol were 

shown to affect the intensity of H-addition and CHj-addition reactions. These is a 

significant type of measurement when considereded in the context of film design because 

the physicochemical properties of a film are linked to qualities such as the film order, 

geometrv and orientation. The exciting result here is that information related to film 

structure and order can be obtained with a single technique. Enhancing this aspect of low-

energy ion-surface collision will require complementarv studies using FTIR and AFM. 

In the area of mixed films quantitation, several processes (reaction, charge 
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exchange and fragmentation) were shown to var> significantly as the composition of the 

film changed. The data presented in Chapter 5 suggests that ion-surface reactions, charge 

exchange and fragmentation var>' in a predictable way with surface composition. The 

nature of the dependence is surface composition specific and is relatively simple to plot 

without extensive manipulation of the data. The low collision energies used in the 

experiment make the technique relatively nondestructive to the film, and the excellent 

sensitivity of the mass spectrometer is particularly well suited for the investigation of the 

small quantities of material present in a thin film. To fully realize the potential of low of 

energy ion-surface collision as a tool to quantitate mixed film composition, additional 

studies using surfaces with controllable stoichiometric compositions is required and the 

use of compIementar>' techniques such as XPS and FTIR to confirm surface compositions 

will be neccessar>-. Because there is still an ongoing debate surrounding the formation of 

mi.xed films in solution, in terms of final film composition and heterogeneity, other 

systems of mixed films and methods of preparing them should be investigated. Future 

studies could be based on films formed from asymmetric mixed disulfide (RSSR") and/'or 

microcontact printing. 

In Chapter 6. the underlying causes for charge exchange in the low energ> ion-

surface collision experiment were investigated. The charge exchange properties for a 

number of SAM films in the absence of solvent was measured. Electron transfer from the 

film to the impinging ion was shown to be associated with both the IE and the dielectric 
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properties of the target film. For well order long-chain alkanethiol films, the thickness of 

the film played a role in the overall charge e.xchange that was observed. Given the present 

understanding of the ordering of «-alkanethiol films on gold, where short chain thiols (10 

carbons) are known to be less order than longer chain thiols ( 12 carbons), it is unclear if 

the same mechanisms are applicable to short chain films."'® For example, as the film 

thickness approaches - 5 microns, due to decreasing chain length and/or as a byproduct in 

decreased order, through space tunneling (an exponential function) may become 

significant.'-^ LB films could play a key role in future studies investigating the upper 

thickness boundaries, because of the ability to prepare multi-layer films. In previous 

studies, three layer LB films performed similarly to SAM films even though the thickness 

of the LB films investigated were in the ranging from 50 to 75 A whereas the SAM films 

described in Chapter 6 range from 15 to 20 A range. One would expect to find a upper 

limit where the film became insulating. For films were a fluorine containing group is 

present in the terminal position, the IE of the terminal group appears to play a dominate 

role in determining the charge exchange properties of the target film. To understand the 

relationship of IE to charge e.xchange may require a series of films with different IE but 

similar dieclectric properties. Combining current measurements made during collision 

experiments with measurements of surface potent (Kelvin probe) and IE will be key future 

experiments to allow a more complete description of the electron transfer properties of a 

number of thin film types. 
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A strong advantage of the technique is derived from the fact each ion surface 

collision process (e.g.. reaction, charge e.xchange. etc.) has the potential to yield 

information related to a difierent surface property. Often a single experiment can give 

information related to the chemical composition, order, and charge exchange properties of 

a target surface. For the most part, studies in this area ha\ e. employed small organic 

molecules as probe ions and well-order thin films as target surfaces. However, as the 

understanding of ion-surface collision processes increases there is no reason either of these 

experimental parameters should be limited. 
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