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ABSTRACT

Organic thin films (alkanethiolates chemisorbed on gold) were employed in low-
energy (eV) ion-surface collisions to validate the technique as a surface analysis tool and
to further investigate processes associated with ion-surface interactions. Low-energy ion-
surface collisions of small polyatomic and atomic ions with self-assembled monolayers
(SAMs) ascertain the chemical composition, structure, and quality of SAMs utilizing four
processes: energy transfer (fragmentation of projectile ions: surface-induced dissociation
(SID)), electron transfer (neutralization of the projectile ions), atom/group transfer
(reaction between the projectile ion and atom/groups from SAMs), and chemical
sputtering.

Low-energy ion-surface collisions were used to investigate newly synthesized
fluorinated compounds where the degree of fluorination of the thiolate tail group
increases. Data indicate that substitution of CH; with CF; as the terminal group has a
substantial influence on energy transfer, electron transfer, and atom/group transfer.
Slight penetration into a depth of SAM films is illustrated by the formation of certain ion-
surface reaction products (a result not observed for previously characterized Langmuir-
Blodgett (L-B) films).

A novel neutralization mechanism for reaction between methyl cation and
hydrocarbon and fluorocarbon SAMs was established. Ion neutralization (besides direct
electron transfer) results from a hydride ion transfer, methyl anion transfer, or fluoride

transfer between hydrocarbon and fluorocarbon SAMs and incoming methyl cations.
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Experimental ion-surface and ion-molecule data support the ion neutralization
mechanism originally proposed by ab initio and thermochemical calculations.

lon-surface processes were also used to characterize three mixed SAM systems
(system 1: hydroxyl/hydrocarbon mixed SAMs and systems 2 and 3:
fluorocarbon/hydrocarbon mixed SAMs). The mixed SAMs were prepared from binary
thiol solutions and uniform solutions of asymmetrical disulfides. These ion-surface data
can be useful for qualitative (identification of the sample's chemical composition) and
quantitative analysis (calculation of the surface concentration of a chemical species for a
mixed SAM).

An in-line Sector-Time-of-Flight (TOF) tandem mass spectrometer with low-
energy ion-surface collisions was characterized. Research involved testing the versatility
of the instrument in terms of effective ion activation (peptide fragmentation) and surface
analysis of organic thin films. This prototype will aid further implementation of SID into

commercial TOF instruments for efficient ion activation and surface analysis capabilities.
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CHAPTER 1

BACKGROUND AND SIGNIFICANCE

1.1 OVERVIEW

The research presented in this dissertation describes the use of low-energy (eV)
gas phase projectile ions colliding into organic monolayer films on gold substrates. Gas
phase ion-surface interactions were examined because of potential analytical applications
and intriguing fundamental chemistry and physics associated with the collision processes.
Low-energy ion-surface collisions have been used as an ion activation method (energy
transfer) in tandem mass spectrometry for structure elucidation of projectile ions.
Additional processes that result from low-energy ion-surface collisions with organic thin
films (atom/group transfer and electron transfer) were also useful in identifying and
quantifying the chemical behavior of target organic thin films. The goal of this research
is to gain information about low-energy ion-surface collision processes and then develop
routine protocols to use this novel surface characterization technique as an effective

complementary surface analysis tool for organic thin films.

1.2 SURFACE ANALYSIS WITH LOW-ENERGY [ON-SURFACE COLLISIONS
Organic thin films formed by the self-assembly of molecules on a surface (known

as self-assembled monolayers (SAMs)) have been proposed to advance technology, i.e.
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improved nanoscale coatings, advanced lubricant systems, and molecular-based

devices.1-5 Many SAM systems have been identified and characterized, but the most
commonly investigated SAMs are formed from organosulfur (alkanethiolates) adsorbates
on gold substrates. Surface characterization studies that involve SAMs offer unique
approaches to increase the basic understanding of self-assembly, structure-property
relationships, and interfacial chemical properties (at air-monolayer, vacuum-monolayer,
or liquid-monolayer interfaces). With organic thin films, tailoring the functional groups
at the exposed monolayer interface controls the chemical properties of a surface.
Characterization of these alkanethiolates on gold is necessary to learn about a
film’s properties (such as chemical composition, film structure, film quality, and
electronic capabilities) to customize SAMs for specific applications. Self-assembled
monolayers are usually characterized by complementary analytical techniques including
contact angle measurements, ellipsometry, Fourier transform infrared spectroscopy (FT-

IR), Raman spectroscopy, scanning tunneling microscopy (STM), and atomic force

microscopy (AFM).6-9  Research described in this dissertation involves the use of a
unique low-energy mass spectrometry-based surface characterization technique for
SAMs. This approach involves colliding low-energy (< 100 eV) polyatomic or atomic

ions with a SAM where interaction occurs primarily with the uppermost portion of the

film (Figure l.la). 10-12  The resulting ion-surface processes are (i) energy transfer
(internal energy conversion resulting in dissociation of the projectile ion), (ii) atom/group
transfer (reactions between the projectile ion and atom/groups of the SAM), (iii) electron

transfer (neutralization of the projectile ion), and (iv) chemical sputtering (Figure 1.2).



a) Low-Energy b) High-Energy
Ion-Surface Collisions Ion-Surface Collisions

Figure 1.1:  lon collisions occurring at organic thin films in the a) low-energy (eV) regime and b) high-energy (keV) regime
(known as secondary ion mass spectrometry (SIMS)).
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Figure 1.2: A projectile ion with low-energy (< 100 eV) collides with a gold surface modified with an organic thin film
resulting in ion-surface reactions: a) energy transfer (fragmentation), b) atom/group transfer (ion-surface
reactions), c) electron transfer (neutralization), and d) chemical sputtering. Figure modified from reference 87.
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Interrogating the data from these ion-surface collision processes allow researchers to
ascertain the chemical composition of the uppermost portion (at the vacuum-film
interface) of self-assembled monolayers (Figure 1.1a). Additionally, low-energy ion-
surface interactions have been used to “soft-land” ions onto organic thin films and

chemically modify surfaces (examples include modification of the terminal groups of

self-assembled monolayers).13-15  Further development of the low-energy mass
spectrometry technique would provide a means for the investigation and modification of
organic thin films on metal substrates and could be added to surface analysis chambers.
Experiments performed in the low-energy (eV) regime must be distinguished
from techniques that utilize high-energy (keV) ion-surface collisions. For the low-energy
studies (10-60 eV) described in this dissertation (where mainly polyatomic organic
projectile ions were collided into SAMs), chemical sputtering of surface material is not a
dominant process (chemical sputtering is described in Section 1.2.4). High-energy
conditions have been employed for surface characterization and ion implantation into

surfaces for material science applications. The established surface analysis method of

secondary ion mass spectrometry (SIMS)16,17 yses high-energy (keV) ion collisions to
impart the ion’s energy and momentum to a target surface. This generates sputtered ions

from the surface that are detected and characteristic to the surface material (Figure 1.1b).

1.2.1 ENERGY TRANSFER (FRAGMENTATION)
Low-energy collisions of polyatomic ions with metal surfaces and surfaces

modified with SAMs can result in elastic and inelastic scattering of the polyatomic
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projectile ions. During an inelastic collision, enough kinetic energy of the projectile ions
is converted to internal energy (e.g. translational freedom to vibrational modes, T — V)

to break intermolecular bonds (Figure 1.2a). The low-energy ion-surface activation
method is termed surface-induced dissociation (SID).18:19 This process provides an

alternative activation technique for tandem mass spectrometry (MS/MS or MS")20
experiments, allowing structural information from a mass-selected projectile ion to be
obtained. The basic product ion MS/MS experiment (Scheme 1.1) has three major steps.
The first step is mass selection of an ionized molecule of interest (existing in either pure
form or in a sample mixture). Secondly, the mass-selected ion is activated (most
commonly through inelastic collision with inert gas atoms) and unimolecular dissociation
occurs when enough internal energy is transferred to the ion’s vibrational and rotational
modes. Finally, the dissociation product ions and any remaining projectile ion are mass

analyzed in a second stage of the mass spectrometer.

Scheme 1.1: Tandem MS bl’ O N ,!’0* —| Do

&l
Shey
lonization MS o oe MS
lomzation == Activation =
Mass Selection CiD/SID Mass Analysis
electrons
photons

These MS/MS experiments can be carried out in either space (ions traveling through
multiple mass analyzers located tandem in space) or time (ions are trapped and analyzed

in one defined physical location over time). The ion activation occurs by collisions with

an inert gas (collision-induced dissociation: CID)21,22, collisions with a target surface
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(surface-induced dissociation: SID)19:23, capture of an electron (electron capture
dissociation: ECD)24, or absorption of a photon (black-body infrared dissociation:
BIRD).23:26 As suggested, the form of activation technique involving collisions with an

inert gas (CID) is available in most commercial instruments.2! Although this method of
activating ions is quite useful and has been extensively applied, there are analytical
figures of merit that might make SID a complementary activation technique. In general,
experiments have found that relatively high internal energies can be imparted to mass-

selected ions using SID as an ion activation method. The degree of energy deposition

varies approximately linearly over a useful collision energy range.19:23,27-29 nternal

energy is deposited in a fairly narrow distribution where the variation of energy

deposition is easily controlled (compared to C[D)l9,23 (Figure 1.3). The successive
unimolecular dissociation of W(CO)s" is observed by the energy-resolved SID MS/MS
data (Figure 1.3a). Using CID (rather than SID) for the dissociation of W(CO)s™ does not
generate this successive fragmentation pattern (Figure 1.3b).

The internal energy distribution of SID is fairly narrow and is valuable in
determining the relative energy onsets of dissociation for protonated peptides, thus
helping to determine dissociation mechanisms (as well as activation requirements).zs‘:"6
In addition, large peptide and/or small protein ions (~ 5,000 u) generated by electrospray
ionization (ESI) have been dissociated using surface-induced dissociation.33 An

additional advantage for SID is that a target surface does not add a gas load to an

instrument, which will decreases the strain on an instrument’s vacuum system.
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The introduction of a surface is especially beneficial for ion activation in Fourier-
Transform mass spectrometers (FT-MS) where higher resolution data can be obtained
without a wait time for collision gases to be pumped away after ion activation.37 The
collision gas used for CID must be removed to reduce ion scattering and improve ion
detection during FT-MS experiments (See Reference 84 for the complete operation of
FT-MS).

Low-energy ion-surface collisions with target surfaces modified with self-
assembled monolayers were first reported in 1991.38,39 Energy deposition has been
found to depend on the chemical composition of the organic thin film on a metal
substrate. Self-assembled organic thin films that contain fluorine have proven to be
interesting as targets for low-energy ion-surface collisions. Fluorinated SAM films yield

a “harder” surface (compared to “soft” hydrocarbon films) and convert a greater average

transfer of kinetic energy to internal energy.12:40,41 Several reports suggest that the

increased amount of energy transfer for fluorinated surfaces arises from the effective

mass increase and/or additional rigidity of the fluorocarbon chain.39:41-44 An example
of this effect is shown in Figure 1.4. In Figure 1.4a, collisions occur between benzene
projectile ions with 30 eV kinetic energy and a hydrocarbon (Au-S(CH:),;CHj3) target
surface. This spectrum is then compared to collisions (benzene ions: 30 eV) with a
fluorocarbon (Au-S(CHa.)>(CF,2)9CF3) target surface (Figure 1.4b). Changing the
chemical composition of the surface thiolate layer (Figures 1.4a versus 1.4b) leads to an
enhanced conversion of translational energy into internal energy of the projectile ion

(T — V). The energy conversion is reflected by an increase in the relative abundance of
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Figure 1.4:

Product spectra formed from collisions (30 eV kinetic energy) between
benzene molecular ions and a) hydrocarbon (C12) and b) fluorocarbon
(C12F10) SAMs.
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the lower mass fragments of the molecular ion (m/z 26, 39, 50-52, and 63 for benzene).
Therefore, questions can be raised about the ion-surface interactions resulting in energy
transfer: Does the chemical composition (especially the terminal group) of hydrocarbon
and fluorocarbon SAMs change the fragmentation pattern of projectile ions? Will the
implementation of SID into other tandem mass spectrometers show distinct advantages

for ion activation? These questions are addressed in Chapters 3 and 6, respectively.

1.2.2 ATOM/GROUPS TRANSFER (ION-SURFACE REACTIONS)

Product ions arising from atom/group transfer from the organic film on a target
surface to the projectile ion are sometimes observed during SID (Figure 1.2b) particularly
with odd electron (radical) projectile ions. These reaction product ions provide the ability
to characterize not only the projectile ion structure and reactivity, but also the chemical
composition of the target surface. Reaction product ions formed by abstraction of

hydrogen, fluorine, chlorine, and C,Hn with an assortment of atomic and polyatomic
projectile ions have been reported.10,12,45-51  Wysocki and co-workers utilized
isotopically labeled Langmuir-Blodgett (LB) films (‘°C- and ’H-terminated) to
demonstrate that ion-surface reactions occur predominantly between the projectile ion
and the uppermost portion of these organic thin films.1l One specific example where
atom/group transfers aided surface analysis is the investigation of SAMs derived from
CHi-terminated alkanethiols.>! Hydrogen addition of pyrazine ions distinguished

orientation differences in the terminal group of CHs-terminated SAMs having odd- and

even-numbered chain lengths.5! Ion-surface reactions have also been applied to
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distinguish differences in isomeric adsorbates49-50 and can be used to measure the film

order (film quality).’2 Additional inquiries can therefore be introduced in terms of
atom/group transfer. What portion of SAMs do polyatomic and atomic ions sample
during low-energy ion-surface collisions (sampling depth of ions with SAMs)? The
sampling depth was investigated with fluorocarbon alkanethiols that have not been
previously available. Also, can atom/group transfer be used to monitor chemical
composition differences in monolayers that have a mixture of terminal groups and/or a
mixture of different chains? These questions are addressed in Chapters 3 and 3,

respectively.

1.2.3 ELECTRON-TRANSFER (NEUTRALIZATION)

[ncoming projectile ions can undergo electron transfer from a surface to form a
neutral species (Figure 1.2c). It should be noted that ion-surface collisions of projectile
ions with bare metal surfaces must be distinguished from collisions between small
organic ions and a metal surface covered with an ordered, long chain (greater than 10
carbons in the chain) SAM. Ion collisions with organic thin film modified surfaces were
revealed to provide a barrier between the metal substrate and the incoming ion beam.
This barrier enhances detected ion current (reduced amount of neutralized projectile ions)

when compared to collisions with bare metal surfaces (bare metal surfaces neutralize
approximately 99% of the incoming ion beam).19 However, the film does not act as an

insulating layer in which charge accumulation would occur.53 The extent of

neutralization of the incoming ion beam varies with the chemical composition of the
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modified target surface. Total scattered-ion currents (TICs) measured with the electron
multiplier detector of the SID tandem mass spectrometer (further described in Chapter 2)
demonstrate the relative amount of projectile ions that survive a low-energy collision
with SAM films. A higher total scattered-ion current (TIC) was recorded (Figure 1.5) for

a fluorocarbon film (Au-S(CH,)2(CF2)9CF3) compared to a hydrocarbon film (Au-

S(CH»)CH;).41:45 The baseline in Figure 1.5 was recorded when the two filaments in
the ionization source were turned off. Investigations with ion-surface neutralization are a
major area of interest, including: Is electron transfer from the film to the projectile ion
predominantly influenced by the composition of the terminal group of SAMs or the entire
chain? Does ion neutralization during low-energy ion-surface interactions with SAMs
occur only by simple electron transfer from the film to the projectile ion? (Or, do other
neutralization mechanisms between projectiles and SAMs exist?) The solutions to these
questions are presented in Chapters 3 and 4, respectively, where the surviving ion
currents for various projectile ions were measured and occasionally compared to
theoretical calculations to help understand low-energy ion-surface neutralization with

organic thin films.
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1.24 CHEMICAL SPUTTERING

Ions from chemical sputtering can also appear and are useful for characterizing
the chemical composition of a sample surface. A portion of an organic thin film
modifying a surface can be ejected and undergo fragmentation as a charged species

(Figure 1.2d). lonization of the organic thin film has been attributed to a charge

exchange mechanism between the projectile ion and the target surface. 4 Significant
sputtering of metal and surface material from organic thin films on metal substrates can
be achieved in the low-energy regime of 70-200 eV with appropriate polyatomic and
atomic ions. Some examples of this chemical sputtering are shown to illustrate the
versatility of a target surface in the Sector-time-of-flight (TOF) instrument constructed
and characterized in the Chemistry Department (Mass Spectrometry Facility) at the
University of Arizona (Chapter 6). It should be mentioned that even though chemical
sputtering does occur during low-energy ion-surface collisions, it is not a dominant
process in the low-energy regime (10-60 eV) with the small polyatomic projectile ions
primarily used for ion-surface studies described in this dissertation. Therefore, chemical
sputtering is not commonly addressed in the reported low-energy ion-surface collision

experiments.
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1.3 SELF-ASSEMBLED MONOLAYERS (SAMS)
Self-assembled monolayers (SAMs) are one category of organized organic thin
films that can be prepared on different substrates (gold or silica). The SAMs used in the

novel tandem mass spectrometry experiments presented here are various alkanethiolates

chemisorbed on gold surfaces.’3-38 Procedures for the preparation of these organic thin
films and a complete list of the alkanethiolates used to make the films (Table 2.2) are
presented in Chapter 2 (Section 2.2). Evaporated Au films are easy to prepare as well as
inexpensive leading to an increased likelihood for usage in many applications compared

to single crystals. The Au (111) surface is the lowest energy surface; therefore, this

surface is preferred in the growth of thin Au films.57 A basic alkanethiolate system

(Figure 1.6a) is composed of a surfactant molecule consisting of a polar sulfur head

group (bound to gold), a non-polar alkyl chain, and a specific terminal group.55s57,58
As previously mentioned, self-assembled monolayers are attractive for technological
advances owing to the ability to modify the physical and chemical properties of a surface
by tailoring the terminal groups exposed at an air-monolayer (vacuum-monolayer)

interface. The thiolate chains are bound (chemisorption) to the gold surface through a
covalent sulfur-goid bond.59-64 On the basis of the bond energies of RS-H, H-, and RS-

Au (87, 104, and 40 kcal/mol, respectively), the net energy for adsorption of

alkanethiolates on gold (reaction equation is supplied on page 48) produces an

exothermic reaction of approximately -5 kcal/mol.63 In the case of alkanethiolates, the
surface reaction may be considered formally as an oxidative addition of the S-H bond to

the gold surface, followed by reductive elimination of the hydrogen.
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a) A self-assembled monolayer comprised of chemisorbed sulfur (surface-
active head group), alkyl chain backbone, and a terminal group (air-
monolayer interface) on an Au (111) substrate. b) Hexagonal coverage
scheme for an alkanethiol on Au (111). Figures modified from references
55 and 58.
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When a clean gold surface is used, the hydrogen probably forms a H, molecule. This is
supported by the fact that monolayers can be formed in the gas phase in the complete
absence of oxygen66,67:
R-S-H + Au,° - R-S'Au’ Au’+ % H,

The alkyl chains (shown in Figure 1.6a) experience intermolecular (van der Waals)
interactions and form ordered, densely packed films that are stable in both air and
vacuum.68 Diffraction and atomic force microscopy studies confirmed that the structure
formed by alkanethiolates on Au (111) is commensurate with the underlying gold lattice
and is a simple (V3 x V3) R30° overlayer (Figure 1.6b).69-72 The (V3 x V3) R30°
structure corresponds to a molecule-molecule spacing of ~ 5 A and an area per molecule
of ~21.6 A% It has been shown that n-alkanethiol SAM chains containing less than 9-10
methylene units form liquid-like monolayer films that are more disordered.60,71,73,74
The disordered films are attributed to the diminished energy of intermolecular
interactions. A phase change occurs when the monolayers have approximately 10 or
more methylene units, producing monolayer films with a crystalline structure.60,73,75-

78 This crystalline structure has been shown with long alkanethiolate chains (n > 10

methylene units) on polycrystalline gold.77’79 Results demonstrating that the underlying
substrate does play a role in the formation of SAM films have been obtained with low-
energy ion-surface reactions.80 The SAMs on polycrystalline gold are known to have
fully extended chains oriented in an all-trans, zigzag configuration with an accompanying

chain tilt angle (o) that is specific to the alkanethiolate species adsorbed to the substrate.
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Tilt angles from the surface normal for alkanethiol chains on gold have been measured

and reported at ~ 27-32° and ~ 16-20° for long chain hydrocarbon thiols and

semifluorinated thiols, respectively.60,62‘64a75s8 1-83

1.4 SUMMARY

Low-energy (eV) ion-surface collisions with self-assembled monolayers (SAMs)
provide ion activation for tandem mass spectrometry (MS/MS) experiments as well as a
means for innovative surface analysis. SAMs were used as model target surfaces during
low-energy ion-surface collisions investigations because data present in the research
literature demonstrate that self-assembled monolayers (SAMs) are well-characterized
organic thin films. These ion-surface collisions are useful in exploring the ion-surface
chemistry that occurs at the uppermost portion of an organic thin film present at the
vacuum—film interface. The purpose of the research in this dissertation is to help further
validate this technique as an effective ion activation method for tandem mass
spectrometry and as a surface analysis tool that is complementary to surface analysis

methods presently employed.
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CHAPTER 2

INSTRUMENTATION AND EXPERIMENTAL

2.1 INSTRUMENTATION

This chapter includes detailed descriptions of instrument designs and procedures
used to generate the data presented in this dissertation. Schematics and basic theories of
operation of the different analytical instruments (three different mass spectrometers,
contact angle. X-ray photoelectron spectrometer (XPS), and Fourier-Transform infrared
spectrometer (FT-IR)) are included in the appropriate sections. Mass spectrometers were
used for ion-surface and ion-molecule reaction experiments to investigate low-energy
ion-surface collision processes, which then revealed information about the chemical
properties of organic thin films (specifically self-assembled monolayers) chemisorbed on
gold. The contact angle, XPS, FT-IR instruments were applied to supply additional
surface characterization for the same organic thin films investigated with the ion-surface
mass spectrometer. Readers are directed to the literature sources provided in each section

for a complete detailed summary of extended theory and applications.
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2.1.1 DUAL QUADRUPOLE-SID MASS SPECTROMETER

Almost all the low-energy (eV) ion-surface data for polyatomic and atomic ion
collisions with SAM films were collected on the dual quadrupole-SID mass spectrometer.
The following sections briefly describe the components of the instrument along with

specific analytical methods used to generate the low-energy ion-surface collision data.

2.1.1.1 IONIZATION SOURCE

The formation of an ion beam (the ionization source) is the first step in a mass
spectrometry experiment. The ionization source generates analyte ions in the gas phase
(atoms or molecules with a charge) that are separated by the mass-to-charge ratio using
electric and/or magpnetic fields in the mass spectrometer. The physical properties of the
molecule of interest determine the ionization method that would be used in a mass
spectrometry experiment. Electron ionization (EI) is achieved when an electron beam
(typically 70 eV electrons generated by a tungsten filament) impacts with small volatile
neutral molecules causing the removal of an electron to form positively charged radical
ions. This ionization technique is described as “hard” ionization because 70 eV is
adequate energy to ionize virtually all volatile organic compounds and enable
fragmentation of the radical ions generated. The use of 70 eV electrons in the source is
beneficial because i) reproducible mass spectra may be generated, ii) observed

fragmentation provides structural information, and iii) libraries of mass spectra can be

searched for EI mass spectral "fingerprints" to match unknown analytes.84 One

limitation of EI is that fragmentation that occurs can be so extensive that the molecular
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ion signal may be weak or absent. A decrease in the ionization energy will decrease the
amount of fragmentation, however an overall loss of signal will result as well. The 70 eV
EI was primarily used with the dual quadrupole SID instrument to provide a constant
projectile ion beam (either polyatomic or atomic ions) used in the low-energy ion-surface

collision studies.

2.1.1.2 QUADRUPOLE MASS ANALYZERS

Quadrupole mass analyzers are present in two of the tandem mass spectrometers
(the dual quadrupole-SID and triple stage quadrupole (Section 2.1.2) instruments) used to
gather data for this dissertation. Quadrupole mass analyzers consist of four parallel
cylindrical rods that have applied direct current (DC) and radio-frequency (RF) fields,
Figure 2.1. Two of the rods have a positive DC value, while the other two have a
negative DC value. The RF phase is opposite for the positive and negative electrode
pairs.84.85 This combined potential (+ ¢ ,) for the rods can be expressed as:

+d,=U+Vcosot (Eq. 2.1)

where U is DC voltage and V cos o t is the RF voltage (V is the RF amplitude and o is
the RF frequency that is time dependent).85 The ions that enter the electric field of the
quadrupole rods begin to oscillate to a degree dependent on their mass-to-charge (m/z)
value. The value of the DC and the RF potentials creates a stable trajectory for ions with
a certain m/z range, allowing them to travel through the quadrupole (dashed line in Figure

2.1) and reach the detector while other ions (with different m/z values) have unstable

trajectories and are neutralized on the quadrupole surface (solid line in Figure 2.1).85,86



53

The function of the quadrupole can be understood using a Mathieu stability diagram84.86
(Figure 2.2a). Any ion with a and q values that occur within the shaded area have stable
trajectories through the quadrupole rods. The Mathieu equations for a and q values
illustrate regions of space in which ions have stable trajectories through a quadrupole
field:

a=4zU/m o’,’ (Eq. 2.2)

q=2zV/m o’ (Eq. 2.3)

where U = DC voltage, V = RF amplitude, z = ionic charge, m = mass of the ion, ® = RF

frequency, and r, = half the distance between two opposite rods.84 To acquire spectra of
ions with various m/z values, the DC and RF on the quadrupole rods are scanned while
maintaining the ratio between the two (a/q = 2U/V) and keeping the RF frequency fixed.

The resolution (R) of the quadrupole mass analyzer is dependent on the slope of the scan

line (Figure 2.2b).84,86 When moving up the dotted scan line (R = 1000), an ion is
allowed to pass through to the detector for a short amount of time (small region where the
ion has a stable trajectory) and then the same process is repeated for another ion with
different mass (generating a spectrum where m,; is well separated from m;). The solid
scan line (R = 100) allows greater ion transmission because ions have stable trajectories
over larger regions, but the stable trajectories for the two masses overlap and one mass

cannot be distinguished from the other.
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Figure 2.1: A quadrupole mass analyzer allows an ion (with a particular mass-to-charge) to pass with a stable trajectory
(dashed line) and neutralize an ion (with a different mass-to-charge) with an unstable trajectory (solid line).
Figure adapted from reference 84.
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Figure 2.2a: The Mathieu stability diagram defines the stable ion trajectories in a
quadrupole mass analyzer.
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Figure 2.2b: Changing the slope of the scan line will change the resolution (dashed and
solid lines) between two masses (as shown in the illustrating spectra).

Figures a) and b) adapted from references 84 and 86.



2.1.1.3 BASIC SURFACE-INDUCED DISSOCIATION (SID) EXPERIMENT

The design of the dual quadrupole-SID tandem system used for low-energy (eV)
ion-surface collisions consists of two Extrel quadrupole mass analyzers arranged in a 90°
configuration with an adjustable surface holder bisecting the mass analyzers at an ~ 45°
angle (Figure 2.3).12:23,51 A glass vessel containing liquid or solid samples was
attached to a stainless steel probe for volatile samples that allowed sample vapor to enter
the ion source. The pressure of the liquid or evaporated solid sample vapors was
controlled through a leak valve on the sample tube. Liquid samples underwent
freeze/thaw cycles to remove any dissolved air before performing an experiment. Singly
charged ions generated in the El source are accelerated away from the ion source and into
the first quadrupole mass analyzer where mass selection of a single ion of interest occurs.
The mass-selected ion (projectile ion) then collides into a gold surface (usually modified
with an organic thin film). Collision energy for a singly charged ion is defined by the
potential difference between the ion source and the surface (example: ion source = 50 V
and target surface = 20 V, therefore collision energy = 30 eV). Ions produced after the
collision (remaining intact projectile ion as well as product ions resulting from projectile
ion fragmentation and/or reactions with the modified target surface) are focused into and
mass analyzed by the second quadrupole of the tandem system. Positively charged ions
were detected by colliding with a high voltage (e.g., -4.5 kV) conversion dynode to eject
electrons that were then amplified and measured by a Channeltron (Galileo, Sturbridge,
MA) electron multiplier. lon focusing is accomplished by a set of three metal lenses

placed at the exit of the first quadrupole and at the entrance to the second quadrupole to
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Figure 2.3: Dual quadrupole SID instrument used to generate low-energy (eV) ion-surface collisions with self-assembled
monolayers, Figure adapted from reference 87.
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focus ions before and after collisions with the target surfaces.
The four target surface holder is an 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 (see Figure 2.3).51 The
holder is positioned in front of the ion beam that exits the first quadrupole. Each surface
can be individually positioned into the ion beam of the mass spectrometer (Figure 2.3).
Surfaces are inserted into the instrument through a fast-entry apparatus constructed from
a stainless steel cube that can be isolated from the main vacuum system by means of 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 of the surfaces. All four

surfaces can be analyzed under the same experimental conditions. During these
. . -7
experiments, the base pressure of the instrument was 5 x 10 Torr and the sample

3
pressure rarely exceeded 9 x 10 Torr (measured in the instrument analysis chamber).

2.1.1.4 MEASUREMENT OF THE SURVIVING ION CURRENT

As mentioned in Chapter 1 (Section 1.1.3), the total scattered-ion currents (TIC)
are recorded when the projectile ions collide with SAM films. The surviving scattered
ions are measured with the electron multiplier of the SID tandem mass spectrometer. The
total scattered ions include intact projectile ions, fragment ions, and ion-surface reaction
product ions (all the ions appearing in the ion-surface collision spectra). The baseline in
a TIC is recorded when the two filaments in the EI source (Extrel, Pittsburgh, PA) are

turned off. Higher total scattered ion currents represent more ions surviving the low-
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energy collisions with a modified gold surface (example: TIC measured for the C12F10
in Figure 1.5).

A measure of the relative amount of neutralization for projectile ions with organic

thin films is termed SID efficiency.45:87 The SID efficiency is measured by the ratio of
Lscauered / Itransmission- ltransmission 1S the ion current detected at the electron multiplier detector
for the projectile ion when no collision with the surface occurs. Iscanereq is the total
surviving scattered ion current after the collision of the selected projectile ion with the
surface. This neutralization measurement is difficult with respect to collecting all the
ions during the transmission mode of the ion-surface tandem mass spectrometer (the ratio
for the SID efficiency was usually more than 1 or 100%). This SID efficiency method
was not applied because of this difficulty.

An alternative method for monitoring the relative amount of neutralization for
different SAM films was used. Currents were measured with a Keithley 485 ranging
picoammeter at the target surface during the collision. Elevated current at the target
surface during collision indicates an enhanced electron transfer that neutralizes the
incoming projectile ions. Concurrently, the enhanced surface neutralization leads to low
ion current measured at the electron multiplier of the tandem mass spectrometer. The
measurement of the extent of neutralization is the comparison of the current generated
from the collision of the projectile ion beam with an UV-cleaned bare gold surface to the
current generated at a given SAM surface under identical conditions. The bare gold
surface was UV-cleaned for 15 minutes and stored in absolute ethanol until placed under

vacuum in the mass spectrometer. The neutralization of the projectile ion beam with a
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bare metal surface is assumed to be ~ 99% efficient and independent of the projectile ion
identity. The percentages of ions that are neutralized and those that survive the collision
are expressed as the Neutralized lon Beam (NIB) and the Surviving Ion Beam (SIB):

% NIB = (current for SAMSs)(99%) / (current for bare metal) (Eq. 2.4)

% SIB = 100 - %NIB (Eq. 2.5)
Although the absolute neutralization efficiency at a bare Au surface is not known, 99%

neutralization is a reasonable assumption considering early results of SID experiments on

bare metal surfaces and disordered short chain alkanethiols.19:45 More importantly,

slight deviations from the assumed 99% value do not affect the relative SIB values for all

projectile ions reported in Chapter 4.

In our preliminary studies, external electric fields caused drift in current
measurements that limited our ability to collect reproducible data. The precision of the
current measurement was improved with the addition of a Faraday cage. A wire mesh
(Faraday) cage was constructed around the dual quadrupole SID instrument on all four

sides and on the top. The cage was grounded to the instrument chamber during the

current measurements.

2.1.1.5 DETERMINATION OF INTERNAL ENERGY DEPOSITION

To distinguish differences between SAMs regarding kinetic energy to internal
energy conversion (T — V), the extended deconvolution method for benzene was
applied.88 A brief explanation of the method is supplied with equations, but readers are

directed to the research paper for complete clarification.8%8 The method is based on



61

certain fragment ions appearing at different estimated internal energy ranges (there are
six energy ranges for benzene in the extended deconvolution method). The estimated
internal energy ranges and the corresponding main fragment ions of benzene that are

formed are presented in Table 2.1.88

Table 2.1: Internal energy ranges and ions for the extended deconvolution method88

Energy Range | Internal Energy (eV) Molecular or Fragment lons
Range 1 0-46eV Benzene lon (CsHs™ = m/z 78)
Range 2 4.6-9.6eV CeHs™ (m/z 77) and C4Hy™ (m/z 52)
Range 3 96-149eV CsH;" (m/z 51)

Range 4 149-20eV CsHy™ (m/z 50)
Range 5 20-30eV CoH,"™ (m/z 26)
Range 6 30-40eV C:H" (m/z37)

The peak area of the seven selected ions can be used to calculate the total ion

current of benzene if a correction for the contribution of each tc the total is made. The
total ion current (TIC) can be expressed by the following equation88:
TICae = [78] +4/3{[77] +[52]} +2[51]

+2{[50] - 0.1[51]} + 3/2[26] +3/2[37]  (Eq.2.6)
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The coefficients in Eq. 2.6 are the inverse of the fraction of an ion in a given energy
range, e.g. {[77] + [52]} accounts for 3/4 (75%) of all ions formed with energies between
4.6 and 9.6 eV, so 4/3{[77] + [52]} accounts for all ions formed in that energy range.
The probability (P(n)) of a benzene ion having internal energy in Range (n) can be

calculated using the TIC.;.. The probability equations are listed (shown in %/eV

units).88

P(1) = ([78)/ TICcuc)/4.6 - 100% (Eq. 2.7)
P(2) = (4/3{[77] + [52]}/ TICcuc)/5.0 - 100% (Eq. 2.8)
P(3) = (2[51}/ TICcac)/5.3 - 100% (Eq. 2.9)
P(4) = (2{[50] - 0.1[51]}/ TICcac)/5.1 - 100% (Eq. 2.10)
P(5) = (3/2[26]/ TICcac)/10 - 100% (Eq. 2.11)
P(6) = (3/2[37)/ TICcaic)/10 - 100% (Eq. 2.12)

The method gives the proportion of ions in each energy range, but no information
on the distribution within an energy range is known. The distribution of energy is
assumed to be uniform within a given range. The probability (P(i)) is then plotted versus

the mean internal energy for the corresponding energy range, Enean(i), where (i) denotes

the energy range (i).88 The resulting plot is a histogram referred to as an internal energy
distribution diagram, Figure 2.4. A Gaussian fit is obtained for the histogram to generate
a “smooth” distribution (dashed line in Figure 2.4).88 The center of the curve (point of

highest probability) corresponds to the average internal energy of benzene ions at a given
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collision energy. The internal energy is usually reported as the percentage of collision
energy deposited into the projectile ion. The percentage is simply the internal energy
derived from the internal energy distribution diagram divided by the laboratory collision

energy multiplied by 100% (Eq. 2.13 also provided in Figure 2.4 as a sample calculation).

%T — V = [(Benzene lons Internal Energy) / (Collision Energy)] - 100%  (Eq. 2.13)

Data presented in Chapter 3 (Section 3.2.2) demonstrate that this method of
approximating the internal energy deposition with SAMs is relatively reproducible. This
method for obtaining internal energy deposition data was found to be fairly simple and
swift.

A variety of methods (usually with metal carbonyls) have been developed that can
be used to approximate the amount of internal energy conversion; however, given that the
goal of this research was to compare the relative differences in energy deposition for

various hydrocarbon and fluorocarbon surfaces, alternative estimation methods will not

be employed or discussed.27,44,89,90
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Figure 2.4: Internal energy distribution diagram for benzene molecular ions
(hydrocarbon SAM surface at 50 eV collision energy) is determined by the
extended deconvolution method. The internal energy distributions within
each energy range are assumed uniform (solid line) and a “smooth”
Gaussian fit is executed to obtain the percent of kinetic to internal energy.
Figure based on method from reference 88.
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2.1.2 TRIPLE STAGE QUADRUPOLE (TSQ) MASS SPECTROMETER

A different quadrupole instrument, Finnigan TSQ 700 triple stage quadrupole
(TSQ) mass spectrometer (Finnigan MAT, San Jose, CA), was used to perform
ion/molecule reactions (Figure 2.5). The instrument employed an electron ionization (EI)
ion source (EI discussed in Section 2.1.1.1). Product ion mass spectra were recorded by
mass selecting an ion of interest with the first quadrupole mass analyzer and allowing the
ion to pass through the second quadrupole (RF-only) containing a reagent gas to allow
ion-molecule reactions to occur. Typically, the RF-only quadrupole contains an inert
collision gas (i.e. N2 or Ar) to fragment incoming projectile ions (collision-induced
dissociation (CID), mentioned in Chapter 1). The collision cell offset potential can be
adjusted with a range of voltages; 0-9 eV laboratory collision energies were used for the
reported ion-molecule experiments in this work (Chapter 4). The third quadrupole mass
analyzer is then scanned over the mass range of interest at a user-defined rate.
Temperatures for the ion source and the vacuum manifold were held at 150° C and 70° C,
respectively. A glass vessel containing liquid sample was fitted to a stainless steel
sample tube connecting the sample to the ion source (TSQ sample tube is similar to the
dual quadrupole SID sample tube). Butane reagent gas (Aldrich, Milwaukee, WI) was
used for ion-molecule reactions with methyl cation (Chapter 4). Butane was introduced
directly into the collision cell by connecting the butane lecture bottle regulator to the
collision cell gas port on the TSQ. The pressure of the reagent gas in the collision cell
was controlled with the TSQ leak valve and maintained at ~ 1.4 mtorr and monitored by a

linked ion gauge.
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Schematic of triple quadrupole (TSQ) instrument used to perform ion-molecule reactions in the gas phase for
comparative studies. The collision (RF-only) quadrupole was purged with butane reagent gas (~ 1.4 mTorr) and
can be adjusted with a range of voltages; 0-9 eV laboratory collision energies were applied for methyl cation
ion-molecule reactions (Chapter 4). Figure based on the schematic displayed in the Finnigan TSQ software.
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2.1.3 SECTOR-TOF (CID / SID) MASS SPECTROMETER

A hybrid instrument fabricated in the Wysocki Research Group is the in-line

Sector-TOF (time-of-flight) instrument (Figure 2.6). 99 The instrument is a prototype for
implementation of surface-induced dissociation (SID) into commercial TOF instruments.
Obtaining the parameters for operation of this instrument with SID was extensive and
will not be explained in detail here. The specific operation of the instrument in terms of
mass analysis and tandem mass spectrometry (with SID: collisions with surfaces) was a
considerable research objective and the first section of Chapter 6 is dedicated to
explaining this research. The following sections contain the basic background
information and theory for the ionization sources and mass analyzers used in the Sector-

TOF experiments.

2.1.3.1 IONIZATION SOURCES

With an increasing interest in bio-molecule analysis, developed ionization
methods were applied to the ionization of large nonvolatile analytes (i.e. peptides and
proteins) for mass spectrometry analysis. The ionization methods include electrospray
ionization (ESI). matrix-assisted laser desorption/ionization (MALDI), and fast atom
bombardment (FAB).84 These methods generate ions in the form of protonated, de-
protonated, and metal-adduct ((M + nH]", [M - H], and [M + alkaline metal] *
respectively) analytes. These ionization techniques are referred to as “soft” ionization

because no substantial energy is transferred to internal modes of the molecule and mostly
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the molecular ion is present in the mass spectrum (almost no or minor fragmentation is
apparent). Structural information can be obtained if the molecular ions are given extra
energy by collisions with a neutral gas or surface, capture of an electron, or by absorption
of a photon to induce fragmentation (see Section 1.1.1). The development of ESI enabled
interfacing of liquid chromatography with tandem mass spectrometry (LC-MS/MS),
which has been utilized extensively for peptide analysis of enzymatically or chemically
digested proteins for protein identification. The FAB “desorption™ ionization technique
was used for peptide analysis on the Sector-TOF instrument (Chapter 6). An analyte of
interest is dissolved into a matrix that is applied to a sample tip. The matrix is then
bombarded by atomic ions (i.e. 6 keV Xe ions with the conventional Xe gun of the JEOL
HX110A) to produce secondary ions. The secondary ions from the sample tip are

generated in the form of desorbed analyte ions (usually [M + H]" ions) and matrix cluster

ions.84 These matrix cluster ions produce chemical background and limit the analysis of
low-mass analytes with FAB. For the Sector-TOF instrument, generating peptides ions
by FAB was simple, applicable to a variety of peptides (peptides presented in Chapter 6
ranged from MH" = 556 — 1621 u), and produced a relatively strong ion beam. Low-
mass chemical background was not an issue for final collected spectra because peptide
ions generally appear at m/z values >500 u and mass-selection by the sector mass
analyzer in the tandem system prevented transmission of any other ions. The Sector-TOF
instrument was also equipped with an electron ionization source (EI: Section 2.1.1.1)
where small polyatomic ions were generated. Ions formed by FAB or EI were

accelerated through an applied voltage (~ 5 kV) into the Sector-TOF instrument.
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2.1.3.2 SECTOR MASS ANALYZERS

The first mass analyzer of the hybrid Sector-TOF instrument is the double-

focusing (electrostatic and magnetic) sector mass analyzer (JEOL HX110A).86 The
electric sector (labeled ESA in Figure 2.6) is usually held constant at a potential that
passes only ions with a specific kinetic energy. The electric sector analyzer is
responsible for improved resolution by eliminating ions that have unusually high or low
energies compared to the bulk ion population (and hence have unusually high or low
velocities). The ions continue to travel to the magnetic sector (labeled magnet in Figure
2.6) where a uniform magnetic field (B) is applied. The kinetic energy of the ions is
equal to the product of their charge (z) and the applied voltage (V) and can also be

expressed as one-half the product of their mass (m) and the square of their velocity (v)

(Eq. 2.14)84.86, The velocity of the ions can then be solved (Eq. 2.15)84.86,

(kinetic energy) =zV =mv?/2 (Eq. 2.14)

v=v(2zV /m) (Eq. 2.15)
The magnetic field exerts a force on these fast-moving ions and causes them to move in a
radius (r) that is dependent upon their m/z and speed. This force is made up of two
components, the centrifugal force (mv’/r) that pulls the ion away from an orbit and the
centripetal force (zvB) that pulls the ion toward the center of an orbit. The centrifugal

force is necessarily equal to the centripetal force (the ion would not stay in the orbit if the
two opposing forces were not equal: Eq. 2.16)84.86,
mv’/r=zvB (Eq. 2.16)

mv/z=1B (Eq.2.17)
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For a fixed magnetic field strength and a fixed orbit radius, ions are separated on the

basis of their momentum (mv) and charge (z) (Eq. 2.17)84,86. Substituting Eq. 2.15 for

v in Eq. 2.17 yields an equation that relates the m/z of the ion with its orbit radius, the

magnetic field strength, and the applied voltage (Eq. 2.18).84.86 [n order to change
which m/z has a stable trajectory through the sector, one alters the magnetic field
strength.

m/z=rB*/2V (Eq. 2.18)
Once through the analyzer, the ions can be detected by the electron multiplier at the end

of the sector (positive ions are attracted to a conversion dynode held at roughly -1.5 kV).

2.1.3.3 TIME-OF-FLIGHT (TOF) MASS ANALYZERS

The second part of the Sector-TOF is the time-of-flight (TOF) mass analyzer,
which is one of the simplest mass analyzers available. Ion separation relies on distinctive
flight times for ions of same mass when a mixture of ions travels through a field free
region to a detector. The separation requires a specific starting time at which all ions
leave the ion source simultaneously. TOF mass analyzers were initially used with pulsed
ionization sources so a starting time could be easily monitored. Recent source
modifications have allowed other ionization techniques (i.e., ESI, FAB, or EI produce
continuous ion beams) to be used with TOF mass analyzers. Ion gating allows a small
portion of a continuous ion beam from the source to pass through to the TOF mass
analyzer. The remaining beam is deflected with appropriate voltages at gating lenses.

Ideally, all ions within the packet of ions allowed into the TOF chamber are accelerated
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from the ion source with the same kinetic energy (the kinetic energy is proportional to the

ion velocity squared (Eq. 2.14)).84 Because the ions have the same energy but different
m/z values, they will separate out from each other and reach the detector at different
times. Smaller ions have a smaller mass (therefore a greater velocity) and reach the
detector first. Larger ions have a longer flight time (slower velocity) and are detected
later. Specifically, the ion velocity (v) can be expressed as the length (L) of the flight
path divided by the time (t) (Eq. 2.19).84 When the velocity is substituted into Eq. 2.14,
the resulting equation defines the flight time and separation that is dependent on the
mass-to-charge ratio (Eq. 2.20) if the accelerating potential and flight path are
constant.34
v=L/t (Eq. 2.19)
m/z=2Ve/L? (Eq. 2.20)
Realistically, ions leaving the source of a time-of-flight mass spectrometer have

neither identical starting times nor identical kinetic energies. To compensate for these

differences, some TOF instruments use a reflectron or “ion mirror”.84.86 The reflectron
consists of a series of lenses where appropriate voltages are applied to generate a specific
electric field. This electric field insures that ions of the same m/z reach the detector at the
same time. lons of the same m/z but with a bit more kinetic energy will travel farther into
the reflectron than those with less kinetic energy. The flight time distribution resulting
from a kinetic energy spread of these ions is corrected and the ions reach the detector at

the same time, thus improving resolution. The TOF chamber in the Sector-TOF
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instrument utilizes a reflectron (Figure 2.6) that can be used with CID activation, but is

only used as a lens system during SID activation (further explained in Chapter 6).

2.1.4 CONTACT ANGLE

To determine the chemical composition and conformation at the air-vacuum/solid
interface of mixed SAMs on gold (Chapter 5), additional surface characterization
techniques were applied. One such technique is contact angle measurements. The
advantage of the macroscopic contact angle measurement is the surface sensitivity
(responding to the molecular structure within the uppermost angstroms of a solid).91,92
Contact angles have been correlated to microscopic properties of organic thin films.93

When a liquid drop is applied to a surface, a non-zero angle between the meniscus
of the drop and the surface usually occurs. This angle is defined as the contact angle (0)
and has been used to determine surface energies, wettability, and thermal stability. The
origin of the contact angle can be traced to the balance of forces at the line of contact
between the liquid and solid (Figure 2.7a or 2.7b).93 The solid/vapor, solid/liquid, and
liquid/vapor surface tensions, defined by the energy needed to create unit area of each of

the interfaces, are denoted as 7.y, ysi, and yyy, respectively. If the interfacial tensions are in
balance, Young’s equation (Eq. 2.21) applies93:

Ysv = Ys1 T Yiv COS 0 (Eq. 2.21)

Eq. 2.21 can be rearranged to produce Eq. 2.22:

€os 0 = [(Ysv - Ys1) / Yuv) (Eq. 2.

[
(8]
N
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Figure 2.7: Contact angles illustrate the a) wetting behavior of a surface (8 < 90°) and b) non-wetting behavior of a surface
(0 > 90°). c) The basic schematic of the goniometer (Kriiss: DSA10) used to generate the presented contact
angle data. Figures a) and b) adapted from reference 93.
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The equations describe, in an ideal case, the surface free energy of a solid. When y4 <
¥sv» contact angles are 0 <0 < 90° and the liquid wets or spreads over the surface (Figure
2.7a). In this case, no work was needed to create the solid/liquid interface. 942 For
example, H.O drops on a HO-terminated SAM surface have been reported to produce
contact angles of 0 < 10°.95 When Ysv < ¥st and contact angles equal 90° < 0 < 180°, less
energy is needed to form the solid/vapor interface than the solid/liquid interface and the
surface is referred to as non-wetting (Figure 2.7b).942 Fluorinated SAM surfaces have
been reported to show H,O contact angles as 6 > 116°.96

The basic schematic of the contact angle instrument (Kriiss DSA10) is displayed
in Figure 2.7c. For advancing contact angle measurements, a 2.0 uL drop was initially
placed on the surface and the drop is increased with increments of 2 uL with the needle
remaining in the drop (drops added with rate = 50 uL/minute). The increasing drop will
initially start to track across the SAM surface. Once the liquid addition is finished, the
contact angle is evaluated when the water drop remains still or during its slow advance
across the surface (The liquid addition was halted before the contact angle measurement
to eliminate pressure effects from the needle). Advancing contact angle is an improved
measurement compared to static contact angle for physical interactions between the
surface and the liquid and is considered to be very reproducible. The method used to
calculate the contact angle is termed Tangent Method 1 (Kriiss DSA10 User Manual).
The complete profile of the drop is adapted to a general equation for a conical section.

The derivative of this equation at the baseline gives the slope at the three-phase contact
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point to the solid surface and thus the contact angle can be calculated. The solvent used
was Millipore water (18.0 MQ) from the Mass Spectrometry Facility at the University of

Arizona in all advancing contact angle measurements reported here.

2.1.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

The chemical composition of uniform (Chapter 3) and mixed SAMs on gold
(Chapter 5) was determined by X-ray photoelectron spectroscopy (XPS), which is also
know as electron spectroscopy for chemical analysis (ESCA). The XPS technique is
based on the photoelectric effect outlined by Einstein in 1905.97a8 Photons of light
directly transfer energy to electrons within an atom resulting in the emission of an

electron without energy loss: A + hv —» A™ + ¢, where A can be an atom, and A*" is the

electronically excited ion of A.972 Specifically, a photon from a monochromatic X-ray
beam of known energy (hv) irradiates a surface. The surface then releases electrons
(photoelectrons) after direct cnergy transfer from the photon to a core-level electron
(Figure 2.8a). The kinetic energy (Ex) of the photoelectrons emitted from the atom is the
incident energy (hv) minus the binding energy of the electron orbital from which the
emitted photoelectron came (E;).9728 When the kinetic energy of the emitted
photoelectrons is determined using a hemispherical analyzer, the binding energy of the
electron orbital can be determined with a simple subtraction, Eq 2.23.

Ey =hv - Eyx (Eq. 2.23)
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The X-ray energy (hv) does not exactly equal the sum of Ei and E, (Figure 2.8b). The
difference is the work function (¢) of a specific spectrometer and is defined by the
difference in energy of the highest occupied energy level or “Fermi level” (Ef) and the
vacuum level (E,), shown by Eq. 2.24.97a

¢ = E¢-E, (Eq. 2.24)
Therefore. the work function (¢) is the minimum energy required to eject a photoelectron
from the highest occupied energy level into a vacuum environment. The work function
term is added to Eq. 2.23 to produce Eq. 2.25).97a

En=hv-E-¢ (Eq. 2.25)
The binding energy is characteristic for each element. Analysis by XPS not only
provides elemental information, but because the technique detects the binding energy of
emitted photoelectrons, it can also provide some chemical bonding information.
Depending on what elements are bound to the parent atom, the binding energy of the
emitted photoelectrons may change slightly. The instrument is sensitive enough to detect
electron energy shifts and is used to determine the chemical compounds present on the
surface. Electrons can only escape from the solid if they originate close to the surface (<
10 nm). If they originate from deep within the bulk of the solid, then they will be
reabsorbed or suffer inelastic collisions. Therefore, the information available from XPS is
highly specific to the surface material making XPS valuable for the analysis of organic

thin films, specifically, self-assembled monolayers on gold.



a) Photoelectron
E =hv-E,
@)

Photon E,

Core ()
level ®

Figure 2.8: a) Photoemission: The X-ray photon transfers enough energy to a core-level electron allowing it to leave the
atom. b) Energy level diagram showing the relationship of the X-ray photon energy (hv) with respect to the
photoelectron’s kinetic energy, binding energy, and work function. Figure adapted from reference 97a.
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Experiments of this type have to be performed in ultra-high vacuum conditions (UHV: >
10" Torr) to prevent inelastic collisions of photoelectrons with gas molecules and reduce

contamination on surface samples.

The X-ray photoelectron spectrometer instrument that generated data presented in
this dissertation was a Kratos Ultra (Figure 2.9).98 The x-ray source was an Al Ka x-ray
(1486.6 eV). The instrument has a sample area of ~ 300 x 700 um. Emitted

photoelectrons are separated with a dispersion (hemispherical) analyzer.97a The
analyzer is similar to the ESA of the Sector-TOF described in Section 2.1.3.2. The
analyzer includes two hemispheres of slightly different radii. A potential is applied
across the hemispheres such that the outer hemisphere is negatively charged and the inner
hemisphere positively charged creating a radial electric field. Photoelectrons are focused
into the analyzer with an electrostatic lens where the photoelectrons then experience a
centripetal force and undergo uniform circular motion. The radius of curvature of this
motion for a given potential difference between the two hemispheres is determined by the
electron’s velocity, which is directly proportional to the electron’s kinetic energy.
Photoelectrons of a given energy (the pass energy) have the same radius of curvature as
the space between the two hemispheres and proceed to the exit slit of the energy analyzer.
Photoelectrons having kinetic energy greater than the pass energy will have a larger
radius of curvature and collide with the outer hemisphere. A kinetic energy less than the
pass energy will have a smaller radius of curvature and collide with the inner hemisphere.

The photoelectrons separated by the analyzer are then detected by eight electron

multipliers.
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Figure 2.9: Basic schematic of the X-ray Photoelectron Spectrometer (Kratos Ultra)
used for chemical analysis of self-assembled monolayers (SAMs) on gold.
The instrument is located in the LESSA Facility at the University of
Arizona. Figure adapted from reference 98.
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2.1.6 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR)

Mid-infrared light (2.5 - 50 um, 4000 - 200 cm’') is energetic enough to excite

molecular vibrations to higher energy levels.94 The wavelengths of infrared (IR)
absorption bands are characteristic of specific types of chemical bonds, and IR
spectroscopy finds its greatest utility for identification of organic molecules. For
monitoring the chemical structure and molecular orientation of thin films and monolayers
adsorbed onto metal surfaces, reflection-absorption infrared spectroscopy (RAIRS) was
developed.60.100

An illustration showing the basic components for a reflection-absorption Fourier
transform infrared (FT-IR) instrument is displayed in Figure 2.10. The light source

generates the IR light beam that travels to the interferometer. The interferometer is

comprised of a beam splitter, a moving mirror (M,), and a fixed mirror (Mz).94 The
beam splitter divides the initial beam into two different beams that are recombined after a
relative phase shift determined by the optical path difference from the beam splitter to
mirrors M, and M,, respectively. Upon recombination, a modulation in the light intensity
at each frequency will occur, determined by the moving mirror speed. The product of
this interferometer "scan" is called an interferogram, a plot of intensity versus mirror
position. The interferogram is a summation of all the wavelengths (cosine waves)
emitted by the sample (for all practical purposes it cannot be interpreted in its original
form).94 Using a mathematical process called Fourier Transformation (FT), the
instrument computer converts the interferogram into a spectrum. The spectrum shows

the sample emission at all the frequencies measured and is used to identify the sample.
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Figure 2.10: Basic schematic of the reflection-absorption Fourier transform infrared
(FT-IR) instrument used for identification of the chemical structure and
molecular orientation of self-assembled monolayers (SAMs) on gold. For
simplicity, some focusing mirrors and lenses are not shown. The FT-IR
instrument is located in the Pemberton Lab at the University of Arizona.
Figure adapted from references 94 and 100.
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For reflection-absorption experiments, the FT-IR beam is passed through a wire
grid polarizer to create a p-polarized beam prior to sample interaction (Figure 2.10). The
interaction energy, generated from direct coupling between a p-polarized light and

adsorbate dipoles, will be strong only for vibrational modes that have a dynamic dipole

moment normal to the surface.60.100 At a high (grazing) angle of incidence, the
intensity of a reflected p-polarized infrared light beam is enhanced at a metal surface so

that even sub-monolayer quantities of chemisorbed species can be observed in the p-

polarized FT-IR reflectance spectrum.100

The external reflection-absorption FT-IR spectra presented in this dissertation
were acquired with a Nicolet Magna 550 FT-IR spectrometer with a liquid N>-cooled
narrow band MCT-A detector. Dr. Jeanne Pemberton is acknowledged for the use of the
Nicolet instrument (Dominic Tiani and Joseph Robertson are also acknowledged for
initial training of the instrument and related software as well as intellectual IR
discussions). Spectra of self-assembled monolayers on gold were obtained using p-
polarized light incident at 80° with respect to the surface normal using an FT-80 grazing
angle accessory (Spectra-Tech, Inc.). A gold surface modified with benzene thiol was
used as a reference. All spectra are the average of 750 scans of both the sample and the
reference and were collected at 4 cm™ resolution with Happ-Genzel apodization. Spectra

are reported as -log(R/R,), where R is the reflectivity of the sample and R, is the

reflectivity of the reference.
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2.2 ORGANIC THIN FILMS ON METAL SUBSTRATES

With the synthesis of new alkanethiols that contain various functional groups,
model target surfaces can be constructed to perform systematic studies and gain an
increasing amount of knowledge regarding ion-surface collision processes with self-
assembled monolayers. The resulting information is vital to the development of ion-
surface collisions as a surface analytical tool that supplies data regarding organic thin
films in terms of exposed atom/group composition, electron transfer in the gas phase, and
conversion of kinetic energy to internal energy for the fragmentation of projectile ions.
The following sections describe the thiol compounds used to chemically modify gold

surfaces (SAMs) and the specific procedures used to perform the surface modification.

2.2.1 STRUCTURE AND ABBREVIATIONS FOR ALKANETHIOLS

Alkanethiol compounds used to make self-assembled monolayers on gold are
listed in Table 2.2. The table is provided to familiarize the reader with the chemical
structures and abbreviations for each of the alkanethiols used in the reported research.
The provider of the compounds, the appropriate literature references, and the dissertation
chapter in which data from the compounds are described and has been denoted in Table
2.2. Alkanethiolates from Aldrich (Milwaukee, WI) were used as purchased (i.e. without
further purification). It should be mentioned that a majority of the research presented in
this dissertation would not have been possible without the collaboration with Dr. T.

Randall Lee and his research group at the University of Houston.
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corresponding abbreviations and references).
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List of alkanethiols used in ion-surface collision experiments (with

. . Provider
Structure Abbreviation (Reference) Chapters
HS(CH,);,OH C110H Wysocki Group#3 5
HS(CH,);1CH; Cl12 Aldrich 5,6
HS(CH,)5CHj3; Cl16 or C16F0 Aldrich 3,4
HS(CH,),7CH; C18 Aldrich 3,5,6
HS(CH,)2CF; C13F1 Dr. Lee, et. al.101 3
HS(CH2)|3CF3 Cl4F1 Dr. Lee, et. al.IOl 3
HS(CH,)4CF; C15F1 Dr. Lee, et. al.101 3
HS(CH»),5CF; Cl6F1 Dr. Lee, et. al.101 3,4
HS(CHa),sCF>CF; C16F2 Dr. Lee, et. al.101 3,4
HS(CH,)13(CF1)>CF; C16F3 Dr. Lee, et. al. 101 3
HS(CHa)2(CF,);CF; C16F4 Dr. Lee, et. al. 101 3
HS(CH,)2(CF2)sCF; C12F10 Wysocki Group?S | 3,5,6
HS(CH:>)s(CF2)oCF; C16F10 Dr. Lee, et. al.101 3,4
HS(CH,),7(CF1)CF; C27F10 Dr. Lee, et. al.101 3
CH;3(CHb»);;SS(CH»);,0H C12-S-S-C110H Wysocki Groupﬁl 5
U of Arizona
CH;3(CH2)11SS (CH2)2(CF»)9CF;3 | C12-S-S-C12F10 Synthesis 5
Facility102
U of Arizona
CH;3(CH2)17SS (CH3)>(CF>)sCF5; | C18-S-S-C12F10 Synthesis 5
Facility102
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For fluorinated films, the abbreviation nomenclature indicates first the total number of
carbons in the thiol chain. Secondly, the number of carbons from the alkyl terminus that
are fluorinated is indicated (i.e. C13F1 has 13 total carbons in the chain but only the last

carbon is fluorinated).

2.2.2.1 UNIFORM SAM SURFACES

Self-assembled monolayers (SAMs) used in this research were alkanethiols
chemically adsorbed on a gold surface. Vapor-deposited gold surfaces were purchased
from Evaporated Metal Films (Ithaca, NY). The gold surfaces consisted of a 17 mm x 13
mm X 0.5 mm silica base covered with a 5 nm adhesion under-layer of titanium was then
coated with 100 nm of vapor-deposited gold. The gold surfaces were UV-cleaned for 15
minutes (Boekel UV cleaner, Model 135500) before immersion in appropriate thiol
solutions. Ethanolic stock solutions of the various alkanethiols (~ 1 mM) were prepared
in glassware cleaned with piranha solution (H,SO,/H,0,, in a 3:1 volume ratio (Caution:
piranha solution should be handled with extreme care!). A 6-8 ml aliquot of an ethanolic
thiol stock solution was transferred to an unused disposable test tube after the tube has
been UV-cleaned for 5 minutes. Monolayer formation occurred by allowing the freshly
UV-cleaned gold surface to react in the ethanolic thiol solution for 72 h at room
temperature (Scheme 2.1). The films were then rinsed six times by sonication in ethanol,
dried under argon, and inserted into the fast entry lock of the mass spectrometer (placed

under vacuum) within 5-10 minutes.
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Scheme 2.1:  Procedure to form single thiol self-assembled monolayers (SAMs)

UV-cleaned
— Au

S| +

ThiOI SOlution [mmersion
~1mM
2.2.2.1.1 TIME DEPENDENCE FOR MONOLAYER FORMATION

Kinetic studies of alkanethiol adsorption onto Au (111) surfaces have shown that
at relatively dilute solutions (10 M), two distinct adsorption kinetics can be observed: a
very fast primary step, which takes a few minutes, by the end of which the surface’s

contact angles are close to limiting values and the film thickness is about 80-90% of its
maximum.58 A secondary slow step, which lasts several hours, allows the films’
thickness and contact angles reach their final constant values.68 The initial steps,
described well by diffusion-controlled Langmuir adsorptions, were found to strongly
depend on thiol concentration. At 1 mM solution, the first step was complete after ~ 1
min. while it required over 100 min at 1 uM concentration.68

The formation of uniform self-assembled monolayers in the Wysocki Research
Group has occurred by immersion of an UV-clean gold substrate in a ~ I mM single thiol
ethanolic solution for ~ 72 hours. Justification for this applied immersion time was
previously determined using low-energy ion-surface reactions.’2 It was shown that less

H-addition and formal CH-addition to the projectile ion (DSMO-ds) occurred when the
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target surface in the SID experiment (Au-S(CH>)>(CF»)sCF3) was formed by immersion

in thiol solution for 72 h when compared to a 24 h immersion time.>2 Prolonged
immersion time allowed more ordered SAM films to be formed and these films were
more resistant to hydrocarbon contamination as a result of fewer defect sites in the
monolayer film. Collaborative studies with Joseph Robertson (while working for Dr.
Jeanne Pemberton at the University of Arizona) have produced further evidence for
improved film formation by electrochemical experiments. Cyclic voltammetry on
hydrocarbon surfaces (C16: Au-S(CH»)sCH;) formed by standard procedures with
varying immersion times (24 h, 48 h, and 72 h) was utilized for this study. A BAS-100B
workstation with a standard three-electrode cell was used with a coiled Pt counter
electrode and an Ag/AgCl reference electrode (E = -198 mV versus NHE) was used to
take these measurements. The voltammograms were taken at v = 100 mV/s in 1 mM
Ru(NH;)6Cl, 0.1 M NaClO,. All solutions were bubbled with water saturated with N, for
~ 10 minutes prior to electrochemistry to remove dissolved O,. The cyclic
voltammograms in Figure 2.11 reveal longer immersion time of a gold substrate in a thiol
solution leads to a more insulating film (decrease in current) that resists ion permeation in
solution and therefore do not undergo electrochemistry. Thus, the immersion time does

play a role in the order and packing of the resulting self-assembled monolayer from a

thiol solution.
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Figure 2.11: Current measurements generated during electrochemistry experiments to
track the differences between hydrocarbon (C16) films made with
different immersion times. Longer immersion times made more insulating
films, i.e. decrease in observed current. Data collected by Joseph
Robertson at the University of Arizona.
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2.2.2.2 MIXED SAM SURFACES

A different approach was used in generating mixed composition SAMs. Three
mixed monolayer systems were explored; the first is a previously characterized model
system and the following two are newly developed mixed systems.

The first mixed system consists of C12 and C110H mixed monolayers. An ~ 1
mM solution of each compound, C12 and CI110H, was prepared separately in
tetrahydrofuran (THF).6a103 Mixed solutions of C12 / C110H were prepared in various
molar percentages by mixing appropriate volumes of individual thiol stock solutions.
The volumes for each thiol solution were measured with a volumetric buret into a UV-
cleaned test tube to reach a total volume of 10 mL. The maximum tolerance of the buret
for these volumes is + 0.02 mL. The resulting mixed solutions were stirred by placing
the solution tube on a vortex pad (VWR-Scientific Vortex Genie Model G560) for at least
30 seconds before immersion of the gold surface. Also, an ~ 0.6 mM solution of C12-S-
S-C110H in ethanol was prepared to form a fixed composition surface with 50% C12
chains and 50% C110H chains on the surface.104 Uniform and mixed monolayers were
formed with the immersion of a freshly UV-cleaned gold substrate in the appropriate
thiol or disulfide solutions for ~ 24 h at room temperature (25° C). The immersion time
differs from the time previously mentioned (24 h versus 72 h respectively) because many
references pertaining to the same or very similar mixed systems were typically prepared
in 24 h.6,103,104 To correlate mixed monolayer literature data with the current low-
energy ion-surface collision technique, surfaces were prepared according to procedures

reported in the present literature (24 h immersion time). The films were then rinsed six
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times by sonication in THF (mixed thiol solutions) or ethanol (disulfide stock solution),
dried under argon, and inserted into the fast entry lock of the mass spectrometer (placed
under vacuum) within 5-10 minutes.

The second and third mixed thiolate systems investigated were the C12/C12F10
and C18/C12F10 mixed monolayers. Since these mixed monolayers have not been
previously investigated, studies on the effect of solvent used in the thiol stock solutions
that generate the final mixed SAM composition were investigated. It has been shown in

the literature the solvent used in preparing mixed monolayers drastically has an effect on

the chemical composition of the resulting mixed monolayer on the gold substrate.93
Therefore, the mixed C12/C12F10 monolayers were made from mixed solutions prepared
in ethanol and methylene chloride. Ethanol is usually chosen as the solvent for preparing

self-assembling monolayers, because ethanol has low cost, low toxicity, and low

tendency for incorporation into the monolayer.68 Methylene chloride was the other
solvent chosen because many examples exist in the literature where methylene chloride

was applied for the formation of semifluorinated films (because of higher

solubility).83.96,105,106 volumes from each ~ 1 mM individual thiol stock solution
were measured with a volumetric buret (~ 10 mL total volume), and the resulting solution
was placed on the vortex for at least 30 seconds before immersion of the UV-cleaned
gold surface. Also, ~ 0.5 mM solutions of C12-S-S-C12F10 and C18-S-S-C12F10 were
prepared in methylene chloride (solubility of the disulfides is too low in ethanol). All

mixed SAM films were formed with the immersion of the UV-cleaned gold substrate in

the mixed solutions for 24 h.105-107  The films were then rinsed six times by sonication



92

in ethanol or methylene chloride, dried under argon, and inserted into the fast entry lock

of the mass spectrometer (placed under vacuum) within 5-10 minutes.

2.3 SUMMARY

The previous sections have given the basic theories of operation for the different
analytical instruments (mainly mass spectrometers).

Low-energy ion-surface collision data (created from collisions between
polyatomic and atomic projectile ions with self-assembled monolayers (SAMs)) obtained
with the dual quadrupole SID instrument are contained in Chapter 3 (characterization of
hydrocarbon and fluorocarbon SAMs), Chapter 4 (investigations of the “reaction
neutralization” mechanism of methyl cation), and Chapter 5 (characterization of mixed
SAMs). The triple stage quadrupole mass spectrometer was utilized for low-energy ion-
molecules reactions for Chapter 4. The characterization and application of the new
prototype mass spectrometer (Sector-TOF) that could perform surface-induced
dissociation (SID) were the focus of Chapter 6.

Additional surface analytical instruments (contact angle, X-ray photoelectron
spectroscopy (XPS), and external reflection absorption Fourier Transform infrared
spectroscopy (FT-IR)) were used to gain more knowledge about the chemical
composition and interfacial properties of self-assembled monolayers. Information from
these techniques was helpful with the interpretation of certain low-energy ion-surface

collision resuits.
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CHAPTER 3

LOW-ENERGY ION-SURFACE COLLISIONS CHARACTERIZE ALKYL- AND

FLUOROALKYL-TERMINATED SELF-ASSEMBLED MONOLAYERS ON GOLD

3.1 INTRODUCTION

Self-assembled organic thin films that contain fluorine have proven to be
interesting and useful targets for low-energy ion-surface collisions. Energy deposition
during a SID experiment depends strongly on the composition of the SAMs on the

surface. Fluorinated SAM films yield a “harder” surface compared to hydrocarbon SAM

films, resulting in a greater average transfer of kinetic energy to internal energy. 12,40,41
Several reports suggest that the increased amount of energy transfer for fluorinated

surfaces arises from the effective mass increase and/or the additional rigidity of the
fluorocarbon chain.39:41-44 [n addition, higher ionization energies of fluorinated SAMs
allow a greater percentage of any given typical organic ions to survive the collision
(decrease in neutralization) when compared to hydrocarbon SAMs.41:45  These
comparisons were derived from analyses of SAMs containing multiple fluorinated
carbons (CF3(CF2),(CHz):SH, n = 7, 9, 11) versus n-alkanethiols on gold.41a45
Perfluorinated, CF3(CHy)p-terminated, and stearate L-B films were previously

investigated that established that the presence of fluorine at the terminus of L-B films
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(CF3(CH,)16COOH) controls the ion fragmentation, ion neutralization, and ion-surface

reactions occurring during low-energy polyatomic ion collisions.10 The L-B films were
employed because CF;-terminated alkanethiolates were not available at that time to form
SAMs. The present research investigates ion-surface collision processes on the now

available CF;-, CF3;CFs;-terminated, CF;(CF2);-terminated, CF;3(CF;);-terminated and

CF3(CF»)s-terminated SAM surfaces.”2,83,96,101,108-112 Thjg comparison is important
because differences between L-B and SAM films exist that can conceivably influence
low-energy ion-surface collision processes. The previously investigated fluorinated L-B
films were made with carboxylic acid molecules transferred to an aluminum substrate by

physical adsorption via dipping procedures to form three-layer Y-type films (Figure
3.1a).35.113.114 The present research utilizes alkanethiolates covalently attached to gold
substrates (by sulfur-gold bonds) by immersion of a gold substrate into an appropriate

thiol solution to form a monomolecular layer (Figure 3.1b).33,59:60 The amphiphilic
molecules of the L-B films are orientated approximately parallel to the surface
normall 14, which contrasts the orientation of fluorocarbon and hydrocarbon SAM chains
having a tilt of approximately 17° - 30° from surface normal.64,75,82,83

The goal of low-energy (eV) ion-surface collisions with hydrocarbon and
fluorinated alkanethiolates on gold substrates was to determine the consequence on ion-
surface reactions by varying the degree of fluorination for the uppermost portion of the
thiolate chain. Polyatomic (M™ for benzene and pyrazine) and atomic (Mo™ and Cr")

ions were collided with different alkyl- and fluoroalkyl-terminated SAM films at various
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Figure 3.1: General representation of a) a three layer Y-type Langmuir-Blodgett (LB) film versus b) an alkanethiol self-
assembled monolayer (SAM) on gold. Figure modified from reference 87.
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collision energies (20 eV to 70 eV). The collected data have been categorized and
presented into three distinct groups: i) the previously mentioned compounds (CH;- and
CF;- through CF3(CF,)e-terminated SAMs) were used to assess the influence of fluorine,
at the terminal position and underlying (CF,), groups in SAMs. Data reveal that
substitution of CH; with CF; as the terminal group has a substantial influence on low-
energy ion-surface collisions, including kinetic to internal energy transfer
(fragmentation), electron transfer (neutralization), and atom/group transfer (reaction) to

the projectile ion. The fluorine-terminated SAMs are compared and contrasted to

previously discussed CF;-terminated Langmuir-Blodgett (LB) films.10 ii) Results for a
series of CF;3;(CH»),S-Au films (where n = 12, 13, 14, 15) illustrate that ion-surface
reactions vary with the orientation of the fluorine atoms that are present at the terminal
group. Previous studies have been performed on CF3;(CHa),-terminated SAM films and
show the films are well ordered on the molecular scale and exhibit the same surface

packing density as CH3(CHj)n-terminated films despite the CF; terminal group being

markedly larger than CH; group.72:112 It has also been concluded that the terminal

groups of CF;-terminated chains have the same orientation as CH;-terminated SAMs for

both odd and even chain lengths.109-111 jii) Low-energy ion-surface collision data are
also presented to display similarities and differences for a series of multi-fluorinated

surfaces (CF3(CF2)o(CH2),SH where n = 2, 6, 17) in which the length of the alkyl spacer

between the gold surface and the fluorinated portion of the total chain is varied.83
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3.2 COMPARISON OF C16F0, C16F1, C16F2, C16F3, C16F4, AND C16F10 SAMs
The results of ion-surface collisions with gold surfaces modified with various
hydrocarbon and fluorinated alkanethiol SAMs, i.e. CH3(CH3);5S-Au (C16F0),
CF3;(CH3)15S8-Au  (C16F1), CF;CF2(CH3)14S-Au  (C16F2), CF3(CF3)2(CH,)13S-Au
(C16F3), CF3(CF3)3(CH3)12S-Au (C16F4), and CF3(CF2)o(CH2)sS-Au (C16F10) are
presented. The shortened nomenclature C16Fx indicates total number of carbons (16)
and the number of carbons from the alkyl terminus (x) that are perfluorinated. These
compounds were used to assess the influence of fluorine, at the terminal position and
underlying (CF,), groups in SAM films, with each of the ion-surface collision processes
(energy. atom/group, and electron transfer). This comparison was performed with the

aforementioned polyatomic and atomic ions at low collision energies (< 70 eV).

3.2.1 XPS ANALYSIS OF HYDROCARBON AND FLUOROCARBON SAMs

The C16-SAM films (C16F0, C16F1, C16F2, C16F4, and C16F10) were analyzed
by X-ray photoelectron spectroscopy (XPS) to verify the chemical composition of the
organic thin films. All measurements were made with the XPS Kraros Ultra instrument
(discussed in Section 2.1.5) and performed by Dana Alloway and Michael Hoffmann
(while working for Dr. Neal Armstrong at the University of Arizona). The film
formation procedure used for the XPS studies was modified slightly from the previously
discussed method used for ion-surface collision studies (Section 2.2.2.1). Gold foil (1

cm® area) was used as the substrate for SAM formation instead of the evaporated gold on

silica.115 The foil was cleaned with micro-polishing alumina solution of 1.0 um and 0.3
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um particle size and then rinsed with water and ethanol. The substrates were then placed
in a sulfuric acid-hydrogen peroxide (30%) mixture (4:1) for 15 minutes followed by
additional rinses with ethanol. After being dried with purified nitrogen the substrates
were loaded into a plasma-cleaner for an additional 15 minutes. The substrates were then
transferred to the Wysocki Lab where the typical procedure (Section 2.2.2.1) for SAM
film formation occurred (UV-clean gold - ~ 1 mM ethanolic thiol solution — 72 hours
— rinsed with sonication in ethanol — dried and inserted into vacuum).

The fluorine (F 1s) XPS-spectra for various fluorinated SAMs are presented in
Figure 3.2a. No fluorine peak (688.5 eV) is observed for the hydrocarbon film but a
fluorine peak appears and steadily increases in intensity as the number of fluorinated
carbons on the chain increases. A similar effect is seen in the carbon (C 1s) XPS-spectra
(Figure 3.2b). The peak at 285.5 eV represents the carbon in CH-groups (-CH»- or -
CH;). The observed CH peak decreases in intensity with the decrease in CH groups,
corresponding to the increase of fluorinated carbons. When enough carbons are
fluorinated on the chain, a carbon peak (291.6 eV) appears which is associated to CF-
groups. To monitor CH and CF peak areas, all peaks were fitted using a 30% Gaussian-
Lorentzian profile. The measurable CH and CF peak areas are then plotted versus the
number of fluorinated carbons (Figure 3.3a). The generated experimental CF/CH area
ratio for the C16F4 and C16F10 surface overlap amazingly well with the theoretical
CF/CH atom ratio values (Figure 3.3b). The data indicates that the present series of

hydrocarbon and fluorocarbon alkanethiols appear to form proper uniform SAMs.
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3.2.2 FT-IR ANALYSIS OF HYDROCARBON AND FLUOROCARBON SAMs

The C16 SAM films (C16F0, C16F1, C16F2, and C16F10) were analyzed by
reflection-absorption Fourier Transform infrared spectroscopy to provide insight into
alkyl chain packing of the thiol chains (crystalline versus liquid-like) on the gold surface.
All spectra were generated with a Nicolet Magna 550 FT-IR instrument (discussed in
Section 2.1.6). Figure 3.4 shows FT-IR spectra in the 3200-2600 regions. The spectral
reference was benzene thiol on gold and produces no interference; therefore, all bands
appearing in these spectra are from the corresponding alkyl chains. Vibrational
frequencies and their corresponding assignments are denoted in the following text.

In Figure 3.4a, the FT-IR spectrum for C16F0 shows four characteristic peaks for
a hydrocarbon surface in the high-frequency region. The peaks found at 2850, 2878,
2919, and 2964 cm™ are assigned to vs(CH,), vs(CHj3), vo(CH3), and v4(CH3) modes of
the C16F0 alkyl chains, respectively (v = stretch, s = symmetric, and a =
antisymmetric).60,116-118  The peak frequency for the v,(CH>) mode of an all-trans
extended alkyl chain in a crystalline environment is reported to be 2915-2920 cm™, and
that for the vy(CH>) mode is reported to be 2846-2850 cm™.60,116-118 The frequencies
of these peaks increase to approximately 2928 and 2856 cm™ for the v,(CHa) and vi(CHa)
modes, respectively, for liquid-like disordered chains (methylene groups possess random,

e.g. gauche, conformations).!19 This data suggests the CI6F0 film produces a
crystalline film with fully extended alkyl chains.
For the C16F1 surface (Figure 3.4b), the peaks for the v{(CH3) and v,(CH3)

modes are absent as a result of the addition of the —CF; terminal group. Peak frequencies
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terminated (C16F10) SAM films.
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for the vs(CH,) and v,(CH,) modes are analogous to the C16F0 surface (2850 and 2919
cm’'. respectively), which indicates a crystalline film was formed. Similar results for the
C16F2 film are shown in Figure 3.4c. The peaks frequencies for the v{(CH) and v,(CH,)

modes are found at 2849 and 2918 cm™, respectively. These values are also within the
reported limits for a crystalline environment.60,116-118 No peaks were observed for the
C16F10 film (Figure 3.4d) in the high-frequency region. The peaks for the v{(CH;) and

va(CH») modes were not detected with the FT-IR instrument because the alkyl chain of

the C16F 10 film was comprised of only six methylene groups.96

3.2.3 ENERGY CONVERSION DIFFERENCES (T — V)

Does the translational energy converted to internal modes of the polyatomic
projectile ion depend more on the total chain composition or on the chain terminus of the
SAM film? To address this question, MS/MS spectra are compared after collisions of
pyrazine (m/z 80) at 20 eV (Figure 3.5) and benzene (m/z 78) at 30 eV (Figure 3.6) with
the SAM films. Changing only the terminal group (CH; — CF3) at the surface (Figures
3.5a versus 3.5b and 3.6a versus 3.6b) leads to an enhanced conversion of translational
energy into internal energy of the projectile ion (T — V), which is reflected by an
increase in the relative abundance of low mass fragments of the molecular ions, i.e. m/z
26 and 53 for pyrazine and m/z 26, 27, 39, 50-52, and 63 for benzene. Results for all five
fluorinated organic thin films (Figures 3.5b, ¢, d and 3.6b, ¢, d) suggest similar internal
energy deposition and are dramatically different when compared to the hydrocarbon film

(Figures 3.5b, c, d versus 3.5a and 3.6b, c, d versus 3.6a). The spectra shown for the
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C16F10 film for both projectile ions (Figures 3.5d and 3.6d) are representative to spectra
generated for the C16F3 and C16F4 surfaces, therefore (for simplicity), only the C16F10

spectrum is shown. To approximate the percentage of collision energy deposited into the

projectile ion, the extended deconvolution method88 was applied to calculate the internal
energy distribution diagrams for benzene with increasing SID collision energies. A
variety of methods have been developed to approximate the amount of internal energy
conversion; however, given that the goal of this study was to compare the relative

differences in energy deposition for various hydrocarbon and fluorocarbon surfaces,

alternative estimation methods will not be shown.27,44,89,90

A significant increase in the conversion of kinetic energy to internal modes of
benzene at various collision energies with substitution of the CF; group for the CHj;
group is shown in Figure 3.7 (the line generated for C16F10 is representative to the

C16F3 and C16F4 surfaces). The observed linearity of internal energy as a function of

SID collision energy is a reproducible result.88 Deviation of linearity is produced from
ion-surface reactions and chemical sputtering that are not included in the internal energy

estimation. Thorough studies on the linear conversion efficiency in SID have been

performed using “cold” electrospray ions.28:29  The average percentage energy
conversion (with standard deviation) for two sets of data was determined using internal
energy diagrams for each surface at 50 eV (Table 3.1 displays the %T — V conversion
for each SAM). Table 3.1 demonstrates the influence of the underlying CF> groups and

reproducibility of the method. Data are consistent with reported values for hydrocarbon

and fluorocarbon films previously evaluated using the extended deconvolution method.88



107

:

18 C16F10
: C16F2

S 16- g C16F1

L2 :

~ <o

E 14 - g

2 2

£ 124 8 v C16F0

% IO‘ Y

22 =]

o L J v

Q 8

28 v

5 o

=}

- g v

< 4

=

Q

= 2 v
0 ' T v T T T ' T g T v T J 1

10 20 30 40 50 60 70 80

Collision Energy (eV)

Figure 3.7: Internal energy conversion for benzene molecular ion plotted versus SID
collision energy for C16F10 (o), C16F2 (e), C16F1 (0), and C16F0 (V).
Figure taken from reference 12.



108

Table 3.1: The internal energy deposition of benzene molecular ions (50 ¢V kinetic
energy) with hydrocarbon and fluorinated SAM surfaces.12

Surface Estimated Internal Energy (eV) T—V (%)
C16F0 9.36 +0.14 18.7+0.3
C16F1 13.3+0.1 26.5 +0.1
C16F2 13.7+0.1 27.3 +0.1
C16F3 14.0+0.1 27.9+0.1
Cl6F4 140+0.1 279+0.1
CI6F10 14.1 +0.1 28.1+0.2

The efficiency for energy conversion for the different SAM surfaces follows the
order C16F10 =C16F4 = C16F3 = C16F2 > C16F1 > C16F0. The data suggest that a
majority of the energy conversion arises from the interaction of the projectile ion with the
terminal CF; group. However, the further increase in energy conversion from the C16F2
and C16F3 SAMs suggests that the underlying (CF), groups play a measurable role in
the energy conversion process. This increase originates from an increased effective mass

under the terminal group and additional rigidity of the fluorocarbon chain.

3.2.4 ATOM/GROUP TRANSFER DIFFERENCES
Do ion-surface reactions vary with changes in the composition of SAM films?
Hydrogen abstraction products formed upon collisions with pyrazine ions at 20 eV are

shown in Figure 3.5. With the C16F0 surface (Figure 3.5a), reactions occur between the
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molecular pyrazine ions, M™ (m/z 80), and available hydrogen atoms of the target film
(giving rise to MH', m/z 81), as well as available methyl groups (giving rise to
[M+CH3]", m/z 95). Also, during the collision, M and MH" ions gain sufficient internal
energy to produce fragment ions at m/z 53 and m/z 54, corresponding to neutral loss of
HCN from the M"™ ion and the MH" ion, respectively. For the C16F1 surface (Figure
3.5b). the reaction with available hydrogen is greatly diminished, and the reaction
between the projectile ion and methyl groups is completely absent. For the C16F2 and
C16F10 films (Figures 3.5¢ and 3.5d), peaks corresponding to the addition of hydrogen
atoms and methyl groups are extremely small or absent. Therefore, the presence of
hydrocarbon contamination from the vacuum chamber appears to be an insignificant
factor for the fluorinated films. The tendency for hydrogen abstraction from the C16F1
film is then assumed to arise from exposed hydrogen from the CH> group under the CF;
group. Further evidence to support this conclusion is provided in the discussion section
relating to the odd-even CFj-terminated chains (Section 3.3.3). This implies that
pyrazine projectile ions can sample the first two carbons of the SAM chains. If sampling
occurred past the two terminal carbons, hydrogen addition (nv/z 81) would have been

observed with the C16F2 SAM. Data presented here agree with related pyrazine ion-

surface reactions with CD3(CHz) -, CH3(CHa)1s- and, CD3(CD5);o-terminated SAMs.80
Benzene molecular ion (m/z 78) undergoes formal fluorine addition for all the

fluorinated films to produce two reaction products C¢HsF* (m/z 96) and C¢HuF*™ (m/z

95).45 The fluorinated product ions are illustrated for the C16F1, C16F2, and C16F10

films (Figure 3.6b, c, and d, respectively). The formation of these ions further illustrates
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that reaction occurs with the uppermost portion of the films -- predominantly the terminal
group. Benzene (m/z 78) can undergo formal addition with available fluorine to produce
two reaction products, CsHsF* (m/z 96) and C¢H4F* (m/z 95), which are capable of
producing the fragment ions, C4H3F*, C;HoF*, and C;H:F* (m/z 70, 57, and 45,
respectively).4> When the integrated normalized peak areas of all fluorinated product
ions are divided by the integrated areas of all ions in the spectrum, a normalized ratio of
1.0: 0.57: 0.24 is generated for CF3(CF;)¢-terminated, CF;CF>-terminated, and CFs-
terminated surfaces, respectively (i.e., C16F10 reactivity > C16F2 > C16F1). These data
suggest penetration of the benzene molecular ion into the target surface, enabling
abstraction of fluorine from underlying (CF2) groups (past the two terminal carbons),
which is similar to the pyrazine ion sampling underlying hydrogen from the C16F1 SAM

(Figure 3.5b). The presence of the C;H;" ion (m/z 91) is also diagnostic, corresponding

to formal addition of CH to benzene.19:45 The m/z 91-ion is apparent upon the collision
of benzene with the C16F0 film (Figure 3.6a), where available methyl groups undergo
reaction with benzene (C¢Hs™ + CH; — Hz). The presence of m/z 65, a fragment of the
m/z 91 reaction ion (C7H;"™ - C:Ha), is also observed. These reaction product ions are not
observed for the C16F2 and C16F 10 surfaces (Figure 3.6c and 3.6d, respectively), but the
m/z 91 ion was observed for the C16F1 surface (Figure 3.6b). The CFs-terminated film
can plausibly give rise to this product ion through two possible pathways: physisorbed
hydrocarbon contamination and/or reaction with methylene groups that lie under the
terminal group. The lack of hydrogen addition with pyrazine ion and/or methyl addition

with benzene ion for the fluorinated films (C16F2, C16F3, C16F4 or C16F10) suggests
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insignificant contamination. Therefore, the m/z 91-ion probably arises from the film

(CéHe™ + CF3CH; - HCF3) rather than contaminants. Further support for this claim is

supplied in Section 3.3.4 regarding SAMs with odd versus even CF3-terminated chains.
Collisions with atomic projectile ions were employed to provide further evidence

for the mechanism proposed for fluorine addition between atomic ions and partially

fluorinated SAM films.46 Cooks and co-workers proposed that fluorine addition occurs
from the terminal CF; group and underlying CF> groups. They suggested that the
endothermic abstraction step is probable due to (i) energy release from C=C bond
formation between two carbon atoms after fluorine abstraction from each carbon of the
CF;CF>-terminal group, and (ii) depth of penetration into the film, which allows the
underlying CF, groups to undergo reaction. Fluorine abstraction with **Mo™ projectile
ions incident at 60 eV on the partially fluorinated films is shown in Figure 3.8 with
intensity ratios presented in Table 3.2. The reaction with the CFs-terminated SAM
(Figure 3.8a) can only involve the interaction of the atomic ion with the fluorine atoms in
the terminal CF; group. The observed increase in fluorine abstraction with the CF;CF»-
and CF3;(CF2)o-terminated SAMs (Figures 3.8b and 3.8c) suggests that additional
abstraction occurs from underlying CF> groups. These data are consistent with previous

work involving fluorinated SAMs as well as CFs-terminated and perfluorinated L-B

films.10:46  The novel aspect of the present comparison lies with the data from the
CF;CF;-terminated SAMs. If fluorine abstraction occurs only with the first two terminal
fluorinated carbon atoms, then spectra resulting from collisions between **Mo* and

CF3CF»- and CF3(CF;)o-terminated SAMs should appear similar.
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CF;(CF>)s-terminated (C16F10) SAM films. Figure taken from reference

12.



Surface | Mo~ | %MoF* | %MoF," | %MoF;* | %MoF,"
C16F1 100 33 1.9 0.0 0.0
C16F2 100 79 26 5.2 0.0

C16F10 76 100 51 19 24

Surface | °cr* | SCeF* | S2CeFy™
C16F1 100 14 0.0
C16F2 100 30 0.7

C16F10 100 48 25
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Table 3.2: Intensity ratios of *Mo™ reaction products at 60 eV for fluorinated SAMs.12

Table 3.3: Intensity ratios of *>Cr* reaction products at 60 eV for fluorinated SAMs. 12

However, the intensity ratios are quite distinct (C16F10 > C16F2 > C16F1), implying
that atomic ions penetrate deeper than two atomic layers into the SAM films to abstract
fluorine atoms during the collision. Table 3.3 shows that a similar trend was monitored
by a 60 eV collision of >>Cr™ ions (spectra not shown) and the resulting intensity ratios of

Cr": CrF™: CrF,™ for the different fluorinated SAMs. These data support atomic ion

penetration into a few atomic layers of the SAM past the two terminal carbon atoms. 109

3.2.5 ELECTRON TRANSFER DIFFERENCES
[s electron transfer from the film to the projectile ion predominantly influenced by

the composition of the terminal group of SAMs, or does the underlying chain play a
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strong role? The extent of neutralization of pyrazine molecular ions incident at 20 eV on
C16F0, C16F1, C16F2, and C16F10 surfaces is presented in Figure 3.9a as well as the
C16F2, C16F3, C16F4, and C16F10 surfaces in Figure 3.9b. The total scattered ion
intensity (TIC) reflects the total number of ions that are detected at the electron multiplier
after surviving collisions with the modified surface. The total surviving ions include the
projectile, fragment, and reaction ions, i.e. all the ions that appear in an MS/MS spectrum
(Figure 3.5). The baseline in Figure 3.9 was attained when the EI source filaments were
turned off. The TIC plot shows that the partially fluorinated films give less neutralization
than the purely hydrocarbon film. The current values, C16F0=0.32 nA,
C16F1 =0.21 nA, C16F2=0.14 nA, and C16F10=0.15 nA (displayed in the inset of
Figure 3.9a) and CI16F2=0.19nA, CI16F3=0.18nA, Cl16F4=0.19nA, and
C16F10=10.20 nA (displayed in the inset of Figure 3.9b), were measured with a
picoammeter at each of the target surfaces during the collision. Differences in the current
measured at the surface (i.e. C16F10 = 0.15 nA in 3.9a versus 0.20 nA in 3.9b) are
dependent on the incident ion flux or sample pressure at each of sample trials. Low ion
signal measured at the electron muitiplier corresponds to enhanced electron transfer, i.e.
elevated current at the target surface (thus enhanced neutralization). The trend for the
current measurements is consistent with the relative TICs shown in Figure 3.9. This
trend was also apparent with collisions of benzene at 30 eV (TIC not shown). The
current values measured with benzene for the C16F0, C16F1, C16F2, and C16F10 SAMs
were 0.31 nA, 0.23 nA, 0.12nA, and 0.11 nA, respectively. For the CF;-terminated

SAM, it appears that a portion of the polyatomic ions penetrate the terminal group, which
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(C16F10), CF;CFs-terminated (C16F2), CF;-terminated (C16F1), and
alkyl-terminated (C16F0) SAM films and b) CF;(CF;)s-terminated
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and CF;CF,-terminated (C16F2). Current measurements (located in figure
insets) were measured with a picoammeter at each of the target surfaces
during the collision. Figure 3.9a taken from reference 12.
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allows access to underlying CH, groups (lower ionization energy). This small
penetration allows a fraction of the ions to experience electron transfer through a pathway
distinct from that of the C16F2 and C16F10 SAMs. Interestingly, collisions with the
“more fluorinated” surface (C16F10) resulted in slightly lower TIC current for both
projectiles than obtained for the other “less fluorinated” surfaces (C16F2, C16F3, C16F4
not C16F1). This small difference may be related to slight differences in the
conformation and packing density of these surfaces. In particular, recent analyses by
atomic force microscopy (AFM) have found that the lattice spacing of the CF;CF»-
terminated SAM is ~ 5.0 A (i.e., indistinguishable from that of normal alkyl-terminated

SAMs on gold) and the lattice spacing of the CF3(CF.)-terminated SAM is ~ 5.8

A.83.96,120,121 Overall, the efficiency of electron transfer to the pyrazine and benzene
ions follows the order C16F0> C16F1 > C16F10>C16F2 = C16F4 = C16F3. The
observed electron transfer differences could possibly be related to the differences in the
dipole structure (and subsequent electronic structure) for the presented hydrocarbon and
fluorocarbon SAMs. Studies using ultra-violet photoelectron spectroscopy (UPS) have

demonstrated that as the extent of fluorination increases on the chain terminus, a

systematic increase exists in the low KE cutoff energy of the photoemission spectra.l13
This data suggest that the hydrocarbon SAMs possess a positive dipole to decrease the
energy level of the system and allow electrons to escape into vacuum easily.“5

Conversely, fluorocarbon SAMs exhibit a negative dipole that increases the energy level

of the system and hinder the escape of electrons into vacuum.!15 These ion-surface

results contrast the results for the previously investigated L-B films, where the electron
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transfer efficiency followed the order: stearate > CF;-terminated =~ perfluorinated, i.e.
CF;-terminated and perfluorinated films gave more similar values for neutralization.
Differences in the observed trends can perhaps be attributed to the enhanced
conformational order of SAM films versus L-B films and/or the greater tilt angle for
SAM films64.75.82.83 versus L-B films (tilted approximately to surface normal)l14
where the CH» is exposed in the CF;-terminated SAM film but not with the L-B film
(Figure 3.1). More investigations are still needed to help establish a working model of

electron transfer through organic thin films during low-energy ion-surface collisions.

3.2.6 CONCLUSIONS

Examining results from low-energy ion-surface collisions with various fiuorinated
SAM surfaces, we have found that the terminal group is the most direct contributor to the
films® properties. The effective mass of the terminal group (-CF; versus —CH3) is the
major determinant of the extent of translational energy converted to internal energy (T —»
V) for polyatomic projectile ions. However, in the case of SAM films (versus Langmuir-
Blodgett films), the underlying groups directly beneath the terminal group also play a
measurable role in terms of energy transfer (Table 3.1).

The nature of the terminal group is also the predominant factor in the chemical
transformations occurring during the ion-surface collisions. Slight penetration into the
SAM influences the ion-surface reactions; therefore, these reactive collisions (with
polyatomic (pyrazine or benzene) or atomic (**Mo) ions) are sensitive to changes in the

exposed atoms or groups in the uppermost atomic layers of the interface.
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Electron transfer from the surface and through the organic film is predominantly
influenced by the nature of the terminal group, i.e. CH; versus CF;. However,
polyatomic ions penetrate into a depth of the film and clearly indicate differences in
electron transfer between CFs-terminated films and the more fluorinated films (CF;CF,-,
CF3(CF3)2-, CF3(CF2)3- and CF3(CFy)-terminated films). The difference in

neutralization is unique to SAMs when compared to previously examined L-B films.

3.3 COMPARISON OF SAMs DERIVED FROM CF;-TERMINATED THIOLS

The results of ion-surface collision reactions for gold surfaces modified with a
series of CF;-terminated alkanethiols, CF3;(CH,),SH, where n = 12, 13, 14, and 15
(C13F1, C14F1, C15F1, and C16F1, respectively) are now presented. These surfaces
were used to explore possible differences in ion-surface reactions with respect to odd and
even numbered chain lengths, given that the orientation of the terminal group in SAMs

on gold is known to vary systematically with odd versus even chain lengths.

3.3.1 FT-IR ANALYSIS OF CF;-TERMINATED SAMs

The CF;-terminated SAMs (C13F1, C14F1, C15F1, and C16F1) were analyzed
by reflection-absorption Fourier Transform infrared spectroscopy to provide insight into
alkyl chain packing of the thiol chains (crystalline versus liquid-like) on the gold surface.
All spectra were generated with a Nicolet Magna 550 FT-IR instrument (discussed in
Section 2.1.6). Figure 3.10 shows FT-IR spectra in the 3200-2600 regions. The spectral

reference was benzene thiol on gold and produces no interference; therefore, all bands
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appearing in these spectra are from the corresponding alkyl chains. Vibrational
frequencies for the v{(CH>) and v,(CH>) modes of the CF;-terminated SAMs are denoted
in Figure 3.10 and listed in Table 3 4.

As previously stated, the peak frequency for the v,(CH,) mode of an all-trans
extended alky! chain in a crystalline environment is reported to be 2915-2920 cm™', and
that for the vi(CH>) mode is reported to be approximately 2846-2850 cm™.60,116-118
The spectra for the all the CF;-terminated SAMs display peak frequencies (Table 3.4) for
the v{(CH>) and v4(CH,) modes that fall within the ranges for a crystalline environment.

Table 3.4: Experimental vibrational frequencies for the vs(CH,) and v,(CH>) modes of
the CF;-terminated SAMs (shown in Figure 3.10).

Surface vs(CH>) va(CHz2)

C16F1 2850 cm’! 2919 cm’™
C15F1 2850 cm™ 2919 cm™
C14F1 2850 cm™ 2920 cm™
C13F1 2850 cm™ 2920 cm™!

The v(CH,) peaks do appear slightly broad. This effect could be caused by the

introduction of the —CF; group in the chain, which generates two different CH,
environments.122 The CH, modes that comprise the alkyl chain could differ from the
CH; groups that are adjacent to the terminal CF3; group.lz2 Larger bandwidths could

also indicate the presence of a disordered component in the alkyl chain assembly.62,118
However, previous studies have been performed on CF3;(CHa)y-terminated SAM films

and show the films are well ordered on the molecular scale and exhibit the same surface
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packing density as CH3(CH:)y-terminated films despite the —CF; terminal group being

markedly larger than CHj; group.72’1 12 Further investigations with improved resolution

(better than 4 cm™) for these surfaces might help address this issue.

3.3.2 ODD-EVEN FLUORINE REACTIVITY
Ion-surface collision data for even- and odd-numbered CF;-terminated chains
were used to examine the orientation differences of the terminal group. The odd-even

orientation effect for the CF3-terminal functional groups relative to the surface has been

shown by previous studies.72,109-111  Ag previously mentioned, benzene (m/z 78) can
undergo formal addition with available fluorine to produce two reaction products, C¢HsF*
(m/z 96) and C¢H4F™ (m/z 95), which are capable of producing the fragment ions, C4H;F",
C;H>F™, and C.H,F* (m/z 70, 57, and 45, respectively).“5 A fluorine reaction quotient
(FRQ) for a given chain length can be generated by summing the integrated normalized
peak areas of fluorine reaction ions divided by the integrated areas of all ions in the
spectrum. The results from these ion-surface reactions are shown in Figure 3.11 as a plot
of the fluorine reaction quotient [(96 + 95 + 70 + 57 + 45) / (total peak area)] versus total
carbon chain length. Each data point represents an average of measurements from three
independent surfaces prepared at different times and measured in the SID instrument.
The standard deviation determined for each sample can be attributed to minor drifts in
instrumental conditions and minor variations in the quality of the substrates and the films.
The amount of fluorine abstraction is greater for odd-numbered chains than for even-

numbered chains. This difference can be rationalized on the basis of a model where one
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abstraction. Figure taken from reference 12.
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fluorine atom of odd-numbered chains extends, on average, substantially above the plane
defined by the outermost carbon atom. For even-numbered chains, all three fluorine
atoms lie slightly above the plane defined by the outermost carbon atom. In the former
case, the exposed fluorine atom would appear to be relatively accessible for abstraction.
This interpretation is consistent with the suggested orientation of the terminal CF; groups

with these SAMs and also parallels the data previously reported for ion-surface reactions

involving CHj-terminated SAMs.S1

3.3.3 ODD-EVEN HYDROGEN REACTIVITY

A plot of hydrogen abstraction with pyrazine molecular ion versus chain length
showed a similar but reversed trend (Figure 3.12). The reaction of pyrazine with
hydrogen, along with the molecular and reaction fragments, was briefly described above.
A hydrogen reaction quotient (HRQ), [(MH" + (MH-HCN)") / (M™" + (M-HCN)™)] or in
terms of m/z values [((81) + (54)) / ((80) + (53))], can also be calculated by using the
integrated normalized peak areas of the corresponding ions. Each data point represents
an average of measurements from three independent surfaces with experimentally
determined standard deviation. Moreover, as discussed above, physisorbed hydrocarbon
contamination is not significant enough to account for substantial H- addition. Any
contamination that is present should be roughly constant due to the similarities of the
CF;-terminated films; therefore, the present variation of hydrogen abstraction with chain
length suggests that the hydrogen originates from the chain rather than contaminants.

The results are surprising given the nearly perpendicular orientation of the terminal CF;
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bond in the even-numbered chains, which would be expected to inhibit access to the

hydrogen atoms of the B-CH: group. In contrast, the hydrogen atoms of the B-CH; group

in odd-numbered chains should be readily available for abstraction.123

3.3.4 ODD-EVEN PRODUCT-91 FORMATION

The m/z 91 ion previously observed in the reaction between benzene ion and the
CI16F1 surface (Figure 3.6b) was observed in the product spectra for all of the CF;-
terminated SAMs, i.e. C13F1, C14F1, C15F1, and C16F1. We argued above (Section
3.2.4) that this product ion arises from the reaction between the benzene ion and the film
(CeHs™ + CF3CH; - HCF;). In this model, the benzene ion appears to interact directly
with the carbon atom of the B-CH2 group (i.e., the carbon atom attached to the CF;
group). Although we have yet to unambiguously identify the source of the m/z 91-ion,
we can tentatively assign it as a reaction ion (CsH;"), which is known to be stable and is
known to undergo fragmentation to form the ion at m/z 65. The m/z 91-ion reaction
quotient is derived by summing the integrated normalized peak areas of the m/z 91-ion
and its fragment m/z 65 ion divided by the area of the total ions in the spectrum for an
individual chain length. From these manipulations, we find that the integrated areas for
the m/z 91-ion and its fragment m/z 65 ion are greater for the even-numbered chain
lengths than the odd-numbered chain lengths (see Figure 3.13). Again, the enhanced
reactivity of the even-numbered chains is surprising given that the B-carbon atoms in

these films are likely to be sterically shielded relative to the B-carbon atoms in odd-

numbered chains.108-111,123 we also note that the chain-length-dependent formation
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of these ions again suggests that they are derived from the films rather than from

physisorbed hydrocarbon contaminants.

3.3.5 CONCLUSIONS

We are left to rationalize the surprisingly enhanced reactivity of the CF;-
terminated SAMs having even-numbered chain lengths. Enhancements in both the
addition of hydrogen to pyrazine ion and the formal addition of CH to benzene ion can be
argued to result from the even-numbered chains possessing more defects than those
having odd-numbered chains. The purity of the alkanethiols was checked and verified
with GC-MS (HP 5988A GC/MS: University of Arizona Mass Spectrometry Facility)
and no interfering contaminants appear to be present. Defect sites present could be a
result of multiple phase boundaries formed between ordered SAM domains or disruption
at the interface of the even-numbered chain during the collision (the broaden peaks in the
FT-IR spectra suggest that a disorder component could exist in the alkyl chain). These
defect sites disrupt SAM domains and would permit enhanced access of projectile ions
into the even chain-length films for reaction with the exposed chain under the terminal
group. Studies utilizing CF;-terminated thiols having specific deuterium labeling
(currently not available) should help clarify these observed reaction pathways. However,
ion-surface reactions can detect differences in SAM films having terminal groups with
identical chemical composition but differing bulk structure, as observed for CFs-

terminated films having odd- versus even-numbered chain lengths.
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3.4 COMPARISON OF SAMs CF;3(CF2),-TERMINATED THIOLS

The results of ion-surface collision reactions for gold surfaces modified with a
series of CF;(CF2)o-terminated alkanethiols, CF3(CF;)¢(CH2),SH, where n =2, 6, and 17
(C12F10, C16F10, and C27F10, respectively), are provided in terms of fragmentation,
atom/group transfers, and neutralization. The difference in this series of SAMs is the

increased length of the alkyl spacer between the Au surface and the fluorocarbon moiety.

3.4.1 ENERGY CONVERSION DIFFERENCES (T — V)

The internal energy deposition of the different F10 surfaces was determined by

the extended deconvolution method with benzene radical cation.38 It appears that no
significant differences exist between the F10 SAM surfaces even with the increase of the
alkyl spacer between the gold substrate and the fluorocarbon chain. The energy
deposition (T — V) for each of the SAM surfaces was found to be approximately the
same value for all CF3(CF2)o-terminated SAM surfaces (Table 3.5). The composition at
the vacuum-monolayer interface for each surface is similar where fluorine atoms are
readily exposed and allows higher energy conversion into the benzene ions to occur.

Table 3.5:  Internal energy deposition of benzene molecular ions (50 eV kinetic
energy) with fluorinated (F10) SAM surfaces.

Surface | Estimated Internal Energy (eV) | T—V (%)
C12F10 14.1 +0.1 28.1+0.2

C16F10 14.1+0.1 28.1+0.2
C27F10 14.1+0.1 28.1+0.2
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3.4.2 ATOM/GROUP TRANSFER DIFFERENCES

No significant differences were observed with ion-surface reaction spectra
generated using pyrazine (20 eV) and benzene (30 eV). Previously reported ion-surface
collision spectra for pyrazine and benzene projectile ions (Figure 3.5d and 3.6d
respectively) observed for the C16F10 surface are representative for all the F10 surfaces
(the product spectra for all the F10 surfaces (not shown) were virtually indistinguishable).
The lack of hydrogen addition (hydrogen reaction quotient (HRQ) values are presented in
Table 3.6) suggests the films have a vacuum-film interface where the fluorinated portion
of the chain is exposed regardless of the alkyl spacer length (hydrocarbon portion is not

exposed to incoming pyrazine ions).

Surface HRQ Table 3.6: Average  hydrogen  reaction
quotient (HRQ) values (with

CI12F10 0.0112 £0.0011 standard deviations) for three sets

CI6F10 | 0.00955 + 0.0029 of F10 SAMs with pyrazine ions
20 eV).

C27F10 | 0.00764 £ 0.0046 (20€V)

3.4.3 ELECTRON TRANSFER DIFFERENCES

One interesting aspect pertaining to the F10 films was the extent of neutralization
for incoming projectile ions. The total ion currents for a set of F10 surfaces are presented
in Figure 3.14a. Although energy transfer and ion-surface reactions are very similar
between the different F10 films and are characteristic of a fluorinated interface, the
amount of neutralization increases directly proportional to the alkyl spacer chain length.
If the chemical composition of the monolayer appears to be similar, why does the extent

of neutralization differ? A possible answer to the question was found in the literature
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pertaining to AFM studies with surfaces generated from the same F10 alkanethiolates.83
As the alkyl spacer length increased, the disorder in the AFM images increased. The
C16F10 formed regular hexagonal lattices across the entire surface, however, the AFM

images also included more disordered phases (i.e., phases with no regular lattice

structures and/or with more domain boundaries).83 For the case of the C27F10 SAM,

portions of the surfaces were totally disordered (i.e., no clear lattice structures

observed).83 However, according to the ion-surface data, the absence of hydrogen
addition observed for the C27F10 SAM implies SAM domains are ordered or the
hydrocarbon chains are shielded by neighboring fluorocarbon chains (i.e. the
fluorocarbon portion of the chain covers the hydrocarbon groups). Regardless, the extent
of neutralization is not dependent on the chemical composition of the surface, but the
degree of SAM order. More domain boundaries (for the C16F10) and totally disordered
portions (for the C27F10) allow the ion beam to experience places of exposed gold that
readily neutralizes the incoming projectile ions. Only the fraction of the ion beam that
interacts with the ordered portions of the SAM will survive the collision. The proposed
explanation seems valid because when the SAMs are treated with an annealing
method 124 (SAMs in the thiol solution placed in a water bath (80° C) for one hour) the
amount of neutralization dramatically changes (Figure 3.14b). The annealing method has

been shown to improve or increase the size of SAM domains and reduces phase

boundaries (Scheme 3.1).124 With annealing, incoming projectile ions encounter more

uniform ordered surfaces that allow more ions to survive the collision.
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Total ion current (TIC) of surviving pyrazine ions after collisions (20 eV)
with the CF3;(CF;)¢-terminated SAMs. The surviving ions are measured
for the same series of films a) before SAM annealing and b) after SAM
annealing (80° C in the thiol solution).
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Scheme 3.1: Annealing a SAM improves domain boundaries (i.e. film order)

80°C

3.4.4 CONCLUSIONS

Self-assembled monolayers formed from CF3(CF;)9-terminated alkanethiols have
an exposed vacuum-monolayer interface where the chemical composition consists of
fluorinated carbons that allows extensive internal energy deposition to projectile ions to
occur. The fluorinated carbons also dominate the exposed interface to hinder interaction
of incoming projectile ions with the hydrocarbon chain (regardless of the alkyl spacer
length). Hydrogen transfer data revealed that the hydrocarbon portion of the chain was
not exposed to incoming pyrazine ions. If these SAM films were totally disordered (not
fully extended or laying across the surface), hydrogen transfer would have been observed
with pyrazine ions (particularly for the C27F10). The difference in electron transfer is
then attributed to bare gold substrate exposed at defect sites between moderately ordered
SAM domains (more defect sites exist as the alkyl spacer increases; most visible for the
C27F10). Placing the SAM film (still immersed in the thiol solution) in a heated water
bath (80° C) for one hour increases film order and/or surface coverage and allows more
ions to survive during low-energy ion-surface collisions (films are “healed” using this

method of film preparation: Scheme 3.1).
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CHAPTER 4

INVESTIGATION OF AN ION NEUTRALIZATION MECHANISM DURING LOW-
ENERGY ION-SURFACE COLLISIONS WITH HYDROCARBON AND

FLUOROCARBON SAMs

4.1 INTRODUCTION

Low-energy ion-surface collisions and the reaction mechanisms that characterize
them represent an ongoing research challenge. Detailed summaries and descriptions of
ion-surface collision processes are available.19:33,125-127 A previously mentioned,
ion-surface processes can be classified into general categories: elastic scattering, energy
transfer (fragmentation), atom/group transfer, electron transfer (neutralization), and
chemical sputtering. Reactions in each category can occur through multiple mechanisms,
and, often, it is difficult to distinguish the various pathways.126,127 The remarkably
large number of proposed mechanisms provides evidence for the multitude of
possibilities.19,33,44,45,125-130

Ion neutralization at surfaces is quite different from the other processes (Figure
1.2¢c) because i) neutralization leads to neutral species that are not detected directly by
mass spectrometry, and ii) it results in a loss of ion signal that obviously affects

sensitivity. There is a general consensus regarding the overall neutralization process:
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neutralization of a positively charged projectile occurs through electron transfer from the
surface. Although the electron transfer mechanism is difficult to describe (addressed in
reference 129 and references therein), it is supported by several experimental

observations, including surface-induced dissociation (SID) neutralization efficiency
measurements!9:43,125,129,130 a5 well as thermochemical and quantum chemical

calculations.!30 In the case of organic ions colliding with an organic thin film, which is
the major focus of this dissertation, the neutralization is less extensive than that for
atom/bare metal collisions. The amount of neutralization at self-assembled monolayer
surfaces appears to be roughly dependent on the energy difference between the ionization
energy of the organic surface species and the recombination energy of the projectile ion
(although other possible explanations exist: see Section 3.2.5). The amount of

neutralization at fluorocarbon and n-alkanethiolate SAM surfaces varies, for example, in

the order Ar™ > CI" > CH;" > [benzene]™ > Na* (K").130 [ncreased ion signal (less
neutralization) observed on a fluorocarbon surface relative to an alkanethiolate surface

has been related to the higher ionization energy of fluorocarbon versus hydrocarbon

chains.12:43,125,130 previously reported data with CFs-terminated Langmuir-Blodgett

films showed that significantly less neutralization of small organic projectile ions occurs

on fluorocarbon surfaces than on hydrocarbon surfaces.10 Similar results were reported
for low-energy collisions between benzene and pyrazine ions with CF3;(CH.);5sS-Au and
CF;CF2(CH2)14S-Au SAMs (presented in Section 3.2). The ion-surface neutralization
data demonstrate that the CF3:- and CF;CF>-terminated surfaces mimic a more highly

fluorinated surface (e.g., CF3(CF2)o(CH>)sS-Au). These fluorinated SAMs (along with
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isotopically labeled and fluorinated Langmuir-Blodgett films) led to the conclusion that
predominantly the uppermost atoms or groups (typically the terminal group) are involved

in low-energy ion-surface reactions.10-12

4.2 INVESTIGATIONS WITH METHYL CATION

Does ion neutralization during low-energy ion-surface interactions with SAMs
occur only by simple, direct electron transfer from the film to the projectile ion? Or, do
other neutralization mechanisms between projectiles and SAMs exist? In the present
chapter, the role of the terminal groups of self-assembled monolayers with respect to ion
neutralization is explored by ab initio and thermochemical calculations together with

experimental observations associated with the neutralization of methyl cation at several

distinct SAM surfaces.!31 (The investigation of methyl cation was a collaborative effort
with Dr. Arpad Somogyi who had previously performed the reported ab initio and
thermochemical calculations.) The results show that neutralization of methyl cation can
occur by concerted chemical reactions (not only by direct electron transfer from the
surface). However, an electron must be transferred from the metal substrate to neutralize

the ionized surface chain; otherwise, the surface would be charged, which has not been

observed for SAMs used in our SID studies.53 Specifically, for CH;", the following
products can be formed in exothermic processes and without appreciable activation
energy: CH; (hydride ion addition), C-Hs (methyl anion addition), and CH3F (fluoride
addition). The data also demonstrate that, in some cases, simple thermochemical

calculations cannot be reliably used to predict the energy profiles, given that relatively
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large activation energy can be associated with exothermic reactions, as was found for the

formation of CH;CF; (trifluoromethyl anion addition).

4.3 BRIEF EXPERIMENTAL AND COMPUTATIONAL

Perdeutero methyl cation (CD;") was generated from either CDsl or acetone-ds
(Aldrich, Milwaukee, WI) by electron impact (EI) ionization (70 eV). No difference was
observed when CD;" was generated from either CDsl or acetone-ds. Benzene, styrene, 3-
fluorobenzonitrile, ammonia, and 1,3,5-triazine molecular projectile ions were generated
similarly from the corresponding neutral molecules (Aldrich, Milwaukee, WI).

The mass spectrometers (dual quadrupole-SID and triple stage quadrupole (TSQ))
and techniques (self-assembled monolayer formation, ion-surface collisions, ion-
molecule reactions, neutralization current measurements) used to generate the data
presented here are presented in detail in Chapter 2. The section for surviving ion current
measurements is mentioned briefly (as a reminder) because the data from the
neutralization experiments are significant to this study. Currents were measured with a
picoammeter at the target surface during the collision. Elevated current at the target
surface during collision indicates an enhanced electron transfer that neutralizes the
incoming projectile ions. The measurement of the extent of neutralization was the
comparison of the current generated from the collision of the projectile ion beam with an
UV-cleaned bare gold surface. The neutralization of the projectile ion beam with a bare
Au surface is assumed to be ~ 99% efficient and independent of the projectile ion. The

amount of projectile ions that are neutralized/survive the collision at a modified target



137

surface is expressed as the Neutralized lon Beam (NIB) and the Surviving Ion Beam
(SIB):

% NIB = (current for SAMs)(99%) / (current for bare metal) (Eq.2.4)

% SIB =100 - %NIB (Eq. 2.5)
Although the absolute neutralization efficiency at a bare Au surface is not known exactly,

99% neutralization is a reasonable assumption considering early results of SID

experiments on bare metal surfaces and disordered short chain alkanethiols.19-43 Slight
deviations from the assumed 99% value do not affect the relative SIB values for all the
reported projectile ions.

The closed shell methyl cation is sufficiently small for quantum chemical
calculations. Unfortunately, even one surface chain of the SAM is too large for high-

level ab initio calculations on our university processors. However, the similarity of SID
and gas-phase collision experiments43:46 and reactions occurring between [benzene]"
cation and "“CH;-, CD;-, and CF;-terminated Langmuir-Blodgett!0:11 films and

SAMs!2 (Section 3.2) indicate that primarily the uppermost atoms or group of a surface
chain are involved in low-energy ion-surface reactions. These observations justify the
use of smaller compounds to model the surface chain. We used n-C;H;¢ to model an
alkanethiolate surface and Cs;Fz to model a fluorinated alkanethiolate surface (Scheme
4.1). For comparison purposes, specifically for the addition of CF; (trifluoromethyl
anion), we also used CF;CH,CH;CHj; to model the CFs-terminated CF,(CH,),;S-Au
surface. The experimental observation of reaction products indicates that the projectile

ion slows down and stays at the vicinity of the surface (2-3 A) for at least one vibrational
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period (~ 107" s). This feature justifies the use of the Born-Oppenheimer approximation,
i.e., these reactions can be modeled by the time-independent Schrédinger equation. The
computational model below assumes projectile ions have low kinetic energy in close
vicinity of the modified surface during the neutralization. Of course, a percentage of
higher energy ions can exist and can exit the potential energy surface (PES) at higher
energy pathways.

Although in real ion-surface collisions a large number of random orientations are
possible, the three specific orientations illustrated in Schemes 4.1a, 4.1b, and 4.1c were
considered in the present research. As will be shown, these orientations are reasonable
models for describing certain characteristic features of ion-surface reactions and

projectile ion neutralization. All calculations were performed at the MP2 6-31G* level

by using the program package Gaussian 94.132 The potential energy surfaces were
calculated by changing the —CX;...CHj distance and the —CX,...CXj distance (distances a
and b in Scheme 4.1a, respectively). All other geometrical parameters were optimized
assuming the retention of C; symmetry during the model reaction. A possibility exists
the C; symmetry restriction may introduce some artifacts in the potential energy surfaces.
However, such an arbitrarily chosen symmetry restriction is a better approximation for a
“real” ion-surface reaction because neighboring chains (or groups) in a well-ordered

SAM film hinder the rotation of the “reacting” chain (the terminal group or uppermost

atoms/groups).
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4.4 RESULTS AND DISCUSSION

The results and discussion for the methyl cation neutralization is divided into two
major segments. i) Experimental data show the unique behavior of methyl cation when
compared to various other projectile ions during ion-surface collisions and ion-molecule
reactions. ii) The second segment of the chapter contains supporting computational

(theoretical) data for the neutralization of methyl cation by concerted chemical reactions.

4.4.1 LOW-ENERGY ION-SURFACE COLLISIONS

Figures 4.1a and 4.1b show the total scattered-ion current (TIC) recorded by the
detector of the SID tandem mass spectrometer when [benzene]™ and CD;" cations,
respectively, were collided at 30 eV SID energy with four distinct SAM surfaces. The
corresponding 30 eV product ion spectra recorded for the CD;" cation at two surfaces
(C16F2 and C16F0) are shown in Figure 4.2.

The comparison of Figure 4.1a and Figure 4.1b shows the total scattered-ion
current of [benzene]™ and CD;" cations with the same hydrocarbon and fluorocarbon
surfaces. The highest ion recovery (i.e., the least amount of neutralization) was observed
for both cations at the CF3;CF2-terminated surface (Figure 4.1). A closer look at the TIC
results in Figure 4.1 reveals important differences between the neutralization of
[benzene]™ and CD;". Although a general trend exists for the two cations with the
hydrocarbon and fluorocarbon surfaces, the measured Surviving lon Beam (SIB)
percentage values are characteristically different. For [benzene]™, 67 % SIB was

measured at the C16F2 surface, which is in remarkably good agreement with the SID
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efficiency (Iv/Io) results published earlier for a C12F10 surface.4> The corresponding
%SIB value obtained at the same surface for the CD;" cation is only 18 %. These data
were collected three independent times with the present instrumental setup and is highly
reproducible. Consistently, the signal-to-noise (S/N) ratio is better in the benzene
product ion spectra (spectra not shown for [benzene]™ but also manifested in the lower
variability of signal intensity on the top of the TIC curves in Figure 4.1a versus 4.1b).

As previously observed with pyrazine ions (Section 3.2.4), 30 eV collisions with a
*more fluorinated” surface (C16F10) resulted in slightly lower TIC current for both
projectiles than obtained for the C16F2 surface. This small difference is still attributed to
slight differences in the conformation and packing density of these surfaces. Recall that
recent analyses by atomic force microscopy (AFM) have found that the lattice spacing of
the CF;CF:-terminated SAM is ~ 5.0 A (i.e., indistinguishable from that of normal alkyl-
terminated SAMs on gold) and the lattice spacing of the “more fluorinated” CF,(CF,),-
terminated SAM is ~ 5.8 A 83,96,120,121

The C16F1 surface is interesting because it exhibits different TIC behavior
toward [benzene]™ versus CD;" cations. If the %SIB value for each projectile with the
C16F1 surface is normalized to the C16F2 surface %SIB value, the normalized %SIB
ratio (C16F2 : C16F1) for [benzene]™ is 1.0 : 0.62 while the same ratio for the methyl
cation is 1.0 : 0.27. Previous ion-surface collisions studies with pyrazine molecular ion
with the C16F1 surface have shown that hydrogen atoms (from the CH, group under the
CF; group) are exposed and available for reaction (Section 3.2.3). Therefore, the origin

of the TIC difference (increase of neutralization with methyl cation) with the C16F1



144

surface is at least in part from the smaller size of CD;" versus [benzene]™. The steric
difference permits more facile reaction of the methyl cation with the second-layer (highly
reactive) CH; groups leading to the formation of neutral reaction products (as previously
mentioned and explained in detail below). Although more neutralization (lower TIC) is
observed at the C16F1 surface (with oniy a CF3-terminal group) than for the C16F10 and
C16F2 surfaces for both projectiles, it is also clear from Figure 4.1 that the inclusion of
only one CF; terminal group characteristically improves ion survival compared to normal
alkyl-terminated surfaces (C16F0).

Another notable difference between the TICs of [benzene]™ and CDs" is that the
TIC obtained at the hydrocarbon surface (C16F0) is only slightly above baseline for
CDs". but clearly above baseline for [benzene]™. Although it was difficult to measure the
% SIB for the CDs" cation at the C16F0 alkanethiolate surface, it is unquestionably less
than 1.0 %. Accordingly, the CDs" cation is virtually missing from the product ion
spectrum, and mostly sputtered ions (alkyl chain fragments from the surface) are detected
at 30 eV SID collision energy (see Figure 4.2b). On the other hand, the S/N ratio is better
in the product ion spectrum of CD;" obtained with the C16F2 partially fluorinated surface
(Figure 4.2a). In this spectrum, CD;" and its fragments are the dominant ions. The
presence of ions at m/z 31, 33, and 35 indicates fluoride addition and subsequent
fragmentation of the reaction product (see labels in Figure 4.2a). The F-addition reaction
products were verified with ion-surface collisions utilizing the unlabeled methyl cation
(CH;"). However, the presence of the ion at m/z 31 (CF") could be a combination of

fragmented reaction product as well as sputtering from the fluorocarbon SAM surface.
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It is important to note again that the % SIB values for CD;" have been found to be
characteristically and consistently lower than those obtained for benzene on the same
surface. The %SIB values for the fluorocarbon (C16F2) surface are: 18 + 2 % for CD;"
and 67 + 3% for [benzene]™, and %SIB values for the hydrocarbon (C16F0) surface are:
< 1.0 % for CD;" and 9.5 + 1.4 % for [benzene]™. The large difference in SID efficiency

for CD;" versus [benzene]™ is surprising given the relatively small difference between the

ionization energies!33 of CH; (9.84 V) and benzene (9.25 eV). Based on a simple
electron transfer mechanism, i.e. relying simply on the difference between the ionization
energy of the SAM surface and the recombination energy of the projectile ion, the
neutralization of CH;" at fluorinated surfaces is predicted to be strongly endothermic
while the same process at alkanethiolate surfaces is weakly endothermic. These simple
calculations (later discussed in greater detail) indicate that processes other than simple
electron transfer might play a role in the neutralization of CH;" at fluorocarbon and
hydrocarbon SAM surfaces.

To further explore the role of the SAM ionization energy and the recombination
energy of projectile ions, low energy ion-surface collision experiments were performed

for four additional projectile ions having recombination energies (RE) that lie in the

range of 8.5-10.1 eV.133 (Note that, strictly speaking, the recombination energies are not
known directly for all ions of interest; therefore, the ionization energies of the
corresponding neutrals (molecules or radicals) are assumed to be the recombination
energies in this chapter. By convention, we use positive RE values even though ion

recombination is related to energy release.) These projectiles include the molecular ions
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of styrene (RE = 8.45 eV), 3-fluorobenzonitrile (RE = 9.78 eV), 1,3,5-triazine (RE = 9.95
eV), and NH; (RE = 10.10 eV). The % SIB values as a function of recombination
energies for three different SAM surfaces (C16F2, C16F1, and C16F0) are shown in
Figure 4.3. The general trend is a decreasing % SIB with increasing recombination
energy. The CD;” cation consistently exhibits much lower % SIB values than would be
expected given its recombination energy. For example, although the recombination
energy of 3-fluorobenzonitrile molecular ions is almost the same as CD3" (9.78 eV versus
9.84 eV), there is a significant difference in the % SIB values obtained for these cations.
We selected the NH;™ cation to mimic the geometry and size of the small CH; cation,
although one can argue the difference in electron parity (i.e., the open electron structure

NH;™ and the closed shell CH;") might give rise to different neutralization processes. In

a related study!34, the surviving ion beam (% SIB) results generated with oxygen-
containing projectiles (1,4-dioxane: RE = 9.19 eV and acetone: RE = 9.70 eV) on the
same surfaces have shown ion-neutralization behavior that deviates from the observed
trend in Figure 4.3 (e.g., C16F2: % SIB ~ 44% for 1,4-dioxane and ~ 43% for acetone).
Taken as a whole, these data suggest that ion neutralization is also dependent on the
atomic composition and/or structure of the projectile ions. The % SIB results for oxygen-
containing projectiles are still considerably higher when compared to the results for
methyl cation. In any case, the % SIB values obtained for the projectiles presented in
Figure 4.3 support the assumption that processes other than a “simple” electron transfer

might also take place during CH3" neutralization at SAM surfaces.



Figure 4.3;

C16F]

%Surviving Ion Beam (%SIB)
w <+
o [=]
1 I l g
\
4l
: 2 .
\ 4
'D'/ =
...=

10 §\§
| ' | ' 1 M I

8.5 9.0 9.5 10.0
Recombination Energy (eV)

Percent Surviving Ion Beam (% SIB) as a function of the recombination energy of selected projectile ions.
Data were generated by 20 eV collisions between the projectile ions and (a) CF;CF>-terminated (C16F2: open
squares), (b) CF3-terminated (C16F1: closed circles), and (c) alkyl-terminated (C16F0: open diamonds) SAM
surfaces. Figure taken from reference 131.

Lyl



148

4.4.2 [ION-MOLECULE REACTIONS

Certain low energy ion-molecule reactions in a Finnigan triple quadrupole
instrument were also conducted. Figure 4.4a shows the resulting spectrum from ion-
molecule reactions between (neutral) n-butane reagent gas and CD;". The base peak in
this spectrum is the butyl cation at m/z 57. The low intensity peak at m/z 18 corresponds
to the CD;" cation. No fragmentation of CD;" is observed, which is unsurprising given
that the collision cell offset potential was set to produce a 4 eV laboratory collision in
these experiments. At higher collision energies (up to 9 eV), more m/z 18 survives the

collision (the m/z 18/57 ratio increases) suggesting that low collision energies favor a

reactive long-lived collision complex that allows the formal hydride transfer.135 Some
low intensity butane fragment ions (m/z 43, 41, and 29) also appear in the spectrum.
These fragments mimic the sputtered ions in the SID experiments described above. In
the 70 eV EI spectrum of C4H)o", the intensity of the fragment ion at m/z 57 is much
lower than that of the molecular ion (spectrum not shown). We therefore conclude that

the ion at m/z 57 originates predominantly from a specific ion-molecule reaction that is

associated with the formation of neutral methanel35: CD;* + C4H,0 - CD;H + C4Hy".
This experiment demonstrates this reaction is preferred in the gas-phase and suggests that
an analogous reaction can also occur at alkanethiolate self-assembled monolayer surfaces
(see above ion-surface collision results).

For comparison, we also conducted an ion-molecule reaction between neutral n-
butane reagent gas and the molecular ion of 3-fluorobenzonitrile (RE = 9.78 eV) in the

triple quadrupole instrument. The resulting spectrum is shown in Figure 4.4b.
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Figure 4.4:  Spectra generated from ion-molecule reactions between n-butane reagent
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laboratory collision of 4 eV. Figure taken from reference 131.
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In strong contrast to the spectrum of Figure 4.4a, the intensity of the peak at m/z 57 is
extremely low (< 2%), and the base peak is the 3-fluorobenzonitrile molecular ion (m/z
121). These results are consistent with the SID results discussed above: although the

recombination energies of CD;" and 3-fluorobenzonitrile are nearly identical (9.84 versus

9.79 eV)133, less neutralization is observed for the 3-fluorobenzonitrile ion than for the

CD;" ion.

4.4.3 Ab initio CALCULATIONS

To provide theoretical support for some of the possible alternative neutralization
processes of CH;" at these surfaces, a series of MP2 6-31G*//MP2 6-31G* ab initio
calculations were performed. Three different orientations were modeled as shown in

Scheme 4.1a-c. In all cases, the CH;" approaches the surface (represented by distance a).

Preliminary calculations!30 showed that as the CH;" approaches the surface with the
*chain™ orientations shown in Scheme 4.1a and 4.1b, the CH,-CH; carbon bond of the
alkanethiolate model surface (Scheme 4.1a) and the C-H bond of the uppermost methyl
group of the surface (Scheme 4.1b) are significantly elongated. In the present work, we
used these bond lengths (represented by b in Schemes 4.l1a-b) as a second variable
parameter to obtain two-dimensional potential energy surfaces. With a similar approach,
we used the H...H distance (distance b in Scheme 4.1¢) to model a head-on collision.
Figure 4.5 shows the MP2 6-31G* potential energy surface obtained for the
model reaction between methyl cation and CH3;CH,CH>CH; in the “reactive”

configuration shown in Scheme 4.1a, (X = H, Y = CHj3). This reaction models the
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formation of neutral CH3;CH3; by the methyl cation (abstraction of ~CHj3 from the surface
chain). The lower left axis of Figure 4.5 indicates the distance between the CHj"
projectile and the surface (distance a in Scheme 4.1a), while the right axis (distance b in
Scheme 4.1a) indicates the CH,-CHj3 carbon-carbon bond length of the cleaving alkyl
chain. The reference energy (0 kcal/mol) is the sum of the MP2 6-31G* total energies of
n-C4H,o and CH;". The reference energy is the energy of the system at infmite surface-
projectile distance (reactant side, R, in Figure 4.5) and is virtually unchanged until CH;"
approaches the surface closer than 4 A. (In other words, ~ 4 A is the distance at which
the methyl cation starts to “see” or “feel” the surface.) An important feature of the
potential energy surface in Figure 4.5 is that the system is rolling downhill, i.e., the
methyl anion addition reaction proceeds with no activation barrier to produce neutral
ethane and a charged surface (C;H;" in our model, see product side, P, in Figure 4.5).
Although the number of C-C and C-H bonds is the same for both the reactants and
products, the exothermicity of this reaction is because of the increased “delocalization” of
the positive charge in C;H;" relative to CH;". Unfortunately, the neutral product, ethane,
goes undetected by the mass spectrometer, but the measured low SID efficiency value for
CH;" (i.e., the loss of ~ 99 % of CH;" ion current) is consistent with the theoretical
prediction. The potential energy surface in Figure 4.5 is valid if there is no
“spontaneous” or “concurrent” rearrangement(s) of the ionized surface chain. Although
we have no any evidence to exclude such a rearrangement, intuitively one can assume
that it would require longer time, especially for highly packed SAM chains so that the

formed neutral (CH3CH3) can already be far away from the surface.
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Figure 4.5: MP2 6-31G*//MP2 6-31G* potential energy surface was generated for a
model collision between CH;" and n-C,H)o. Parameters a and b in Scheme
Ia were varied over the range of 1.0-3.0 A. R indicates the reactants (CH;"
and C4Ho), and P indicates the products (CH;CH; + C3H;"). Figure taken
from reference 131.
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It should be noted that in the SID spectrum of CH;" obtained on the
hexadecanethiolate (C16F0) surface (Figure 4.2b), chemical sputtering peaks are seen
almost exclusively. Sputtered ions originating from the surface are also good indicators
of projectile neutralization because a prerequisite for their formation is a transfer of the
charge from the projectile to the surface (together with a significant internal energy
transfer to the surface to cleave the C-C bonds of the surface chains). The formation of
the sputtered peaks could originate from direct electron transfer and/or hydrogen transfer
with the methyl ion (similar to the fragment peaks observed from the C;H;o during the
ion-molecule reactions experiment). The presence of sputtered peaks in Figure 4.1b
could support a direct electron-transfer (CH;* + C4H;o — CH; + C4H)o") argument and
contradicts the formation of neutral ethane (or methane, see below) predicted by the ab
initio calculations. Note, however, that the sum of the intensities of these sputtered
peaks. which is practically equivalent to the measured % SIB, is small (< 1.0 %). The
small magnitude indicates that only a minor percent of CH;" projectiles transfer their
charge to the surface (if assumed only direct electron transfer formed the observed
sputtered ions). Most of the methyl cations are neutralized and lost during low-energy
collisions with the hexadecanethiolate (C16F0) surface by either direct electron transfer
or by reactions such as methyl anion or hydrogen anion addition.

In contrast to neutralization of CH;" through the formation of ethane, direct

electron transfer is a slightly endothermic process (Figure 4.6). Based on experimental

heats of formation for the reactants and products!33, the reaction enthalpies for the

formation of ethane and the direct electron transfer (from n-C4Ho to CH;" producing
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CH; and n-C4Hjo") are -40.2 and 16.7 kcal/mol, respectively (Figure 4.6). Note that the
exothermicity of the reaction leading to CH;CH; and C3H;™ may be underestimated if the
rearrangement of C;H;" (SAM chain) is possible. We must emphasize that we do not
claim that all CH;™ cation is neutralized via the formation of ethane (or methane, see
below). With reference to the reaction enthalpies discussed above (Figure 4.6) and the
lack of an ab initio reaction barrier, we conclude that, particularly at low collision
energies, the neutralization of methyl cation via the formation of neutral ethane (or
methane) can compete with direct electron transfer from n-C;H,o to CH;". (At higher
collision energies, however, the energy of the real system might lie above the calculated
potential energy surface shown in Figure 4.5; consequently, this surface will not be useful
in predicting processes that occur at higher energies.)

Although not shown here, a MP2 6-31G*//MP2 6-31G* potential energy surface
(similar to the formation of ethane, Figure 4.5) was obtained for the hydrogen anion
addition reaction that leads to the formation of CHy and C4Hs" (Scheme 4.1b, X=H, Y =
CH;). Again, this reaction is calculated to have no activation barrier that suggests that
the formation of CHj is an alternative reaction pathway for neutralizing methyl cation.
The hydrogen anion addition reaction is also predicted to be exothermic based on
experimental heats of formation (-45.9 kcal/mol, Figure 4.6). Its existence is supported
by the ion-molecule results (formation of butyl ion, m/z = 57, in Figure 4.4a) obtained
using CD;" collisions with neutral n-butane gas in which the major detected product is
C;Hy™ (presumably CD;" + C4H 0 — C4Hy™ + CDsH). Hydrogen anion addition to form

methane should be sterically favored over the abstraction of methyl anion to form ethane.
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Figure 4.6: Reaction enthalpies calculated for possible reactions between n-C4H,o and CH;" (0 kcal/mol reference energy).
All values are based on experimental heats of formation from reference 133.  Figure is from reference 131.
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The “head on” collision (i.e., H...H, Scheme 4.1c) is shown as a) a MP2 6-31G*//
MP2 6-31G* potential energy surface as well as b) a contour graph for better
visualization in Figure 4.7. The potential energy surface is highly repulsive (notice the
absolute values of the relative energies at short a and b distances in Scheme 4.1¢), which
indicates energy deposition to both the projectile and the surface (kinetic energy-potential
energy, T-V, conversion). Two pathways from reactants (R) to products (P1 or P2) are
illustrated in Figure 4.7. Path 1 (P1) shows a collision in which the surface C-H bond
(distance b) is held constant at ~ 1.1 A. With this rigid surface, the relative energy
increases as the methyl cation approaches the surface (decrease in distance a). In reality,
the surface bonds are also distorted during the collision, and the energy of the system is
highly repulsive (Path 2) and can even exceed 10 eV (> 240 kcal/mol). The calculations
also show that the “head on” collision between H...H atoms (Scheme 4.1c¢) fails to give
neutralization (~ 60% of the charge remains on the methyl cation even at a H...H distance
of 0.6 A). These results, together with those discussed above, suggest that the outcome
of low-energy ion-surface reactions (e.g., neutralization versus energy deposition)

depends on the relative orientation of the projectile and the outermost group of the SAM

chains on surface.
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a) MP2 6-31G*//MP2 6-31G* potential energy surface and b) contour graph generated for a “head on’
collision between CH;" and n-C4H,. Parameters a and b in Scheme Ic were varied from 0.75-3.0 A. Two
reaction pathways are shown going from reactants (R) to products (P1 or P2). Path 1 (P1) shows a collision
where the surface C-H bond (distance b) is held constant at ~ 1.1 A, Path 2 (P2) is when the surface C-H
bonds are distorted during the collision. Figure taken from reference 131.
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Figure 4.8 shows the MP2 6-31G*//MP2 6-31G* potential energy surface
calculated for the reaction, CH;* + C3;F3 — CH;CF; + CF,CF;*, which is the
“fluorinated™ analog of the ethane formation described above. The orientation is shown
in Scheme 4.1a (X =F, Y =F), and both parameters a and b were varied over the range of
1.3-3.0 A. In Figure 4.8, the left axis represents the approach of CH;" to the
fluorocarbon chain (parameter a in Scheme 4.1a), and the right axis represents the
cleavage of the CF3;CF,...CF; bond (parameter b in Scheme 4.1a). In contrast to Figure
4.5, the potential energy surface in Figure 4.8 indicates the addition of CF;
(trifluoromethyl anion), i.e., neutralization of CH;" by the formation of CH;CF;,
possesses a significant activation barrier (~ 60 kcal/mol). It is important to note the
reaction CH;" + C3Fy - CH;3CF; + CF.CF;” is predicted to be exothermic (AH; =-14.3
kcal/mol, Figure 4.9) by simple thermochemical calculations using experimental heats of
formation133; highlighting an important limitation of using “simple” thermochemical
calculations.

A similar energy surface with a similar barrier has been calculated for the reaction
CH;" + CF;CH.CH,CH; — CH;CF; + CH>CH,CH3'; the results (potential surface not
shown, but it is similar to energy surface shown in Figure 4.8) demonstrate the
importance of the terminal CF; group. The origin of the barrier for addition of —CF; to
CH;" (from C;F; or CF;CH,CH,>CHj;) can be associated with the lone pairs of the F atoms
of the outermost CF; group of a fluorinated chain, i.e., to molecular orbitals that are
occupied by the lone pairs of F atoms. We can visualize these orbitals as “umbrella” or

“shield” orbitals that prevent the “penetration” of the empty orbital of the methyl cation
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[CF3CF,CF3...CH3]"

Figure 4.8:

varied over the range of 1.3-3.0 A. R indicates the reactants (CH;" and
reference 131.

MP2 6-31G*//MP2 6-31G* potential energy surface generated for a model
C;Fg), and P indicates the products (CH;CF; + C>Fs'). Figure taken from

collision between CH;" and C3F3. Parameters a and b in Scheme Ia were
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Figure 4.9: Comparison between reaction enthalpies of a charge exchange process and a CF; (trifluoromethyl anion)

addition process during the collision between C;Fg and CH;" (0 kcal/mol reference energy).

All values based

on experimental heats of formation from reference 133. Figure taken from reference 131.
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in line with the CF;-CF; bond. Because of the lack of such an interaction, neither the
direct neutralization (“flow” of electrons from the surface to the projectile) nor the
addition of CF; (trifluoromethyl anion) is a preferred process. Such an interaction
between appropriately aligned carbon orbitals is unhindered when hydrogen atoms are

present (as in regular hydrocarbons), which explains why calculations show that both

methyl anion addition and neutralization easily occur on alkanethiolate SAMs.45,125,130
Of course, a strictly linear arrangement is unnecessary for the reactions with CH;"; a
slight “off-axis™ approach (i.e., when the a, b angle deviates from 180 degrees) can also
lead to similar products. The importance of orbital interactions has been recognized, for
example, for ion reactions at clean and oxygen-modified Ni (111) surfaces. 129

No energy barrier was predicted at the MP2 6-31G*//MP2 6-31G* level for the
addition of fluorine anion, i.e., for the reaction CH;” + CF;CF.CF; —» CH;F +
CF.CF2CF5" (potential energy surface not shown, but it is similar to that shown in Figure
4.5). The favored formation of CH;F can rationalize why methyl cation survival is much
lower (~ 12 %) than benzene survival (~ 68 %) on the fluorinated surface (see Figure
4.1). As shown in Figure 4.10, experimental heats of formation predict the reaction CH;"

+ CF3;CFoCF; — CH;3F + CF2CF>CF;™ to be slightly endothermic although there is an

ambiguity in the heats of formation of C3F; and C;F;7.133 However, the analogous
reaction, CH;" + CF3;CF; — CH3F + CF,CF;", is thermoneutral (AH; =0.7 kcal/mol).
For the molecular ion of benzene, a similar interaction is sterically more hindered, i.e.,

the “reactive configuration” between the benzene molecular ion and the outermost CF;
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Figure 4.10; Reaction enthalpies calculated for possible reactions between C3Fg and CH;" (0 kcal/mol reference energy).
All values based on experimental heats of formation from reference 133. Figure taken from reference 131.
Two values shown for the reactions C3F7 + [CH3F]" and [C3F;]" + CH;F are based on two different heats of
formation estimations for C3F;" (-96.8 kcal/mol and —80.8 kcal/mol), where the former value corresponds to
the value in parentheses.
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group of the fluorinated surface is statistically less favorable than other orientations that
lead to T — V conversion. Nevertheless, the reactive orientation is still accessible. The

addition of fluorine to benzene molecular ion has been observed in SID spectra on

fluorinated surfaces at relatively low abundance43, but the neutralization of [benzene]™ is

not associated with this reaction.

4.5 CONCLUSIONS

The experimental and computational results presented in this paper indicate that
neutralization of CH3™ cation can occur by two types of processes: (1) direct electron
transfer from the SAM surface and (2) concerted chemical reactions without activation
barriers. The diminished neutralization of methyl cation on fluorocarbon surfaces relative
to hydrocarbon surfaces can be attributed to the presence of lone pairs on the F atoms of
the terminal CF; groups. The lone pairs inhibit the direct electron-transfer process (from
the SAM to CH;") and the direct formation of CH3CF;. The computational results also
indicate that the relative orientation of the projectile influences the “outcome” of the
modeled ion-surface reactions. Because most of the SAM (and/or Langmuir-Blodgett)
surfaces used in SID studies are well ordered, as characterized by various techniques such
as AFM, STM, and wettability, their “static” behavior is independent of the projectile
ion. The “dynamic™ behavior, however, is the result of the interaction of the projectile
ion and the outermost layer of the surface chains. Several ion-surface group orientations
can lead to different processes, such as i) “T-V” orientations, in which energy deposition

is preferred (see, head-on collision model, Scheme 4.1c¢), and ii) *neutralization” or
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“reactive” orientations in which interactions between orbitals of the ion and the surface
are allowed. These orbital interactions can then lead to either “simple” electron transfer
or chemical reactions, the products of which can be neutrals (see, examples for the
formation of CH3CH;, CHy, and CHj3F) or charged species (see, e.g., fluorine anion
addition in Figure 4.2). From the point of view of the projectile, we can describe a
“reactivity” (or “neutralization”) volume, which is a part of space in the vicinity of the
ion within which a reaction with a reactive partner is allowed. Although this volume is
*dynamic” rather than “static” in character, one can intuitively assume that the smaller
the projectile, the larger this volume (with reference to the projectile size). For methyl
cation, for example, this “reactive” volume can be defined as a “cone” above and below
the plane of the cation. For a much larger projectile, e.g., for a protonated peptide, only
small and local “volumes™ can be reactive but are sterically hindered by the atoms of
groups of the projectile. It is not surprising, therefore, that no ion-surface reactions have
been reported for protonated peptides. Note that while “odd electron” molecular ions of
common organic compounds are reported to be reactive, the “odd electron” character is
not a prerequisite for reactivity (see our present example, the methyl cation).

Even if they are carried out on small model systems, theoretical calculations can
be helpful in describing and predicting the relative contributions of the different
processes that dominate low-energy ion-surface collisions (for example, molecular

dynamics modeling of energy deposition of various projectile ions at diamond and SAM

surfaces136.137) and might also contribute to the development of more sophisticated

models that can be used to describe low-energy ion-surface reactions.
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CHAPTER 5

DEVELOPMENT OF ION-SURFACE COLLISIONS FOR QUALITATIVE AND

QUANTITATIVE ANALYSIS OF MIXED SELF-ASSEMLED MONOLAYERS

5.1 NTRODUCTION

The research described in this chapter is designed to determine whether ion-
surface collisions can be used to determine the chemical compositions of self-assembled
monolayers having a mixture of terminal groups. Data in Chapters 3 and 4 illustrate that
ion-surface collision processes are sensitive to changes in the uppermost portion
(primarily the exposed terminal groups) of organic thin films. It is logical to consider
that these reactions could be used to measure the chemical composition of mixed self-
assembled monolayers (m-SAMs). To explore this possibility, a series of mixed systems
were investigated with ion-surface collisions. (The two individual thiol chains that form
a mixed monolayer on gold define a mixed system.) The first mixed system was
comprised of C12 and C110H chains. The C12/C110H mixed films have been
previously characterized (by XPS, contact angle, and scanning tunneling microscopy
(STM)) and are considered to be a model mixed system.6’92’103 The following two
mixed systems consist of C12/C12F10 and C18/C12F10 chains and have not previously

appeared in the literature. These mixed systems vary from the C12/C110H system
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because the chemical compositions of the two thiols are considerably different from one
another (not just a difference in the terminal group). The previously mentioned mixed
monolayers on gold were formed from binary thiol solutions or from asymmetric
disulfides. The goal of the present research is to determine if ion-surface collision
processes (energy transfer, electron transfer, atom/group transfer) can provide qualitative
(identifying and monitoring the chemical composition) and quantitative (calculate the

relative concentrations) analysis on the terminal groups of mixed monolayers.

5.2 MIXED MONOLAYER SYSTEM [: C12/C110H

Can ion-surface collision processes determine chemical differences in a mixed
monolayer system where the only difference in the thiol chains is the terminal group? To
address this question, mixed monolayers were prepared from C12 and C110H thiols to
generate SAMs containing hydrophobic (CH3) and hydrophilic (OH) terminal groups.
The CH;/OH-terminated monolayer system was earlier investigated because of the
control of surface free energy and chemical affinity.9:103,138 The CH;/OH-terminated
mixed monolayers are prepared from binary thiol solutions of dodecanethiol
(CH3(CH2)1:SH) and 1-hydroxyundecanethiol (HO(CH,),,;SH) in tetrahydrofuran (THF)
or from the asymmetric disulfide (C12-S-S-C110H) in ethanol (Section 2.2.2.2).
Previous research with CH3- and OH-terminated mixed monolayers revealed that co-

adsorption of chains with the same alkyl length but different terminal groups form well-

packed films and expose the terminal groups.92 Contact angle measurements and X-ray

photoelectron spectroscopy (XPS) have shown the surface concentration of CH; and OH
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groups (from mixed CH3(CH>)(;S-Au/ HO(CH,),,;S-Au SAM films prepared from binary
solutions) are in good agreement with the relative concentrations of dodecanethiol and 1-

hydroxyundecanethiol present in THF, i.e. %C12 in THF solution = surface concentration

of CH; groups.6:103 The solubilities of the two alkanethiols in THF are comparable
generating m-SAMs that have surface concentrations equivalent to solution
concentrations (compared to favored solubility of one thiol in other solvents). It has been

assumed that the CH; and OH terminal groups that are present on the surface exist in a

random distribution.9,95,103 Scanning tunneling microscopy (STM) research with SAM
films produced from the asymmetric disulfide (C12-S-S-C110H) in ethanol

demonstrated that the CH3; and OH groups exist homogenously at the film interface and

the surface concentration is approximately 50% CH; and 50% OH.104 The asymmetric
disulfide adsorbs to the surface with the two thiols remaining in close proximity to each
other because strong intermolecular interactions exist between the two chains (no phase
separation occurs before or after chain adsorption to the Au surface).

Gas-phase benzene molecular ions were utilized as the projectile ions for the
analysis of CH3/OH-terminated m-SAMs because a method exists for benzene ions that
can be used for calculating the internal energy deposition that occurs with different m-

SAMs. Benzene ions have also been shown to be reactive with available CH; terminal

groups (Chapter 3.2.3) at low collision energies12:43, and are selective in reacting with
the CH; groups from the C12 chains in m-SAMs. The SAMs generated from the
asymmetric disulfide can be used for comparison to the film from 50% C12/C110H

binary solution to establish if the two mixed films have similar chemical properties.
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5.2.1 ENERGY CONVERSION DIFFERENCES (T — V): C12/C110H SAMs

Product spectra resulting from a collision between benzene molecular ions (m/z
78) and four different SAMs at 30 eV are shown in Figure 5.1 (Figure 5.1a is an uniform
C12 SAM and Figure 5.1b-c and 5.1d are m-SAMs from binary solutions and the
asymmetric disulfide, respectively). By increasing the %OH at the surface (Figure 5.1a
versus 5.1b versus 5.1c), the relative abundance of the low mass fragments is enhanced
signifying an increase in the energy transfer to the projectile ion. This assessment can be
further illustrated for a series of m-SAMs by using the extended deconvolution method

(Section 2.1.1.5) to calculate the mean internal energy of benzene for a collection of SID

collision energies (Figure 5.2).88 The energy deposition increase may be a result of the
mass increase of the atom(s) that projectile ions first collide with at the interface. For the
C12 surface, incoming projectile ions would initially collide into exposed hydrogen
atoms. With the addition of OH groups to the interface, the projectile ions would also
interact with oxygen atoms. Therefore, the increase of energy deposition to benzene ions
is attributed to the mass increase (hydrogen — oxygen) of the terminal groups exposed at

the film interface. This energy transfer increase has previously been observed with single

component CH;- and OH-terminated films.139 The change in energy conversion
between the presented m-SAMs in Figure 5.2 is approximately 5-9% but changes linearly
with the increase of C110H and is sufficient to qualitatively differentiate between
C12/C110H m-SAMs. The percentages of kinetic to internal energy conversion for a set
of m-SAMs (calculated from internal energy distribution diagrams for benzene at 50 eV)

are shown in Table 5.1.
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The product ion spectra that results from a 30 eV collision of benzene

molecular ion with four C12: C110H self-assembled monolayers prepared
from THF solutions with various molar percentages a) 100% C12: 0%
C110H b) 50% C12: 50% C110H c) 25% C12: 75% C110H and d) the
asymmetric disulfide (C12-S-S-C110H) in ethanol.
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Figure 8.2:  Estimated average internal energy deposited into benzene ion as a function
of experimental SID collision energy is shown. Data for a set of mixed
C12/C110H SAMs from THF binary solutions are compared to data for a
dodecanethiol (C12) surface.
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Table 5.1: Average internal energy deposition into benzene molecular ions (50 eV)
with C12/C110H m-SAMs
Surface (C12/C110H THF Mixtures) To>V %)
25% C12
22 .49
75% C110H 22.4%
50% C12:C110H 21.7%
70% C12 o
30% C110H 20.7%
100% C12 19.0%
50% (from C12-S-S-C110H in ethanol) 21.6%

These data correlate to studies with fluorinated SAMs (shown in Section 3.2.2) that
revealed that replacing the hydrogen atoms for fluorine atoms only at the terminal group
(CH; — CF;) cause an increase in the energy transfer to the projectile ion. Findings with
low-energy argon (80 kJ/mol) atomic collisions with uniform SAMs reveal that OH

surface exhibit different scattering dynamics. This effect is credited to a more rigid

interface resulting from hydrogen bonding between OH groups.!140 However, data

reported for m-SAMs consisting of a 1:1 ratio of OH and CH;-terminated thiols of equal

chain length imply that films have a completely disrupted hydrogen-bonding pattern.?
The increase in energy deposition for projectile ions with mixed monolayers therefore is
not correlated to OH groups experiencing hydrogen bonding at the interface but to the
effective mass increase. The ion-surface spectra (Figure 5.1b versus 5.1d) have similar
characteristics and energy depositions calculated for the 50% CH; and 50% OH

terminated films are in good agreement (Table 5.1). These data concur with the
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previously reported conclusion that the terminal group composition of the two mixed

films is similar and approximately 50% CH3 and 50% OH.6,103,104

5.2.2 ELECTRON TRANSFER DIFFERENCES: C12/C110H SAMs

A plot of the relative electron transfer behavior that exists for a set of CH3/OH-
terminated mixed films using benzene molecular ion incident at 30 eV is presented in
Figure 5.3. The total ion current (TIC) is a measurement of the total scattered ions
detected at the electron muiltiplier after surviving the collision (without neutralization)
with the modified surface. The total ions that can survive include the projectile,
fragment, and reaction ions, i.e. all the ions that appear in the tandem mass spectrum
(Figure 5.1). The baseline in Figure 5.3 was achieved when the ion source filaments
were turned off. An increase in the percentage of OH groups on the surface results in a
decrease in the surviving ion current and a corresponding increase in the extent of

neutralization. This result is consistent with research where OH-terminated surfaces

cause more neutralization of benzene ions when compared to hydrocarbon surfaces.80

The mechanism explaining electron transfer during low-energy ion-surface collisions for

CH;- and OH-terminated SAMs is still being investigated.80 This recurring trend
displaying an incremental decrease in neutralization with increasing percentages of OH

groups present at the surface might be useful for qualitative monitoring of SAM terminal

groups between C12/C110H mixed films.
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5.2.3 ATOM/GROUP TRANSFER DIFFERENCES: C12/C110H SAMs

In addition to the energy transfer and electron transfer differences for ion-surface
collisions with m-SAMs, reaction products of benzene ions with mixed CH3/OH-
terminated monolayers were utilized to detect changes in the percentage of CH3-terminal
groups at the exposed SAM interface. Pyrazine ions have been shown to abstract
available hydrogen atoms from SAMs (Section 3.2.3); however, this reaction was not
used for the C12/C110H mixed system. Hydrogen addition with pyrazine ions has been
observed with uniform C12 and C110H surfaces.!34 As a result, this non-selective

hydrogen reactivity could not be utilized to quantitatively measure changes in the C12

and C110H surface concentration.134 Benzene molecular ions (m/z 78) colliding with
CH;-terminated SAMs have been shown to produce reaction product ions, C¢Hg™ + CH3
— Ha = C7H;" (m/z 91), some of which gain enough internal energy to fragment to CsHs"
(m/z 65).45 In order to determine differences in the reaction products for a series of
mixed surfaces, a methyl reaction quotient was generated. The methyl reaction quotient
(MRQ) is defined as the sum of the ion-surface reaction product peak areas divided by
the sum of the total peak areas present in the spectrum: %Methyl Reaction Quotient
(MRQ) = [((C7H;" = m/z 91) + (CsHs™ = m/z 65)) / total peak area]*100%. The methyl
reaction quotient was then normalized to a reference surface (a 100% C12 SAM was
included in each set of four samples) so multiple surfaces could be compared. The
correlation between 25%, 50%, 75% and 100% C12 in THF solution (or surface
concentration of CHj groups) and the normalized methyl reaction quotient is illustrated in

Figure 5.4 (closed symbols). Each data point is an average of measurements from three
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Plot correlating the methyl reaction quotient (MRQ) to the %C12 in
solution (surface concentration of CHj; groups) for quantitation of
C12/C110H m-SAMs using benzene (30 eV kinetic energy). The trend
line shown is the theoretical line for an ideal calibration curve between the
normalized MRQ and molar %C12 in solution (R = 1.000). Error bars
represent the experimentally determined standard deviation for data
acquired from three m-SAMs.
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independent SAMs with experimentally determined standard deviation. The independent
SAMs were prepared on different days with different solution mixtures. The data point at
100% C12 does not have error bars because this surface was the reference point for
normalization of the other m-SAMs. The plot clearly demonstrates that ion-surface
reactions can generate a calibration curve for quantitation of mixed CH3;/OH-terminated
monolayers with a linear dynamic range from 25% to 100% C12. The trend line shown
in Figure 5.4 is the theoretical line for a perfect calibration curve between the normalized
methyl reaction quotient and concentration (R = 1.000). The correlation coefficient for
the four average points was calculated to be 0.997. The calculated average MRQ for the
50% CH;/OH surface from the THF solution is 46.9% and the calculated average MRQ
for the 50% CH3/OH surface from the disulfide is 48.2%. This evidence further supports
the similarity of the two surfaces compositions, each possessing an approximate 50%
mixed surface composition of CH3; and OH groups. To test the limits of the ion-surface
quantitation method, a set of surfaces with smaller increments of C12 in solution (CHj3
groups at the surface) were analyzed. The methyl reaction quotients from the mixed
surfaces ranging from 10-90% C12 in solution are also shown in Figure 5.4 (open
symbols). Linearity was preserved between 30-80% C12.

Deviations from the theoretical trend line are observed at higher concentrations of
C12 in solution, particularly 90% C12. Ion-surface reactions with 90% and 100% C12
surfaces reveal that the film interfaces are virtually indistinguishable. The small addition
of OH-terminated chains (10% C110H) is not enough to effectively change the interface

that the benzene ion beam samples (ion beam samples a similar vacuum-film interface
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resulting in similar MRQ values). Another area that deviates from the linear portion of
the plot is at lower concentrations of C12 chains (10% and 20% C12). At lower
concentrations of C12, deviation from linearity from the theoretical trend line could be
explained by two additional reactions that could occur with the C110H film. The
appearance of the ion-surface reaction products (m/z 91 and 65) is apparent on 100%
C110H films (spectrum not shown). These product ions could be produced from either
reaction of benzene ion with physisorbed hydrocarbon contamination or with the upper
portion of the C110H film (C¢Hs™ + -CH2OH (from film) —» C;HyO" - -H,O — C;H;"
(91)). Previous research found that OH groups in a 50% CHj; and 50% OH mixed

monolayer are slightly lower in the film surface plane than CH; groups (0.1 + 0.02

nm).104  As the more exposed CH; groups become less available with higher
concentrations of C110H chains to the THF solution mixture; therefore, the projectile
ions undergo more interaction with the C110H chains in the mixed films. The deviation
could also be that the mixed films at higher concentrations of C110H in solution (10%
and 20% C12) could simply be composed of mostly C110OH chains. From reported XPS

data. adsorption of C11OH chains to the surface is slightly favored at higher

concentrations of C110H in THF.6,103 Reaction products from either (or both) reaction
pathways would falsely increase the numerator of the MRQ equation, thereby giving
MRQ values higher than expected. At low concentrations of C12 in the m-SAMs, a
baseline MRQ is established from reaction of benzene projectile ion with underlying
methylenes from the C110H chains and/or physisorbed hydrocarbon contamination.

Until the CH; group concentration on the surface (%C12 in solution) is higher than these
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“noise” components, there is no linear correlation between the MRQ and the surface
composition (plateau region in Figure 5.4 at low concentrations of C12). These
additional reaction pathways could be investigated with isotopically labeled C110H films
(where the methylene under the terminal group is deuterated, which is currently not
available) and/or with an improved vacuum system. In spite of this, the MRQ from
benzene ion-surface reactions provides a linear dynamic range from 30-80% C12 that can

differentiate C12/C110H (CH3/OH-terminated) mixed surfaces from each another.

5.2.4 CONCLUSIONS: C12/C110H SAMs

Low-energy ion-surface collision processes (energy, electron, and atom/group
transfers) were used to monitor changes in film composition at the vacuum-film interface
for previously characterized C12/C110H m-SAM surfaces. The extent of fragmentation
and neutralization can be used to qualitatively monitor chemical differences in m-SAMs.
Quantitative analysis of C12/C110H mixed monolayers was accomplished by measuring
the abstraction of available CH; groups from the C12 chains with benzene projectile ions.
A calibration curve was generated by plotting the methyl reaction quotient versus the
percent C12 in solution (concentration of CH; groups on the surface). Additional
reaction products from other possible sources (uppermost portion of C110H chains or
hydrocarbon contamination) limit the quantitation method. Linearity was preserved only
between 30-80% C12. Results from ion-surface collision processes (energy transfer and
atom/group transfer) also validate that an ~ 50% CHj3 and 50% OH terminated SAM can

be created from a mixture of the two thiols in THF or from the asymmetrical disulfide.
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5.3 HYDROCARBON/FLUOROCARBON MIXED MONOLAYERS

Can the same ion-surface collision processes provide chemical information as
well as distinguish differences in the chemical composition of mixed monolayers when
the two thiols comprising the mixed monolayers are quite different? The C12/C110H m-
SAMs (Section 5.2) are formed by the co-adsorption of the C12 and C110H chains

(possessing the same alkyl length but different terminal groups) and form well packed

films that expose the terminal groups.92 In contrast, hydrocarbon/fluorocarbon m-SAMs
have appeared in the literature where the individual thiol chains possess chemically

different terminal group and chain backbone compositions (for example, CH3;(CH3);-

terminated versus CF3(CF.);-terminated).105-107,144 Because the chemical makeups of
the two thiols chains are dissimilar (alkyl chains versus fluorocarbon moieties), the
resulting chain interactions and film will be different when compared to a well-packed
SAM (i.e., uniform single thiol or the previous mixed system (C12/C110H)). The
chemical composition and structure of mixed films need to be established to determine if

the multiple chemical moieties deposited onto surfaces are useful for future applications

such as circuit technology, biosensors, and advanced lubricating systems.1035,141-143

The applications are possible if molecular processes such as charge transfer, protein

adsorption, and liquid crystal orientation can be manipulated.105,141-143

To answer the initial question posed above, two hydrocarbon/fluorocarbon mixed
monolayer systems (C12/C12F10 and CI18/C12F10) were prepared from
hydrocarbon/fluorocarbon thiol binary solution mixtures (in ethanol or methylene

chloride) and from asymmetrical disulfides. The corresponding disulfides (C12-S-S-
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C12F10 and C18-S-S-C12F10) were only soluble in methylene chloride; therefore,
SAMs prepared from the disulfides were prepared only in methylene chloride. The
hydrocarbon/fluorocarbon mixed systems (C12/C12F10 and C18/C12F10) presented here

have not been previously investigated although very similar mixed systems have

appeared in the literature.105-107,144,146  Hydrocarbon/fluorocarbon asymmetrical

disulfides have been shown to produce mixed monolayers where the thiol chains exist in

almost equal proportions in the film (~ 50%) not phase-segregated.105s1069144’146
Binary mixtures containing a 50/50 solution concentration of n-alkyl and semifluorinated
n-alkyl thiols in methylene chloride tend to undergo preferential adsorption which results
in SAMs with biased compositions (preferential adsorption in favor of the longer

hydrocarbon chain thiols).103

5.3.1 MIXED MONOLAYER SYSTEM II: C12/C12F10

The first hydrocarbon/fluorocarbon mixed system (C12/C12F10) was explored
because both chains contain the same number of carbons (similar to the previous mixed
system where the chain length is constant with variations in only the terminal group) but
vary in the chemical composition along a majority of the chain backbone. Data and
discussions for the C12/C12F10 monolayers will be presented first and followed by data
for the C18/C12F10 system (Section 5.3.2). Results from low-energy atom/group
transfers will reveal chemical composition information for C12/C12F10 m-SAMs. The
data will also be used to determine if chemical distinctions can be made between various

mixed hydrocarbon/fluorocarbon films by the low-energy ion-surface collision processes.
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Supplementary analytical characterization (X-ray photoelectron spectroscopy (XPS) and
contact angle) was performed to gain additional information about the film’s chemical
composition and atoms/groups present at the vacuum-film (air-film) interface. Dr.
Ravindran Selvan is acknowledged for submitting the specified mixed monolayers to the

LESSA facility (personnel from this facility are also recognized) for XPS analysis.

5.3.1.1 ATOM/GROUP TRANSFER DIFFERENCES: C12/C12F10 SAMs

Product spectra corresponding to collisions of benzene molecular ions (m/z 78) at
30 eV with uniform C12 and C12F10 films along with three different C12/C12F10 m-
SAMs are shown in Figure 5.5a and 5.5b. Spectra displayed in Figure 5.5a and 5.5b
correspond to collisions with m-SAMs prepared in ethanol and methylene chloride
solutions respectively. As demonstrated in Sections 3.3.2 and 5.2.3, benzene can react
with available CH; groups from the C12 chains in the SAM to form the 91-product ion
(C¢He™ + CH; — H2).45 Benzene can also undergo reaction with available fluorine atoms
(Section 3.3.2) producing ions at m/z 95 (C¢He™ + F — Ha) and m/z 96 (C¢Hs™ + F — H).43
From Figures 5.5a (ii-iv) and 5.5b (ii-iv), benzene projectile ions are shown to interact
with both hydrocarbon and fluorocarbon chains from all mixed monolayers and form the
product ions at m/z 91, 95, and 96. Films generated from methylene chloride solutions
appear to have more CF; terminal groups exposed at the vacuum-film interface as
demonstrated by the decrease in the ratio of m/z 91 to m/z 95 and 96 compared with that

for the corresponding m-SAMs prepared in ethanol.
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Spectra generated from collisions (30 eV) between benzene ions and
C12/C12F10 m-SAMs. Films were prepared from C12 (i), binary
C12/C12F10 (ii-iv), and C12F10 (v) solutions in ethanol (percentages for
the m-SAMs represent thiol solution concentration).
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Figure 5.5b: Spectra generated from collisions (30 eV) between benzene ions and
C12/C12F10 m-SAMs. Films were prepared from C12 (i), binary
C12/C12F10 (ii-iv), and C12F10 (v) solutions in methylene chloride
(percentages for the m-SAMs represent thiol solution concentration).
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Relative abundances of m/z 91 versus m/z 95 and 96 do not represent the relative

composition of the two different thiols on the surface because hydrocarbon is much more

reactive for the CHj transfer to benzene ions than fluorocarbon for the F-addition.10
For the C12/C12F10 system, an additional ion-surface reaction product from ion-
surface reactions with pyrazine can be easily observed and utilized. In Section 3.3.2,

azine molecular ions, M™ (m/z 80) were shown to undergo reactions with available
pyr

hydrogen atoms of the target film (giving rise to MH", m/z 81).12,51 Product spectra
using pyrazine projectile ions (m/z 80) at 20 eV are shown (Figure 5.6a and 5.6b
represent collisions with m-SAMs made in ethanol and methylene chloride solutions
respectively). Hydrogen addition that occurs between pyrazine projectile ions and
hydrogen atoms should only originate from the Cl12 chains. A hydrogen reaction
quotient (HRQ) can be generated with [(MH™ + (MH-HCN)") / (M™ + (M-HCN)™)] or in
terms of m/z values [((81) + (54)) / ((80) + (53))]. The HRQ is calculated by using the
integrated normalized peak areas of the corresponding ions to measure and compare the
amount of hydrogen addition for C12/C12F10 m-SAMs.

With an increase in the relative concentration of the fluorinated thiol to the
solution mixture, the number of hydrogens available for reaction is significantly reduced
(Figure 5.6a (ii-iv) and 5.6b (ii-iv)). From the spectra in Figure 5.6a and 5.6b and the low
calculated HRQ values (Table 5.2 contains the average HRQ value for two data sets with
standard deviations), the mixed C12/C12F10 surfaces demonstrate that predominately
fluorinated carbons are available to incoming projectile ions at the vacuum-film interface

(hydrogen atom exposure is limited for reaction with pyrazine ions).
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Figure 5.6a: Spectra generated from collisions (20 eV) between pyrazine ions and
C12/C12F10 m-SAMs. Films were prepared from C12 (i), binary
C12/C12F10 (ii-iv), and C12F10 (v) solutions in ethanol (percentages for
the m-SAMs represent thiol solution concentration).
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Figure 5.6b: Spectra generated from collisions (20 eV) between pyrazine ions and
C12/C12F10 m-SAMs. Films were prepared from C12 (i), binary
C12/C12F10 (ii-iv), and C12F10 (v) solutions in methylene chloride
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Table 5.2:  Average hydrogen reaction quotient (HRQ) values (with standard
deviations) for two sets of mixed C18/C12F10 m-SAMs with pyrazine

ions (20 eV).
Surface HRQ (CH3;CH>OH) HRQ (CH,Cl)
100% C12 2.01 £0.01 2.04 £0.02
70% C12
30% C12F10 0.353 +0.016 0.140 +0.003
50:50 C12:C12F10 0.122 +0.003 0.0601 + 0.0019
30% C12
20% C12F10 0.0360 + 0.0033 0.0260 +0.0013
100% C12F10 0.0103 +£0.0010 0.00934 + 0.0008
C12-S-S-C12F10 Not Soluble in Ethanol 0.0971

Little deviation in hydrogen ion-surface products exists between the solvents used for the
C12/C12F10 mixed system, but SAMs from methylene chloride mixtures have lower
HRQ values than films prepared from ethanol mixtures (Table 5.2 and Figure 5.7). The
HRQ value for the C12-S-S-C12F10 SAM falls between the HRQ values for films
prepared from the 50% ethanol and methylene chloride binary solutions. The ion-surface
spectrum (Figure 5.6¢) and resulting HRQ value for the disulfide film illustrate that

hydrogen atoms from the C12 chains are not readily available to incoming pyrazine ions.
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Figure 5.7:
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Plot correlating the average hydrogen reaction quotient to the %C12F10 in
a) ethanol (o) and b) methylene chloride (®) solutions for two sets of
mixed C12/C12F10 films using pyrazine ions (20 eV). The dashed trend
line is a linear incremental decrease between hydrogen reaction quotient
and %C12F10 in solution (R = 1.000).
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At least three explanations are consistent with the ion-surface reaction data: i) the
generated m-SAMs contain more fluorocarbon chains than expected based on the
solution concentration. The competitive adsorption of the thiol chains to the gold surface
could favor the adsorption of fluorocarbon chains at the surface (fluorocarbon surface
concentration # fluorocarbon solution concentration). This result seems to be the case for
m-SAMs made in methylene chloride. This would be unexpected because similar

hydrocarbon/fluorocarbon binary solutions mixtures in methylene chloride produced

monolayers that were primarily composed of hydrocarbon chains.105 i) The fluorinated
chains are “shielding” or “mushrooming” the hydrocarbon chains. This *“shielding”
effect is probable because literature data have shown that hydrocarbon chains are

shortened as a result of gauche bonds when the chains are formed in

hydrocarbon/fluorocarbon mixed monolayers.105  The perfluorinated moiety of the
C12F10 chains would disrupt the intermolecular interaction (van der Waals) of the
hydrocarbon chains and distort the chain conformation (when compared to C12 chains in
a uniform SAM). The larger and more rigid fluorocarbon chains require no

intermolecular stabilization given that the rod-like helical structure is intramolecularly

stabilized.103.145 The ion-surface reaction results suggest that the CF; groups are above
the plane of the CH; groups. This “shielding” effect is more probable for
hydrocarbon/fluorocarbon disulfides. The hydrocarbon and fluorocarbon chains in the

m-SAM from the disulfide (C12-S-S-C12F10) exist in almost equal proportions (~ 50%)

and are incorporated in close proximity (not phase separated),105,106,144,146 vyt the

HRQ values for the disulfide film show that hydrogen atoms are not easily accessible for
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reaction with incoming pyrazine ions (C12 chains in disulfide film are shortened by the
lack of intermolecular stabilization with cther C12 hydrocarbon chains).
These data also bring about another point that needs to be addressed about the m-

SAM structure. For binary solutions, individual thiol chains have been observed to phase

segregate and make SAMs with single thiol ordered domains.!05 For the ion-surface
hydrogen reaction data, however, ordered domain sizes for the hydrocarbon chains must
be considerably small (a few hydrocarbon chains wide). The lack of intermolecular
interactions of small domains increases the probability of gauche defects in the
hydrocarbon chains. Large hydrocarbon domains (domains consisting of tens of
hydrocarbon chains) do not appear to be present because pyrazine ions could access these
domains entirely and undergo more hydrogen addition leading to greater HRQ values.

iiil) A third possibility is that hydrogen addition to pyrazine ion is not
representative of the hydrocarbon concentration at the surface. If pyrazine ions can
simultaneously interact with both C12 and C12F10 chains in the mixed film, the energy
deposited to the projectile ion from the fluorocarbon chain results in a considerable
internal energy increase in the projectile ion (described in the following section). The
time required for the projectile ion to fragment after the conversion of kinetic to internal
energy could be a smaller time frame when compared to the reaction time to produce the
hydrogen addition with pyrazine ions (pyrazine ions fragment before reaction with
hydrogen atoms can occur). This would account for the mixed films having low HRQ
values (similar to a uniform C12F10 surface) using ion-surface reaction products even

though hydrocarbon chains were present in the film and accessible to projectile ions.
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5.3.1.2 ENERGY CONVERSION DIFFERENCES (T — V): C12/C12F10 SAMs

In Figures 5.5a, 5.5b and Figures 5.6a, 5.6b, the ion-surface reaction products and
the increase of low-mass fragment intensity (signifying greater energy deposition)
confirm that fluorinated chains are prevalent at the mixed monolayer vacuum-film
interface. To calculate the approximate internal energy of benzene molecular ions, a
series of m-SAMs (for each solvent system) was inspected using the extended
deconvolution method38 at various SID collision energies (Figure 5.8a for ethanol and
5.8b for methylene chloride). Average internal energy conversion percentages (%oT —
V) for two sets of C12/C12F10 SAMs with standard deviations calculated at 50 eV are

displayed in Table 5.3.

Table 5.3: Internal energy deposition of benzene molecular ions (50 eV) with
C12/C12F10 SAMs.
Surface T > V (%) (CH3;CH,OH) T > V (%) (CH,Cl,)
100% C12 18.8% £ 0.3 18.8% £ 0.3
70% C12
30% C12F10 24.0%+0.3 26.1% £ 0.1
50:50 C12:C12F10 26.7% £ 0.1 27.0% 0.3
30% C12
70% C12F10 27.9% £ 0.1 27.5% +0.1
100% C12F10 28.2% + 0.3 28.1%+04
C12-S-S-C12F10 Not Soluble in Ethanol 26.4% £ 0.1

Addition (even at 30% CI12F10) of fluorinated chains into the solution mixture
with hydrocarbon chains result in a measurable increase in the energy deposition of

benzene projectile ions. This effect is observed regardless whether the solvent is ethanol
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or methylene chloride; however, the m-SAMs derived from methylene chloride solution
mixtures provide higher energy deposition. A linear dependence of kinetic to internal
energy conversion is not apparent with the incremental increase of the fluorinated
compound (C12F10) for either solvent mixture. The energy deposition of the SAM
derived from the disulfide (C12-S-S-C12F10) gives a value of ~ 26.4% which is similar
to the m-SAM prepared from the ethanol 50% C12/C12F10 solution mixture (~ 26.1%).
This suggests that the chemical compositions of the two different m-SAMs are similar.
Two previously mentioned SAM structures could apply to the energy deposition data: i)
favored fluorocarbon adsorption. Ion-surface reaction products indicate that both thiol
chains are present in mixed SAMs from binary mixtures (although fluorocarbons appear
prevalent in m-SAMs made from methylene chloride). ii) The CF; groups of the
fluorocarbon chains *“shield” CHj groups. Even if equivalent proportions of the two
thiols are determined to be present in the mixed monolayer, the energy transfer data could
be a result of projectile ions coming into contact with the CF; group only (CF; groups
extends slightly above the CH; groups at the vacuum-film interface or “shields” the CH;
groups). Additionally, projectile ions could simultaneously interact with CH3; and CF;
groups, but interaction with the larger CF; group controls the energy transfer (if phase-
segregation does occur, the formed single thiol domains would be small enough for
projectiles ions to interact with both terminal groups to produce the observed effect. If
single thiols domains were large, more intermediate behavior would be expected). The
XPS data could help address this issue of mixed monolayer structure for each solvent

(favored C12F10 adsorption versus “shielding” of C12 chains).
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Figure 5.8: Internal energy conversion into benzene molecular ion plotted versus SID
collision energy for C12/C12F10 SAMs prepared from a) ethanol and b)
methylene chloride solutions (100% C12F10 (V), 70% C12F10 (e), 50%
C12F10 (o), 30% C12F10 (), and 100% C12 (0)).
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5.3.1.3 ELECTRON TRANSFER DIFFERENCES: C12/C12F10 SAMs

The total ion current (TIC) for various C12/C12F10 mixed films for pyrazine
molecular ion incident at 20 eV is presented in Figure 5.9. The distinct electron transfer
for single component hydrocarbon and fluorinated SAMs has shown that more ions
survive on fluorinated surfaces (Section 1.1.3 and 3.2.4). These differences have been

attributed to differences in the ionization energy of the terminal group and the

recombination energy of the incoming projectile ion.12,129 As shown in Figure 5.9a and
5.9b. an increase in the percentage of CF; groups on the surface results in an increase in
the surviving ion current (decrease in the extent of neutralization). It is possible that the
change in surviving ion current might result from bare gold exposed between chain

domains of the mixed film (mixed films may have more defect sites because of weak

intermolecular interactions when compared to single thiol SAMs).104,147 The change in
neutralization with the m-SAMs, however, is assumed to be the result of the interaction
of the projectile ions with both SAM chains (this assumption is validated later with
contact angle data). The electron transfer data suggest that both thiols are present in the
mixed monolayer (consistent with atom/group transfer data for benzene and pyrazine
ions). and hydrocarbon chains are still accessible to incoming projectile ions (absolute
“shielding™ by the fluorocarbon chains in the m-SAM does not exist).

Total ion currents for SAMs generated with the disulfides are shown in Figure
5.9c. The ion current is dramatically reduced when projectile ions strike the film formed
from the disulfides (considerably more than expected with the previous ion-surface data

suggesting that the exposed interface is composed of fluorocarbon chains). The relative



195

4.8x|08‘w a)
4.5x10° - CI2F10 70%
- 2
s 2eiot CI2F10 50%
2x 1077 CI2F10
. 30%
3.9x10° CI12F10
8 _ L
3.6x10 T - T - T 1 La— T T T T T 1
> 0 2 4 6 8 10 12 14 16 18
2 2.5x10° W b)
= 4 8
S 2.0x1077] CI12F10 70%
- . CI2F10 )
9 1.5x10° 30%
3 1 CI2F10
R 1.0x10° 30%
2 ] CI2F10
% 5.0x107
> 1 T T T T T T T
2 2 4 6 8 10 12
o
7 s
3.0x10"
X ] c)
2.5x10"
2.0x10% CI12F10
. C18-SS-CI12F10
1.5x10" l C12-SS-C12F10
1.0x10°
x10 ) Ci18
5.0x107 ] J '
! ' I ' I ' | ' | ! | ' I '
0 2 4 6 8 10 12
Time (minutes)
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ion-surface instrument after a 20 eV collision of pyrazine molecular ions
with assorted C12 / C12F10 m-SAM films formed from a) ethanol and b)
methylene chloride. Figure 5.9¢c is the measured TIC for the disulfide
compounds compared to uniform SAMs prepared in methylene chloride.
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value of the TIC from C12-S-S-C12F10 is lower than the 50% binary solution mixtures.
The surviving ion ratios ([ion intensity for mixed film] / [ion intensity for a C12F10
measured at the same time as the mixed film]) for 50% C12F10 (ethanol), C12F10
(methylene chloride), C12-S-S-C12F10 films are 0.65, 0.69, and 0.24 respectively.
Hydrogen addition to pyrazine ion displayed a HRQ value for the disulfide film that was
between the HRQ values for the two solvent systems and energy deposition was similar
to that for the 50% ethanol solution. It has been illustrated that electron transfer between
polyatomic projectile ions and organic thin films are dependent on the exposed terminal
group (Section 3.2.4). Previous ion-surface reaction results demonstrate that the SAM
from C12-S-S-C12F10 contain fluorocarbon chains predominately exposed at the
vacuum-film interface, but ion-neutralization shows more hydrocarbon surface behavior
when compared to the binary solution mixtures. The difference in ion-surface
neutralization could be attributed to two possibilities: i) the C12-S-S-C12F10 generates

films where the hydrocarbon/fluorocarbon chains are in close proximity to each

other.105,106,144,146  [ncoming projectile ions interact with both chains, but the
hydrocarbon chains dominate the electron transfer of the film (“path of least resistance™).
This would differ from binary solution m-SAMs because projectile ions would interact
with more phase-separated domains even though these domains are relatively small
(based on energy and atom/group transfer data). ii) Another possibility is the presence of
bare gold vacancy sites. These vacancy sites have been measured on mixed monolayers

formed from binary solution mixtures and from asymmetric disulfides using scanning

tunneling microscopy.104.147 Some gold vacancy sites measured at least 40 A, which is
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large enough for projectile molecules to interact with bare gold and not the

monolayer.104:147  Lattice imaging of similar hydrocarbon/fluorocarbon disulfides
reveal a lattice constant of ~ 6.1 A that is larger than the lattice constant for a uniform
hydrocarbon (~ 5.0 A) or uniform fluorocarbon film (~ 5.8 A).106,144,l46 Packing of
these monolayers derived from asymmetric disulfides is not efficient because of the lack

of intermolecular stabilization (disulfidle SAMs should have approximately equal

amounts of two thiol chains that are in proximity to each other)105,106,144,146 (hay
increases the probability of gold vacancy sites between SAM domains. The mixed film
formed from C12-S-S-C12F10 may have chemical composition characteristics that are
similar to the m-SAM generated from the binary solutions, but the disulfide monolayers
possess more gold vacancy sites that affect ion neutralization. The gold vacancy claim is

further supported with preliminary impedence spectrometry performed by Joseph

Robertson of the Pemberton Group at the University of Arizona.l48 Capacitance
measurements for selected surfaces were revealed to be: C12F10 = 370 nF, C12 = 220
nF, and C12-S-S-C12F10 = 170 nF (disulfide is less than the uniform SAM films). The
real difference lies in the low frequency data. Pinhole defects should show a decrease in

the phase shift as the resistance of the charge transfer in those regions becomes

significant. 148 This effect is most extreme for the disulfide data.148 More impedence
experiments would be useful to investigate the electronic properties of mixed films.

The change in electron transfer shows an ability to monitor changes in the
chemical composition and order of m-SAMs even when other ion-surface processes

(Sections 5.3.1.1 and 5.3.1.3) did not appear to show sizeable differences.
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5.3.1.4 XPS ANALYSIS: C12/C12F10 SAMs

X-ray photoelectron spectroscopy (XPS) was used for quantitative chemical
analysis of selected mixed C12/C12F10 SAMs. Mixed films selected for XPS
quantitation were films generated from the 50% C12/C12F10 mixed binary solutions (for
each solvent) and the disulfide (C12-S-S-C12F10). The data obtained by XPS will

address the following issues raised by the ion-surface collision results: i) the competitive

adsorption process of the thiols that can occur in different solvents?> (films are
composed of mainly fluorocarbon chains) or ii) hydrocarbon chains are significantly
present in the film but “shielded” by the fluorocarbon chains. The reported XPS data are
from only one set of surfaces and the quantitation results require further investigation.
Data have shown that single thiol self-assembled monolayers can undergo X-ray induced

chemical modification (breaking of C-F, C-H, and C-C bonds) that would affect

quantitation of m-SAMs.97b-d  Chemical modifications are dependent on variables

including the length of X-ray irradiation time and the metal substrate chosen for a

SAM.97b-d  More investigations are necessary to develop a procedure to limit SAM
damage and obtain reliable and reproducible XPS data for quantitative analysis.
Quantitation was achieved by using a uniform C12F10 to generate a standard
fluorine/carbon ratio (F/C) using supplied atomic concentration (%) values from XPS
analysis. Assuming the F/C ratio for the standard film corresponds to a 100% C12F10
film, the F/C ratios of the m-SAMs (from solutions and disulfide) were used to calculate
and approximate the %C12F10 value for each selected m-SAM (Table 5.4). A C12F10

was prepared and analyzed with every set of surfaces to ensure the m-SAMs and the
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standard C12F10 were comparable regarding film preparation and XPS conditions (F/C

values of uniform SAMs do not exactly correlate to the theoretical F/C values).

Table 5.4: XPS quantitation results for C12/C12F10 m-SAMs

F 1s Atom | C1s Atom o
Surface Conc. (%) Conc. (%) F/C F/C (theo.) | C12F10 (%)
CI12F10 70.24 28.82 2.437 1.75 100
50:50
C12:CI12F10 56.56 41.77 1.354 0.874 55.6
(CH;CH->OH)
Fls Atom | Cls Atom
LN Y- Wg 12 0 = 1> A o) o
Surface Conc. (%) Conc. (%) EC E/C C12F10 (%)
CI12F10 66.20 31.27 2.117 1.75 100
50:50
C12:CI12F10 60.98 37.42 1.630 0.874 77.0
(CH,Cly)
Fls Atom | Cls Atom o
Surface Conc. (%) Conc. (%) F/C F/C CI12F10 (%)
CI12F10 66.20 31.27 2.117 1.75 100
C12-S-S-CI12F10 52.17 47.01 1.110 0.874 524

The XPS data indicate that a 50 % C12/C12F10 ethanol solution produce a film that

contains ~ 56 % C12F10 versus ~ 44 % C12 (equivalent concentrations of both thiol

chains are present in the mixed monolayer).

roughly correlates to the surface concentration of the individual chains.

The concentration in ethanol solution

The energy

transfer and atom/group transfer for the 50 % C12/C12F10 surface illustrate that the

interface contain mostly exposed fluorocarbons (resulting in behavior similar to C12F10).

It was concluded from these data that if hydrocarbon chains were present, they existed in

small domains where gauche defect sites cause the hydrocarbon chains to be “shielded”
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by the fluorocarbon chains. The XPS data support this conclusion. These results also
show that atom/group transfer or energy deposition cannot be used for quantitative
analysis (ion-surface collision processes have no linear correlation to the reported surface
concentration). The calculated % C12F10 for the SAM formed from the C12-S-S-
C12F10 disulfide is similar to the % C12F10 of the 50% ethanol solution surface (52%
C12F10 versus 56% C12F10, respectively). The disulfide film results agree with the

literature where disulfide SAMs should have an approximately equal amount of the two

different chains.104,138,140 From energy and atom/group transfer data; the hydrocarbon
chains are also “shielded” by the fluorocarbon chains. The ion-surface collision results
for the methylene chloride m-SAMs suggest more fluorocarbon chains are present at the
vacuum-film interface. With the XPS results, the relative concentration of C12F10 is
indeed higher in films (77%) prepared in methylene chloride binary solutions when
compared to ethanol solutions. A favored adsorption of the C12F10 thiol to the gold
surface is apparent in methylene chloride (faster rate than the C12). The XPS data
provide the chemical composition of the film, but contact angle measurements provide

additional information about the chemical composition present at the air-film interface.

5.3.1.5 CONTACT ANGLE MEASUREMENTS: C12/C12F10 SAMs

Wettability measured by contact angles (Section 2.1.4) is related to the chemical
composition at the film’s interface. The results for advancing contact angles taken with
water for C12/C12F10 m-SAMs are presented in Figure 5.10a (SAMs prepared in

ethanol) and 5.10b (SAMs prepared in methylene chloride). The advancing contact angle
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Figure 5.10: Advancing contact angle measurements taken with water on various
C12/C12F10 mixed monolayers prepared in a) ethanol and b) methylene
chloride solutions.
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for the uniform CI12F10 surfaces are similar to reported values for hydrophobic
semifluorinated SAMs (116° - 122°).96,105.112 The advancing contact angle values of
the m-SAMs are interesting because certain contact angle data points (in particular, 50%
and 70% C12F10 in ethanol) imply the film interfaces mimic fluorinated interfaces (even
though both thiol chains are present to some degree as shown by ion-surface collision

data and XPS). This supports the model that C12 chains are partially “shielded” by

C12F10 chains because the C12 chains are shortened because of gauche defects.105 The
contact angle also suggests that if phase separated thiol domains form, it will be on the
small scale (a few A) and hydrocarbons are lower in the monolayer plane than exposed
CF; groups. If larger C12 domains existed in the same plane as the C12F10 chains, more
intermediate contact angles would have been observed (as well as intermediate ion-
surface collision data). The advancing contact angle of the m-SAMs prepared from
binary solution mixtures are either approximately the same as the contact angle for the
C12F10 or an intermediate value between C12 and CI2F10 (suggesting uniform
monolayer surface coverage). Advancing contact angle data for films generated from the
disulfide (C12-S-S-C12F10) are interesting because values are less than the contact angle
value for a uniform hydrocarbon film (C12: © = 106° + 2°). Typical advancing contact
angle values with water for the film from C12-S-S-C12F10 were 0 = 97° £+ 2°. Previous
resecarch that measured the advancing contact angles of asymmetric
hydrocarbon/fluorocarbon  disulfides demonstrated that disulfide films possess

intermediate contact values or very similar to the value of the uniform single component

SAM.105,106,146 A bare gold substrate was analyzed and displayed a 6 ~ 30 + 3° (a
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clean UV-clean bare gold substrate was subjected to contact angle measurement in the
same manner as the m-SAMs). The observed contact angle could be manifested from the
wettability of small gold vacancy sites exposed in the m-SAM from the disulfide.
Research is still needed to explain the observed contact angle of the C12-S-S-C12F10

and if gold vacancy sites are indeed present.

5.3.1.6 CONCLUSIONS: C12/C12F10 SAMs

Data from low-energy ion-surface collisions, XPS, and contact angle can be used
to generate a model that illustrates the structure for mixed monolayers prepared from
50% C12/C12F10 binary solutions and C12-S-S-C12F10 (Figure 5.11).

i) The 50% C12/C12F10 SAM prepared from ethanol binary solutions (Figure
5.11a) was found to have a vacuum-film interface that was primarily composed of CF;
groups (indicated by energy transfer, atom/group transfer, and contact angle) although
both thiol chains were determined to be present in the m-SAM by ion-surface reactions,
electron transfer, and XPS. The C12 chains exist in small domains where gauche defects
shorten the hydrocarbon chains and are “shielded” by the C12F10 chains (CF; groups
that lie above the plane of the CH; groups and dominate the surface properties).

ii) The 50% C12/C12F10 SAM prepared from methylene chloride binary
solutions (Figure 5.11b) exhibited behavior similar to a uniform C12F10 (indicated by
energy transfer, atom/group transfer, and contact angle) because the film was primarily
composed of fluorocarbon chains (determined by XPS). Changes in the amount of

hydrocarbon chains in the m-SAM were still monitored with electron transfer differences.
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iii) Results for films generated with the disulfide were puzzling because energy
transfer and ion-surface reactions show a surface with fluorocarbon chain behavior at the
vacuum-film interface, but neutralization measurements and contact angle suggest that

more hydrocarbon chains are present. The structure of the disulfide film has been shown

to exist in equal proportions of the two chains that are homogeneously mixed.105 The
final explanation for the film structure (Figure S5.11c) is that the film contains equal
proportions of homogeneously mixed thiol chains, but the difference in neutralization and
contact angle could be a result of a defect sites between SAM domains where gold
vacancy sites exist (suggested by the contact angle and impedence spectrometry data).
The ion-surface data did correlate to data from other characterization techniques
(contact angle) and this data is beneficial in gaining knowledge about the vacuum/solid
interface of organic thin films. Chemical properties at the vacuum-monolayer interface
of SAM films could be obtained simultaneously with the chemical composition of the
monolayer if surface analysis chambers implemented ion-surface collision and XPS
capabilities. Imaging analysis (scanning-tunneling (STM), atomic force microscopy
(AFM)) and surface spectroscopy (external reflection absorption Fourier-Transform
Infrared Spectroscopy (FT-IR)) analysis of specific hydrocarbon/fluorocarbon
(C12/C12F10) m-SAMs formed from binary thiol solutions and the asymmetric disulfide
could help fine tune the proposed mixed monolayer structure models and better

understand the corresponding low-energy ion-surface collision results.
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5.3.2 MIXED MONOLAYER SYSTEM III: C18/C12F10

The previous study (C12/C12F10) was continued with the substitution of an
alkanethiol chain with a greater number of carbons (C18) into the mixed SAMs. The C18
thiol chains were predicted to extend past the C12F10 chains and be more exposed at the
air-monolayer interface (when compared to the C12/C12F10 m-SAMs). Again,
supplementary analytical characterization (XPS and contact angle) was performed to gain
information about the film’s chemical composition and atoms/groups present at the

vacuum-film (air-film) interface and to help interpret certain ion-surface collision results.

5.3.2.1 ATOM/GROUP TRANSFER DIFFERENCES: C18/C12F10 SAMs

As previously shown with the C12/C12F10 monolayers, benzene and pyrazine
projectile ions were collided with the CI18/C12F10 m-SAMs to discover what
atom/groups are available at the surface. Product spectra are shown where benzene
molecular ions (n/z 78) at 30 eV collide with a uniform C18, C12F10, and three different
C18/C12F10 m-SAMs (Figure 5.12a and 5.12b are collisions with the SAMs made in
ethanol and methylene chloride respectively). The benzene ion reaction products (m/z 91,
95. 96: previously described in Section 5.3.1.1) are easily observed for all the mixed
monolayers for both solvents. The formation of the reaction product ion m/z 91 indicates
that the CH3 groups from the C18 chains are available for reaction to incoming benzene
ions (more intense for films prepared in ethanol when compared to methylene chloride).
It is probable to suggest that the CHj groups are exposed in phase-segregated C18 chain

domains above the CF; groups and available to incoming projectile ions.
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Spectra were generated from collisions (30 eV) between benzene
molecular ions and C18/C12F10 monolayers. SAMs were prepared from
C18 (i), binary C18/C12F10 (ii-iv), and C12F10 (v) solutions in ethanol
(the indicated percentages for the m-SAMs represent the thiol solution
concentration).
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Pyrazine projectile ions (m/z 80) were also used to interrogate the SAM films with
respect to hydrogen addition (m/z 81). Product spectra resulting from collisions between
pyrazine molecular ions and C18/C12F10 mixed monolayers are presented in Figures
5.13a (ii-iv) and 5.13b (ii-iv) (ethanol and methylene chloride solutions, respectively.)
The hydrogen reaction quotient (HRQ) was again applied by using the integrated
normalized peak areas of the corresponding ions, [[MH™ + (MH-HCN)") / (M™ + (M-
HCN)™)], to measure the amount of hydrogen addition for C18/C12F10 m-SAMs and
compare to C12/C12F10 monolayers. Hydrogen addition that occurs between pyrazine
projectile ions and hydrogen atoms should originate from only the C18 chains.

With the increase of the fluorinated thiol to the solution mixture, the amount of
hydrogens available for reaction is drastically reduced for the methylene chloride m-
SAMs (as observed in 5.12b (ii-iv)). The results for hydrogen addition (HRQ) illustrate
that C18/C12F10 mixed surfaces made in methylene chloride favor adsorption of C12F10
thiol to the gold than C18 (Table 5.5 and Figure 5.14), i.e. more fluorinated chains exist
in the m-SAM (similar to the C12/C12F10 mixed surfaces formed in methylene chloride:
Section 5.3.1.1). The favored chain adsorption of C12F10 in methylene chloride is still

unexpected because this system contrasts research with binary hydrocarbon/fluorocarbon

thiol solutions where long hydrocarbon chains were preferred to adsorb to the gold.105
For the ethanol mixtures (Figures 5.12a (ii-iv) and 5.13a (ii-iv)), atom/group

transfers demonstrate that noticeable amounts of C18 are present at the surface. From

Table 5.5, C18 chains are present in the film and hydrogen abstraction from the chains

readily occurs (Table 5.5 contains the average HRQ value for two data sets with standard
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Figure 5.13a: Spectra generated from collisions (20 eV) between pyrazine ions and
C18/C12F10 m-SAMs. Films were prepared from C18 (i), binary
C18/C12F10 (ii-iv), and C12F10 (v) solutions in ethanol (percentages for
the m-SAMs represent thiol solution concentration).



%Relative Intensity

i)Cl18

20 40 53 60 80 100
b @ ii) 30% C12F10
} "N }H 70% C18
h 26 /54 'h
— T T T
20 40 60 80 100
1 53 .
b = iii) 50% C12F10
] ©\ 50% C18
B 26 ” ;H
- D
T T T 1 ’l'_']
20 40 60 80 100
- 53 .-
1 ' iv) 70% C12F10
p @ 30% C18
1 2 N
2 54 +H
1 L 1/ I
T T T T T T T y —
20 40 60 80 100
53
x5 v) C12F10
@)
26n ¥ l
_
l' L] I L3 I L I L) j
20 40 60 80 100
m/z

211

Figure 5.13b: Spectra generated from collisions (20 eV) between pyrazine ions and
Films were prepared from C18 (i), binary
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C18/C12F10 m-SAMs.

(percentages for the m-SAMs represent thiol solution concentration).
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Table 5.5: Average hydrogen reaction quotient (HRQ) values (with standard deviation)
for two sets of C18/C12F10 m-SAMs with pyrazine ions (20 eV).

Surface HRQ (CH3CH20H) HRQ (CHzClz)
100% C18 1.89 +£0.04 1.91 £0.03
70% C18

30% C12F10 1.69 +£0.24 0.308 +£0.023
50:50 C18:C12F10 0.683 £0.123 0.140 £0.007
30% C18
2
70% C12F10 0.230 +£0.019 0.0727 £0.0018
100% C12F10 0.0103 £0.0010 0.00883 £ 0.0013
C18-S-S-C12F10 Not Soluble in Ethanol 0.171

deviations). For low concentrations of C12F10 in solution (specifically 30% C12F10 in
ethanol solution), the C18 chains may slightly “shield” or “mushroom” the fluorocarbon
chains (the opposite effect observed for C12/C12F10 where the hydrocarbon chains were
“shielded”). This “mushroom” effect could expose underlying methylenes and cause the
large standard deviation that is observed for the 30% C12F10 films. The average HRQ
value for the 30% C12F10 is distinct from C18, but the surfaces are within standard

deviation of one another (surfaces are predominately composed of hydrocarbon chains).
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The C18/C12F10 films made in ethanol have a rough linear correlation with HRQ values
to the %C12F10 solution concentration (Figure 5.14a). The XPS analysis will help
determine if HRQ values correlate to the surface concentration as well as the solution
concentration (possible quantitative analysis).

The HRQ value for the SAM from C18-S-S-C12F10 (ion-surface spectrum in
Figure 5.13c) is higher when compared to the HRQ calculated for the C12-S-S-C12F10
film. Note, studies pertaining to hydrocarbon/fluorocarbon disulfides suggest that the
resulting films have equaled thiol proportions (~ 50%) and the thiols are incorporated in
close proximity to one another (not phase separated).105,106’1449146 The extra length
of the C18 hydrocarbon chain allows hydrogen atoms to be exposed in the disulfide film
and available for reaction (when compared to C12-S-S-C12F10). The HRQ value,
however, still indicates more fluorocarbon SAM behavior when compared to the single
thiol SAMs and other thiol binary solution mixtures. The C18 chains in the disulfide
would have significant gauche bonds in the chains (insignificant intermolecular chain
interaction) to shorten the chain to be approximate the same or slightly below the plane of
the CF; groups of the C12F10 chains to produce the observed HRQ value. The larger

and more rigid fluorocarbon chains (C12F10) require no intermolecular stabilization

given that the rod-like helical structure is intramolecularly stabilized.105,145

5.3.2.2 ENERGY CONVERSION DIFFERENCES (T — V): C18/C12F10 SAMs

A series of mixed surfaces (for each solvent system) were investigated using the

extended deconvolution method38 to calculate the approximate internal energy of
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benzene ion at various SID collision energies (Figure 5.15a and 5.15b for ethanol and
methylene chloride, respectively). Average internal energy conversion percentages (%T

— V) at 50 eV for two sets of C18/C12F10 SAMs with standard deviations are displayed

in Table 5.6.
Table 5.6: Internal energy deposition for benzene molecular ions (50 eV) with
C18/C12F10 SAMs.
Surface T > V (%) (CH3;CH,OH) T = V (%) (CH,Cl)
100% C18 18.4% £ 0.3 18.4% +0.3
70% C18
30% C12E10 19.5% £ 0.1 24.0% £ 0.6
50:50 C18:C12F10 23.5% £ 0.4 25.9% + 04
30% C18
2
70% C12F10 26.8% £ 0.0 26.9% + 04
100% C12F10 28.1% £ 0.4 28.1% +04
C18-S-S-C12F10 Not Soluble in Ethanol 26.2% £ 0.1

Pyrazine and benzene ion-surface reactions with C18/C12F10 monolayers prepared in
methylene chloride (Section 5.3.2.1) suggest that more fluorinated chains exist on the
surface (similar to C12/C12F10). The energy conversion data also support a favored
fluorocarbon adsorption process because small additions of C12F10 (even 30% C12F10)
in the methylene chloride solutions results in large changes in energy transfer (similar to
C12/C12F10 m-SAMs). Although, the internal energy conversion for the C18/C12F10
surfaces is not as extensive when compared to the corresponding C12/C12F10 surface (an
example: a 70% C18: 30% C12F10 mixture produces a value of ~ 24.0% versus a 70%

C12: 30% C12F10 mixture producing a value of ~ 26.1%). This measurable difference
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interesting since the disulfide SAM should be composed of equal amounts of

hydrocarbon and fluorocarbon chains that are in close proximity to each

other.105,106,144,146 The long C18 chain would supposedly be exposed to incoming
projectile ions to some degree; however, energy transfer and hydrogen addition with
pyrazine ion shows behavior similar to a uniform C12F10. The reasoning behind this
occurrence is that the C18 chains have shortened because of gauche bonds and the CF;

groups of the stabilized C12F10 chains primarily interact with the projectile ions.

5.3.2.3 ELECTRON TRANSFER DIFFERENCES: C18/C12F10 SAMs

The total ion current (TIC) for various C18/C12F10 mixed films for pyrazine
molecular ion incident at 20 eV is presented in Figure 5.16. As shown in Figure 5.16a
and 5.16b, an increase in the percentage of hydrocarbon (C18) chains in solution results
in a decrease in the surviving ion current (increase in the extent of neutralization). The
observed ion current originates from chemical composition changes of the films because
changes in neutralization are incremental with changes in the solution concentration of
the thiols, i.e. changes in the surface concentration of the two thiols. The observed
change in surface concentrations of the two thiols is later illustrated with contact angle
data (see Section 5.3.2.4). If the TICs for the C18/C12F10 m-SAMs (generated from
both solvents and referenced to the C12F10 TIC) are compared to the corresponding
C12/C12F10 SAM TICs, more neutralization is observed for the C18/C12F10 SAM:s.
From atom/group transfers, both chains exist in the mixed C18/C12F10 monolayers

(indicated by the formation of m/z 91, 95, and 96); however, the ratio of m/z 91 to m/z 95
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assorted C18 / C12F10 m-SAM films formed from a) ethanol and b)
methylene chloride. Figure 5.16c is the TIC for the SAMs from disulfides
compared to uniform SAMs prepared in methylene chloride.
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and 96 is higher for the C18/C12F10 m-SAMs. The surviving ion ratios ([ion intensity
for mixed film] / [ion intensity for a C12F10 measured at the same time as the mixed
film]) for 50% C18/C12F10 (ethanol), C18/C12F10 (methylene chloride), C18-S-S-
C12F10 films are 0.29, 0.47, and 0.25 respectively. The increase of relative electron
transfer for the C18/C12F10 m-SAMs from binary solutions is observed because more
C18 chains are present in the film (when compared to C12/C12F10 m-SAMs).

Total ion currents with the SAMs generated by disulfides are shown in Figure
5.16¢ (same plot was previously shown in Figure 5.9¢). The ion current is reduced when
projectile ions strike the film formed from the C18-S-S-C12F10 (similar to the SAM
generated from C12-S-S-C12F10, Section 5.3.1.3). Previous ion-surface data
(atom/group and energy transfer) demonstrated the fluorocarbon chains were
predominately available to incoming ions and similar behavior would be expected in
terms of electron transfer. The observed ion neutralization, however, indicates more
hydrocarbon chains are present on the surface. The explanations for ion neutralization
that were applied to C12-S-S-C12F10 (discussed in Section 5.3.1.3) could also apply to
C18-S-S-C12F10: i) the hydrocarbon chains in the heterogeneously mixed film control

electron transfer, or ii) gold vacancy sites are present in the film.

5.3.2.4 XPS ANALYSIS: C18/C12F10 SAMs
Mixed monolayers selected for XPS quantitation were films generated from the
50% CI18/C12F10 mixed solutions (for each solvent) and the disulfide (C18-S-S-

C12F10). The method for XPS quantitation of the mixed monolayers is addressed in
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Section 5.3.1.4. The approximate %C12F10 values for the selected m-SAMs are
displayed in Table 5.7. To ensure all conditions were the same for mixed surfaces and
the standard C12F10, a C12F10 was prepared and analyzed with every set of m-SAMs.
As previously mentioned (Section 5.3.1.4), more XPS investigations are necessary to
completely valid and accept these data with hydrocarbon/fluorocarbon mixed films.

Table 5.7: XPS quantitation results for mixed C18/C12F10 surfaces

F 1s Atom | C 1s Atom o
Surface Conc. (%) Conc (%) F/C E/C (theo.) | C12F10 (%)
CI12F10 70.24 28.82 2.437 1.75 100
50:50
C18:CI12F10 38.28 60.11 0.6368 0.700 26.1
(CH;CH>OH)
F 1ls Atom | Cls Atom
=2 00 | =280 o) ()
Surface Conc. (%) | Conc. (%) F/C E/C C12F10 (%)
CI12F10 66.20 31.27 2.117 1.75 100
50:50
C18:C12F10 57.50 40.10 1.434 0.700 67.7
(CH,Cl)
F ls Atom | Cls Atom
e e e . e o) 0,
Surface Conc. (%) | Conc. (%) | E& FC | Cl2FI0 (%)
CI12F10 66.20 31.27 2.117 1.75 100
C18-S-S-C12F10 48.04 4791 1.003 0.700 474

The XPS data show interesting behavior for the C18/C12F10 film formation using
ethanol and methylene chloride. The mixed 50% C18/C12F10 film from ethanol
solutions produces a film consisting of mostly hydrocarbon chains (26% C12F10 versus
74% C18). This contrasts the previous mixed system in ethanol (C12/C12F10) where the

hydrocarbon and fluorocarbon chains of the film were present is approximately equal
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proportions (~ 50%). The longer hydrocarbon chains would have stronger lateral
interaction with the other longer alkyl chains to favor the formation of larger hydrocarbon
SAM domains. The higher concentration of C18 chains on the surface helps explain the
lower values for energy transfer and higher HRQ values (when compared to the
C12/C12F10 SAMs). However, the amount of C18 that was determined (74% C18)
appears relatively high with respect to the intermediate behavior of energy deposition and
ion-surface reactions. [f the XPS data were assumed correct, projectile ions would have
to experience multiple collisions with different chain domains (initial interaction with a
large hydrocarbon domains followed by a collision with a smaller fluorocarbon domain)
to produce the intermediate behavior. This scenario seems illogical and indicates the
need for further investigations of XPS with mixed films. With the available XPS data,
the linear dependence of energy deposition on solution concentration (Section 5.3.2.2) is
not dependent on suiface concentration (but XPS data is suspect). For the 50%
C18/C12F10 from methylene chloride, XPS results agrees with the observed ion-surface
data (film has more fluorocarbon chains adsorbed on the surface (68% C12F10)). The
50% C18/C12F10 film does contain less fluorocarbon chains when compared to the 50%
CI12/CI12F10 film (68% versus 77% C12F10) and would explain the subtle differences in
energy transfer, atom/group transfer, and electron transfer. This result is still surprising

because it contrasts hydrocarbon/fluorocarbon binary solutions in methylene chloride that
produced films that were primarily composed of hydrocarbon chains.105 The C18-S-S-

C12F10 SAM has a chemical composition that is roughly 50% hydrocarbon/fluorocarbon

(47% C12F10 versus 53% C18). This XPS data agrees with previous research that m-
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SAMs from disulfides are composed of equal amounts of hydrocarbon and fluorocarbon
chains.105,106,144,146 The jon-surface energy transfer and reactions for the disulfide

SAM suggest more fluorocarbon behavior; therefore, gauche defect sites1 03 shorten the

53% of C18 chains and hinder interaction with the incoming projectile ions.

5.3.2.5 CONTACT ANGLE MEASUREMENTS: C18/C12F10 SAMs
The results for contact angles taken with water for C18/C12F10 m-SAMs are
presented in Figure 5.17a (films prepared in ethanol) and 5.17b (films prepared in

methylene chloride). The contact angles for the C12F10 SAMs are similar to reported

values for semifluorinated SAMs (116° - 1220).96.105,112  Contact angle for the
C12/CI12F10 films (particularly, 50% and 70% C12F10 in ethanol) revealed that the
hydrocarbon chains were “shielded” by the fluorocarbon chains (Section 5.3.1.5). These
data contrast the C18/C12F10 contact angle data. For the C18/C12F10 m-SAMs, both
chains appear to be exposed at the air-film interface. Incremental additions of
fluorocarbon chains to a solution generate films with incremental changes in contact
angles that are intermediate to the uniform single thiol monolayers. One deviation is the
film from the 30% C12F10 ethanol binary mixture. The contact angle for this surface is
within error for the uniform C18 surface (C18 chains “shielding” the C12F10 chains).
Contact angle data for films generated from the disulfide (C18-S-S-C12F10) still
appear less than contact angle values for hydrocarbon film (similar to the C12-S-S-
C12F10). Typical advancing contact angle values with water for the disulfide film were

0 = 100° £ 1°. Energy transfer and hydrogen addition for the disulfidle SAM demonstrate
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Figure 5.17: Advancing contact angle measurements taken with water on various
C18/C12F10 mixed monolayers prepared in a) ethanol and b) methylene
chloride solutions.
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fluorocarbon behavior and the XPS data indicate hydrocarbon and fluorocarbon chains
present in equaled proportions (~ 50%). The wettability could be a combination of gold

vacancy sites and the monolayer formed from the disulfide (similar to C12-S-S-C12F10).

5.3.2.6 CONCLUSIONS: C18/C12F10 SAMs

Data from low-energy ion-surface collisions, XPS, and contact angle can be
interpreted to generate a model that illustrates the structure for mixed monolayers
prepared from 50% C18/C12F10 binary solutions and C18-S-S-C12F10 (Figure 5.18).

i) The structure for the 50% C18/C12F10 SAM prepared from ethanol binary
solutions is Figure 5.18a. lon-surface and contact angle data demonstrated this mixed
film exhibited intermediate behavior. The energy conversion value for the 50%
C18/C12F10 ethanol film was precisely between the values for the uniform C18 and
C12F10 films but was determined to be ~ 74% C18 (by XPS). The XPS data for this film
is suspect because energy transfer, atom/group transfer, and contact angle suggest more
C12F10 chains in the film (a mostly hydrocarbon surface (74% C18) is not likely to
produce the observed intermediate ion-surface behavior). The use of different solution
concentrations, however, could be beneficial in controlling the energy deposition during
SID experiments. A linear correlation in terms of HRQ values was generated with
solution concentrations but did not correlate to the surface concentration (although still
uncertain with the available XPS data).

ii) The 50% CI18/C12F10 SAM prepared from methylene chloride binary

solutions (Figure 5.18b) exhibited behavior similar to the C12F10. Energy transfer and
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atom/group transfer data show that fluorocarbon chains are more abundant on the surface
when compared to ethanol solution mixtures. These fluorocarbon chains also dominate
energy transfer (~ 68% CI12F10 for a 50% solution mixture determined by XPS).
Neutralization demonstrated that both chains were present on the surface and could
monitor chemical composition differences between m-SAMs.

iii) Results for the C18-S-S-C12F10 film were still unexpected because energy
transfer and ion-surface reactions support an interface that has predominately CF; groups
exposed to incoming projectile ions, but neutralization measurements and contact angle
suggest hydrocarbons are present. The chemical composition of the disulfide film

determined by XPS is consistent with similar disulfide films where there are equal

proportions of the two chains.105 The proposed film structure (F igure 5.18¢) has a film
containing equal proportions of homogeneously mixed thiol chains, but gauche bonds
resulting from weak intermolecular interactions shorten the C18 chains. Contact angle
could be a result of a gold vacancy sites between SAM domains that affects ion

neutralization. Imaging analysis might be helpful to further develop the mixed

monolayer structure model.

5.4 INTERESTING ION-SURFACE PHENOMENON

A phenomenon that occasionally occurs during low-energy ion-surface collisions
was not significantly investigated but should be mentioned as a future direction. This
phenomenon (Figure 5.19) was only detected with mixed monolayers (C12/C110H,

C12/C12F10, C18/C12F10) or films where an individual chain contains two different
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portions (C12F10 have a fluorocarbon and hydrocarbon portion: CF3(CF,)9(CH,),SH).
When SAMs were introduced into the mass spectrometer, the instrument is tuned to
achieve good ion-surface collisions. One SAM is used for tuning to ensure ion-surface
collisions were properly achieved. The surface holder is then moved to another SAM
that has not been exposed to the ion beam. The properties of the SAM will change during
ion bombardment until a steady state is reached (Figure 5.19).

The total ion current (TIC) is similar to baseline when ions first strike the surface.
With constant ion bombardment, the TIC from the surface steadily increases (decrease in
ion neutralization). The amount of energy transfer also increases as the total ion current
increases which is indicated by the increase of low mass fragments of the projectile ion
(circled portions of the TIC are averaged to produce the mass spectra). The ion signal
and fragmentation will continue to increase until a constant value is attained. When that
steady state is reached, the surface will continue to behave in that manner (will not go
back to the film behavior when ions initially collided with the modified surface).

The changes in electron and energy transfer could be the following possibilities: i)
release of trapped solvent (ethanol or methylene chloride) in the film or ii) the ion beam
“anneals” a film that was disordered (the SAM is “combed” by the ion beam to increase
domain size making a more ordered insulating film). This effect is not always observed
when an ion beam first strikes a SAM surface (maybe 5% of the total SAMs
investigated). This phenomenon should be further addressed to determine the degree in
which the ion beam affects organic thin films. Investigations with this effect may

discover the technique can be used as a surface modification (annealing) tool.
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CHAPTER 6

A NEW SECTOR-TOF MASS SPECTROMETER WITH LOW-ENERGY ION-
SURFACE COLLISION CAPABILITY TO PERFORM ION-ACTIVATION AND

SURFACE ANALYSIS

6.1 INTRODUCTION

The JEOL HX 110A double-focusing EB (electric (E) — magnetic (B)) sector
instrument is currently used as a high-resolution mass analyzer in the Mass Spectrometry
Facility for obtaining accurate masses for synthesized compounds and purified natural
products from research groups at the University of Arizona. Researchers at the
Department of Chemistry wanted to expand the JEOL HX 110A instrument to a tandem

mass spectrometer to perform structural characterization and gas-phase chemistry

studies.99 A time-of-flight (TOF) mass analyzer was added to the JEOL HX 110A
instrument to serve as the second analyzer in the tandem mass spectrometer design.
Time-of-flight mass analyzers are beneficial because they provide high sensitivity, good
mass accuracy (resolution), lower cost, and a large m/z range.m8 A special instrument
design allowed the implementation of two ion activation techniques (high-energy (keV)

collision-induced dissociation (CID) and low-energy (eV) surface-induced dissociation

(SID)) in the TOF chamber.99 The special design included the use of an offset parabolic
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field reflectron. As stated in Chapter 2, reflectrons produce a specific electric field
(dependent on the applied voltages to the reflectron) that are used to compensate a kinetic
energy spread that might exist for ions when entering TOF chambers. For time-of-flight,
the separation of the ions is dependent on the velocity of the ions through a field free
region, therefore, isomass ions that have a spread of kinetic energy will eventually have
spatial distributions because of differing velocities. Resolution is improved by bringing
the broadened isomass packet of ions to a focal point (which is the position where the ion
detector is placed). For the offset parabolic field reflectron, applied voltages to the
reflectron electrodes generated a truncated parabolic field with a short linear segment at
the entrance. This offset parabolic field reflectron is an enhancement of developed

curved-tield reflectrons where applied voltages on the reflectron electrodes follow an

equation approximate to a circle.149,150 ' This nonlinear retarding field provides
focusing of product ions over a broader range of mass (and energy). The offset parabolic
field reflectron is vital for space focusing of projectile and product ions for CID
activation in the Sector-TOF design. For SID, the reflectron is not used in the
conventional way (reflecting ions to a focal point). Instead, the reflectron acts as a
decelerating and focusing lens stack prior to the collision with a surface and then as an
accelerating stage after the collision. This Sector-TOF design was the first to utilize an
offset parabolic reflectron with tandem c:apabilities.99

Research outlined in this chapter involves testing the versatility of low-energy
ion-surface collisions in the new Sector-TOF instrument. Experiments pertaining to

high-energy (keV) CID experiments will not be presented or explained here but are
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Nikolaev and Somogyi are also recognized for maintenance of this instrument, initial
training, and intellectual discussions involving the operation of low-energy ion-surface
collisions in the Sector-TOF. Dr. Gu constructed and maintained instrument power
supplies.  Dr. Sameulson is acknowledged for computational data as well as
programming the TOF computer software. Finally, Dr. Wysocki is recognized for

intellectual discussions about SID.

6.2 LOW-ENERGY (eV) SID EXPERIMENTS IN THE SECTOR-TOF

The diagram of the in-line sector/TOF instrument is shown in Figure 6.1. The
basic components of the Sector-TOF (ionization source, sector and time-of-flight mass
analyzers) were previously explained in Chapter 2. Figure 6.2 shows a more detailed
description of the TOF analyzer with the SID surface and pulse timing.

Projectile ions (generated by FAB or EI, Section 2.1.3.1) are mass and energy
selected by the sector instrument and enter the TOF analyzer through the exit slit of the
sector. The TOF axis is tilted by about 2° with reference to the last field free region of

the sector to eliminate surface sputtering caused by high-energy neutrals formed in the

last field free region of the sector.99 The TOF instrument vacuum can be separated from
the Sector with an isolation valve so the sector can be operated independently as a single
mass analyzer. After entering the TOF chamber, the ion beam is focused and optimized
by a pair of quadrupolar lenses to convert the resulting rectangular (slit) shaped beam
from the sector to an almost circular ion beam (ion beam was imaged by Dr. Nikolaev

with the use of a phosphor screen).
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After leaving the quadrupolar lenses, the continuous ion beam is modulated (chopped)

with an ion gate. The ion gate15 1,152 s used to select a packet of ions from the
continuous ion beam. The ion gate (PS; in Figure 6.2) is an “interleaved comb” or
bipolar design consisting of a series of parallel wires. Alternating +/- voltages (typically
+/- 200-250 volts) on each grid wire deflected the ion beam away from the buncher. For
a SID experiment, the ion gate voltage is pulsed off (0 V) and allows ions to pass through
the gate for a short period of time (typically 200 ns to 1 ps) to form an ion packet. In SID
mode. the collision gas to the collision cell is turned off and the buncher is set to zero
volts (instrument components used only during CID mode, see Reference 99 for complete
description of CID operation in the Sector-TOF). The buncher was utilized in CID mode
for energy modulation of the ion packet but is not used in SID mode because the ions are
not turned around in the retlectron, and no energy correction is possible (as previously
mentioned, the reflectron is not used in the conventional manner). The ion packet
continues to fly down the TOF chamber until it reaches the reflectron (Figure 6.2). The
reflectron is comprised of 100 equally separated, disc shaped electrodes that are
connected to a resistive voltage divider that provides the individual voltages to each of
the electrodes (producing the offset parabolic field). In SID mode, the voltages applied to
electrodes of the “reflectron” are used to decelerate projectile ions before colliding with
the surface. The ion packet from the ion gate is slowed down to 150-200 eV (for singly
charged ions) through the “reflectron™ electrodes (deceleration field region) and allowed
to travel past the last electrode of the reflectron. The entrance and exit electrodes of the

“reflectron” contain grids to reduce distortions in the electric fields within the reflectron.
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The current coarse grids will be replaced with fine grids in the future to further minimize
field distortion. The voltage on the exit electrode of the “reflectron” (PS- in Figure 6.2)
is lowered to a value slightly less than the value of the sector acceleration voltage (by
about 125-200 V). This allows the nearly mono-energetic and mass-selected projectile
ions to pass completely through the “reflectron™ electrodes. Mono-energetic projectile
ions are important for studies of dissociation mechanisms. Projectile ions arriving at the
SID surface with substantial kinetic energy distributions would lead to uncertainty in the
SID collision energy (therefore uncertainties in the internal energies of the projectile
ions). For practical analytical applications of SID in the future, a range of energies might
be beneficial in the production of a range of product ion types. Once through the exit
electrode, the ions will strike the SID surface. The SID surface is located ~ 13 mm past
the last lens of the reflectron (Figure 6.2) and the surface primarily used in the presented
SID experiments are C12F10 (CF3(CF1)9(CH»)2S-Au). A later section will describe
research involving mixed self-assembled monolayers (m-SAMs) as target surfaces in this
tandem mass spectrometer.

Adjustment of the potential difference between the sector ion source (acceleration
potential) and the surface (surface potential) determines the SID collision energy. Both
the acceleration voltage and the surface voltage can be measured with reasonably high
accuracy, but slight changes in energy of the projectile ions (fine tuning of the repeller
and focusing lenses) must be assumed as no greater than + 5 V. The zero “collision
energy” can be determined with adjustments of the surface potential. If the surface

potential is just higher than the acceleration potential (including repeller and lens
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voltages), ions will be reflected back without hitting the surface, and projectile ion peak
is shifted to a slightly shorter flight time. Typical collision energies used in the SID
experiments ranged from 10 to 200 eV (with reference to this “turning” potential).

After a short delay of a few hundred nanoseconds, the SID surface potential is
pulsed up to a repulsion voltage (Figure 6.3) to eject the ions resulting from the surface
collision. The SID surface has applied voltages that are controlled by two individual
power supplies: i) a high-voltage power supply providing a constant but adjustable
surface potential and ii) an additional pulsed power supply (PS; in Figure 6.2). This
relatively low voltage pulse (~ 500 V) is added to the existing surface potential and used
to sweep out and focus SID product ions from the vicinity of the surface back through the
“reflectron”. The timing of the surface pulse is critical and must be carefully
synchronized with the gate pulse. If the time delay between the gate and surface pulse is
too short, ions from the “back tail” of the ion packet will not hit the surface and be forced
to turn back. If. however, the time delay between the gate and the surface pulse is too
long. the fragment ions have moved too far away from the surface and the surface pulse
cannot correct for these spatial deviations and efficiently focus the SID product ions. The
length of the ion packet and the kinetic energy of the departing fragments from the
surtace determine a time limit for the surface pulse delay. The ion gate pulse (which has
a minimum pulse width of 200 ns) controls the time (and/or spatial) width of the
projectile ion packet. Using literature data, fragment ions do not leave the surface with
high kinetic energy (with a 50 eV collision, the kinetic energy of the product ion will be

less than 10 eV).154
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Because the surface potential is slightly higher than the potential of the last electrode of
the “reflectron”, the fragment ions are immediately accelerated towards the reflectron.
As a consequence, we generate an ion beam containing ions from the surface with both
velocity and spatial distributions. To focus the SID product ions from the surface, a

method of ion extraction at the surface is used that is similar to the technique called time-

lag focusing applied in ionization sources for TOF-MS.84 The time lag technique
utilizes a time delay between the end of an ionization pulse and the start of an extraction
pulse. During this time, the ions move in the direction and velocity that their initial

energy dictates (ions move from their initial starting points in an ionization source where

the ions’ energetic variation converts to spatial variation).84 The extraction pulse

corrects for the spatial variation bringing isomass ions into temporal focus at the

detector.84 Therefore, after a SID collision, product ion focusing from the surface is
based on synchronizing (tuning) the surface pulse delay time so that the spatial variation
of the product ions are corrected and brought to temporal focus at the detector (delayed
extraction). A specific example could be a 50 eV collision of benzene-d¢ molecular ion
(m/z = 84) where the potential difference between the surface and the last electrode of the
“reflectron” is ~ 60 V. If the fragment at m/z 56 (fragmentation of benzene-d¢ shown in
Figure 6.8) is assumed to form close to the surface, it can gain an average energy of 30-
35 eV between the surface and the last “reflectron” electrode. For a fragment ion of m/z
56 (with 35 eV average kinetic energy), it takes about 900 ns to traverse the distance
between the surface and the last reflectron electrode (~ 13 mm). A typical surface pulse

delay time of ~ 18.2 microseconds has been empirically determined for CsD¢" (benzene-



de) to produce a SID spectrum with well focused projectile and fragment ions, but a delay
time of ~ 18.6 microseconds leads to defocused C;D,", C>D3", and C3D;" fragment ions.
Changes of 300-500 ns in the surface pulse delay can result in significant differences in
the quality of SID spectra.

Finally, the surface pulse potential sweeps the SID product ions from the surface
region (as indicated by the dot-dashed curve of the potential profile, Figure 6.3) back into
the “reflectron” where an offset parabolic acceleration region is present to bring the
product ions into temporal focus with the multi-channel plate (MCP) detector. The MCP
detector has a center aperture to allow the projectile ion packet to initially pass through

and then detect product ions pulsed from the surface (Figure 6.2). This

decelerating/accelerating design is similar to one applied for photodissociation. 133

The acquisition system used in SID mode includes a 1 GHz multiple stop time
digital converter. TDC (Precision Instruments, Inc., model 9805). The minimum peak
fwhm (full-width half-max) detectable by this model TDC is 3.0 ns. As the TDC
operates on a start and stop signal, it has virtually zero noise, and it is therefore possible
to sum many hundreds of thousands of acquisition spectra without accumulating of
systematic noise. The acquisition rate was limited primarily by the time-of-flight of the
projectile ion, typically 4-5 kHz. A computer running Windows 3.1 and JEOL TOF
software was used for spectra acquisition and mass analysis. The mass axis was
calibrated internally with a two-point calibration using the initial projectile ion and a
known surface-induced fragment mass. Over a million TOF acquisitions were typically

summed to obtain resulting spectra with good signal-to-noise (S/N). With a typical duty



cycle of 5,000 Hz, the collection and accumulation of 1,280,000 spectra is possible in 256
seconds.

To approximate the experimental surface pulse delay time needed for a packet of
projectile ions (starting at the ion gate) to progress through the TOF chamber and collide

with the surface in the Sector-TOF, Eq. 2.20 (m/z = 2Vt® / L?) is rearranged. The

following equation relating flight time to m/z is produced35:

t=LV [(m/z)/2V] (Eq. 6.1)
[t can be shown that the flight time (or in the present case using SID mode: surface pulse
delay time) of a particular ion is proportional to the V (m/z) value of the ion. The length
of the flight tube (L) and the accelerating potential (V) are constant. Therefore, for the
Sector-TOF instrument, the surface pulse delay times needed for ions to collide with the
surface can be determined by plotting experimental SID delay times of selected ions
versus the V (m/z) of the selected ions. Table 6.1 provides a list of projectile ions and the
corresponding surface pulse delay time. The experimental SID delay times were
recorded when the entire projectile ion packet collided with the surface and the resolution
of the subsequent SID fragments appeared to be at least unit mass. If the experimental
data in Table 6.1 is plotted, the resulting Sector-TOF SID Flight Time Plot, Figure 6.4,
produces a linear response (correlation coefficient = 0.9996). After a linear fit, the SID
flight time equation can be expressed as:

y (Flight Time) = 1.95 (\ (m/z)) + 0.59 (Eq. 6.2)
where 1.95 is the slope of the line and 0.59 is the y-intercept from the SID Surface Pulse

Delay Time Plot, Figure 6.4. The resulting plot (Figure 6.4) and equation (Eq. 6.2) is



exclusive to the JEOL HX 110A Sector-TOF-SID instrument. The time required in
determining surface pulse delay time experimentally for a variety of projectile ions is

considerably reduced.

Table 6.1: Mass-selected projectile ions (with corresponding m/z values and Surface
Pulse Delay Times: SPDT) that were subjected to SID in the Sector-TOF.

Projectile fon Ion m/z v (Ion m/z) | SPDT (usec)
Argon 40.0 6.32 12.6
Benzene-d, 84.0 9.17 18.2
YGGFL -

(Leucine Enkephalin) 336 23.6 47.0
YGGFLK 685 26.2 51.7
YGGFLR 712 26.7 52.7
VYIHPF o -

(Angiotensin [I: Fragment 3-8) 776 279 530
PPGFSPFR -
(Bradykinin) 905 30.1 59.0
DRVYIHPF
2
(Angiotensin Ii) 1047 32.36 63.5
YGGFL Dimer 1111 33.33 66.7
DRVYIHPFHL
2 2
(Angiotensin I) 1298 36.02 69.4
Substance P 1349 36.72 72.0
PEQRLGNQWAVGHLM-NH, | 45, 40.26 78.6
(Bombesin)
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Figure 6.4: The Surface Pulse Delay Times Plot generated from experimental surface
pulse delay times versus the V (m/z) of the corresponding projectile ions.

The SID surface pulse delay time equation is then generated using values
from the linear fit of the plot.
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6.3 INVESTIGATIONS USING LOW-ENERGY SID

To explore the usefulness of SID in the Sector-TOF instrument, many different
dissociation experiments were performed. One series of experiments involved
fragmentation of large singly charged peptide ions (the largest peptide ion successfully
fragmented was Bombesin: MH™ = 1621, data not shown) and production of reliable
fragmentation efficiency curves that are important to determine the relative energetics of
peptide fragmentation. Low energy ion-surface reactions of small polyatomic ions with
self-assembled monolayers (SAMs) were investigated to test the ability to measure the
chemical composition and quality of the SAM surfaces. Chemical sputtering is also

useful in identifying atoms and/or groups on a surface.

6.3.1 FRAGMENTATION OF PROTONATED PEPTIDES

Figures 6.5a-c shows SID spectra of singly charged Angiotensin I (DRVYIHPF:
MH" = 1047). The SID spectra of Figure 6.5a and 6.5b were obtained at 45 eV and 65 eV
SID collision energies, respectively, on the fluorinated alkanethiolate surface in the
Sector-TOF instrument. Dr. Nikolaev collected the SID spectrum at 45 eV (Figure 6.5a)
and this dissertation author collected the SID spectrum at 65 eV (Figure 6.5b). The
Sector-TOF-SID spectra of Figures 6.5a and 6.5b indicate there is no mass discrimination
in the TOF-SID instrument and that mass accuracy is better than £ 0.1 u (a list of
fragments with theoretical and measured masses for the spectrum of Figure 6.5b is in

Table 6.2). Itis also seen in Figures 6.5a and 6.5b that a 20 eV increase in SID collision
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Figure 6.5:  Surface-induced dissociation (SID) spectra of protonated Angiotensin II
obtained at a) 45 eV SID collision energy and b) 65 eV SID collision
energy on the sector-TOF-SID instrument, and c) 65 eV SID collision
energy on the dual quadrupole-SID instrument. All results were obtained
on fluorinated surfaces (C12F10). Figure taken from reference 99.
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Table 6.2: Mass Accuracy SID Comparison for Angiotensin II Using Theoretical
Values  Calculated from  MS-Product (Protein  Prospector:
http://prospector.ucsf.edu)

Ion Theoretical m/z | Calibrated SID m/= Difference
M+ H]" 1046.54 1046.54 0.00
ay 506.27 506.26 0.01
b; — NH; 354.18 354.22 0.04
b2 272.14 272.18 0.04
y2 or VY 263.14 263.20 0.06
b, —NH; 255.11 255.14 0.03
HPor VY —-28 | 235.12 or 235.14 235.17 0.05 0r 0.03
i 166.09 166.08 0.01
Y 136.08 136.05 0.03
H 110.07 110.06 0.01
a 88.04 88.02 0.02
I 86.10 86.05 0.05
\% 72.08 72.03 0.05
RorP 70.00 or 70.07 70.06 0.06 or 0.01

energy practically eliminates the projectile ion and significantly increases the intensities
of immonium ions. For another comparison, the 65 eV SID spectrum obtained on a dual
quadrupole-SID instrument of the Wysocki lab is also shown in Figure 6.5¢.33,155 Two
main experimental differences between the spectra in Figure 6.5b and 6.5¢ include the
incident angle (45° in the dual quadrupole-SID versus 90° in the Sector-TOF-SID
instrument) and the ionization technique (FAB for 6.5b and ESI for 6.5c). Despite these
experimental differences, the general features of both spectra are similar. One distinction
between the dual quadrupole-SID and Sector-TOF-SID spectra is that some additional

ions, such as d¢, can be found in the TOF-SID spectrum. Previous work has shown d ions


http://prospector.ucsf.edu
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to be stronger in SID when FAB ionization, rather than ESI, is used to produce projectile

ions.30:155.156  Therefore, the appearance of the ds ion can be attributed to the higher
internal energy deposition by FAB ionization. A systematic study to measure the
fragmentation characteristics and efficiency with respect to ionization techniques (FAB

versus ESI) during SID experiments in the Sector-TOF should be performed in the future.

6.3.2 FRAGMENTATION EFFICIENCY CURVES
In addition to individual fragmentation spectra, fragmentation efficiency curves

([Fragment Ion Counts)/[Total fon Counts] versus SID collision energy)31:155 were
obtained for several singly protonated oligopeptides (YGGFL, YGGFLR, YGGFLK,
Angiotensin II. Bradykinin, Angiotensin I, Substance P, and Bombesin) collided with a
C12F10. Figure 6.6 shows three representative curves for protonated peptides: Leucine
Enkephalin (YGGFL), Angiotensin [I (DRVYIHPF), and Angiotensin I
(DRVYIHPFHL). A characteristic feature of these logistic type curves is the inflection
point. which was reproducible with an error of +/- 4 eV (curves repeated 2-3 different
times). In Figure 6.6, it is seen that peptides with increasing masses and basicity require
higher SID energy to fragment. The inflection point for YGGFL is 18.6 eV that is close

to 19.2 eV obtained on the dual quadrupole-SID instrument (45 degree incident angle)

with a fluorinated surface.135 The difference between the inflection point energies on
the Sector-TOF-SID and dual quadrupole-SID instruments rises with increasing mass of
singly charged projectile ions. The fragmentation energy difference could be caused by

the collision angle dissimilarity between the two instruments.
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Surface-induced dissociation fragmentation efficiency curves for singly
protonated oligopeptides (Leucine Enkephalin, Angiotensin II, and
Angiotensin I). All curves were obtained on a C12F10 in the Sector-TOF-
SID instrument. Figure taken from reference 99.
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A “head-on” collision (90° collision angle) with Sector-TOF may facilitate more internal
energy transfer to the projectile ions during the surface collision when compared to the
grazing angle of the dual-quadrupole instrument (45° collision angle). The angular
dependence of the two instruments was further investigated with benzene ions (Section
6.5. see below). However, future systematic studies are necessary to explain this
observed trend for larger peptide ions, including investigations with different ionization
sources (FAB versus ESI). Nevertheless, general trends are reproducible indicating the

Sector-TOF can be used to obtain reliable fragmentation efficiency curves.

6.4. SURFACE ANALYSIS:

As shown in preceding dissertation chapters (Chapters 3 and 5), low-energy ion-
surface collisions using the dual-quadrupole instrument have been used to determine the
chemical composition and monolayer structure of various self-assembled monolayers. It
was investigated to determine if the same type of experiments could be performed in the
Sector-TOF instrument.

The 30 eV SID spectrum of benzene-de, m/z 84, molecular ion (generated by EI at
70 eV ionization energy) obtained on the Sector-TOF-SID instrument is shown in Figure

6.7. This spectrum shows the characteristic fragmentation pattern of benzene that has
been obtained many times on the dual quadrupole-SID instrument. 43,127,157 Similar to
previous work, ion-surface reaction products can be detected at m/z 99 (C¢Ds + F - D»)
and 101 (CgDs + F - D).43,127,155 The origin of low mass ions (m/z 28, 30, and 32) has

been suggested to originate from surface reaction of an electronically excited state of
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Figure 6.7: The 30 eV SID spectrum of benzene-d, molecular ion, m/z 84, obtained on the Sector-TOF-SID instrument
with a C12F10 surface. Figure taken from reference 99.
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benzene molecular ion (the ion contains a few eV of energy (from the ion source and
exist in an excited state) before being activated by a surface collision).138 The excited

state of benzene has been reported to have a lifetime of at least 20 ps.159v160 However,
benzene ions can relax back down to ground state if enough time is available before
colliding with the surface. The residence time of the benzene ion in the mass
spectrometer before it hits the surface can be calculated. Using Equations 2.14 and 2.15,
the velocity of projectile ions can be calculated and used to generate flight times from the
source to the surface. Benzene-d¢ ions (m/z 84) generated in the EI source have an
accelerating potential of 5000 V and a ~ 268 cm flight path from the EI source in the
sector to the TOF gate and the flight time was calculated to be ~ 25 us. In the TOF
chamber, the flight time from the TOF gate to the surface is experimentally controlled
and is ~ 18 ps. The total flight time for benzene ions from the EI source to the surface in
the Sector-TOF is ~ 43 ps. Therefore, the majority of the low mass fragment ions truly
originate from benzene in the ground state and not the excited state. Since the SID
spectrum for benzene in the Sector-TOF is very similar to the benzene spectrum
produced in the dual quadrupole-SID instrument, it could be concluded the benzene
projectile ions used in the dual quadrupole-SID instrument are also in the ground state
before colliding with the target surface. If excited states of benzene do exist that affect
fragmentation, then energy deposition would appear to increase directly proportional to
ionization energy (more energy imparted to the projectile ion in the source before the
collision). To test this hypothesis, the ionization energy in the dual quadrupole

instrument was systematically changed from 10 eV to 70 eV. No significant change was
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observed in the calculated value for energy conversion of kinetic to internal energy of

benzene ion using the extended deconvolution method88 (data not shown). From this
result, the excited state of benzene does not appear to contribute to the fragmentation of
benzene molecular ion in either instrument design.

The Sector-TOF-SID spectra of acetone-ds (m/z 64) obtained at 30 eV and 55 eV

energies are shown in Figures 6.8a and 6.8b, respectively. The spectrum in Figure 6.8a is

similar to that recorded earlier on the dual quadrupole-SID instrument.52 No significant
abstraction of hvdrogen was observed demonstrating that the C12F10 is resistive to
possible hydrocarbon contamination from pump oil in the TOF vacuum chamber (10®
Torr). This effect was also observed when pyrimidine ions (20 eV) were collided with a

C12F10 surface (pyrimidine ion reactivity is greater than pyrazine ion (used in Chapters

~

3 and 5) with available hydrogen atoms present on a surfacel34). No significant
hydrogen addition with the pyrimidine ion was detected (spectrum shown as insert in
Figure 6.8a). Interestingly, there is a peak at m/z 66 (in Figure 6.8a) that corresponds to a
deuterium (D) addition to the acetone-d¢ molecular ion. [t can be assumed there is some
neutralized acetone or acetone fragments that stick to the fluorinated surface and serves
as the reaction partner to additional incoming acetone-d¢ molecular ions. (Acetone-dg is
the only source of deuterium in these experiments.) At higher energies (e.g., 55 eV and
higher), fluorine-containing sputtered ions of small intensities are detected (m/z 69, 100,

119, 131 in Figure 6.8b). Although the peaks corresponding to sputtered ions are small,

sputtering experiments (similar to secondary-ion mass spectrometry (SIMS)16) may be

possible with the Sector-TOF instrument to characterize the surface material.
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Chemical sputtering experiments (ionization of the organic thin film) are effective
with the use of Xe” or Ar” at higher collision energies (> 100 eV). Chemical sputtering

occurs in the low energy regime (70-200 eV) and is a result of a charge exchange

mechanism between the projectile ion and the target surface.>4 Fluorine-containing
sputtered ions of small intensities were previously observed with acetone-d¢ (Figure 6.8).
Chemical sputtering of the fluorocarbon (C12F10) SAM was also performed with Ar" at
100 eV and 200 eV (Figure 6.9). In Figure 6.9a, the strong sputter peaks characteristic to
the surface are detected with at least unit mass resolution (similar to sputter peaks
observed the dual quadrupole-SID instrument). Upon increasing the collision energy
(Figure 6.9b), the intensities of the sputtered peaks also increase and additional sputtered
peaks begin to emerge. With increasing energy (200 eV), enough surface material is
sputter away to reach the gold substrate (ionized Au: m/z = 197 in Figure 6.9b). The
ability to perform a type of secondary-ion mass spectrometry extends the possible
applications employing surfaces in tandem TOF instruments similar to the present design.
This instrument design (in conjunction with the dual quadrupole SID instrument) will be
utilized with future chemical sputtering investigations of mixed monolayers to determine
the chemical composition of the monolayers. Sputtered ions from mixed monolayers will
be show what chemical species exist on the surface and possibly be useful in determining

the concentration of the different chains present at the surface (quantitative analysis).
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6.5 COMPARISON OF LOW-ENERGY SID IN TWO INSTRUMENT DESIGNS:

Does the angle of an ion collision with the surface during SID change the amount
of internal energy conversion (kinetic energy to internal energy: T — V)? It is probable
that ions incident with a “head-on" impact (collision angle = 90°) could result in a higher
amount of energy deposition when compared to a grazing angle (collision angle = 45°).
The amount of internal energy transfer to benzene projectile ions can be approximated
with the extended deconvolution method88 that has been previously described and
applied (Section 2.1.1.5 and Section 3.2.1, respectively). Therefore, this energy
deposition question is addressed by comparing two different SID instruments using the
extended deconvolution method of benzene: “head-on” collisions (90° collision angle) are
performed in the Sector-TOF mass spectrometer (Figure 2.6), while grazing angle
collisions (45° collision angle) are performed using the dual quadrupole SID instrument
(Figure 2.3). The presented internal energy conversion comparison study was a
collaborative effort with Dr. Facundo Fernandez.

Energy deposition appears to be influenced not only by the chemical composition
of the terminal groups of SAMs (Section 3.2.2), but by their orientation and arrangement
with respect to projectile ions. When benzene molecular ions were collided with pure
C12F10 monolayers, it was found, on average, the energy transfer efficiency is larger
(27.8%) in a “head-on” collision than in a grazing angle collision (24.8%). The method
for calculating the reported energy deposition is slightly different than previously
described in Chapter 2. A plot generated for the average internal energy of benzene ion

versus SID collision energy (20-70 eV) gives a slope that supplies the energy transfer
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efficiencies for the C12F10 SAMSs.88 There are limitations for the estimation of energy
deposition during SID: “chemical side reactions”, such as ion-surface reactions and
chemical sputtering during SID, occur and are not included in the estimation of internal

energy. Significant errors could be caused if such “chemical side reactions™ are not

negligible.10 Also, the collision energy of the Sector-TOF is based in reference to the
“turning potential” of the mass selected projectile ion. Variation in this turning potential
is + 5 V that in turn varies the collision energy by + 5 eV (this variation could alter the
calculated internal energy deposition to show that little difference exist for different
collision angles).

Alkyl thiols of different chain lengths (C12: CH3;(CH2);iSH and CI18:
CH3(CH,),7SH) were mixed with C12F10 at various molar ratios in ethanol (Section
2.2.2.2). Figure 6.10a shows the 50 eV SID spectrum of benzene-d¢ when collided with a
SAM surface made from a 50:50 C18/C12F10 solution mixture. It can be noted that most
of the fragment ions show a neighboring peak corresponding to an H/D exchange
reaction. In the case of a SAM surface made from a 50:50 C12/C12F10 solution mixture,
the amount of hydrocarbon chains exposed is greatly reduced, as seen by the absence of
the H/D exchange peaks (Figure 6.10b). This effect has also been observed using low-
energy ion-surface reactions between pyrazine molecular ions (m/z 80) and the previously
mentioned mixed SAMs in the dual quadrupole-SID instrument (Chapter 5). As reported
in Section 5.3.1.1 and 5.4.1.1, spectra show the difference in H-addition products (m/z
81) for surfaces made from a 50:50 C12/C12F10 binary solution (Figure 5.6a) and a

50:50 C18/C12F10 binary solution (Figure 5.13a) in ethanol.
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Figure 6.10: Sector-TOF-SID spectra resulting after a 50 eV collision between
benzene-d¢ and a SAM surface made from a) 50:50 C18/C12F10 binary
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In terms of energy transfer efficiency, more hydrocarbon chains present in the
C18/C12F10 mixed SAMs cause a decrease in energy deposition when compared to the
C12/C12F10 SAMs (Figure 6.11). From Section 5.3.1, the C12/C12F10 monolayers
produced SAMs where the C12 chains were “shielded” by the incoming ions. From
Section 5.3.2. the C18 chains in the C18/C12F10 monolayers are more exposed and
available to incoming projectile ions. When the binary solution mixtures were diluted
with a significant amount of alkanethiols (70% C12 or C18), the energy transfer
efficiency did decreased regardless of the collision angle (Figure 6.11). This decrease is
steeper in the “head-on” collision caused by increased ion-surface reactions (chemical
side reactions with benzene ion) that are not factored into the calculation of the extended
deconvolution method for approximating the internal energy deposition. Also, more
energy may be transferred to the alkanethiol portion of the SAMs during the collision

(resulting in less kinetic energy transferring to internal modes of the projectile ion).

6.6 CONCLUSIONS

An in-line sector-TOF tandem mass spectrometer with eV SID capabilities was
characterized. Parameters for SID mode in the Sector-TOF have been established
making it easier for future researchers to use. The SID operation (if desired) could be
fully automated and controlled by a computer program. The addition of the surface in the
Sector-TOF is advantageous because efficient ion activation of large singly charged

projectile ions and surface analysis (including sputtering experiments) can be performed.
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Surface-induced dissociation spectra have been obtained for a variety of projectile
ions generated by FAB and EI. It has been demonstrated that the resolution of at least
unit mass (usually more) can be obtained over a relatively wide mass range for SID
fragment ions. Mass accuracy of = 0.1 u is achievable for SID peptide fragments after
internal calibration has been achieved. Fragmentation efficiency curves for peptide ions
useful for peptide energetic studies are easily generated. All data points for the curves
were generated in less than 15 minutes each. The promising results suggest that future
effort in the implementation of SID in a commercial TOF system is worthwhile.

The Sector-TOF instrument has also shown the ability to serve as a surface
analysis instrument by performing low-energy ion-surface collision studies (similar to the
dual quadrupole-SID instrument) where small polyatomic ions can give information
pertaining to the chemical composition of organic thin films. Sputtering experiments can
easily be performed in this instrument as another means of identifying the chemical
composition on the surface. Future work that involves the development of low-energy
sputtering for quantitation of mixed monolayers is in the immediate future.

Instrument comparative studies during SID experiments (using a fluorinated
surface) revealed that energy deposition to projectile ion is angular dependent. More

energy deposition to projectile ions occurs with a 90° incident angle of the Sector-TOF

instrument (when compared to 45° incident angle of the dual quadrupole-SID
instrument). Results for mixed monolayers are interesting because hydrocarbon chains
integrated in the SAM for the Sector-TOF resulted in a decrease in energy conversion

caused by increased ion-surface reactions and/or more energy transferred to the surface.
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CHAPTER 7

SUMMARY AND FUTURE DIRECTIONS

The data described in this dissertation were generated from low-energy (eV) ion-
surface collision with self-assembled monolayers (SAMs) of alkanethiols on gold. The
resulting low-energy ion-surface processes: i) dissociation of polyatomic projectile ions
(energy-transfer), ii) projectile ion neutralization (electron transfer), iii) ion-surface
reactions between the projectile ion and SAM (atom/group transfer), and iv) chemical
sputtering of SAM surface species have been shown to provide chemical and structural
information for target surfaces modified with SAMs. Overall, these studies help validate
this surface characterization technique as a unique complementary approach for gaining
knowledge about the exposed uppermost portion of organic thin films (typically the
terminal group and underlying methylene group of the alkanethiolate chain). From the
presented research (in combination with previous research10-15.31), low-energy ion-
surface collisions would be a beneficial addition to surface analysis chambers for

measurement of the chemical composition or chemical modification of the vacuum-

monolayer interface of organic thin films.
Previous work with Langmuir-Blodgett (LB) films showed that the terminal group

predominately influenced the ion-surface collision processes.l0 Chapter 3, which
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focused on the different extents of fluorination of thiolate chains adsorbed on gold
surfaces (SAMs), confirms this conclusion. The terminal group was determined to be the
major factor for controlling the extent of translational energy converted to internal energy
(T - V) for polyatomic projectile ions. An increase in energy transfer is directly related
to the effective mass increase of the terminal group (CH; (15) —» CF3(69)). The terminal
group also dominates the electron transfer between the organic thin film and the
projectile ion as well as atom/group transfers to the projectile ion. Slight penetration of
projectile ions into SAM organic thin films was indicated by measurable differences in
the ion-surface collision results (demonstrated by energy, electron and atom transfers).
This penetration data with SAMs reveals the sampling depth and must be taken into
consideration when using ion-surface collisions as a surface characterization technique
(need to know which projectile ions sample which carbons of the SAM chain). With
atom transfers, pyrazine ions sample hydrogen atoms from the terminal group and the
underlying methylene group, but benzene ions sample fluorine atoms past the two
terminal carbons (Section 3.2.4). The interface sensitivity of ion-surface reactions
detected differences in SAMs having terminal groups with identical chemical
composition but differing terminal group orientation (as observed for CF;-terminated
films having odd- versus even-numbered chain lengths). Data generated for CF3(CF,)s-
terminated SAMs with different alkyl spacers demonstrated that ion neutralization
resulting from low-energy ion-surface collisions could also be used indirectly to measure

the film order (specifically, extent of defect sites).
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There is a general consensus regarding the overall neutralization process with
organic thin films: neutralization of a positively charged projectile occurs by electron
transfer from the surface. In Chapter 4, studies revealed that methyl cation undergoes
concerted chemical reactions at several distinct hydrocarbon and fluorocarbon SAM
surfaces (the same SAMs presented in Chapter 3) to produce neutral species. Ion
neutralization of methyl cation can occur by the ion-surface reaction pathways
(specifically, hydride ion transfer, methyl anion transfer, or fluoride transfer) in addition
to electron transfer. The reaction neutralization mechanism was supported with simple
ab initio and thermochemical calculations in conjunction with data from ion-surface and
ion-molecule reaction experiments. The unique neutralization mechanism of methyl
cation shows that theoretical calculations can be helpful in describing and predicting the
relative contributions of the different ion-surface collision processes that occur at organic
thin films. Projectile ion neutralization was observed to be dependent on not only the
recombination energy of the projectile ion but also its chemical composition. Future ion-
surface studies using a variety of projectile ions that have similar chemical compositions
but vary in recombination energy could help further explain this observation.

Electron transfer through organic thin films has become a highly active area of
research that ranges from the development of organic based devices to Dbetter
understanding of biochemical processes. A more complete model of electron transfer
through organic thin films needs to be developed to correlate results from low-energy
ion-surface collisions with results from other analytical techniques that monitor electron

transfer (ultra-violet photoelectron spectroscopy UPS)). Investigations of the electronic



266

structure for hydrocarbon and fluorocarbon SAMs (SAMs presented in Chapter 3) using

UPS are currently underway at the University of Arizona.l15 Advances in this current
research (in conjunction with ion-surface collisions) may reveal further explanations for
the mechanism of electron transfer through organic thin films. Comparison of the
electron transfer through organic thin films between ion-surface and solution
electrochemistry experiments would be interesting to determine if similarities and
differences exist for electron transfer in the solution phase versus gas phase.

Low-energy ion-surface collisions have been established in Chapters 3 and 4 (as

well as previous research!0-12,51) 10 be dependent on the uppermost portion of self-
assembled monolayers (predominately the terminal group). Chapter 5 illustrates the use
of low-energy ion-surface collisions for qualitative (identifying and monitoring the
chemical composition) and quantitative (calculate the relative concentrations) surface
analysis of the uppermost portion of mixed self-assembled monolayers (m-SAMs)
comprised of two different alkanethiolate chains. The first mixed system (C12/C110H)
was a model system previously characterized by XPS, contact angle, and scanning
tunneling microscopy (STM).6.92,103 The other two mixed systems (C12/C12F10 and
C18/C12F10) have not previously appeared in the literature, but studies with similar
systems (for example, CH3(CHy), -terminated versus CF3(CF,);-terminated105-107,144
were available to help assess the ion-surface collision data.

The CI12/C110H system was the only system where data could be linearly
correlated to the changes in surface concentrations. Mass differences in the terminal

groups of the C12/C110H were minor, but ion-surface fragmentation of benzene ion was
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still effective in performing qualitative analysis (identifying and monitoring changes in
the chemical composition of the C12/C110H system) of the terminal groups. Ion
neutralization of benzene ion was also useful in monitoring the relative surface
concentration of ~CHj; versus —OH groups. Benzene ion was chosen because of its
selective reactivity with available —CHj; groups that allowed quantitation of the ~CHj
groups at the vacuum-film interface. Even though quantitation of the —CH; groups was
observed, and linearity was preserved only between 30-80% C12. Additional reaction
products from other sources on the surface limited the quantitation method.

For C12/C12F10 m-SAMs, fragmentation and ion-surface data show that the
fluorocarbon chain dominates the processes even if hydrocarbons are present on the
surface (hydrocarbons are “shielded” at the interface from incoming projectile ions). Ion
neutralization was still useful in identifying and monitoring chemical differences between
C12/C12F10 surfaces. Similar results were found for the C18/C12F10 system where no
linear correlation could be derived from ion-surface collision processes and the
C18/C12F10 surface concentrations. A rough linear relationship between energy
deposition and the concentration of C12F10 in solution exists for the C18/C12F10
system. Even though the concentrations of the hydrocarbon/fluorocarbons chains at the
surface do not track linearly, the solution versus surface concentration difference was
suggested with XPS analysis of the m-SAMs (Table 5.7). The dependence of energy
transfer on solution concentration could be beneficial in controlling the energy deposition
during surface-induced dissociation experiments. lon-surface collision data for both

systems suggest that adsorption of C12F10 chains to gold is preferred when m-SAMs






