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ABSTRACT

This dissertation details three studies which utilize nontraditional applications of
electrospray ionization mass spectrometry. The first study explores and discusses the limitations
of identifying unknown drug metabolites using ion-molecule reactions performed inside a mass
spectrometer and coupled with high performance liquid chromatography. Ultimately, it was
concluded that some highly-efficient, MS? ion-molecule reactions coupled with some drug
metabolites would be sufficiently sensitive for in vivo drug metabolism studies. However, this
study also concluded that the rate of false-positives and false-negatives may be higher than
previous publications suggest.

The next study analyzed sulfur-containing compounds under atypical negative-mode
electrospray ionization mass spectrometry conditions. After noting that low analyte flow rates
during electrospray ionization experiments on ethanethiol resulted in significant oxygen
incorporation, the aim of this study was to understand the chemistry behind the oxygen
incorporation and search for ways to experimentally limit the degree of oxygen inclusion. The
atypical conditions were ultimately shown to induce significant ozonolysis and other oxidation
reactions. Ultimately, only the use of high flow rates or switching to a different ionization
technique were successful in mitigating the oxidation product formation. A new reaction
mechanism for the oxidation of ethanethiol with ozone was proposed. Quantum chemical
calculations were used to support the mechanism.

Finally, electrospray ionization mass spectrometry was used to analyze mixtures of selenium
and/or tellurium in amine-thiol solvent systems. Selenium and tellurium are essential components
in many thin film solar cells and other photovoltaics and amine-thiol solvent systems have been
identified as a key solution processing strategy for synthesizing selenium and tellurium thin films.
However, the reaction between selenium/tellurium and the amine-thiol solvent system is poorly
understood and requires detailed study before large-scale industrial synthesis can be achieved. In
this study, the dissolution mechanisms for selenium and tellurium in two different amine-thiol
solvent systems were explored and discussed. The role of the basicity of the amine, the relative
concentration of the thiol, and the presence of co-dissolved chalcogens were all studied and used

to propose dissolution mechanisms. The results of the experiments were used to control the
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synthesis of lead-selenium-tellurium alloy nanoparticles and could inform further studies on

controlling metal chalcogenide synthesis through the appropriate choice of amine-thiol solvents.
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CHAPTER 1. INTRODUCTION

1.1 Introduction

Mass spectrometry has long been used to analyze both organic and inorganic compounds. In
particular, mass spectrometry is often used to identify the chemical formula and the chemical
structure of unknown analytes. When optimized properly, ionization methods produce just one
molecular ion peak (m/z value) for every component in a mixture. Because of this, mass
spectrometry has emerged as one of the most powerful instrumental techniques for identifying the
individual components in complex mixtures. It’s current applications in complex mixture analysis
include petroleomics,! forensics,? and pharmaceutical research® amongst others.

When analyzing complex mixtures, a two-pronged approach is often used. First, high
resolution mass spectrometry techniques, including the recently-developed hybrid Orbitrap
instrument, are used to determine the elemental composition of each unknown analyte. This can
be accomplished because these high-resolution measurements are so precise that the elemental
composition of each unknown analyte can be easily derived from its corresponding m/z value.
However, the elemental composition cannot be used alone to determine the structure of an
unknown compound. Therefore, a second approach is used to identify or posit the structure of each
compound in the mixture. The most common technique for accomplishing this is collision
activated dissociation (CAD), which reproducibly fragments the individual ions, producing ion
fragmentation patterns that can be used to reconstruct the possible structures or can be matched
against the fragmentation patterns of pure standards for positive identification.

However, some analytes and mixtures are particularly complex or otherwise ill-suited to this
traditional two-pronged mass spectrometric work flow. Other types of mixtures have not been
extensively studied using this approach and their performance is not yet rigorously verified. This

thesis focuses on three such cases.

1.2 Thesis Overview

The research in this thesis focuses on two mixtures and one set of pure compounds analyzed
by a linear quadrupole ion trap mass spectrometer or by a hybrid linear quadrupole ion

trap/Orbitrap mass spectrometer. Each mixture or set of compounds represents a deviation from
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the traditional two-pronged mass spectrometric identification approach. The theory behind the
deviations and the techniques developed to analyze the mixtures are presented here.

Chapter 2 describes the theory and operation of the mass spectrometers used in this thesis:
the Thermo Scientific Linear Quadrupole lon Trap Mass Spectrometer (LTQ) and the Thermo
Scientific high-resolution hybrid LTQ/Orbitrap Mass Spectrometer. Additionally, the theory
behind the ionization methods used in this thesis (electrospray ionization and atmospheric
chemical ionization) are also presented in this chapter.

Chapter 3 discusses a study used to determine the limit of detection of ion molecule reactions
when coupled with tandem mass spectrometry. The use of ion molecule reactions conducted inside
of mass spectrometers has gained recent popularity for identifying functional groups in
unidentified pharmaceutical metabolites. While an unconventional mass spectrometric method, the
development of these functional group identification reaction has been met with some success.
Currently these reactions are being put forth as a fast, cheaper alternative to traditional
pharmaceutical metabolite identification techniques. However, it has not been previously
established that these ion molecule reactions are sensitive and reproducible enough to be used to
identify unknown metabolites at physiologically relevant concentrations. This chapter details the
research used to determine the limit of detection for several ion molecule reactions and discusses
the factors which affect the limit of detection of these reactions. A version of this chapter is
published in the journal of Analytical Chemistry published by the American Chemical Society.
This work was conducted with the help of Rashmi Kumar, Ravikiran Yerabolu, and Kawthar
Alzarieni from Purdue University.

Chapter 4 details a study of the products produced when organic sulfur-containing
compounds are analyzed under oxidizing electrospray ionization conditions. Sulfur compounds
are often found in petroleum and pharmaceutical applications, but their behavior when analyzed
using electrospray ionization is not rigorously understood. It has been assumed that sulfur-
containing compounds such as thiols will produce one mass spectral peak (m/z value) and therefore
can be analyzed using the aforementioned two-pronged approach. However, under oxidizing
conditions, the electrospray ionization source not only functions as an electrochemical cell, but
also produced ozone at the tip of the electrospray needle. The oxidizing environment and the ozone
lead to highly oxidized sulfur species and numerous reaction products for each individual sulfur-

containing compound. The implications of this fundamental research on analyzing complex
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mixtures that contain organosulfur compounds are discussed. This work was done with the
assistance of graduate students Jeremy Manheim, Wanru Li, and Jacob Milton from Purdue
University.

Chapter 5 discusses the analysis of complex mixtures of metallic compounds and
organometallic compounds by electrospray ionization high-resolution mass spectrometry and
additional techniques. Metallic and organometallic compounds are not traditionally analyzed by
organic mass spectrometers. Additionally, these mixtures were made using a unique solvent
composed of amines and thiols, which is atypical for electrospray ionization. These mixtures were
analyzed using both high-resolution mass spectrometric measurements and collision activated
dissociation to identify compounds in the mixtures. The identified compounds were then used to
posit the structural changes that occur when these solutions are made or altered. A version of this
chapter is published in the journal of Inorganic Chemistry published by the American Chemical
Society. This work was completed in collaboration with Swapnil Deshmukh, Jeremy Manheim,

Nicole LiBretto, Kyle Weideman, and Jeffrey Miller from Purdue University.

1.3 References

1. Marshall, A.G.; Rodgers, R.P. Petroleomics: Chemistry of the Underworld. Proc. Natl. Acad.
Sci. USA. 2008, 105 (47), 18090 — 18095.

2. Maurer, H.H. Mass Spectrometry for Research and Application in Therapeutic Drug
Monitoring or Clinical and Forensic Toxicology. Ther. Drug Monit. 2018, 40 (4), 389 — 393.

3. Belas, F.J.; Blair, I.A. Mass Spectrometry in Pharmaceutical Analysis. J. Liposome Res. 2001,
11 (4), 309 — 342,
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CHAPTER 2. INSTRUMENTATION DESCRIPTIONS AND
FUNDAMENTALS FOR THE LINEAR QUADRUPOLE ION TRAP MASS
SPECTROMETER AND HYBRID ORBITRAP MASS SPECTROMETER

2.1 Introduction

Mass spectrometers are powerful analytical instruments used in a variety of fields, from
forensics® to pharmaceuticals? to archaeology.® The field of mass spectrometry is therefore quite
diverse and covers a wide range of instruments with significant variations in design, use, and
application. However, all mass spectrometers operate along the same general principles, and any
mass spectrometry experiment typically requires the same three general steps. First, the analytes
being studied must be transformed to gas-phase ions. Second, the ions must be separated, usually
in time or in space, by their mass-to-charge ratio (m/z). Finally, each individual ion must be
detected and transformed to a measurable signal with both the associated m/z of the ion and the
corresponding signal intensity (how many individual ions of the given m/z were measured). A
mass spectrum is therefore a collection of these measurable signals, with the mass-to-charge ratio
along the x-axis and the relative intensity along the y-axis.

One major difference in instrumental design and operation is the ability to add additional
steps to the mass spectrometry experiment between separating the ions by their m/z and detecting
them. Some instruments are able to perform ion-molecule reactions inside the mass spectrometer
during this time.*® Others may fragment the ions before detection or contain elaborate means of
removing unwanted ions,® while some others have no inherent ability to do anything additional.”
The two instruments used in this dissertation are the linear quadrupole ion trap (LQIT) fitted with
a home-built manifold for performing ion-molecule reactions and a linear quadrupole ion trap
coupled to an orbitrap detector (LQIT/Orbitrap) for high-resolution measurements. This chapter
describes the underlying theory and operation of the ionization methods used, the LQIT, and the
orbitrap high-resolution detector. The theory of ion-molecule reactions will be discussed in further

detail in chapter 3.
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2.2 lonization

The first step in a mass spectrometry experiment is to transform the analytes into gas-phase
ions. In early mass spectrometer designs, electron impact (E1)® and chemical ionization (CI)° were
for ionization, but were limited to gas-phase analytes. Therefore, for less volatile analytes, thermal
heating was therefore often required prior to using these ionization techniques, limiting the
techniques to analytes that were thermally stable and at least minimally volatile.X® Since those
early days, the number of available ionization techniques has greatly expanded, and techniques
now exist for analytes in any phase.'*'* The work performed for this dissertation focuses on
analytes in solution, for which electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI) were used. These two techniques are therefore described in the following

sections.

2.2.1 Electrospray lonization

Electrospray ionization (ESI) is a modern atmospheric pressure ionization technique used to
evaporate analytes in solution and then ionize the resulting gas-phase molecules. This technique is
considered "soft," meaning that it is suitable for thermally labile compounds and does not generally
induce extensive fragmentation during the ionization process.'>*® However, ESI is generally only
suited for analytes that are at least moderately polar, since it usually involves protonating or
deprotonating the analyte. Therefore, the analyte must have a sufficiently basic site for protonation
or acidic site for deprotonation.!” Due to these limitations, ESI is traditionally used for
pharmaceutical and biological applications, where acidic and basic sites are fairly common.

While the mechanism of ESI has been extensively studied, there is no one unified theory for
how ESI ionizes and evaporates analyte molecules. However, it is generally agreed that there are
three main steps in the evaporation/ionization of ESI. First, charged droplets are formed at the tip
of a highly-charged metal capillary, called the ESI capillary tip or needle. Second, the droplets
begin to evaporate, producing highly charged nanodroplets. Finally, gas-phase analyte ions are

generated from these charged nanodroplets. A schematic of these steps is included below.
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Figure 2.1 A schematic of electrospray ionization (ESI) and an ESI probe. The ESI needle
delivers the analyte solution. A high voltage is applied to the end of the ESI needle. Nitrogen gas
(shown as blue arrows) flows around the head of the ESI probe (auxiliary gas) and in a cylinder
around the tip of the ESI needle (sheath gas). The analyte solution is charged at the tip of the
needle, resulting in a charged Taylor cone (inset). Small charged droplets (not drawn to scale)
emerge from the tip of the Taylor cone. As the solvent evaporates, the droplets shrink until they
are so small that charged analytes (+) are produced. These charged analytes then enter the mass
spectrometer for analysis.

ESI requires a steady stream of charged droplets. To accomplish this, the analyte must be a
liquid or dissolved in a liquid or solution. Typically, acetonitrile, methanol, and water are used,
alone or in combination, to dissolve the analyte.*® The analyte solution is then introduced to the
ESI probe, either through liquid chromatography or injected using a syringe pump. The analyte
solution flows through the ESI capillary, the tip of which is highly charged (usually + 2-5 kV).16
To generate positive ions, a positive charge is applied to the tip, while negative ions are generated
by applying a negative charge. Since the orifice of the mass spectrometer is held at ground, the
charged ESI capillary induces an electric field between the ESI probe and the mass spectrometer.
As the solution flows through this highly charged capillary, the induced electric field charges the
surface of the solution, resulting in an elongated cone of liquid at the tip of the capillary called a
Taylor cone, from which small droplets are then formed.® Nitrogen gas is often used to assist in
nebulizing the solution spray into a fine cohesive mist and to assist in solvent evaporation.?® As
the droplets evaporate and become smaller, the charges on each droplet become increasingly dense.
At a certain charge density, called the Rayleigh limit, the repulsion between the charges overcomes
the surface tension of the droplet and the droplet undergoes jet fission to produce numerous smaller
droplets.?*23 This process of evaporation and jet fission is repeated numerous times until charged
nanodroplets are formed. Collectively, the continuous evaporation and fission of the droplets is
called a Coulombic explosion.?®

While the formation of the charged nanodroplets is well-established in the literature, there is

19



still considerable debate concerning how the analyte ions are formed from these charged
nanodroplets.?* Three main theoretical models exist: the charge residue model, the ion evaporation
model, and the chain ejection model. In the charge residue model, by the time the charged droplets
evaporate down to a nanodroplet, the nanodroplet contains just one analyte molecule. As the final
solvent evaporates from the nanodroplet, the charge is transferred to the analyte molecule,
producing the final analyte ion.? It is thought that this model best describes the ionization of large
and/or multiply-charged ions, most notably proteins.?® The ion evaporation model posits that the
electrostatic repulsion on the surface of the charged nanodroplets is high enough to cause the
spontaneous emission of solvated analyte ions, which then evaporate to dryness.?” This model is
believed to best fit the behavior of small, singly-charged analytes, including organic compounds
such as pharmaceuticals and drug metabolites.?® Finally, the chain ejection model is thought to
explain the behavior of unfolded proteins. As the unfolded proteins are solvated in ever-shrinking
nanodroplets, the hydrophobic portions of the proteins are less favorably solvated in the highly
charged, hydrophilic droplet. At a given point, a hydrophobic end will be ejected from the droplet,

bringing the rest of the protein with it.?°

2.2.2 Atmospheric Pressure Chemical lonization

Like electrospray ionization, atmospheric pressure chemical ionization (APCI) is a "soft"
ionization technique that usually results in a protonated analyte ion in positive ion mode or a
deprotonated analyte ion in negative ion mode.® Unlike ESI, APCI is a gas-phase technique that
is better suited to thermally stable analytes with nonpolar or semi-polar characteristics.®® 3! In
APCI, the analyte begins in the form of a solution which is then passed through a heated fused
silica transfer capillary. Nitrogen gas flows around the capillary to help keep the flow concerted
and aid in desolvation. As the solution passes through the capillary, ceramic heaters and the
nitrogen gas vaporize the sample to gas-phase analyte and solvent molecules. The nitrogen gas
then pushes these molecules towards a corona discharge needle.3? This needle is highly charged
(usually 2-5 kV) and is responsible for inducing ionization.®® The ionization is thought to be a
multi-step process and involve ion-molecule reactions.3* First, the corona discharge needle ionizes
the ambient gas within the ion source, which is mostly nitrogen, to form primary nitrogen ions.
These primary ions then proceed to react with other species in the ion source, the most abundant

of which is the solvent molecules. In a serious of ion-molecule reactions, numerous types of
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secondary ions are formed. Finally, the secondary ions react with the analyte molecules to produce
analyte ions. These reactions are usually proton transfer reactions, resulting in a psuedomolecular
ion. The figure below shows one possible series of reactions at the corona discharge needle which

could result in the production of a positively-charged analyte ion.

1N, +e — Nj'+2e” Primary lons
2'N2.+H20_>H20+.+N2 Secondary

.?.H20+° -+ HZO —_— H30+ +‘OH Solvent lons

4 H,0" + Analyte — [Analyte + H|* + H,0 Analytelons

Figure 2.2 An example of the types of ion-molecule reactions that lead to analyte cation
formation in APCI positive ion mode. For this simplified example, it is assumed that nitrogen in
the primary constituent of the atmosphere inside the source and that water is the solvent used to
dissolve the analyte. In the first step, nitrogen gas is ionized at the corona discharge needle and
forms radical cations. These radical nitrogen cations then react with water (the next most
abundant species present at the needle) to produce the radical cation of water and regenerate
neutral nitrogen. The radical cation water can then further react with water to produce protonated
water and a hydroxy radical. The protonated water can then react with the analyte in a proton-
transfer reaction to produce protonated analyte ions and water.

2.3 Linear Quadrupole lon Trap (LQIT) Mass Spectrometer

Since the invention of the 3D quadrupole ion trap (Paul Trap), quadrupole ion traps have
been used extensively both as traditional mass spectrometers and to study chemical reactions and
gas-phase ion chemistry.3® Quadrupole ion traps is a mass spectrometer capable of trapping ions
in space and performing additional reactions or fragmentations prior to ion detection. The linear
quadrupole ion trap (LQIT) is now much more common than the original 3D trap, in large part due
to its increased sensitivity and ion storage capacity.

The LQIT used for the research in this dissertation was the Thermo Scientific LQIT, the
schematic of which is presented below. The LQIT is made of five general sections: the ion source,
the API stack, the ion optics, the ion trap itself, and the detector. The ion source is located at the
front of the instrument and contains the ionization probe (in this case ESI or APCI). For detailed
information on the ionization techniques used for this dissertation, see sections 2.2.1 and 2.2.2.

This ion source operates at atmospheric pressure (760 Torr). The next region is the API stack,
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which is operated at 1 Torr and serves as a region for ion transfer and as a vacuum baffle between
the atmospheric pressure of the ion source and the high vacuum of the ion optics and ion trap in
the mass spectrometer. The low pressure is achieved through two Edwards E2M30 rotary-vane
mechanical pumps. The next region is the ion optics region, in which the ion beam is guided into
the ion trap. The pressure in this region decreases from 0.5 Torr down to 1x10° Torr, which is
achieved using a triple ported Leybold TW220/150/15S turbomolecular pump. The final section
of the LQIT is the ion trap region, where ion trapping, manipulation, and detection occur. This
region is held at a pressure of 1x10 Torr and is evacuated using the turbomolecular pump's third
port. Pressures within the instrument can be monitored by the user in real time via digital readouts
froma convection pressure gauge (for the ion source), an ion gauge (for regions between the source
and the gate lens) and a compact cold cathode inverted magnetron gauge (for the ion trap region
behind the gate lens).

Linear lon
lon Source  AP] Stack lon Optics Trap Region
| | | )
\’\ .: “ “‘ |
Gate Detector
Lens .
lon Tube Lens MPOO MPO MP1
Source Y Quadrupole Quadrupole Octupole Linear lon

pdM v TR f

!

Transfer Skimmer Lens 0 Lens1 Front Back Lens
C i Lens
NZ;Odr:Z Caplliey tens Detector
| 760Torr || 1Torr |[ 0.5Torr | 1x10°3 Torr | 1x10° Torr

Figure 2.3 Simplified schematic of the Thermo Scientific Linear Quadrupole lon Trap mass
spectrometer. Important components are labeled. The operating pressures of the various sections
are labeled in green. The four different regions of the mass spectrometer are labeled in black
above the figure.

2.3.1 lon Source and API Stack

The ion source contains the ionization source for the mass spectrometer. While the Thermo

LQIT can be equipped with several different ionization sources, the sources used for this
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dissertation were ESI and APCI. For further details on ESI and APCI, please see sections 2.2.1
and 2.2.2, respectively. The ion source is kept at atmospheric pressure and the ionization is
achieved by applying a high voltage (usually + 2-5 kV) to the spray needle of the ion source,
through which the analyte solution flows. The orifice of the mass spectrometer is kept at electrical
ground. The high voltage of the source and the grounded orifice create an electric field which
draws the ions and charged droplets generated in the ion source into the mass spectrometer. A
sweep cone surrounds the orifice. When necessary, a sweep gas of dry nitrogen is blown out from
the sweep cone and around the orifice to help prevent neutral molecules from entering the mass
spectrometer.

After entering through the orifice, the ions are located inside the API stack region of the mass
spectrometer. lons enter through the ion transfer capillary, which is heated to remove excess
solvent from the ions. The lower pressure inside the API stack (approximately 1 Torr) creates a
pressure gradient that helps guide the ions through the API stack and deeper into the mass
spectrometer. A DC voltage applied to the ion transfer capillary creates a voltage gradient that also
guides the ions down the transfer tube and out the tube lens. Directly after the tube lens is a
skimmer lens, which is located slightly off-center and higher than the tube lens. A voltage is
applied to the tube lens to bend the ion beam upward and through the skimmer lens. Any neutral
molecules that have managed to make it this far into the instrument are therefore extinguished
because their trajectory is not bent by the tube lens voltage and their path remains straight, putting

them on a collision course with the inner walls of the mass spectrometer.

2.3.2 lon Optics

The ion optics region of the mass spectrometer is a series of four lenses and three multipoles
meant to focus and guide the ions from the API stack to the ion trap.3® The four lenses are lens 0,
lens 1, the gate lens, and the front lens. The multipoles located in the ion optics region include two
quadrupoles, Q00 and QO, and one octopole, Q1. As ions move from Q00 to QO and finally to Q1,
the pressure within the instrument decreases from approximately 0.5 Torr to 1x10 Torr to 1x10-
> Torr. Between each multipole, there is a lens. The lenses act both as vacuum baffles between the
different multipoles and as ion focusers, helping to refocus the ion beam into a cohesive stream
for proper ion transmission. Lens 0 is located between Q00 and QO; lens 1 and the gate lens are

located between Q0 and Q1, and the front lens is located between Q1 and the ion trap.
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To transmit ions effectively through the ion optics, a radio frequency (RF) voltage is applied
to the multipoles. The RF voltage applied to each rod in a given multipole are always of the same
amplitude. However, adjacent rods will always have an RF frequency exactly 180° out of phase.
For quadrupoles Q00 and QO, there will always therefore be one pair of rods with a positive
polarity and one pair with a negative polarity. The phase oscillates, such that the polarity on a
given set of rods is continually switching, generating a quadrupolar field. In the case of a positive
ion, the ion is attracted to the negative-polarity rod and begins to move towards it. However, as it
approaches the rod, the phase of the rod shifts to a positive polarity, repelling the positive ion and
pushing it back towards the center of the quadrupole. At the same time, the decreasing pressure
and a DC voltage gradient give the ions additional kinetic energy and guide them in the axial
direction (deeper into the mass spectrometer). Ultimately, the ions adopt a circular oscillatory
movement that resembles a corkscrew. A schematic of typical DV voltages applied within the

mass spectrometer are illustrated below.
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Figure 2.4 Standard DC potentials of various components within the Thermo Scientific Linear
Quadrupole lon Trap mass spectrometer. The decreasing voltage gradient aids in accelerating
ions in the axial direction (deeper into the mass spectrometer) and guiding the ions through the
ion optics region. DC voltages are also applied in the linear ion trap region but are not shown in
the figure (see Section 2.3.3).

2.3.3 Linear Quadrupole lon Trap

After traveling through the ion optics region of the mass spectrometer, the ions enter the
linear ion trap through the front lens. The linear ion trap is a specially designed quadrupole
composed of four hyperbolic rods, each divided into three sections. The front and back sections of
each rod are 12 mm long and are responsible for trapping the ions in the axial direction while the
middle section of each rod is 37 mm long and is responsible for trapping in the radial direction.
Specially cut slits in the middle sections of two rods allow the ions to be ejected from the trap for
detection. Within the LQIT mass spectrometer, the linear ion trap is used for four main purposes:
ion trapping, ion isolation, ion activation, and ion ejection for detection. Each of these four

functions are explained in further detail in the following sections.
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Back

12 mm
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Figure 2.5 A schematic of the ion trap. The ion trap consists of four hyperbolic rods, each
divided in three different sections: front, center, and back. The front and back sections are both
12 mm long while the center section is 37 mm. The x rods (labeled x) contain exit slits in the
center section for ion ejection. Figure was altered from reference 37 with permission.

2.4 Functions of the Linear Quadrupole lon Trap
2.4.1 lon Trapping

lon trapping within the linear ion trap is accomplished using a combination of DC and RF
potentials and helium gas. Each of the three trapping components serves a different role, and in

combination trap the ions both axially and radially.

Axial lon Trapping (z-direction)

Trapping ions in the axial direction prevents them from exiting the linear ion trap through
the two ends of the quadrupole. To accomplish this, the front and back sections on each rod are
held at a higher DC potential than the middle section. For example, positive ions are commonly
trapped using DC potentials of -9, -12, and -7 applied to the front, middle, and back sections,
respectively. The lower potential applied to the middle section of each rod creates a potential
energy well in the center of the trap, which restricts the ion movement to the center of the trap.

The helium buffer gas inside the ion trap helps to keep the ions in a cohesive packet within
the center of the trap.3® When an ion collides with a helium atom, the ion imparts some of its energy
to the helium in a process called momentum transfer. The collisions are not energetic enough to

cause ion fragmentation. Since the ions will collide many times with the helium gas, they lose
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considerable kinetic energy and are further focused within the center of the ion trap in a process
referred to as collisional cooling. This focusing serves several roles. First, keeping the ions at
relatively low kinetic energy in the center of the trap increases the ion lifetime within the ion trap
by reducing the number of ions which collide with the ion trap itself and are therefore neutralized
and cannot be detected. This ultimately increases the sensitivity of the instrument by preserving
the largest number of ions. Second, focusing of the ions in the center of the trap aids in cohesive
ion ejection (see section 2.4.4). lon ejection is achieved by increasing the RF voltage in the ion
trap to systematically destabilize and eject ions. The applied voltage required to eject a given ion
is calculated based on the assumption that the ion is located in the center of the trap. lons located
elsewhere will be ejected at a slightly different RF frequency and can lead to instrumental noise
and low instrument resolution. Therefore, collisional cooling also helps to increase the resolution

of the instrument.3538

Radial lon Trapping (x- and y-directions)

Trapping ions in the radial direction requires both RF and DC potentials be applied to the
rods of the linear ion trap to create a quadrupolar potential (©).3°4 This quadrupolar potential is
related to the applied electric potential (®,), the radius of the quadrupole rods (ro), and three
weighted (A, o, and y) coordinates (X, y, and z). The equation for the quadrupolar field is given

below.3°

® =20 (A% + oy? + yz?) (2.1)

For an ion trap, A and ¢ are both equal to one while y is -2. Therefore, the quadrupolar

potential for a linear ion trap can be rewritten as:*°

® =2 (x? + y? - 22%) (2.2)

Next, a substitution will be made for the applied electric potential (®,), which is related both the
DC potential (U) and the RF voltage applied to the rods (Vcoswt). The RF voltage oscillates as a
function of time (t) and is related to the amplitude of the voltage applied (V) and the angular
frequency (). Ultimately, the applied electric potential (®,) is expressed as follows:*°

+ ®o = +(U — VcosQt) (2.3)

After substituting equation 2.3 into equation 2.1 and differentiating with respect to x, the
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quadrupolar field in the x direction can be rewritten as:*°
50 _ 2x
o = 12 (U + VcosQit) (2.4)
The partial derivative with respect to y will follow the same pattern as equation 2.4.
An ion with a mass m and charge z will experience a certain force within this quadrupolar

field. This force is defined as:

__d*x . d¢

Fx = m-—= —ze_- (2.5)
_ oy dp

Fy=m az = ey, (2.6)

where e is the elementary charge (1.602x10%° C).
After substituting the partial derivative from equation 2.4 into equation 2.5 (and the
equivalent partial derivative for y into equation 2.6), the force on an ion in a quadrupolar field can

be expressed as: 4

d?x = 2ze

=T — (U—=Vcost)x =0 (2.7)
d?y = 2ze _
2t — (U—-Vcost)y =0 (2.8)

A solution for differential equations of this form can be found by referring to the Mathieu equation
(2.9), which was originally introduced by the mathematician Mathieu to describe the vibration of

elliptical drumheads.

d?u _
Pz + (ay — 2qyc0528)u =0 (2.9)

By defining the parameter & as Qt/2 and substituting into equation 2.7 and 2.8, these two
equations can be rewritten in the form of the Mathieu equation, where g, and a, are stability

parameters.*

8zeU

a, = a, = (-)a, = m:;m (2.10)
4zeV

Gu=0x = ()4y = 750 (2.12)

The stability parameters describe the motions of ions of a given m/z inside the ion trap’s
quadrupolar field and are inversely proportional to the m/z of the ion. In other words, for a given

DC and RF voltage, ions with a smaller m/z will have higher a, and q, values. To determine
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whether an ion has a stable trajectory within the ion trap, a Mathieu stability diagram must be
examined. A sample Mathieu stability diagram is given in the figure below. This diagram is a
graphical representation of which a, and q, values correspond to stable motion. The areas of
overlap indicate regions where the ion has stable x and y trajectories and can therefore be
successfully trapped within the ion trap. While several areas exist, ion traps are most easily and
efficiently operated at a DC potential of zero, so only the area of stability along the x-axis is used

for the linear ion trap.
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Figure 2.6 Simplified Mathieu stability diagram for a linear quadrupole ion trap. The diagram
shows the overlapping region of simultaneous x- and y-direction ion trajectory stability (shown
in grey). The x-axis corresponds to the qy stability parameter while the y-axis corresponds to the
ay stability parameter. The three colored circles represent three ions of different masses with an

assumed charge of one. The heaviest ion (red) has the lowest qu value while the lightest ion
(blue) has the highest g, value at the given operating parameters. It is important to note that the
Mathieu stability diagram in no way represents the ions physical location within the trap: ions of
different m/z are not segregated within the trap as they are in the stability diagram. The relative
location of ions within the stability diagram can be manipulated by changing the DC voltage
applied to the rods (ay value) or the RF voltage applied to the rods (qu value).
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2.4.2 lon Isolation

After trapping ions within the linear ion trap, it is often necessary to isolate ions of a specific
m/z while ejecting all other ions. This is a necessary first step when performing tandem mass
spectrometry or ion molecule reactions. Isolating ions relies on the fact that ions oscillate at a
frequency that is dependent on their m/z value. Tailored RF waveforms can therefore remove
unwanted ions while leaving the desired m/z ions within the trap. This process requires two steps.
In the first step, the RF voltage on the rods is ramped until the ion of interest reaches a gy stability
parameter value of 0.803. By ramping the RF voltage to this point, nearly all ions that have a m/z
lower than the ion being isolated are destabilized and ejected from the instrument. The second step
is to remove the remaining unwanted ions, most of which will have larger m/z values. This is
accomplished by applying an AC voltage in the form of a broad-band excitation waveform, also
called dipolar excitation. This waveform consists of frequencies from approximately 5-500 kHz
but does not include the frequency which corresponds to the qy of 0.803, where the ion of interest
resides. The broad-band excitation waveform excites all of the ions except the ion being isolated,

ejecting the unwanted ions from the trap and effectively isolating the ions with the chosen m/z.
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Figure 2.7 Mathieu stability diagrams illustrating the process of isolating ions of a single m/z
within the linear ion trap.In this simplified example, four ions of differing m/z are first
introduced into the trap. Their corresponding gy values are shown in (a) and are a function of
their m/z. In (b), the RF voltage on the rods is increased until the ion being isolated (green circle)
has a qu value of 0.803. At this point, the ions with smaller m/z values (blue and yellow circles)
have such high qu values that their trajectories are unstable and they are ejected from the trap. To
remove the larger m/z ion (red circle), a broadband excitation waveform without the RF
corresponding to gy of 0.803 is applied (not shown), which destabilizes all remaining ions within
the trap (c).

2.4.3 lon Excitation and Activation

After isolating ions in the ion trap (section 2.4.2), one option is to excite and activate the ions
to induce fragmentation. In the linear quadrupole ion trap, this process occurs through collision

activated dissociation (CAD) which is sometimes called collision induced dissociation (CID); both
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terms are synonymous. In this process, the ions isolated in the trap undergo numerous collisions
with helium gas in the ion trap. As the collisions occur, the ions gain enough energy to induce
fragmentation. A CAD experiment in a linear ion trap occurs in two steps. First, the g, value of
the trapped ions must be decreased. During ion isolation, the ions being isolated are brought to a
qu value of 0.803. For a CAD experiment, this value is decreased to approximately 0.25 by
decreasing the amplitude of the RF voltage. The g value is decreased because the resulting
fragments will have lower m/z values than the parent ion. If the gy value remained at 0.803 for the
fragmenting ion, the fragments would likely have q, values high enough that their trajectories
would be unstable and they would be spontaneously ejected from the ion trap without trapping or
detection. The starting qu value can be altered in the instrument software depending on the desired
outcome. Higher q, values require fewer collisions to fragment but introduce a higher mass cutoff
(the lowest m/z value that can be trapped and detected during the experiment). Lower gy values
require a higher number of collisions to fragment but have a lower mass cutoff.

Regardless of the chosen qu value, the next step is to kinetically excite the ions. This occurs
by introducing a supplementary RF voltage, formally called a dipolar resonance excitation and
informally called a “tickle voltage.” The supplementary RF voltage increases the kinetic energy of
the ion and results in increased amplitude of motion in the x-y plane. As the ion’s movement
increases, collisions with the helium buffer gas occur more frequently and at higher energies. With
each collision, some of the ion’s kinetic energy is transformed into internal energy, which is then
distributed throughout the ion. After many collisions, the ion has a high enough internal energy
that its weakest bond(s) break and the ion fragments. This process is highly repeatable so long as
the experimental conditions are not changed. Therefore, the fragmentation patterns can be used for

compound identification or for proposing likely structures for unknown compounds.
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Figure 2.8 Simplified schematic of collision activated dissociation as shown on a Mathieu
stability diagram. First, the ion of interest or “parent ion” (green circle), is isolated within the
trap at a qu value 0f 0.803 (a). Next (b), the ion’s qu value is decreased to 0.25. A supplementary
RF voltage, colloquially called a “tickle voltage” is applied to excite the ion until it fragments,
producing one or more smaller m/z fragment ions (yellow circles). Because the parent ion (green
circle) was fragmented at a low qy value, the smaller m/z fragments are sufficiently trapped by
the linear ion trap. If fragmentation took place in (a), neither fragment ions would have stable
trajectories within the trap and would not be detected.

2.4.4 lon Ejection

To successfully detect ions, the ions must be ejected from the ion trap in a controlled and
systematic manner. This systematic ejection can be accomplished in the LQIT in two different
ways. The first type of ejection is an axial instability scan. In this scan type, the RF voltage is
increased to systematically bring the gy value of the ions to 0.908, which is the value at which the
ions become unstable in the x direction. Once the ions are unstable in the x-direction, they are
ejected from the trap along the x axis. The middle section of the x-direction quadrupole rods have
exit slits cut into them, which allow the ions to exit the trap. As the RF voltage is systematically
increased, ions of higher and higher m/z are ejected and detected. The m/z of each ion detected is
therefore calculated by the instrument software based on the RF voltage at which it was ejected
from the trap. However, this method can have low sensitivity, because some ions are lost during
this process.*

The second type of ion ejection is x-electrode dipolar resonance ejection. In this ejection

mode, a supplemental RF voltage of fixed frequency is applied just to the x-rods (the x-direction
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quadrupole rods containing the exit slits). Then, the main RF voltage is systematically increased,
exactly as in an axial instability scan. However, the major difference is the voltage and
corresponding qu value at which the ions become unstable. In an axial instability scan, instability
is reached at a gy of 0.908, but dipolar resonance ejection lowers this value to 0.88. At 0.88, the
ions are in resonance with the supplemental RF voltage on the x-rods. The resonance increases the
ions kinetic energy and therefore increases the radius of their oscillations. At a certain point, the
ions oscillation takes them in a cohesive packet through the exit slits of the x-rods and out of the
ion trap so they can be detected. This use of dipolar resonance ejection increases both the

sensitivity of the mass spectrometer and the resolution.

2.5 lon Detection

After ions are ejected from the ion trap, they must be detected. The linear quadrupole ion
trap mass spectrometer has two detectors, which are located near the exit slits of the x-rods, through
which the ions are ejected. Each individual detector is composed of a conversion dynode and an
electron multiplier. When an ion is ejected, it is electrically attracted towards the cup-shaped
conversion dynode. For positive ions, the conversion dynode has a -15 kV potential applied to it,
while the conversion dynode has a +15 kV potential applied when detecting negative ions. When
an ion collides with the conversion dynode, secondary ions are produced. For positive ions, the
secondary ions are negative ions and electrons. For negative ions, the secondary ions produced are
positive ions. The cup shape of the conversion dynode focuses the secondary ions into a cohesive
packet. The charge on the conversion dynode, which is always the same as the charge of the
produced secondary ions, accelerates the secondary ions away from the dynode and towards the
electron multiplier.

The role of the electron multiplier is to turn the secondary ions produced at the conversion
dynode into a cascade of electrons which produce a signal proportionate to the number of ions
which exited the linear ion trap. Secondary ions first strike the cone-shaped lead oxide cathode,
which releases electrons upon impact. The released electrons then travel further down the cone,
striking the walls and producing more electrons. This process is repeated numerous times, creating
a cascade of electrons which is proportionate to the original number of secondary electrons which
struck the cathode. Eventually, the electrons make it down the cathode and strike the anode, which

records and transmits the current produced by the electrons. The relative current produced by each
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m/z (see section 2.4.1 for how the m/z is determined) is translated into the relative abundance of

the ion at each m/z.

Anode

Linear lonTrap  Conversion Dynode

Figure 2.9 Location and simplified schematic of one detector in the Thermo Scientific Linear
Quadrupole lon Trap mass spectrometer. The detector is located in the same general plane as the
exit slits on the x rods (shown in red). lons (shown as M*) are ejected from the exit slits and are

attracted to the conversion dynode. After striking the dynode, secondary particles are ejected
(shown here as e°). The secondary particles are attracted to the cathode of the electron multiplier

where the initial collision results in an electron cascade. The anode of the electron multiplier
measures the resulting current.

2.6 Orbitrap

The linear quadrupole ion trap operates at unit resolution, meaning that has enough resolution
to distinguish ions with mass to charge ratios that differ by a whole unit. However, the resolution
of the ion detection can limit the utility of the instrument, particularly when the same contains
isobaric ions. Isobars are ions that have the same nominal m/z but different elemental makeup,
meaning their m/z values may differ by tenths or hundredths of a m/z unit. In this case, alternative
mass analyzers or mass spectrometers with higher resolution are required. The orbitrap, an
electrostatic mass analyzer, is capable of separating isobars and then using the unique image
current generated by each isobar for detection. In the hybrid LQIT/Orbitrap instrument, an
additional orbitrap mass analyzer is integrated into the instrument and can be used when higher

resolution is required. A schematic for the LQIT/Orbitrap instrument is located below.
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Figure 2.10 Simplified schematic of the Thermo Scientific LQIT/Orbitrap hybrid instrument.
The instrument from the ion source through to the linear ion trap is identical to the Thermo
Scientific Linear Quadrupole lon Trap discussed previously. The addition of the transfer
octupole, C-trap, Orbitrap, and MCAD cell are unique to the hybrid instrument. The MCAD cell
is shown in grey because it was not used for this dissertation and will not be discussed.

The orbitrap uses electrostatic fields to induce very specific ion motion within the orbitrap.*
The frequency at which ions oscillate within the orbitrap varies based on the m/z value. The
orbitrap therefore measures an image current of the ion oscillation and converts the oscillation
frequencies into the m/z values and relative abundance of each of the oscillating ions. The injection
into the orbitrap is highly specialized, and the ion motion and detection within the orbitrap are

distinct: all three topics are discussed in the following sections.

2.6.1 lon Injection

In a hybrid LQIT/orbitrap such as the one used for this thesis, ion generation and transfer
into the ion trap is identical to the LQIT previously discussed. However, when using the orbitrap
as the detector, the ions’ journey does not end with the linear ion trap. Instead, after exiting the ion
trap, the ions are transferred through an octupole and into a C-trap, which is an RF only quadrupole
bent into the shape of a shallow C. The C-trap is maintained at a higher pressure of approximately
1 mTorr. The nitrogen gas used to fill the C-trap cools the ions through numerous collisions. A
high DC voltage focuses the cooled ions into a tight packet, which is then injected off-center into
the orbitrap. The ions are injected into the orbitrap off-center to induce axial motion around the

center spindle of the orbitrap.
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2.6.2 Motion in the Orbitrap

The orbitrap mass analyzer is made of two separate electrodes. The outer electrode has a
football shape while the inner electrode has a spindle shape. An electrostatic field exists between
the two electrodes because of an applied DC current. The electrostatic field depends on the angular
and axial coordinates (r and z, respectively), the field curvature constant k, a constant C, and the

radius of the ion’s characteristic motion (Rm). The relationship is defined below.44: 45

UGrz) =2(z> =12 + 2 (Rp)*In[-—| + C (2.12)

The electrostatic field induces a characteristic three-dimensional motion for each ion injected
into the orbitrap. lons with the exact same mass-to-charge ratio have the same characteristic motion
and frequency, but ions of different mass-to-charge ratio will have different frequencies. The three-
dimensional motion involves radial motion (), axial oscillations (®;), and rotation around the
spindle electrode (w,). For a given mass and charge (m and q), the motions are described by the

following three equations (radial, axial, and rotation, respectively): 43

d 200 _

= (229 =0 (2.13)

0%z _ .. 4q

= —kz o (2.14)
or_ ey _ _ iE[Rmz_r] (2.15)
a2 at’ m2l r '

Only equation 2.14 (axial motion) is independent of the position, r, and energy, @, of the ion.
Therefore, only the axial motion is recorded and transformed into a signal for ion mass-to-charge
and abundance. The axial motion can be simplified if viewed as a simple harmonic oscillator with
an initial amplitude (zo), axial kinetic energy (E), and axial oscillation frequency (®), which is

further dependent on the ion charge (q), ion mass (m), and a constant k.43

z(t) = z,cos(wt) + (% )1/2 sin(wt) (2.16)
"= (%) I (2.17)

As can be seen, the oscillation in the z direction (axial) is inversely related to the mass-to-charge

ratio of the ion and independent of the position within the orbitrap.
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2.6.3 lon detection in the Orbitrap

Since all ions of the same m/z have the same oscillation frequency (see equation 2.17), they

form thin rings around the inner electrode and produce an induced current. The outer electrode can

measure the current produced by the rotating ions as an image current signal.*® The recorded signal

is then amplified by a signal amplifier. Next, the time-domain signal is transformed into a

frequency domain using a fast Fourier transform (FFT). Finally, using an internal calibration, the

frequency domain signal is transformed into a mass spectrum. 6
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CHAPTER 3. FACTORS AFFECTING THE LIMIT OF DETECTION
OF ION-MOLECULE REACTIONS IN MASS SPECTROMETRY

3.1 Introduction

Traditionally, NMR and X-ray crystallography have been used to identify unknown drug
metabolites in the pharmaceutical industry. Recently, diagnostic ion-molecule reactions coupled
with high performance liquid chromatography mass spectrometry (HPLC/MS) have emerged as a
faster, cheaper alternative to these traditional identification techniques.®22 lon-molecule reactions
have proven capable of identifying and differentiating functional groups found in small organic
molecules and in drug metabolites.*>6 Since these ion-molecule reactions are still in the
developmental stages and not approved for regulatory use, the concentrations used in these studies
have been intentionally high, commonly ranging from 1.0 uM to 1.0 mM 24 6-12

While high metabolite concentrations may adequately model in vitro metabolism study
concentrations, they are not applicable to in vivo studies. In vitro concentrations tend to be quite
high by design, since high concentration studies tend to produce more consistent results. The
metabolites produced during these studies therefore have correspondingly high concentrations. 314
The pharmaceuticals being tested are usually incubated with human cells (traditionally human liver
microsomes) at concentrations in the micromolar to millimolar range.'>6 However, metabolism
occurs in many organs and can vary based on a wide range of factors, from sex to interindividual
genetic differences.’'® Therefore, in vitro studies result only in potential metabolites and cannot
adequately predict all metabolites which may occur during human drug trials.1>1¢ For this reason,
in vivo studies are required in order to receive drug approval. When testing is performed in vivo,
the metabolite concentrations encountered tend to be orders of magnitude lower than those seen
during in vitro testing.t® Parent drugs (the pharmaceutical being tested) are usually present in the
blood stream at levels between 200 and 1000 ng/mL, with only a portion of that concentration
ultimately being metabolized to the metabolite of interest.2:?°2! To identify metabolites during in
vivo studies, ion-molecule reactions must be sensitive and reproducible enough at physiologically
relevant concentrations.

This research presents the first study assessing the applicability of ion-molecule reactions for
drug metabolite identification at physiologically relevant concentrations. lon-molecule reactions

were carried out for a series of small molecule model compounds at nanomolar and picomolar
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concentrations. The detection limit for each ion-molecule reaction was determined. Based on the
results, the following potential limiting factors for the detection limits of ion-molecule reactions
are discussed: analyte proton affinity, ion-molecule reaction efficiency, and the number of
subsequent mass spectrometer isolations required for identification. A discussion including
strategies for improving the detection limits of ion-molecule reactions is presented in light of the

findings.

3.2 Methods and Materials
3.2.1 Materials

All drug metabolites (omeprazole, omeprazole N-oxide, omeprazole sulfone, sulindac,
olanzapine, albendazole sulfoxide, and quetiapine sulfoxide) were purchased from Toronto
Research Chemicals (Toronto, Ontario, Canada). All other model compounds (diphenyl sulfoxide,
methyl phenyl sulfone, dibenzothiophene sulfone, and butyl sulfoxide) were purchased from
Sigma-Aldrich (St Louis, MO), as was the HPLC grade formic acid and the neutral reagents
tris(dimethylamino)borane and trimethyl borate. All chromatographic solvents (HPLC grade
water, acetonitrile, water, and isopropanol) were purchased from Fisher Scientific (Pittsburg, PA).
All materials were used as received. A Phenomenex (Torrance, CA) Synergi Hydro-RP column
(150 x 2 mm, 4pum) and an Agilent Technologies (Santa Clara, CA) Zorbax SB-C18 column (4.6
x 250 mm, 5um) were used for HPLC studies.

3.2.2 Sample Preparation

A stock solution of each model compound was made at 5.0 mM concentration in methanol.
Quetiapine sulfoxide was made at a concentration of 8.02 mM. When calculating the concentration
of each solution, the sample purity provided on each certificate of analysis was used as a correction
factor. For some compounds, brief sonication at ambient temperatures was needed to fully dissolve
the compound. Using the compound stock solutions, two model mixtures were prepared: model
mixture 1 and model mixture 2. Model mixture 1 included 0.50 mM of each of the following
compounds: omeprazole, omeprazole N-oxide, omeprazole sulfone, sulindac, olanzapine,
albendazole sulfoxide, and quetiapine sulfoxide. These compounds were chosen for model mixture

1 because they have been well-studied and their reactions with the neutral reagent TDMAB have
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been previously described. Additionally, each model compound has approximately the same
reaction efficiency towards TDMAB (all less than 1.5 %) while covering a wide range of proton
affinities. Model mixture 2 contained 0.50 mM of each of the following compounds: diphenyl
sulfoxide, methyl phenyl sulfone, dibenzothiophene sulfone, and butyl sulfoxide. These
compounds were chosen because sulfones and sulfoxides have dramatically different reaction
efficiencies towards the neutral reagent TMB. When preparing dilutions of the equimolar model

mixtures, a solvent of 50:50 (v/v) water:methanol was used. All solutions were stored refrigerated.

3.2.3 Instrumentation

For each experiment (except were explicitly stated otherwise), the model mixture was first
separated by a Thermo Scientific Surveyor HPLC. For both model mixtures, the injection volume
was set at 10 puL in a partial loop injection. Mobile phases were 0.1 % formic acid in water (mobile
phase A) and 0.1% formic acid in methanol (mobile phase B) for both model mixtures.

Model mixture 1 used a Zorbax SB-C18 column (4.6x250 mm, Sum). This column was
selected because it is designed to separate relatively large analyte molecules with significant
differences in polarity. The nonlinear gradient was as follows: 0-2 minutes isocratic at 50% B; 15
minutes 100% B; 20 minutes 100% B; 20.1 minutes 50% B; 25 minutes 50% B. The flow rate was
set at 300 uL/min, the column temperature was maintained at 30 °C, and 400 uL of a 50:50 (v/v)
water: methanol wash solvent was used to prevent carryover.

Model mixture 2 used a Phenomenex Synergi Hydro-RP column (4.6x250 mm, Spum). Since
model mixture 2 consisted of much smaller analytes with very similar polarity, the hydro-RP
column was chosen to maximize the separation. This column has a slightly-polar packing material
that is used to maximize the separation of compounds with similar overall polarity. The nonlinear
gradient was as follows: 0-2 minutes isocratic at 10% B; 10 minutes 60% B; 12 minutes 60% B;
12.1 minutes 10% B; 18 minutes 10% B. The flow rate was set at 300 pL/min, the column
temperature was 30 °C, and the wash solvent used was 50:25:25 (v/v/v) isopropyl alcohol:

methanol: acetonitrile to prevent carryover.
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Figure 3.1 HPLC extracted ion chromatogram of model mixture one at a concentration of 500
nM. The extracted ions were the protonated forms of olanzapine (7.31 min), quetiapine sulfoxide
(11.21 min), albendazole sulfoxide (13.72 min), omeprazole N-oxide (15.31 min), omeprazole
(15.94 min), omeprazole sulfone (16.73 min), and sulindac (19.54 min).

All mass spectrometry measurements were performed on a Thermo Scientific LTQ linear
quadrupole ion trap (LQIT) mass spectrometer. After HPLC separation, positive mode
electrospray ionization (ESI) was used to generate protonated molecules. The ESI spray voltage
was 5.0 kV and the ion capillary temperature was 275 °C. Nitrogen was used as the sheath and
auxiliary gases at a flow rates of 50 and 10 (arbitrary units), respectively. An isolation window of
2 m/z was used to trap the ions. For model mixture 1, all protonated model compounds were
reacted with TDMAB for 300 ms. For model mixture 2, reaction times between the protonated
model compounds and TMB varied from 30 to 2000 ms depending on the analyte. Thermo
XCalibur 2.0 software was used for all data collection and processing.

To demonstrate that the developed HPLC/MS method was valid, the mass spectrometer signal
was plotted as a function of concentration. A valid method should have an approximately linear
relationship between the mass spectrometer signal intensity and the concentration. An example of
this plot is shown below for albendazole sulfoxide. In this case, the response is clearly linear, with
an R? = 0.9988. The first two data points (75 and 100 nM, respectively) had nearly equal signals.

This is because 100 nM was determined to be the limit of detection (see section 3.3.2).
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Calibration Curve for Albendazole Sulfoxide
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Figure 3.2 Calibration curve of albendazole sulfoxide, showing the correlation between the mass

spectrometer instrument response (in normalized level “NL”) and the analyte concentration. The

calibration curve is highly linear (R? = 0.9988), showing good correlation and a valid instrument
method.

TDMAB and TMB were introduced into the mass spectrometer ion trap through a home-
built manifold which has been previously described.?? The manifold flow rate for TDMAB was 4-
6 uL/hr while the flow rate for TMB was 12 uL/hr. To fully evaporate the liquid reagents, TDMAB
was heated to approximately 90 °C and TMB was heated to approximately 70 °C. Since TDMAB
and TMB are not charged, the concentration of the compounds in the ion trap cannot be directly
measured by the mass spectrometer. To monitor the neutral reagent in the trap, ionized methanol
is introduced through the ESI probe into the mass spectrometer and isolated in the ion trap. The
reaction between the neutral reagent and an infusion of 400 uL/min of methanol is then monitored
and no further experimentation takes place unless the product is stable and at a relative abundance
of approximately 20 %. Since the methanol is injected at the same flow rate every time, the relative
abundance is an indication of the amount of neutral reagent within the ion trap. For cleaning, the
manifold was isolated from the rest of the instrument, placed under vacuum, and heated to remove
any remaining reagent.

All MS® CAD experiments started with isolating a pre-chosen product ion formed from a

reaction between the model compound and the neutral reagent. The product ion itself is observed
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in the MS? ion-molecule reaction spectra. When fragmenting the product ion, a g value of 0.25, an

activation time of 30 ms, and a normalized collision energy of 20 (arbitrary units) was used.

3.2.4 Calculating Reaction Efficiencies

Reaction efficiency is the fraction of collisions which result in a reaction. The reaction
efficiency of each model compound ion-molecule reaction was calculated based on experimental
measurements as previously described in the literature.'?2324 First, the model compound was
introduced as a neat solution (5 mM) through the ESI probe and into the mass spectrometer. Since
the neutral reagent concentration is much larger than the model compound ion concentration in the
trap, the neutral reagent concentration is assumed constant and subsequent calculations are based
on pseudo-first order reaction kinetics. Ultimately, the reaction efficiency is calculated by dividing
the experimental rate constant (kexp) by the theoretical rate constant (Kcon). To calculate Kexp, the
natural log of the relative abundance of the ionized model compound is monitored and plotted as
a function of time. The slope of the model compound disappearance (obtained from the graph)
equals the rate constant multiplied by the neutral reagent concentration. A sample graph for

determining Kexp is presented in the figure below.
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Figure 3.3 Generated graph of the log of the relative abundance of albendazole sulfoxide ions
(m/z 282), protonated TDMAB (m/z 144), and albendazole reaction products (m/z 327, 380) as a
function of time. The slope of the disappearance of albendazole sulfoxide ( -0.0222) is the
experimental rate constant for the reaction.

Next, the theoretical collision rate constant (kcon) is approximated using experimental
measurements of a collision rate-limited reaction. To do this, acetone is protonated using ESI and
introduced to the ion trap. The protonated acetone and the neutral reagent react through exothermic
proton transfer, which is assumed to be 100 % efficient. The slope obtained from plotting the
natural log of the protonated acetone abundance as a function of time equals the theoretical
collision rate constant multiplied by the neutral reagent concentration.

Finally, to calculate the reaction efficiency, the slope of the first experiment (model
compound reaction) is divided by the slope of the second experiment (acetone reaction). Since
both slopes contain the unknown neutral reagent concentration, dividing the two slopes negates
the need to know the exact neutral reagent concentration. All reported reaction efficiencies were

the average of two trials. The differences in measured reaction efficiency between trials was
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always less than 0.1 %. All reaction efficiencies except for albendazole sulfoxide and quetiapine

sulfoxide were calculated by Dr. Ravikiran Yerabolu.

3.2.5 Calculating Proton Affinities

The proton affinities for omeprazole and omeprazole N-oxide were calculated for this
chapter using previously described methods.??6 The lowest energy conformers of both the neutral
and protonated compounds were calculated using Maestro 7.0.113. Gaussian®® 6.0.16 at the
B3LYP/6-31G++(d,p) level of theory was used to conduct both the structural optimization and the
single point energy calculations. All proton affinity calculations were performed by graduate

student Kawthar Zeyad Alzarieni.
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Figure 3.4 A) PA values of the most basic sites in omeprazole (shown as protonated) calculated at
the B3LYP/6-31G++(d,p) level of theory. Protonation on the sulfoxide group results in the proton
moving to the pyridine nitrogen atom. B) Proton affinities calculated for different protonation sites
in omeprazole N-oxide at the B3LYP/6-31G++(d,p) level of theory. The site with the highest
proton affinity in omeprazole N-oxide is the nitrogen in the imidazole ring the higher proton
affinity of the imine nitrogen can be attributed to intramolecular hydrogen bonding (not shown).
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3.3 Results and Discussion
3.3.1 lon-molecule Reactions (MS? experiments)

To study the factors which affect the limit of detection in gas-phase ion-molecule reactions,
two model mixture: neutral reagent pairings were chosen. The first model mixture (Table 1)
consisted of seven pharmaceutical drugs and drug metabolites. The seven analytes included
functional groups such as amines, alcohols, sulfones, sulfoxides, N-oxides, and carboxylic acids.
The neutral reagent chosen to react with these seven compounds was tris(dimethylamino)borane
(TDMAB). TDMAB is known to react with a wide variety of protonated functional groups through
an addition reaction. However, TDMAB reacts differently with some specific protonated
functional groups. Protonated oxygen-containing functionalities such as carboxylic acids form a
TDMAB adduct followed by the elimination of methanol, as do some protonated amines.
Protonated sulfones form a primary dimethylamine (DMA) adduct. In the case of protonated
sulfoxides and N-oxides, TDMAB reacts to form an adduct which then loses one or two DMA
molecules.* 2’

The second model mixture (Table 1) consisted of four small molecules containing either a
sulfone or a sulfoxide. The neutral reagent chosen was trimethyl borate (TMB). TMB was chosen
because it reacts with sulfones very differently than it reacts with sulfoxides. When reacting with
protonated sulfoxides or most other protonated oxygen-containing functional groups, a TMB
adduct or a TMB adduct which has lost methanol is formed. For sulfones on the other, a unique
product is formed: a TMB adduct which has lost a dimethyl ether.?

When performing the ion-molecule reactions, an injection of the chosen model mixture at
the desired concentration was chromatographically separated by HPLC, ionized by positive-mode
electrospray ionization (ESI), and reacted with the neutral reagent of interest in the ion trap of the
mass spectrometer. As each model compound eluted from the column, the resulting ions were
isolated in the trap and reacted with the appropriate neutral reagent. The analyte ion and its reaction
product ions were detected and recorded by the mass spectrometer in an MS? spectrum. All
analytes tested here produced the expected product ions (Table 1) except for olanzapine (see
Aberrant Result).
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Table 3.1 Model compounds (m/z values of protonated compounds in parenthesis), detected
reaction products (m/z values) and the corresponding measured reaction efficiencies. Reaction
efficiencies were measured using neat compounds. The olanzapine dimethylamine (DMA)
adduct was a previously unobserved reaction that appears to only occur at nanomolar and lower
concentrations. The reaction efficiency could not be measured because the low concentrations at
which the reaction occurs do not provide consistent enough data for efficiency measurements to
be collected. @ Reference 2.

Model Analyte (m/z) Neutral Product ions Reaction
Mixture Reagent (m/z) Efficiency
/(I“/%_f _ TDMAB DMA Adduct (390) <1%
oSl N TDMAB Adduct-DMA (444)
TDMAB Adduct-2DMA (399)
Omeprazole (346)
TDMAB DMA Adduct (406) <1%
R g Sy TDMAB Adduct-DMA (460)
W S T8, TDMAB Adduct-2DMA (415)
Omeprazole N-Oxide
(362)
1 }t& TDMAB DMA Adduct (406) <1%
Fco N o N ;)CHS
Omeprazole Sulfone (362)
9 TDMAB DMA Adduct (402) 1.4 %
“rrd TDMAB Adduct (499)
;o TDMAB Adduct-DMA (455)
e
(o]
Sulindac (357)
@'“ﬂ TDMAB DMA Adduct (357) Not
d%w measured
Nos
Olanzapine (313)
2 TDMAB DMA Adduct (327) 1.1%
S o]
Hs ™ @:\xukm TDMAB Adduct-DMA (380)
H
Albendazole Sulfoxide
(282)
. TDMAB DMA Adduct (444) <1%
3 TDMAB Adduct-DMA (498)
o TDMAB Adduct-2DMA (453)
7 Ni,\r N
owe
Quetiapine Sulfoxide
(400)
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Table 3.1 continued

N T™MB TMB Adduct (321) 104 %3
S TMB Adduct-MeOH (289)
Dibenzothiophene TMB Adduct-Me;O (275)
Sulfone (217)
; T™MB TMB Adduct (261) 107 %2
@(5‘% TMB Adduct-MeOH (229)
2 Methylphenyl Sulfone TMB Adduct-Mez0 (215)
(157)
(o]

@/g\@ TMB TMB Adduct-MeOH (275) <1%?

Diphenyl Sulfoxide (203)
o

TMB TMB Adduct-MeOH (235) <1%?

HSC\/\/é\/\/CHS

Butyl Sulfoxide (163)

3.3.2 Detection Limits

Several different limits of detection were defined for the purpose of this study. First, the
instrument limit of detection was defined as the lowest concentration where three replicate
injections of the analyte produced an HPLC peak and a mass spectral peak with a signal-to-noise
ratio of at least three. The instrument detection limit is a measure of the combined sensitivity of
the HPLC and the mass spectrometer used. Since different mass spectrometers and HPLCs can
produce different limits of detection (due to differences such as ion transfer efficiency etc), the
same make and model of HPLC and mass spectrometer was used for all experiments. For a given
model mixture, the exact same instrumentation was used for all measurements. The figure below
shows the HPLC chromatograms (top) and corresponding averaged mass spectrum (bottom) of
albendazole sulfoxide at four different concentrations. It is clear that 100 nM is the last
concentration tested at which the signal-to-noise ratio of both the HPLC chromatogram and the
mass spectral peak are at least three. At 75 nM, neither a defined HPLC peak nor a consistent mass

spectral signal were detected.
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Figure 3.5 Four sets of HPLC chromatograms (top of each spectra collection) and MS spectrum
(bottom of each spectra collection) for albendazole sulfoxide. The HPLC analyte peak isat 13.9
minutes and the molecular ion is at m/z 282. Each spectrum was taken at a different analyte
concentration. It is clear to see that 100 nM is the limit of detection.

54



Next, the limit of detection for the ion-molecule reactions was established. This limit was
defined as the lowest concentration were three replicate injections produced an analyte HPL C peak
and mass spectral peak with a signal-to-noise of at least three AND a mass spectral peak(s)
corresponding to the ion-molecule reaction products with a consistent signal-to-noise ratio of at
least three.

The sensitivity of the instrumentation is the ultimate limiting factor for an ion-molecule
reaction. That is, a fully-optimized ion-molecule reaction could be reproducibly seen at the
instrument detection limit. An unoptimized or inefficient ion-molecule reaction would not be
reproducible or observable at the instrument detection limit.

Figure 3.6 presents a typical extracted ion current HPLC chromatogram and a corresponding
set of MS? spectra used to determine a limit of detection. Table 2 presents the measured instrument
and ion-molecule reaction limits of detection for each analyte studied. When determining the
instrument limit of detection, analytes had detection limits from 250 nM down to 50 pM, with
most compounds having a detection limit between 50 and100 nM. When measuring the ion-
molecule reaction limits of detection, the analytes had detection limits within the same range: 250
nM to 50 pM with an average of 50-100 nM. Even the highest detection limit measured (250 nM),
is within the previously-established range of in vivo concentrations, meaning that at least some
ion-molecule reactions are consistent and reproducible at physiologically relevant concentrations.
Considering the low reaction efficiency of many of the reactions, it was surprising that the limits
of detection for the instrument and for the ion-molecule reactions were so similar. The reasoning
behind this is likely because both the instrument and the ion-molecule reaction limits are dependent
on the background noise in the corresponding mass spectra. The ion-molecule reaction spectra
have improved signal-to-noise ratios due to the ion isolation necessary to perform the experiment.
This ion isolation preserves the signal intensity of the isolated ion while drastically decreasing the

background noise in the mass spectrum.
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Figure 3.6 Typical extracted ion current HPLC chromatogram and a corresponding set of mass
spectra used to determine the limits of detection for sulindac. The instrument detection limit is
determined from: a) extracted ion HPLC chromatogram (19.80 minutes) of sulindac (m/z 357) at
250 nM concentration and b) the corresponding mass spectrum of sulindac (m/z 357) when no
neutral reagent is present in the ion trap. Here, the ion detection (b) is the limiting factor. This
was the lowest concentration tested where the signal-to-noise ratio of the m/z 357 peak was at
least three. The ion molecule reaction detection limit is determined from: c) the MS? spectrum of
sulindac reacting with TDMAB. The peaks present correspond to protonated sulindac (m/z 357)
and the TDMAB reaction products [DMA adduct (m/z 402), TDMAB adduct which losta DMA
(m/z 455), and a TDMAB adduct (m/z 499)].
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Table 3.2 Model compounds (m/z), the calculated proton affinities for the most basic site, and
the measured detection limits. All detection limits were determined as previously described. The
proton affinities for omeprazole and omeprazole N-oxide had not been previously published and

were calculated for this study (see Section 3.2.5). TDMAB and TMB proton affinities are 230

and 195 kcal/mol, respectively.®2 Reference 7. ? Reference 4. ¢ Reference 2. @ The reaction of
TDMAB with protonated olanzapine was only observed at nanomolar concentrations, so no limit

of detection is reported.

lon-Molecule
Instrument )
) Neutral PA ) Reaction
Mixture Compound Detection )
Reagent | (kcal/mol) o Detection

Limit o
Limit
Omeprazole TDMAB 241 100 nM 100 nM
Omeprazole N-Oxide | TDMAB 245 100 nM 100 nM
Omeprazole Sulfone | TDMAB 2383 50 nM 50 nM
1 Sulindac TDMAB 224° 250 nM 250 nM

Olanzapine TDMAB 246 ° 100 nM | Not Measured ¢
Albendazole Sulfoxide | TDMAB 230° 100 nM 100 nM
Quetiapine Sulfoxide | TDMAB 246" 50 nM 50 nM
Diphenylsulfoxide TMB 220 ¢ 500 pM 100 nM
Methylphenyl Sulfone TMB 201°¢ 5.0nM 5.0nM
2 Dibenzothiophene
TMB 205¢ 50 pM 50 pM
Sulfone

Butyl Sulfoxide TMB 222°¢ 5.0 nM 75nM

3.4 Limiting Factors

Table 2 clearly shows that most ion-molecule reactions in this study had detection limits
equal to the instrument detection limits. However, two compounds—diphenylsulfoxide and butyl
sulfoxide—had ion-molecule detection limits that were much higher than the instrument detection
limits. This finding suggests that there are factors which can inhibit the detection of ion-molecule

reactions in some cases and thereby increase the limit of detection for the ion molecule reaction.
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3.4.1 lon Molecule Reaction Theory

Before experimentally testing the factors which might affect the limit of detection in gas-
phase ion-molecule reactions, it is important to begin with a fundamental understanding of the
energetics and theory of ion-molecule reactions.

The energetics of gas-phase ion molecule reactions are best described by a Brauman double-
well potential energy surface, an example of which is shown below. Since the reaction takes place
in the gas phase, the energy is highest for the separated reactants. When an ion and a neutral
molecule collide, a lower energy reactant complex is formed. The energy reduction occurs due to
the solvation energy between the ion and molecule. At this point, a chemical reaction has yet to
occur. The complex can dissociate back into the separated ion and molecule reactants or the

reaction can proceed.

Separated
A
Reactants
A\ T 7 7 7 "Separated
Products
= Solvation Transition
o Energy State
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Complex
Products
Complex
>

Reaction Coordinate

Figure 3.7 Example of a Brauman double-well potential energy surface for an exothermic ion-
molecule reaction.

The first step in most ion-molecule reactions is proton transfer from the ion to the neutral
molecule. For the proton transfer to occur, the gas phase basicity of the ion must be similar or
lower than the gas phase basicity of the neutral molecule. This is because gas phase basicity is a
measure of the stability of the protonated molecule. If the protonated analyte is significantly more

stable than the protonated neutral reagent, the reaction will not occur. Since endothermic reactions
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cannot occur in the vacuum of a mass spectrometer, the convention is to compare the proton
affinity of the ion and the neutral molecule. Since proton affinity is the enthalpic component of the
gas phase basicity, if the proton affinity of the neutral reagent is much higher than the proton
affinity of the protonated analyte, the reaction is more likely to occur and will be more exothermic.

When the proton transfer occurs, most ion-molecule reactions have a transition state barrier
that must be overcome. Since the gas-phase reactions for this thesis were performed inside a mass
spectrometer, which is akin to performing the reactions in a vacuum, the total energy of the system
cannot change during the reaction. The reaction can only proceed if the transition state and the
separated products are lower in energy than the separated reactants.

Some collisions that make the reaction energetically favorable still may not result in product
formation. In these cases, entropy constraints may be the culprit. A tight transition state can be the
reason that product formation does not occur. In a tight transition state, the analyte ion and the
neutral molecule must be in one of a minimal number of very specific orientation for a reaction to
occur. In other words, the steric requirements for a reaction are very strict. By contrast, a loose
transition state has less steric requirements: there are many orientations that neutral molecule and
the analyte ion can be in during a collision that successfully results in product formation. If the
reaction has a tight transition state, fewer collisions will meet the very specific steric requirements
and proceed to product formation. From this basic understanding of ion-molecule reactions, two
potential limiting factors were chosen for experimental studies: analyte proton affinity and overall

reaction efficiency.

3.4.2 Analyte Proton Affinity

Theoretically, during electrospray ionization, an analyte will be protonated on the most basic
site within the molecule. Since the difference in proton affinity between the protonated analyte and
the neutral reagent (in this case TDMAB or TMB) is of energetic importance in the reaction, it
was an important factor to study. If the protonated analyte’s proton affinity is too high compared
to that of the neutral reagent, the reaction may not occur at all or may occur with low efficiency.
In either case, the detection limit should be greatly affected and be much higher than the instrument
detection limit. If the proton affinity of the neutral reagent is higher than that of the protonated
analyte, then the reaction is more favorable. The greater this difference, the greater the percentage

of collisions that result in a product.
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To test the effect of proton affinity on the limit of detection, mixture one was studied with
the TDMAB reagent (see Table 1). Mixture one was designed for this purpose because the overall
TDMAB reaction efficiencies are nearly identical for each analyte (all less than 1.5%). Therefore,
the differences in analyte proton affinity should be the most important factor contributing to any
measured differences in ion-molecule reaction detection limits.

Proton affinities for the most basic site of each analyte (Table 2) ranged from 224 kcal/mol
(sulindac) to 246 kcal/mol (olanzapine and quetiapine sulfoxide). When compared to TDMAB’s
proton affinity of 230 kcal/mol,3 the informed reader would hypothesize that the most energetically
favorable reactions would be with sulindac and albendazole sulfoxide. At first glance, this appears
to be corroborated by the slightly increased reaction efficiency for these two analytes—sulindac
had the greatest reaction efficiency (1.4%), followed by albendazole sulfoxide (1.1%). However,
in every case, regardless of the proton affinity, the ion-molecule detection limit was the same as
the instrument detection limit. A higher analyte proton affinity did not appear to inhibit the reaction
enough to raise the limit of detection. Therefore, it was concluded that there is no obvious trend
between the analyte proton affinity and the detection limits. Since proton affinity is only the
enthalpic component of the gas phase basicity, it is possible that reactions with TDMAB tend to
have entropic constraints that are a more important limiting factor than the proton affinity. That is,
even when the proton affinities would predict a enthalpically favorable reaction, entropy
constraints may be so great that the reaction still proceeds slowly and with low efficiency. The
universally low efficiency of each analyte in model mixture 1 with TDMAB would support the

argument that another factor was limiting the reaction efficiency.

3.4.3 Reaction Efficiency

Reaction efficiency is a measure of the fraction of all collisions which result in a reaction.
Reaction efficiency is influenced by the energetic and entropic variables in a reaction: the more
energetically and entropically favorable the reaction, the higher the reaction efficiency. Proton
affinity is just one of many variables that sum up to the total reaction efficiency. To test how
reaction efficiency affects the limit of detection in ion-molecule reactions, the four analytes in
model mixture two were reacted with TMB (see Tables 1 and 2). This mixture was designed to
have two compounds with very low reaction efficiencies (diphenylsulfoxide and butyl sulfoxide)

and two compounds with very high reaction efficiencies (dibenzothiophene sulfone and
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methylphenyl sulfone). As expected, the two compounds with the lowest reaction efficiency also
have higher proton affinities. However, the proton affinity differences between the four analytes
(220, 222, 205, and 201 kcal/mol) compared to TMB (195 kcal/mol) are very similar to the
differences observed in model mixture one. Therefore, it can be assumed that while proton affinity
may likely play a role in these reaction efficiencies, it is not the only factor.

All analytes in model mixture two had instrument detection limits between 50 pM and 5.0
nM. The two sulfones, which have high reaction efficiencies, had ion-molecule detection limits
equal to the instrument detection limits. The high-efficiency reactions produced enough reaction
products to enable detection even at the lowest concentration of 50 pM. However, the sulfoxides,
which have very low reaction efficiencies, had significantly higher limits of detection compared
to the instrument detection limits. For diphenylsulfoxide, the ion-molecule detection limit was 200
times higher than the instrument detection limit (100 nM versus 500 pM). For butyl sulfoxide, the
ion-molecule detection limit was 15 times higher than the instrument detection limit (75 nM versus
5.0 nM). In these cases, the detection limit appears to greatly depend on the efficiency of the ion-
molecule reactions. However, in cases where the reaction efficiency is too low for consistent
product formation to be detected, the relative reaction efficiency is likely not predictive of the

detection limit.

3.5 lon-molecule Reactions Followed by CAD (MS® Experiments)

Some ion-molecule reactions are not immediately diagnostic. For many neutral reagents, two
or more functional groups will react with the neutral reagent, producing isobaric product ions. To
differentiate such functional groups, many published diagnostic ion-molecule reactions require a
second step. This step includes isolating a specific product ion and then fragmenting it using
collision activated dissociation (CAD) and looking for fragments that are specific to a particular
functional group.* TDMAB is a good example of a neutral reagent that is used in this way. When
TDMAB reacts with a sulfoxide or an N-oxide, the same products are formed: a TDMAB adduct
that lost one and/or two DMA molecules. To differentiate these two functional groups, the
TDMAB adduct-DMA product is isolated and fragmented. If the unknown analyte included an N-
oxide, two major fragments will be seen: a loss of DMA and a loss of HO-B(N(CHzs)2)2. If, on the
other hand, the analyte included a sulfoxide, an additional fragment will be seen: a loss of

OB(N(CHs3)2). This additional fragment can be used to distinguish the two functional groups.*
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Since many ion-molecule reactions require MS® (CAD fragmentation of a product ion), it
was important to look at how MS?2 limits of detection compare to MS? limits of detection. Firstly,
unless the reaction is 100 % efficient, the number of product ions is already lower than the number
of reactant ions in the ion trap. Additionally, with each subsequent ion isolation event, the ion
number density inside of the ion trap decreases. In other words, the trapping efficiency isn’t 100%,
so some of the ions are lost every time a new isolation event is added. Since the absolute number
of ions decreases, so does the resulting signal intensity. If the reaction product being isolated
already has a low signal intensity, isolating those few ions and fragmenting them has the potential
to result in drastically decreased sensitivity and an increased limit of detection.

To test how large an effect the isolation and fragmentation has on the limit of detection, the
compounds in model mixture one were chromatographically separated, ionized, and reacted with
TDMAB as previously described. For each compound with a sulfoxide or N-oxide (omeprazole,
omeprazole N-oxide, sulindac, albendazole sulfoxide, and quetiapine sulfoxide), the TDMAB
adduct-DMA product was isolated and fragmented. The concentration at which the fragment ions
were consistent and had a signal-to-noise ratio of at least three was considered the MS? limit of
detection.

Testing the product ion fragmentation at nanomolar analyte concentrations was unexpectedly
difficult, especially for omeprazole, omeprazole N-oxide, and quetiapine sulfoxide. The fragment
ions overall had very low signals and were irreproducible. The first scan of the products could
show one set of fragments and then an entirely new set of fragments would be seen 300 ms later
during the next scan. The signal intensity and irreproducibility made it difficult to distinguish
fragment ions from instrumental noise. Additionally, some consistent ions weren’t fragments at
all. For example, when determining the MS® detection limit for albendazole sulfoxide, the
TDMAB adduct-DMA product (m/z 380) was isolated and fragmented. The most abundant and
consistent fragment ion was m/z 335, which would correspond to a loss of DMA. To confirm the
fragment ion, the extracted ion current for m/z 335 was compared to the extracted ion current of
albendazole sulfoxide. Albendazole sulfoxide’s retention time was 14.02 minutes. If m/z 335 was
a true fragment of the albendazole TDMAB adduct-DMA, there should be a corresponding
increase in signal intensity at 14.02 minutes, indicating that the m/z 335 being analyzed originated
from the albendazole sulfoxide. Unfortunately, this was not the case: m/z 335 showed no signal

increase at 14.02 minutes, suggesting that it was not a true fragment ion. It’s possible that m/z 335
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was background noise or originated from an isobaric ion that was simultaneously isolated along

with the TDMAB adduct-DMA ion.
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Figure 3.8 MS? and MS3 spectra for albendazole sulfoxide (m/z 282) at a concentration of 500
nM. A) shows the extracted ion HPLC chromatogram, with albendazole sulfoxide eluting at
14.02 minutes. C) shows fragmentation (MS?) spectra of the albendazole sulfoxide TDMAB

adduct-DMA ion (m/z 380). The most abundant fragment ion is m/z 335 (assumed to be a loss of
DMA). B) is the extracted ion current of m/z 335. The ion abundance of m/z 335 does not
increase at all during the elution time of albendazole sulfoxide, suggesting that it is not a real

fragment ion.

63



For some analytes, including quetiapine sulfoxide, no HPLC/MS tests produced reproducible
fragmentation. This may be because ion-molecule reactions are not developed using compounds
eluting from HPLC. Therefore, for these analytes, the neat analyte solution was directly injected
into the ion source for testing (see Table 3).

The measured limits of detection for the MS? experiments and for the corresponding MS?
ion-molecule reaction experiments are shown in Table 3. In general, there was a dramatic
difference between the ion-molecule and MS2 detection limits. The MS? detection limits were up
to two orders of magnitude higher than the ion-molecule reaction detection limits, suggesting that
isolating and fragmenting an ion-molecule reaction product can dramatically decrease the
sensitivity of the method. Therefore, this is considered a primary limiting factor. Sulindac was a
notable exception because it had an MS? detection limit equal to both its ion-molecule and its
instrument detection limit. A possible explanation is because sulindac had such a notably high
instrument limit of detection, suggesting that the instrument detection (ionization efficiency and
ion optic transfer efficiency) were the limiting factor for this particular analyte. If the ionization
efficiency and ion optic transfer efficiency were improved, it is possible that the instrument and
ion-molecule detection limits would be lower than the MS? detection limit.

One possible reason why model mixture one had MS2 detection limits so much higher than
the ion-molecule detection limits could be the reaction efficiencies of the analytes. When reacted
with TDMAB, all of the analytes had reaction efficiencies of less than 1.5 %. This low reaction
efficiency lead to products with correspondingly low abundances. Isolating and fragmenting an
already low-abundance product is probably at least partially responsible for the dramatic difference
between the ion-molecule and MS?2 detection limits.

To test whether the MS? detection limits are closer to the ion-molecule detection limits for
efficient reactions, a separate small study was conducted using methyl phenyl sulfone from model
mixture two. Methyl phenyl sulfone hasa 107 £ 0.1 % reaction efficiency when reacted with TMB
(Table 1) and produces correspondingly large amounts of product ions. The reaction efficiency
was measured at over 100 % due to the experimental approximation of the theoretical collision
rate constant and would suggest that the literature approximation may need revising. While its
reaction products do not need to be isolated and fragmented to identify the sulfone functionality,
it was still possible to determine a detection limit based on fragmenting one of the product ions.

The most abundant reaction product (TMB adduct -methanol) was isolated and fragmented. This
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time, reproducible fragments were formed at much lower concentrations. The limit of detection
for the fragmentation was 250 nM, five times the ion-molecule reaction detection limit. This was
very similar to some of the model mixture one results, but much better than the micromolar
detection limits seen for two of the model mixture one compounds. From this limited data, it can
be concluded that MS® experiments will usually be a primary factor in determining the limit of
detection, but that high-efficiency reactions may suffer less from this effect than low-efficiency

reactions.

Table 3.3 The TDMAB ion-molecule reaction detection limits and the MS? (product ion isolation
and fragmentation) detection limits for model mixture one. @ Results obtained using direct
injection. No reproducible MS? spectra could be obtained in HPLC/MS? experiments.

lon-Molecule
_ MS3
Reaction ]
Analyte ) Detection
Detection o
o Limit
Limit
Omeprazole 100 nM 5.0 uM?
Omeprazole N-Oxide 100 nM 250 nM
Sulindac 250 nM 250 nM
Albendazole Sulfoxide 100 nM 250 nM
Quetiapine Sulfoxide 50 nM 5.0 uM?

3.6 Aberrant Result

This study purposefully included the analyte olanzapine in model mixture one to serve as a
control. Olanzapine is a polyfunctional pharmaceutical and includes an amine but no oxygen-
containing functional groups, which are the hallmark reaction sites for TDMAB. In previous
studies, olanzapine has never reacted with TDMAB, and its lack of reactivity helped inform the
understanding of how TDMAB reacts with different organic functional groups.* Therefore, it was
assumed that olanzapine would be a good control for the study. Unfortunately, at low
concentrations (< 100 nM), olanzapine did react with TDMAB to form a DMA adduct, a reaction
that had previously been assumed indicative of an oxygen-containing functionality, which

olanzapine does not have.
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Previous fundamental studies have indicated that polyfunctional analytes can have protomers
which can be simultaneously separated and detected by mass spectrometry.?-3° That is: one analyte
can be protonated at more than one location, and any of those locations has the potential to react
and react differently with a neutral molecule. The relative abundance of different protomers for an
analyte can shift depending on solvent composition, analyte concentration, and other factors.3:3?
It’s clear from our initial investigations that the reaction between TDMAB and olanzapine arises
from an unanticipated protomer of olanzapine that is present only at low concentrations. However,
the exact reason for the change in protomers at low concentrations has not been fully explained in

the case of olanzapine and is the subject of current studies by Rashmi Kumar.

3.7 Conclusions and Future Outlook

Diagnostic gas-phase ion-molecule reactions inside a mass spectrometer have been put forth
as a new way to identify the structures of unknown drug metabolites. This study, which coupled
HPLC with ion-molecule reactions in an ion-trap mass spectrometer, has shown that at least some
of these diagnostic reactions are sensitive and reproducible enough for use at physiologically
relevant concentrations. Three potential factors which could affect the limit of detection in these
ion-molecule reactions were studied. Both the reaction efficiency and the number of ion isolation
steps (MS? vs MS?) proved to be important in some cases. The analyte proton affinity, however,
was not a predictive influence on the limit of detection. From the results of this study, the most
successful ion-molecule reactions will have high reaction efficiencies and require only MS? (no
product isolation and fragmentation). For these optimal reactions, the detection limits could
approach the instrument detection limits of most mass spectrometers.

However, the news is not all positive. This study has also highlighted some fundamental
challenges with the use of ion-molecule reactions to identify specific functional groups. When
preparing for this study, | noted that many papers on the topic did not include the analyte
concentrations that were used or were decidedly vague on the topic.>7:33-3¢ Additionally, many of
the “diagnostic” reactions in the literature included very few controls with analytes containing
other functional groups,?°'2 suggesting that some of the accepted diagnostic reactions may not be
as specific as their corresponding papers suggest. For example, in several publications, neutral
reagents are said to be unreactive with a particular functional group based on the reaction with a

single compound of that functionality.?°1? Other publications included no controls at all, but only
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used the reactions to separate two or three different functionalities without any additional
testing.3*37 Still others published limited tests that included false positives.* Without rigorous
testing, it is my opinion that many of these ion-molecule reactions should not be considered
diagnostic at this point in time.

The work presented here clearly indicates that MS? ion-molecule reactions—where the
reaction product is isolated and then fragmented—are not generally suitable for use at
physiological concentrations. Unfortunately, a large number of diagnostic reactions developed in
this lab rely on MS2 and therefore are not candidates for in vivo metabolite studies. Of the neutral
reagents used to identify different functional groups in this lab, many require MS? for
identification.?”1938 This drawback is not insignificant and highlights the need for developing new
reactions that better address the needs of metabolite identification.

Finally, the aberrant case of olanzapine is an illustrative example of a fundamental flaw in
the field of diagnostic ion-molecule reactions: the assumption that all ion-molecule reactions are
initiated by proton-transfer at the most basic site in the analyte molecule. We now know that this
is not always the case: olanzapine has different protomers at low concentrations than it does at
higher concentrations. Other analytes that behave in this fashion have also been identified by other
members of our research group, but the results have yet to be submitted for publication. The case
of olanzapine suggests that some polyfunctional metabolites will react differently depending on
their concentration. Without prior knowledge of the analyte’s structure, proton affinities, and
concentration, positively identifying such an unknown drug metabolite would be impossible. This
huge potential for false positives or negatives should be considered of primary concern in this
field, but as yet has not been addressed and no solutions have been found. Therefore, it is my belief
that ion-molecule reactions should not be used as the only means of identifying a drug metabolite

but should instead be used only in conjunction with other identification techniques.
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CHAPTER 4. A STUDY OF ELECTROSPRAY IONIZATION-
INDUCED OXIDATION OF SULFUR-CONTAINING COMPOUNDS

4.1 Introduction

Many complex mixtures contain sulfur compounds such as thiols. These mixtures are diverse
in composition and include biological systems,? heavy crude oils,®* organic synthesis mixtures,>6
and more. When analyzing these complex mixtures, it is vastly important to choose the correct
instrumentation and conditions to produce easily interpreted data. Mass spectrometry has emerged
as one of, if not the, most powerful tool for analyzing complex mixtures, and electrospray
ionization (ESI) has gained traction as the ionization method of choice for many analyses.
However, sulfur-containing compounds are difficult to analyze using ESI because they tend to
have very low ionization efficiencies.”® Therefore, numerous researchers have developed new
ESI-based techniques to circumnavigate this problem. These techniques include chemical
derivatization,® chromatographic separation,® and complexation with Ag*.”'® These new
techniques have had varying degrees of success, resulting in complex and difficult to interpret
data. The side reactions that can occur during electrospray ionization are at least partially to blame
for the complex data produced during these experiments.

In a typical ESI analysis, the analyte is ionized by the addition or removal of a proton, which
produces a pseudomolecular ion: [M+H]* in positive mode or [M-H]" in negative mode.**? (For
a more detailed overview of traditional ESI, see Chapter 2.) These pseudomolecular ions have a
mass-to-charge (m/z) ratio either one unit greater or smaller compared to the analyte’s molar mass
(greater in positive mode and smaller in negative mode). This shift of one m/z unit makes
identifying the analyte’s molar mass possible, which can ultimately help in identifying the analyte.
However, in complex mixture analysis, this identification technique relies on two main
assumptions: that the pseudomolecular ion for each analyte is easily identifiable and that every
analyte in the mixture produces a pseudomolecular ion and nothing else. However, these two
assumptions do not always hold true. Under atypical ESI conditions—including low flow rates,
relatively high voltages, or with easily oxidized or reduced analytes—electrochemical and other
reactions can take place.'314

Since its invention, ESI has been known to function as a controlled-current electrolytic

cell.*314 Depending on the mode the ESI source is operated in, radical cations and radical anions
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can be formed. In negative mode, reduction in the ESI source leads to radical anion production, a
process that usually occurs with analytes with standard reduction potentials less than one (versus
the standard calomel electrode).® In positive mode, electrochemical oxidation can lead to radical
cation formation, although this process is less common and the resulting radical cations are often
too unstable or reactive to be detected by the mass spectrometer.!® It is easy to see how highly
reactive radical ions could lead to complicated ESI data by initiating reactions'® within the ESI
source, the products of which can potentially be detected by the mass spectrometer.

However, electrochemical oxidation and reduction is not the only non-standard process that
occurs in atypical ESI experiments. Recently, it has been shown that ESI operated at low flow
rates and relatively high voltages produces a corona discharge at the tip of the ESI needle.’1® A
corona discharge is a buildup of electrical charge that produces a relatively low-energy plasma in
the surrounding gas®® and is most often associated in mass spectrometry with atmospheric pressure
chemical ionization (APCI).2! Depending on the solvent used, the gas inside the ion source (usually
nitrogen), and the polarity of the discharge, the ions and plasma zone can vary widely.?? However,
some common species found within these plasmas includes hydroxy radicals, ozone, and hydrogen
peroxide.? In ESI, the plasma formation is linked to analyte oxidation and reduction, most likely
through radical and ion-molecule reactions within the plasma.?® While the plasma forms in both
positive and negative polarities, the plasma formed from a negative polarity experiment produces
slow-moving electrons that can propagate a portion of the current up to several centimeters from
the discharge, ultimately increasing the affected area.?? Therefore, negative polarity ESI corona
discharges have a greater chance of altering the analyte during ionization and changing the
resulting mass spectrum.

Recently, researchers have begun utilizing the corona discharge produced during atypical
ESI experiments. In particular, research has focused on the ozone which is generated by the
plasma. Ozone is a highly reactive gas and is believed to be generated in the plasma through a
multi-step process that starts with the splitting of atmospheric oxygen and ends in the formation
of ozone along with other radical and reactive species.?® A detailed and exhaustive review of ozone
formation was written by Chen and Davidson.?®

The technique of utilizing ESI-induced ozone to oxidize analytes is called OzESI-MS.1" The
technique does not involve any changes to the instrument itself and can be performed with

unmodified mass spectrometers. A constant flow of oxygen gas and very high ESI voltages are
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used to increase ozone formation within the ESI source. This technique has most notably been to
locate carbon-carbon double bonds in unsaturated lipids based on the resulting ozonolysis
reactions.'®® However, this technique is still in its infancy, and the reactions between ESI-
produced ozone and other kinds of analytes has not been exhaustively studied. Indeed, it is not
even established if the exceptionally high voltages and oxygen gas used in OzESI-MS are
necessary to produce sufficient ozone formation for ozonolysis reactions. Since the technique is
still being developed, it is possible that for some analytes and mixtures, ESI-produced ozone may
generate unexpected ions that introduce additional complexity into the mass spectra and greatly
complicate data analysis.

Since sulfur compounds are found in so many complex mixtures and biological systems,
understanding the behavior of sulfur compounds in atypical corona discharge ESI experiments is
of increasing importance. While oxidation and ozonolysis products have been reported during
corona discharge ESI experiments for other compounds, neither the types of oxidation products
formed for sulfur-containing analytes during these experiments nor their mechanism of formation
is fully known. This knowledge gap may make positively identifying sulfur compounds in complex
mixtures difficult when atypical ESI conditions are used. This study was performed to help fill this
fundamental gap in knowledge and explores the complex chemistry involved in the analysis of
thiols and other sulfur-containing compounds when ionized by corona discharge ESI. In this paper,
the factors which both mitigate oxidation and which enhance oxidation are presented for
researchers who would like to either take advantage of the ozonolysis of sulfur-containing
compounds or need to minimize the effect. Finally, a new mechanism by which thiols are oxidized

during the corona discharge ESI process is proposed and discussed.

4.2 Materials and Methods

All analytes were purchased from Sigma-Aldrich (St Louis, MO, USA) and used without
further purification. All analytes were stored at room temperature. All solvents (HPLC grade water
and MS grade acetonitrile and methanol) were purchased from Fisher Scientific (Pittsburg, PA,
USA). For the mass spectrometry auxiliary and sheath gases, nitrogen gas was acquired from the
Purdue University Department of Chemistry’s in-house distillation apparatus. Argon gas (> 99.5%
pure) was purchased from Indiana Oxygen Company (Lafayette, IN, USA). Oxygen gas (99.993 %
purity) was purchased from Praxair Welding Gas and Supply Store (Lafayette, IN, USA).
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Three different analyte solutions were prepared. Ethanethiol was dissolved in two different
solvents (acetonitrile and methanol) both at a concentration of 10 % by volume. A solution of
cysteine (a solid) was prepared in HPLC grade water at a concentration of 5 mg/mL. Every solution
was made fresh every day experiments were performed.

The mass spectrometer used for this study was a Thermo Scientific Orbitrap XL. This mass
spectrometer is a hybrid linear quadrupole ion trap with a high-resolution Orbitrap detector. It was
operated in two different modes for this study: high resolution mode with the Orbitrap as the mass
analyzer and low resolution mode with the linear quadrupole ion trap as the mass analyzer. The
high resolution was set at 100,000 and was sufficient for calculating the exact elemental
composition of many of the ions detected. The ionization mode used was ESI, operated in both
positive and negative mode. The ion capillary was kept at 250 °C and the sheath and auxiliary gas
(30 and 15 arbitrary units, respectively) was nitrogen except where otherwise noted. The sample
was introduced by the built-in syringe pump at a flow rate of 10 uL/min except where noted
otherwise. The voltage on the ESI source was tuned daily to optimize ionization and produce a
stable current. VVoltages varied between 2.5-4.5 kV.

For the APCI experiment, the nitrogen sheath and auxiliary gas was kept at 30 and 10
(arbitrary units), respectively. The voltage on the APCI source was at 3-5 kV and tuned daily for
optimized ionization and current. The ion transfer capillary voltage was 30 V and the ion transfer
capillary temperature was 300 °C.

Collision activated dissociation (CAD) experiments, were used to identify the fragments
produced by different ions. This data was then used to identify common fragmentation losses and
to aid in identifying the elemental composition of the ions. For CAD experiments, the initial ion
isolation was performed with an isolation width of 2 m/z units and a g value of 0.25. Occasionally,
the isolation window was narrowed to prevent the isolation of interfering ions of similar m/z value.
The isolation width was never less than 0.8 m/z units. CAD energy was optimized on a case-by-
case basis and was between 10 and 25 arbitrary units.

For in-source CAD (ISCAD) experiments, an increased voltage gradient was added at the
source of the mass spectrometer to accelerate ions into the orifice of the mass spectrometer. The
voltage used was 10 V. ISCAD was used to break up adducts prior to entering the mass

spectrometer and therefore provided data on the most stable covalently bonded products.
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To posit a potential mechanism for the reaction between ethanethiol and ozone, density
functional theory (DFT) calculations were performed using the Gaussian 09 program.?® All
calculations were performed by graduate students Wanru Li and Jacob Milton. The DFT
calculations were used for energy calculations and geometry optimization. The level of theory
chosen was the M06-2X/aug-cc-pVTZ level of theory. This level of theory was chosen because it
is known to be one of the best functionals for calculations of reaction barrier heights.*° Following
the DFT calculations, a full Hessian calculation and geometry optimization was performed. This
was done to ensure that the transition state had only one negative eigenvalue and that all
eigenvalues for minima were positive. For the transition state calculations, the geometry was
confirmed by intrinsic reaction coordinate (IRC) calculations. These IRC calculations were used
to further optimize the geometry of the resulting products. Partial charges were calculated using
the CHELPG algorithm, which fits point charges to the electrostatic potential.3! Calculated internal
energies and enthalpies were thermally corrected using harmonic oscillator statistical mechanics

assuming the reaction took place at 1 atm pressure.

4.3 Results and Discussion
4.3.1 Reactions of Ethanethiol During Atypical ESI

| first noted apparent oxygen-incorporation into sulfur-containing compounds when
performing ESI/MS experiments with pure ethanethiol. The finding was surprising and
unexpected, since the ethanethiol being tested was a pure liquid; the presence of so many additional
ions in the mass spectra was concerning and required further study. High resolution mass
spectrometry measurements and CAD experiments confirmed not only that oxygen was being
added to ethanethiol, but that the energy required to break the resulting ion into fragments was on
par with the energy needed to fragment a covalent compound. This meant that not only was oxygen
being incorporated into the ethanethiol, but that the products were a result of chemical reactions
that formed a covalent bond between the oxygen and the ethanethiol. In-source CAD (ISCAD)
further confirmed that several of the unexpected peaks, including many of the oxygen addition
peaks, were highly stable, suggesting they were the result of chemical reactions rather than mere
adducts. It was at this point that the investigation into the cause of this chemical reaction and the

resulting products was born.
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I noted that the ESI/MS conditions which seemed to produce the oxygen incorporation and

highest number of additional peaks were low analyte flow rates (approximately 10 pL/min) and

relatively high ESI voltages (2.5-4.5 kV). The spectra collected under these conditions were not

easily interpreted and included many peaks, with the pseudomolecular ion barely apparent and

numerous reaction products appearing in both positive and negative mode ESI (See Figure 4.1

below).
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Figure 4.1 Negative mode ESI (top) and positive mode ESI (bottom) mass spectra of pure
ethanethiol. The pseudomolecular peaks for deprotonated and protonated ethanethiol are m/z 61
and 63, respectively. An analyte flow rate of 10 uL/min and similarly high voltages were used
for both experiments. The mass spectrum measured using positive mode shows significantly less
oxygen incorporation but a larger number of peaks. * Denotes a highly stable ion as determined
by ISCAD experiments.

During the experiments with ethanethiol, a visible electrical discharge and plasma formation
was observed at the tip of the ESI needle as the neat thiol was introduced (see Figure 4.2 below).

A literature search provided an explanation of both the plasma formation and the greatly-increased
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oxygen incorporation seen in the negative mode ESI spectra compared to the positive mode
spectra. Based on the literature, the low analyte flow rate and the high voltage combined to create
a corona discharge that, according to literature, contained highly-reactive ozone.2’-** Additionally,
the literature revealed that negatively charged plasma formed during negative mode ESI produces
significantly more electrons than positively charged plasma.?® The increased number electrons
leads to excited nitrogen and oxygen molecules and is responsible for up to 90 % of ozone
formation in ESI.?® Therefore, the increased number of electrons found in the negatively charged
ESI corona discharge plasma would result in an increased amount of ozone compared to positive
mode ESI corona discharge plasma. Based on this literature information, it was hypothesized that
the source of the oxygen incorporation in our experiments was ozone produced by the ESI

conditions.

Figure 4.2 Photograph of the plasma discharge during an ethanethiol experiment with a negative
mode ESI voltage of 3 kV and an ethanethiol flow rate of 10 uL/min. The plasma discharge is
located at the tip of the ESI needle and is in the middle of the red circle (added for emphasis).

To confirm that the sulfur oxidation was a function of the ESI corona discharge and not a
result of a general corona discharge, the spectrum of ethanethiol was taken using atypical ESI as
well as atmospheric pressure chemical ionization (APCI). APCI also involves a corona discharge,
but the setup is very different from an ESI corona discharge. In APCI, the analyte solution is fully
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vaporized and then the gas-phase molecules drift past a corona discharge needle on their way into
the mass spectrometer (see Chapter 2 for additional details). It is at this point that ion-molecule
reactions ionize the analyte. The analyte solution and the corona discharge are therefore separated
in space. Additionally, the plasma formation at the APCI corona discharge needle is not extensive
enough to form a visible plasma like the one we observed during the ESI experiments. ESI corona
discharge, however, occurs at the very tip of the ESI needle. The analyte solution therefore flows
through this corona discharge and plasma. There are, therefore, two competing trends that might
affect the relative extent of ozone reactions. The corona discharge and ozone formation in ESI is
likely greater than in APCI, leading to more ozone reactions. However, the ozone reactions in
APCI take place in the gas phase while the ESI reactions likely take place, at least in part, in
solution. Therefore, the APCI reactions that take place may take place more quickly compared to
the ESI reactions.

The ESI and APCI spectra were collected using ethanethiol at an infusion rate of only 10
uL/min, a flow rate we knew would induce the plasma formation during the ESI experiments.
Negative mode was used for both experiments since negative mode is known to produce the more
energetic corona discharge. All lens voltages and other tuning parameters for the mass
spectrometer were held constant at normal operating conditions. Both spectra were collected on
the same instrument within the same half hour. As anticipated, the reaction products and oxygen
incorporation were both greatly increased in the ESI spectrum (see figure below). For the ESI
spectrum, the oxygen-incorporation products (m/z 141, 109) and other oxidation products (m/z 97,
80, 64) are very abundant. The pseudomolecular ion of ethanethiol (m/z 61) on the other hand, is
less than 20 % relative abundance. The APCI spectrum, however, is much cleaner and shows very
little evidence of oxygen incorporation or oxidation products. Indeed, the ethanethiol
pseudomolecular ion is the base peak in the spectrum. As expected, it was concluded from the data
that atypical ESI corona discharge experiments produced greater ozone reactions and oxidation
products than APCI. Ultimately, APCI produced the more easily-interpreted spectrum. The ESI-
induced provided additional information and reaction products, but ultimately interpretation of the
resultant mass spectrum was greatly complicated, which could be a significant problem when

analyzing complex mixtures with sulfur-containing analytes.
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Figure 4.3 Comparison of negative ESI (top) and APCI (bottom) mass spectra of pure
ethanethiol (deprotonated ethanethiol has m/z of 61). The low flow rate of 10 puL/min and
similarly high voltages were used for both experiments. The mass spectrum measured using
APCI shows dramatically fewer ions, has a dominant deprotonated thiol ion (m/z 61), and is
therefore more easily interpreted.

4.3.2 Mechanism of Thiol lon Ozonolysis

Based on experimental observations, an accepted mechanism for the reaction between a
deprotonated thiol and ozone has been previously published.2?8 A version of this scheme redrawn
to include deprotonated ethanethiol as the reactant is shown in Figure 4.4 below. In the literature
mechanism, the ESI source first produces a deprotonated thiol ion by the traditional ESI
mechanism (see Chapter 2). The negative charge is located on the sulfur, which then performs a
nucleophilic attack on one of the outer oxygens in ozone. The result is the direct addition of ozone
to the sulfur, with the negative charge now located on the outer most oxygen. Next, a neutral
oxygen molecule is lost, resulting in the overall addition of one oxygen to the deprotonated thiol.

In this mechanism, to add additional oxygens, additional reactions with ozone are required (i.e. to
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add three total oxygens, three consecutive reactions with ozone must take place). The rate-limiting

step is believed to be the sulfoxide formation.
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Figure 4.4 Previously proposed mechanism for the reaction between ozone and a negatively
charged sulfur, based on Wang et al. and Williams et al.®28 In this proposed mechanism, the

sulfur anion (formed during electrospray ionization) attacks one of the end oxygens on ozone.
The sulfoxide formation is believed to be the rate-limiting step in the mechanism.

However, the literature mechanism did not explain our data. With each additional oxygen
addition, a new reaction with ozone must take place. Statistically, this should ensure that the
addition of one oxygen is more probable than the addition of two oxygens, which is still more
probable than the addition of three oxygens. Surprisingly, in our negative mode ESI, the addition
of one and two oxygens was not observed at all. The addition of three oxygens, however, was
observed in our negative mode spectra (peak m/z 109 in Figure 4.1). Considering this discrepancy
between the literature-predicted outcome and our data, we decided to investigate other potential
mechanisms for the reaction of deprotonated ethanethiol and ozone. Since quantum chemical
calculations had not been cited as a source for the previous literature mechanism,*28 we performed
quantum chemical calculations to establish the feasibility of the proposed mechanism.

The calculations we performed (completed by graduate students Wanru Li and Jacob Milton)

did not support the literature mechanism. Instead, the calculations suggested that the most
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energetically favorable mechanism involved direct insertion of the negatively charged sulfur into
one of the oxygen-oxygen bonds within the ozone molecule (Figure 4.5). While the transition state
for this reaction is positive by 7.8 kcal/mol, the energy within the plasma at the tip of the ESI
needle, which has been shown to cleave carbon-carbon double bonds (a process requiring over 100
kcal/mol?®), is more than sufficient for the reaction to overcome this barrier. The resulting ion
(C2HsS037) was observed in the mass spectrum of ethanethiol, and analogous ions were identified
in the mass spectra of all other compounds studied (see following section). The reason why this
ion is preserved and does not spontaneously fragment is the topic of current study by Wanru Li.
This newly proposed mechanism for the addition of three oxygens in one step is more statistically
likely than the previously proposed mechanism, which proposed that the addition of three oxygens
was the result of three separate reactions with ozone.

Next, the fragmentation of the ozone addition product was investigated through additional
quantum chemical calculations. The most energetically favorable fragmentation was the homolytic
cleavage of the sulfur-carbon bond to produce an ethane radical and SO3™, a common ion found in
all spectra in this study. It is therefore hypothesized that the presence of SO, and SOz in the mass
spectra of different thiols is due to fragmentation of the RSO, and RSO3 anions during their
transfer to the ion trap. The mechanism is further supported by the MS? mass spectra of each of
the monothiols, which showed that the RSO2 and RSO3 product ions of all monothiols fragmented

via the loss of an R* group, further suggesting homolytic cleavage of the C-S bond.
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Figure 4.5: Potential energy surfaces (enthalpies in kcal/mol) for the formation of a) ethanethiol
and ozone; b: transition state; c: product before CAD; d: final products after CAD. Calculations
were performed at the M06-2X/aug-cc-pVTZ// M06-2X/aug-cc-pVTZ level of theory.

4.3.3 Trends in Sulfur-Compound Oxidation

Most experiments in this study used pure ethanethiol as the analyte since it is arguably one
of the simplest sulfur-containing compounds. However, it was necessary that we confirm that
ethanethiol was not the only sulfur-containing compound to be oxidized during ESI corona
discharge experiments. Therefore, we chose four other compounds to test: propanethiol,
ethanedithiol, tetrahydrothiophene, and the amino acid cysteine. Each compound was analyzed as
a pure liquid except for cysteine, which is naturally a solid. The solvent chosen for cysteine was
water and was chosen because of its solubility. The cysteine solution was prepared at 5 mg/mL.
The (-) ESI mass spectra taken under corona discharge conditions for each compound are shown
below.

The first interesting finding was that the relative abundance of the oxygen incorporation
products were not consistent across multiple days. For example, Figure 4.6(a) below is a spectrum
of ethanethiol. When compared to the spectrum in Figure 4.1, the oxygen-containing products m/z
80, 109, and 125 have significantly different relative abundances. This finding suggested to us that

the amount of ozone generated on different days is not consistent and therefore the extent of the
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ozone reactions changes accordingly. However, the reaction products and spectral peaks

themselves do not change between days. That is, the same reactions occur every time and the same

products are produced; only the relative amount of each product changes.
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Figure 4.6 Low resolution (-)ESI MS spectra measured for neat (A) ethanethiol, (B)
propanethiol, (C) ethanedithiol, (D) tetrahydrothiophene, and (E) cysteine in water. The chemical
formulas of the major ions are shown; they were determined by high-resolution measurements
(resolution 100,000). The m/z below each analyte structure is the m/z of the corresponding

pseudomolecular ion.

Indicates that the ion survived In-Source Collision Activated

Dissociation (ISCAD) (data not shown), suggesting that this ion is very stable.
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Figure 4.6 continued
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Three types of reaction product ions were seen in the mass spectra of the five model
compounds. The first type of ion included the addition of O, O, or Oz to the analyte. These product
ions were seen to some extent for every analyte tested except ethanedithiol. The addition of O3
was the most common, which makes sense considering our newly-proposed mechanism.
According to this mechanism, ozone is directly added to the sulfur anion, and the product can then
further fragment. The overall addition of just one or two oxygens is therefore likely a result of
fragmentation of the ozone addition product. Both thiols showed significant Oz and O addition.
The cyclic tetrahydrothiophene showed substantial O, O», and Oz addition. As previously reported
for similar ozonolysis studies, cysteine exhibited both Oz and O, addition, although the
experiments did not produce the cysteine sulfonate reported previously.?’ In every case except
cysteine, the oxygen addition products had a relative abundance of at least 20%, suggesting that
reactions within the ESI plasma are abundant. The high frequency that these sulfur compounds
reacted within the ESI source to form oxidation products suggests that sulfur-containing
compounds in complex mixtures may be falsely identified as oxidized sulfur compounds when
analyzed under these conditions.

The second type of commonly observed product ions resulted from the overall addition of S,
SO, SO», and/or SOa. lonized cysteine was the only analyte tested that did not produce at least one

of these products. Ethanethiol exhibited all four types of addition, while propanethiol only
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exhibited SO, and SOz adduct formation. Ethanedithiol underwent SO and SO, adduct formation
and tetrahydrothiophene formed an SO» adduct. The addition of SOx compounds likely arises from
secondary reactions. Fragments of ethanethiol and ethanethiol oxidation products could further
recombine with ionized or neutral ethanethiol within the ESI source, producing the SO addition
products.

The final types of commonly observed ions were the highly oxidized sulfur compounds SO»",
SOs3™, and HSO4. At least one these highly oxidized species was observed for each compound
tested. Ethanethiol and propanethiol had all three species; ethanedithiol and tetrahydrothiophene
had SO3™; cysteine only had HSO4. Two general trends in these ions were observed: first, large
amounts of any of these three ions were correlated with higher degrees of O, O, and/or O3z adduct
formation. For example, for propanethiol, the relative abundance of SO,™, SO3™, and HSO4 in the
mass spectrum were 20, 30, and 50 %, respectively while the O, and Oz adducts were the two most
abundant ions in the mass spectrum. Cysteine, meanwhile, had only 10 % relative abundance of
HSO4 and the relative abundances of O, and Oz adducts were each only 10 %. Working on the
assumption that SO, and SOgz™ are fragmentation products of ozone addition, this correlation
between SO, SO3™ and O, O, and/or Oz product formation is easily explained. The presence of
sulfonic acid may be the result of secondary reactions between fragment ions and other species
found within the plasma: namely hydroxy radicals and hydrogen peroxide. The second observation
was that SO, and SOs™ correlated with the amount of SOx product ions in the mass spectra. All
compounds except cysteine formed at least one of these radical anions, and also showed extensive
addition of S, SO, SO, and/or SO3. Cysteine, meanwhile, showed nearly no radical anion
formation or SOy adduct formation.

Ethanedithiol had significantly fewer reaction products compared to the other sulfur-
containing analytes. No significant incorporation of ozone was noted, and the fragments associated
with ozone reactions (namely SO3™) were also nearly nonexistent. Instead, numerous additions of
sulfur were observed, leading to ions such as CoHsSs. The source of the incorporated sulfur is not
known, but this behavior was observed for other species as well, suggesting that sulfur-carbon
bond breakage occurs within the plasma. Ultimately, we do not yet know why dithiols react with
ozone so differently. One possibility is that the deprotonated thiol reacts with the still protonated
thiol, resulting in the formation of a disulfide bond that would be unlikely to oxidize through ozone

addition. However, there is currently no support for this theory beyond the appearance of HS ions
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in this spectrum, which are not seen in any abundance for the analytes. This finding suggests that

there is the formation of disulfide bonds for this analyte.

4.3.4 Controlling the extent of oxidation

Understanding the conditions that lead to the greatest amount of ESI ozonolysis may help
researchers choose appropriate conditions when analyzing sulfur-containing compounds.
Therefore, we performed several tests with pure ethanethiol to determine the parameters that

influence the amount of ESI-induced oxygen addition.

Oxygen Gas

Most OzESI/MS experiments artificially increase the ozone formation in the ESI source
through the use of ozone generators or pure oxygen sheath and auxiliary gases. However, our
experiments were conducted without the aid of an ozone generator and with nitrogen sheath and
auxiliary gases. Therefore, we were uncertain if our OzESI/MS products would be altered if
performed with pure oxygen gas. To see whether using oxygen gas created a fundamentally
different mass spectrum, we switched the sheath and auxiliary gas from nitrogen to pure oxygen.
Ethanethiol was used as the analyte and was introduced at a flow rate of 10 pL/min. The voltage
was kept constant at -4 kV. A collection of spectra with nitrogen gas were taken first as a control
and then the same number of spectra were collected with oxygen gas. The averaged spectra can be

seen below.
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Figure 4.7 Low-resolution atypical condition (-)ESI mass spectrum of ethanethiol taken with (a)
oxygen and (b) nitrogen as the sheath and auxiliary gas.

It is clear that drastic changes are observed between the oxygen and nitrogen spectra. In the
nitrogen spectrum, the direct ozone addition product is easily observed (m/z 109). The
pseudomolecular ion of ethanethiol (m/z 61) is also observed, as are numerous other products.
However, the mass spectrum acquired with oxygen gas is dramatically different. The ozone
addition product is nearly absent. Instead, the fragment ions associated with ozone addition (m/z
80) are dramatically more abundant. This suggests that the ozone reaction still takes place, but that
the plasma formed with pure oxygen is so energetic that the ozone product fragments before
making it into the mass spectrometer for analysis. Additionally, the oxygen spectrum had an ion
present that was not observed with nitrogen: COs". The carbon trioxide ion is known to occur
within negative corona discharges.®? Its occurrence during the oxygen experiments further

suggests that the plasma formed during the oxygen corona discharge was more energetic.
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To quantify the change in abundance, the total absolute signal intensity was determined for
each averaged spectrum. The total absolute signal intensity is a direct measure of the total current
produced during the collection time and is recorded by the mass spectrometer. In short, it is the
summed signal intensities of every ion that hits the detector within the collection window. Next,
the absolute signal intensity (measured current) for each individual ion was divided by the total
absolute signal intensity. This was performed to normalize the signals, since changing from
nitrogen to oxygen gas lowered the overall ionization efficiency and the resulting intensity of the
mass spectrum. By normalizing to the overall signal, the intensities of individual ions in the
nitrogen and oxygen experiments could be compared. The comparison confirmed that the relative
abundance of oxygen-containing ions doubled when oxygen gas was used (see Figure 4.8).

These findings led us to the conclusion that, while oxygen gas is not necessary to form
ozonolysis products during ESI experiments, oxygen gas greatly increases the abundance of the
oxygen-containing products. However, using nitrogen as the sheath and auxiliary gases produces
conditions that are more conducive to preserving and observing the ozone reaction products.
OzESI/MS can therefore be performed with sulfur-containing analytes without the use of ozone

generators or oxygen gas.

M oxidation
products

M non-
oxygenated

unidentified

Figure 4.8 Relative abundances of oxygen-containing ions when analyzed by ESI using (a)
nitrogen and (b) oxygen gas. Ethanethiol was the analyte. Comparisons were made by normalizing
each ion signal to the total absolute signal intensity. The relative abundance of oxygen-containing
ions doubled when oxygen was used instead of nitrogen.

Analyte Flow Rate

Itis known that ESI corona discharge is mostly prevalent at low analyte solution flow rates.’-

19 To test the effect of analyte solution flow rate on the oxygen inclusion in our data, spectra of
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ethanethiol at eight different flow rates were acquired. The ethanethiol injection rate was increased
from 10 pL/min up to 80 pL/min, with the flow rate increasing 10 pL/min every 30 seconds. The
total abundances of oxygen-containing and non-oxygen containing ions were determined for each
flow rate and normalized to the total absolute ion abundance for that flow rate as described in
Section 4.3.3.1. The results are shown in the graph below. It is clear that there is a direct correlation
between the flow rate and the abundance of oxygen-containing ions: as the flow rate increases, the
oxygen-containing ions decrease. It has not been established whether this trend extends past 80
uL/min flow rates; higher flow rates could not be tested due to the foul smell of ethanethiol.
Beyond 80 pL/min, the smell could not be contained by our exhaust apparatus. The oxidation and
ozone reactions were most abundant at the lowest flow rates, which agrees well with previous
OzESI/MS experiments.t”?6 Additionally, the pseudomolecular ion of ethanethiol increased with
increasing injection volume, leading to more easily-interpreted mass spectra. There are two main
reasons why the oxidation likely decreases as the analyte injection rate increased. Firstly, as the
analyte injection rate increased, the frequency with which visible plasma was formed decreased.
Therefore, the plasma generation at higher flow rates is most likely lower, since the charge is being
carried by a larger volume of liquid. Additionally, higher flow rates result in an increased linear
velocity for the analyte molecules. This means that at higher flow rates, the ethanethiol molecules
and ions spend less time in the corona discharge, which might inhibit the frequency of ion/molecule

reactions within the corona discharge.

91



0.7

0.6
”\‘\’N
2
0.5

0.4

@ Oxygen Containing

lons
0.3

Percent Abundance

Non-Oxygen
0.2 Containing lons

0.1

0 T T T T 1
0 20 40 60 80 100

Injection Rate (uL/min)

Figure 4.9 Relative abundances of oxygen containing and non-oxygen containing ions as a
function of the syringe injection flow rate of pure ethanethiol in (-) ESI.

Removing Oxygen from the ESI Source

Since OzESI/MS requires the formation of ozone from atmospheric oxygen, it was
hypothesized that increasing the nitrogen gas during the ESI experiments could displace the
majority of atmospheric oxygen in the ESI source and therefore decrease the ozone production and
resulting oxidation products. To test this hypothesis, five different spectra of ethanethiol in (-) ESI
mode were taken. Ethanethiol was injected at a constant flow rate of 10 pL/min. The
sheath/auxiliary gas flow rates were increased for each spectrum at total flow rates of 20/10, 30/15,
40/20, 60/30, and 70/35 arbitrary units. The spectra for 20/10, 40/20, and 70/35 are shown in the
figure below. Overall, the changes were not as dramatic as anticipated. As the nitrogen flow rates
increased, the relative abundance of the HSO4 and C>HsS,03" ions decreased, while the relative
abundance of SOz increased. The relative amount of the direct ozone addition (m/z 109) was
fairly constant, suggesting that ozone addition still occurred, even when the ESI source was
purposefully purged with nitrogen gas. The simultaneous decrease in C2HsS,03 and increase in
SOz might suggest that the high nitrogen flow rates led to increased fragmentation of some higher-

order ozone products such as C,HsS>03" into the SO3™ fragment ions. Ultimately, it was concluded

92



that flooding the ESI source with increasing amounts of nitrogen gas is unlikely to stop the
formation of ozone and plasma discharge at low analyte flow rates.

Ultrapure argon gas was also tested as a sheath and auxiliary gas at different flow rates and
similar results were obtained: the nitrogen and oxygen-containing ions were still present.

The only other source of oxygen that could potentially be removed is within the ethanethiol
itself. If the ozone reactions are occurring primarily in the ESI droplets, dissolved oxygen and
water within the analyte may be of significant importance for this reaction. However, the
ethanethiol purchased was tested at 99.5 % purity on the certificate of analysis, and our lab was

not equipped to further remove additional water from the test material.
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Figure 4.10 (-)ESI mass spectra of pure ethanethiol at sheath/auxiliary flow rates of (top) 20/ 10,
(middle) 40/20, and (bottom) 70/35. The four most common oxygen-containing ions are labeled.
The voltage was kept constant at 3 kV for each experiment. Deprotonated ethanethiol was not
observed.
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Addition of Solvent

We hypothesized that adding a solvent to ethanethiol may reduce the amount of oxygen-
incorporation seen in the pure ethanethiol mass spectra. We thought that the solvent may act in a
sacrificial capacity. As the main constituent of the solution, the solvent would be more statistically
likely to react with any ozone produced, decreasing the amount of oxygen incorporation for the
ethanethiol. To test this hypothesis, two separate solvents were chosen: a protic solvent and an
aprotic solvent. Based on ethanethiol’s solubility, the protic solvent we chose was methanol and
the aprotic solvent was acetonitrile. Each solution contained ethanethiol in the solvent at 10 % by
volume. Background (-) and (+) ESI mass spectra of the pure solvents (methanol or acetonitrile)

were taken for comparison.
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Figure 4.11 Low-resolution atypical condition (-)ESI mass spectrum of ethanethiol dissolved in
methanol (top) and acetonitrile (bottom). Elemental compositions in red were determined using
accurate mass measurements (high-resolution mass spectra; data not shown). The lack of an
elemental composition (all ions in black) indicates that for this ion, high resolution data did was
not capable of identifying the elemental composition. Deprotonated ethanethiol (m/z 61) was not

observed.
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Ultimately, adding a solvent to the ethanethiol did not result in a more easily interpreted
spectrum. The ozone addition product (m/z 109) is apparent in the (-) ESI spectra of both the
methanol and acetonitrile solutions. Other oxygen containing ions were also observed. Therefore,
the reaction products did not disappear or even decrease with the addition or either methanol or
acetonitrile. Additionally, the pseudomolecular ion for ethanethiol (m/z 61) was not observed for
either mixture. These observations, when combined with the extensive number of additional peaks,
suggests that mixing ethanethiol with methanol or acetonitrile is not a successful strategy for
producing easily-interpreted data. The (+) ESI spectra of both solutions were also taken and were
similarly difficult to interpret.

The positive-mode spectra for the mixtures of ethanethiol were also difficult to interpret. We
had hoped that, since positive-mode ESI corona discharge plasmas are less energetic, that the
addition of solvent would be more helpful in positive mode, preserving the pseudomolecular ion
and reducing spectral complexity. Ass seen in the figure below, this was not the case for either
solvent mixture, suggesting that the plasma reactions, even in lower-energy positive mode plasma,

are inherent and pervasive.
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Figure 4.12 Low-resolution atypical condition (+)ESI mass spectrum of ethanethiol dissolved in
methanol (top) and acetonitrile (bottom). Elemental compositions in red were determined using
accurate mass measurements (high-resolution mass spectra; data not shown). The lack of an
elemental composition (all ions in black) indicates that for this ion, either several reasonable
predictions were obtained or none. Protonated ethanethiol was not observed.

4.4 Conclusions

In this study, electrospray ionization experiments performed at atypical conditions—high
voltages and low flow rates—produced a corona discharge plasma capable of reacting with a range
of sulfur-containing analytes, including ethanethiol, propanethiol, ethanedithiol,
tetrahydrothiophene, and cysteine. The result was a variety of oxygen-containing ions. Ozone
produced in the corona discharge plasma was identified as the most likely cause of the oxygen
incorporation products. The literature mechanism for the reaction between deprotonated thiol ions
and ozone was deemed potentially incomplete. Subsequent quantum chemical calculations were
performed to investigate the mechanism of formation for the oxygen-containing ions. Based on

the calculations, a new mechanism was proposed. In this mechanism, the charged sulfur directly
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inserts into one of the ozone’s oxygen-oxygen bonds. The ozone addition product can then
fragment by homolytic cleavage to produce SOs™ fragment ions. This fragmentation pattern was
confirmed using CAD experiments and other experimental data.

All sulfur-containing compounds tested exhibited substantial oxidation. The most common
oxidation reactions included the addition of O, Oz, O3, S, SO, SOz, or SOs. Additionally, the
identification of SO»™, SO3™, and HSO4 in the mass spectra was closely associated with the extent
of oxidation.

The conditions which lead to the most extensive reaction product formation and oxygen
incorporation were tested. Ultimately, the use of low analyte flow rates (< 50 pL/min) produced
the largest amount of ozone reaction products. Changing the ESI gas to oxygen increased total
oxygen-containing ion abundance, but tended to decrease the abundance of the direct ozone
addition products. Oxygen incorporation mitigation strategies such as solvent addition and
flooding the ESI source with nitrogen gas were unsuccessful. Indeed, the addition of solvent
dramatically increased the complexity of the resulting spectra. Therefore, mixing thiols with
methanol or acetonitrile is not suggested when low flow rates and high ESI voltages are required.
While lowering the voltage used for ionization would likely result in lower oxygen incorporation,
the lower voltage did not produce a stable current or analyte ionization to allow comparison.
Ultimately, the only strategies successful at reducing the oxygen incorporation were the use of

higher analyte flow rates and switching from ESI to APCI.
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CHAPTERS. ANALYTICAL CHARACTERIZATION OF SELENIUM
AND TELLURIUM DISSOLVED IN AMINE-THIOL SOLVENT SYSTEMS

5.1 Introduction

Originally designed for producing the energy required for satellites and other extraterrestrial
space applications, photovoltaic cells are now responsible for a significant portion of electricity
generation across the globe. In 2015, the global energy production from photovoltaics was more
than 220 gigawatts, the same energy output as 280 coal-powered electric plants.! As global
warming and greenhouse gas emissions have become an increasing problem, photovoltaic cells
have emerged as a potential, greener alternative to more traditional electricity generation.? As
countries invest more heavily in alternative energies,® the expected global electrical contribution
from photovoltaics, especially from solar cells, is expected to increase to 20 % by 2050.* Thin film
photovoltaics made from metal chalcogenides (chalcogens being the group on the periodic table
including oxygen, sulfur, selenium, and tellurium) have emerged as the newest generation of
photovoltaic cell technology. These new photovoltaics have several advantages over first-
generation photovoltaics, including higher efficiencies,® lower production costs (both in energy
and materials)® and the flexibility of the thin film structure, which can be bent into many shapes
for a wide variety of applications.®

Traditionally, metal chalcogenides have been made using processes like co-sputtering and
co-evaporation. Unfortunately, these processing techniques are relatively energy intensive and
require preparation of the material under high vacuum.’” A newer, alternative preparation method
is solution processing. So far, two general types of solution processing have been developed. The
first type begins with synthesizing the metal chalcogenide in the form of nanoparticles and then
suspending those particles in a solvent to produce a metal chalcogenide “ink™ that can then be
sprayed or otherwise deposited onto a surface. The second type of solution processing begins with
a molecular precursor to the material, which is directly deposited on a surface and then thermally
annealed to produce the desired material. These processing techniques are attractive alternatives
to co-sputtering and co-evaporation because of their lower energy and material consumption,
decreased cost, and less intensive processing conditions.8-10

However, metal chalcogenide solution processing, especially nanoparticle ink synthesis, has

its own challenges to overcome before wide-spread implementation is feasible. Finding a solvent
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or combination of solvents (referred to here as a solvent system) that can dissolve the necessary
precursors has been a significant challenge. When the chalcogen is sulfur, a wide variety of organic
solvents, including DMSO, various alcohols, and DMF have all been successful for thin film
fabrication.'*2 For selenium and tellurium, however, these solvents do not work. Selenium and
tellurium, which are heavier, bigger, and have more metallic character than sulfur (tellurium is
classified as a metalloid), are more difficult to dissolve. While some solvent systems have been
found to dissolve selenium and tellurium, these solvent systems tend to introduce impurities in the
final material or require explosive or deadly chemicals like hydrazine.®*'6 The search for
alternative solvent systems for selenium and tellurium has led to the recent utilization of amine-
thiol mixtures. These solvent systems are made from a mixture of an amine and a thiol, and they
have been successful in dissolving a wide range of metal chalcogenide precursors, including pure
metals, metal salts, and pure sulfur, selenium, and tellurium. Not only have the amine-thiol solvent
systems successfully dissolved metal chalcogenide precursors, but they are capable of dissolving
high concentrations of the precursors under ambient temperature and pressure.*’-2°

So far, a range of materials have been successfully produced using the amine-thiol solvent
system, including CdTe, CuBaSnSs, SnTe, (Cu,Ag)(In,Ga)(S,Se)2, (Cu,Ag)2ZnSn(S,Se)s, ShoSes,
and PbS/Se/Te for use in both photovoltaic cells and thermoelectric devices.t”2°-2" A mixture of
oleylamine and dodecanethiol has successfully been used to prepare CdTe, Cu(ln,Ga)Se,, and
Cu2ZnSnSes nanoparticles® while ethylenediamine-ethanethiol has been used to synthesize
Sh,Ses and SnTe nanoparticles.?® In the case of ethylenediamine-ethanethiol, the solvent system
could be evaporated off from the thin film after spray coating, recovering pure, impurity-free Se
and Te crystals.?° Similarly, butylamine-ethanethiol has been used to produce sulfur impurity-free
nanoparticles of CulnSez, CuzNzSnSes, PbSe and pure Se.?

However, photovoltaic applications require very precise control over the structure and
resulting conductivity of the material. For example, in Cu(In,Ga)Se, co-deposition, a starting
Cu:Se ratio with more Cu produces an n-type conductivity>® while more Se produces a p-type
conductivity with superior performance results.3%% Tightly controlling parameters and
understanding the chemistry of the deposition process is therefore very important for producing
photovoltaics and other thin film devices with superior performance. Recent studies using amine-
thiol solvent system ink formulation of CuCl,/CuCl and Cu precursors found that the number of

different products formed in solution was significant and some precursors even led to impurities
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in the final thin films.3334 Despite this need, the behavior of Se, and Te in amine-thiol solvent
systems is not yet well understood. To date, few studies have actively looked at the chemistry
behind the amine-thiol solvent system or how changes to that system or the precursors may alter
the final material. Much of what we do know is anecdotal at best. For example, we know that Se
dissolves in many amine-thiol systems that include monothiols in conjunction with either mono or
diamines. However, Te only dissolves in mixtures of monothiols and diamines and remains
insoluble if a monoamine is used. The reasons behind these differences are not understood and
have not been extensively studied.

In this chapter, we analyzed selenium and tellurium when dissolved in butylamine-
ethanethiol and in ethylenediamine-ethanethiol solvent systems. The solutions were studied using
negative mode electrospray ionization tandem mass spectrometry and a variety of other analysis
techniques, including proton NMR, Raman spectroscopy, and X-ray absorption spectroscopy. We
found that the change from the monoamine butylamine to the diamine ethylenediamine resulted in
significant changes in the species formed in solution. The reason why Te only dissolves in diamine-
thiol solvent systems was also explored. The knowledge gained from these experiments led to the
proof-of-concept co-dissolution of Se and Te in a monoamine-monothiol solvent system, which
showed that soluble SeTe nanoparticle complexes can form in monoamine-monothiol solvent
systems, introducing a new potential pathway for Se and Te solution processing. Additionally, the
chemical role of the solvent itself was explored by varying the molar ratio of thiol:chalcogen,
leading to a better understanding of the role the thiol plays in dissolving Se and Te. Finally, our
improved understanding of this solvent system was used to control the chalcogen incorporation in

a PbSenTen.1 alloy nanoparticle synthesis.

5.2 Experimental
5.2.1 Materials

Ethanethiol (99 %) was purchased from Acros Organics. Se (100 mesh, 99.99 %), Te (30
mesh, 99.997 %), S (XX), lead acetate trihydrate (99.999 %), butylamine (99.5 %), and
ethylenediamine (99.5 %) were purchased from Sigma-Aldrich. All chemicals were used as
received. The following abbreviations will be used throughout this paper: Se (selenium), Te
(tellurium), BA (butylamine), EN (ethylenediamine), ET (ethanethiol).
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5.2.2 Ink Generation

A glovebox was used for the preparation of all materials and inks except where explicitly
stated otherwise. The glovebox was held under inert nitrogen (moisture and oxygen concentrations
were less than 1 ppm). All vials were kept sealed with parafilm to prevent evaporation of
ethanethiol, which is somewhat volatile at room temperature. All sample preparation was
performed by Swapnil Deshmukh, a doctoral candidate at Purdue University’s Davidson School
of Chemical Engineering.

The inks were prepared by adding the pure Se and/or Te to either butylamine (BA) or
ethylenediamine (EN) and then adding the ethanethiol (ET). For most experiments, the ratio of
amine: thiol was kept at 1:1 (by volume). Te solutions and Se solutions with lower ratios of
ethanethiol had to be stirred for several hours to dissolve the Te or Se. All other solutions only
required several minutes of stirring for dissolution. For mass spectrometry experiments, the
following inks were generated and used for analysis: 10 mM Sein 1:1 (v/v) BA:ET; 10 mM Tein
1:1 (viv) EN:ET; 0.2 M Te in 1:1 (v/v) EN:ET; 0.2 M Se:TE (mol ratio 7:3) in 1:1 (v/v) BA:ET;
0.2 M Se:Te (mol ratio 7:3) in 1:1 (v/v) EN:ET. Additionally, several inks using varying
concentrations of thiol were prepared and are described further in the relevant following sections.

To generate the PbSenTen.1 thin film, a solution of 0.2 M lead acetate trihydrate was first
prepared in ethylenediamine. Next, two separate Se and Te solutions were made: one in 1:1 (by
volume) butylamine: ethanethiol and the other in 1:1 (by volume) ethylenediamine: ethanethiol.
The Se and Te mol ratio used was 7:3 and the total Se and Te combined concentration was kept at
0.2 M. Next, 1 mL of the lead acetate solution and 1 mL of the desired Se Te solution were mixed
at room temperature for approximately 1 min. The nanoparticle formation could be visually
distinguished within the stirring time. The precipitated nanoparticles were washed once with
ethylenediamine and then three times with isopropyl alcohol. The isopropyl alcohol washes were
performed outside of the glovebox. The washed nanoparticles were suspended in isopropyl
alcohol, drop cast onto soda lime glass, and heated at 80 °C until dry to produce the thin films. All
remaining materials, used inks, and nanoparticle washes were disposed of through Purdue

University’s Radiological and Environmental Management team.
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5.2.3 Electrospray lonization Mass Spectrometry Experiments

The experimental parameters chosen for these experiments were informed by previous
studies on copper dissolution in similar amine-thiol solvent systems.®® Since contact with air can
alter the chemistry of the solution or, in the case of Te, cause the solution to spontaneously
precipitate, the solutions were transferred into a homebuilt syringe setup inside a glovebox. The
syringe setup contained three major components: a 5 mL Hamilton syringe for bulk sample storage
and transfer, a 500 pL Hamilton syringe for direct infusion into the mass spectrometer’s
electrospray ionization source, and a three-way Hamilton valve. All three components were
connected using high purity perfluoroalkoxy tubing, which also connected the valve to the ESI
source (see figure below). Using the three-way valve, the large syringe could be used to refill the
small mass spectrometer injection syringe whenever needed. The gastight syringes insured that the
solutions were not exposed to air prior to reaching the ESI source. The perfluoroalkoxy tubing was
chosen due to previous experience® with the solvent system, which tended to dissolve traditional

mass spectrometer tubing.

To ESI Source

|——— .
- Valve
5mL .
syringe

500 pL
syringe

Figure 5.1 Schematic of the syringe setup used for the introduction of the solutions into the mass
spectrometer. All tubing shown is perfluoroalkoxy tubing.

A Thermo Scientific LTQ Orbitrap XL hybrid mass spectrometer with integrated syringe
pump was used to analyze all solutions. The resolution (m/Am) at m/z 200 was set to 100,000 for
all high-resolution experiments. All CAD experiments (see Chapter 2, section 2.4 for details on

CAD) were performed at unit resolution in low resolution mode. Negative mode electrospray

105



ionization (ESI, see Chapter 2, section 2.2 for additional details) was used to ionize the species in
solution. The ESI voltage used was between 3 and 4 kV and was adjusted on a day-to-day basis to
ensure that the produced ion current remained stable. The ESI capillary was kept at 250 °C.
Nitrogen was used as the sheath and auxiliary gases and was set to 30 and 15 arbitrary units,
respectively. Samples were injected using the integrated syringe pump at a rate of 10 uL./min. To
ensure safety while working with the solutions and to prevent inhaling any fumes, an external three
port exhaust system was designed and set up to remove any fumes from the mass spectrometry
experiments. One port removed air around the ESI exhaust, a second port removed air from the
area surrounding the syringes, and the third port directed the removed air and expelled it into a
nearby fume hood. As an additional precaution, 3M series 6000 half-face respirators with multi-
gas vapor cartridges (filter 60926) were worn while conducting all experiments.

To determine the elemental composition of each peak in the spectrum, high-resolution mass
spectrometry measurements were first used. Using Thermo Scientific Xcalibur 2.1 software, the
recorded high resolution mass for a given peak was compared to the masses of theoretical
projections of the possible elemental compositions for the given m/z ratio. Only matches with
deviations less than 15 ppm from the theoretical mass were considered possible elemental
compositions. The deviation limit was set at 15 ppm due to the large m/z range used in the data
collection (m/z 50-1000). Next, the theoretical isotopic distribution patterns of the potential
elemental compositions were compared to the observed isotopic distribution. The peak was only
considered positively identified if the distribution of the measured ion did not deviate by more than
5% from the theoretical isotopic distribution, except where spectral overlap was noted or there was
excessive background noise. The theoretical distributions were found using the free webtool from

the Scientific Instrument Services (SIS) Isotope Distribution Calculator and Mass Spec Plotter.
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Figure 5.2 Overlay of the experimental (solid blue line) and theoretical (dashed orange line)
isotopic abundance for the HSes ion. The data was collected from a sample of 10 mM Se in 1:1
(v/v) BA-ET. The theoretical isotopic relative abundance was calculated using the Scientific
Instrument Services Isotope Distribution Calculator and Mass Spec Plotter. The differences in
isotopic distribution evident below m/z 309 and at m/z 325 were attributed to overlap from low-
intensity ions and background noise, respectively.

When possible, the ions of interest were isolated and fragmented using collision activated
dissociation (CAD). The fragments and neutral losses observed were then compared to the most
likely elemental composition of the ion to see if the losses were feasible and made sense. For
example, an ion predicted to be entirely comprised of Se and Te atoms but which showed a loss of
ethanethiol in CAD experiments would not feasibly be possible. Therefore, the elemental
composition assignment would restart from the beginning of the described process until a positive
match could be made that fit all available data. When performing the CAD experiments, low
resolution mode was used. The ions were trapped with a g value of 0.25 and an isolation window
ranging from £0.4-1 m/z units. The isolation window was adjusted on a case-by-case basis to

ensure that only one m/z was being isolated at a time. The CAD energy used ranged from 10-40

107



arbitrary units and was adjusted during each experiment to provide the best fragment ion intensity

without lowering the precursor ion intensity below 10 % relative abundance.
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Figure 5.3 Fragmentation pattern of the HSe4 ion collected from a sample of 10 mM Se in 1:1
(v/v) BA:ET. During experimentation, the monoisotopic ion was not correctly identified for
fragmentation experiments and the ion of m/z 319 was instead fragmented. The corresponding
losses therefore show isotopic distributions and are not single peaks. The losses align with the
assignment of the ion as HSea.

5.2.4 Other Spectroscopic Characterization

Raman, X-ray diffraction, and *H NMR spectra were collected by Swapnil Deshmukh,
Nicole LiBretto, Kyle Weideman and Jeffrey Miller at Purdue University’s Davidson School of
Chemical Engineering. X-ray absorption (XAS) spectra were collected at Argonne National
Laboratory.

Raman spectroscopy was performed using a Horiba/Jobin-Yvon HR800 at an excitation

wavelength of 632.8 nm and laser power of 4.25 mW. The samples were prepared in a glovebox
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as described and then sealed inside a quartz cuvette (Hellma Analytics fluorescence cuvette) prior
to removal from the glovebox.

'H NMR spectra were collected using a Brucker AV-lIII-HD NMR with deuterated
acetonitrile solvent. For quantitative experiments, the standard used for normalization was
ethylene carbonate.

X-ray absorption spectroscopy was performed in situ using Argonne National Laboratory’s
Advanced Photon Source at a 10-BM beamline. Scans took approximately 10 minutes each and
were performed along the Se K edge at 12.6580 keV. The fast scan mode was used to scan from
250 eV below the edge to 550 eV above the edge. The samples tested were 0.1 M solutions
prepared and sealed in a collection tube inside a glovebox. To fit the XAS data, standard EXAFS
fitting procedures were conducted. For calibration, the foil’s intrinsic loss factor (So?) was
calculated to be 0.75. To fit the magnitude and imaginary components, a least squared fit for the
first shell of r- space and isolated g- space were performed on the k? weighted Fourier transform
data between 2.7 to 10 AL, The scattering pairs used for the FEFF6 calculations were Se-S (CN=1,
R=2.24 A), Se-Se (CN=1, R=2.35 A), and Se-Te (CN=1, R=2.52 A).

X-ray diffractograms (XRD) were collected using a Rigaku Smart Lab diffractometer. A Cu
Ka (L = 1.5406 A) source was used in Bragg-Brentano mode at a power of 40 kV/44mA. To
prepare the samples, the pure metallic powders were dispersed in isopropyl alcohol and then drop

cast on a piece of soda lime glass.

5.3 Analysis of Se and Te Solutions in Monoamine- and Diamine-Thiol Solvent Systems

5.3.1 Selenium Dissolution in Monoamine vs Diamine Solutions

At ambient temperature and pressure, selenium dissolves in high concentrations in both
monoamine-thiol and diamine-thiol solutions.?>2° However, the species that Se forms in these
solutions are not well characterized. Previous studies have shown that dialkyl disulfide species
form when Se is added to monoamine-monothiol solvents but not in diamine-monothiol
solvents.?29 It is therefore clear that Se behaves differently depending on the solvent system and
may have a different dissolution mechanism in monoamine-thiol solvents compared to diamine-
thiol solvents. To study these differences, we prepared two different solutions of 0.1 M Se, one

solution using a 1:1 (v/v) butylamine-ethanethiol (BA-ET) solvent and one solution using a 1:1

109



(v/v) ethylenediamine-ethanethiol (EN-ET) solvent. A variety of characterization techniques were
used to analyze these solutions.

The characterization of the two Se solutions began with Raman analysis. The first step was
to take background spectra of the pure solvents: BA-ET and EN-ET. The Se solutions were then
compared to the corresponding background spectrum to identify bonds that formed during the Se
dissolution. In the BA-ET solution, the Se addition produced three new peaks in the Raman
spectrum. There were two broad, low intensity peaks at 260 and 274 cm- while the third peak was
sharper and at 242 cm. After consulting the literature, each new peak was assigned to a type of
Se-Se bond. According to the literature, trigonal crystal structure Se has a Se-Se peak at 234 cm
while orthorhombic, monoclinic, and amorphous Se structures occur above 250 cm™,.353
Therefore, the new peak we observed at 242 cm™ was assigned to the trigonal crystal structure of
Se while the other two peaks at 260 and 274 cm* were assigned to Se in either the orthorhombic,
monoclinic, or amorphous structure. It was not possible to determine which of these three
possibilities was in the solution based on the Raman spectra alone. However, previous studies on
similar solutions have suggested that Se exists in amine-thiol solvent systems as monoclinic Seg
rings.?® It is possible that at least one of the two broad peaks in our spectrum corresponds to these
previously proposed monoclinic Seg rings. However, unlike the previous study, our Raman spectra
suggests that Se clusters with several different types of Se bonding are present in these solutions,

rather than just monoclinic Seg rings.
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Figure 5.4 Raman spectrum of Se in BA-ET (top) and EN-ET (bottom). The Se solutions are
shown in red and the corresponding background spectra are shown in black. The arrows indicate
the features present only in the Se solutions.
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When the Se in EN-ET solution was compared to its background, only one very small new
feature was observed at 388 cm™L. This peak was obviously not a result of Se-Se bonds. Based on
the literature, this new peak was assigned to S-Se bonds.3” The Raman data therefore clearly
showed a significant difference between the Se species formed in BA-ET compared to EN-ET,
with BA-ET resulting in various types of Se-Se bonding and EN-ET resulting exclusively in S-Se
bonding. However, the EN-ET results did not agree with previous studies, which also saw Raman
evidence of Se-Se bonding.?® Therefore, the reliability of the EN-ET results were somewhat
questionable and required further investigation.

The next technique used to characterize the two solutions was *H NMR. Again, the solutions
containing Se were compared to background spectra of pure BA-ET and EN-ET. Despite the
significant differences observed between the two Se solutions, the NMR data was surprisingly
similar for Se in BA-ET and EN-ET. Both samples had two new peaks compared to the
background: a quartet at 2.72 ppm and a triplet at 1.28 ppm. Both of these peaks correspond to
diethyl disulfide, confirming previous reports that Se dissolution in amine-thiol solvent systems
results in the formation of dialkyl disulfides.?%2° However, these were the only new peaks observed
in either Se-containing solution. Despite the Raman data showing clear evidence of Se-Se bonds
in BA-ET and S-Se bonds in EN-ET, neither were observed in the *H NMR spectra. Se clusters
would not be observed in a *H NMR since there are no hydrogens in Se clusters. However, the
ethanethiol-Se bonds should be theoretically discernable by 'H NMR. One possible explanation
for the missing ethanethiol-Se bonds in the EN-ET NMR is that the ethanethiol ions and
ethanethiol-Se ions have similar chemical shifts, meaning that they may have been present but
mistakenly identified as ethanethiol ions. Another explanation, put forth by Webber et al?® for
similar solutions, is that the exchange between Se-Se clusters and ethanethiol-Se species is too fast
to be observed by NMR. Since Raman operates on a faster timescale, the ethanethiol-Se species

could be observed by Raman spectroscopy, even though they could not be detected by NMR.
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Figure 5.5 NMR Spectrum of Se in BA-ET. Only the area of interest (from 0.6-3 ppm) is shown.
The corresponding protons are labeled according to their chemical assignments. The
corresponding chemical assignments are labeled on the chemical structures above the spectrum.
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Figure 5.6 NMR Spectrum of Se in EN-ET. Only the area of interest (from 1-3 ppm) is shown.
The corresponding protons are labeled according to their chemical assignments. The
corresponding chemical assignments are labeled on the chemical structures above the spectrum.

The next analytical technique used to study these two solutions was X-ray absorption
spectroscopy. This technique usually utilizes two modes: X-ray absorption near edge spectroscopy
(XANES) and extended X-ray absorption fine structure (EXAFS). XANES is used to identify the
chemical state of the solution while EXAFS is used to identify the coordination environment in
the solution and is especially useful for metals. The background spectra for the X-ray absorption
analyses was pure Se foil. Therefore, the XANES and EXAFS can only detect changes in the Se
in the solution and cannot detect any changes that do not involve Se.

The XANES edge energy was lower for both solutions than it was for the pure Se foil. This
lowering of edge energy suggests that the Se in the solutions was reduced. Unfortunately, the edge
energy of the -2 oxidation state and metallic Se are too close in energy and could not be

deconvolved. However, the white line intensities of the Se in BA-ET and EN-ET could be
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compared to produce some comparative information. Since the white line intensity of the Se in
BA-ET solution was higher, it was concluded that there is likely some differences in the bonding
modes between the two solutions. However, no conclusive information was obtained.

While the XANES spectra were inconclusive, EXASF data did suggest that the Se
coordination in the two solutions was very different. In the BA-ET solution, the EXASF fitting
resulted in a predicted average bond distance of 2.34 A, which is the bond distance of an Se-Se
bond.3® The coordination number for the BA-ET solution was 1.6, suggesting that Se clusters of
two and three are most prevalent. Meanwhile, the EN-ET average bond distance was calculated at
2.20 A, which corresponds to S-Se bonds.3® This shorter bond distance suggests that S-Se bonds
are either the only species in the EN-ET solutions or are much more common than Se-Se bonds.
The coordination number for Se in the EN-ET solution was 0.8, further lending support to the

conclusion that Se mainly exists as a lone Se atom with a single thiolate ligand.
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Figure 5.7 XAS spectra for Se in BA-ET (black trace) and EN-ET (red trace). Figure 5.7 () is
the XANES K-edge for Se while (b) is the corresponding Fourier transform magnitude
component of the EXASF spectra.

Since mass spectrometry has the advantage of identifying individual components of a
complex mixture, (-)ESI-MS/MS was the final analytical technique used to compare the two Se
solutions. The Se concentration for this technique was necessarily decreased from 0.1 M to 0.01
M. While both positive and negative mode ESI spectra were collected, only the negative mode
showed any peaks containing Se, so only this mode will be discussed here. It was immediately
clear from the mass spectra of the Se in BA-ET and EN-ET solutions that the two solutions were

incredibly different. For the BA-ET solution, numerous HSex clusters were observed, with cluster
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sizes varying between two and six Se atoms. The HSe, ion was the most abundant, which matches
the coordination number observed in the EXASF analysis. The mass spectrum for Se in EN-ET,
meanwhile, was dominated by the m/z 141 peak, which was identified as the C,HsSSe ion. The
only positively-identified ion with Se-Se bonds was HSe; , although there were some very low-
intensity ions present that appeared to be Se clusters but could not be positively identified. This
result agrees very well with the other analytical data, suggesting that Se with a single thiol ligand

is the primary species formed during dissolution and Se-Se bonds are less prevalent.
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Figure 5.8 (-)ESI-MS spectra of Se in BA-ET (top) and EN-ET (bottom). Labeled masses are for
the monoisotopic mass of the corresponding assignment. Unlabeled peaks either contain no
selenium or were not successfully identified.
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Table 5.1 Elemental composition of ions detected using (-) ESI-MS for Se in BA-ET and Se in
EN-ET. For some ions, the high resolution MS signal was too low for accurate calculation of the
error or calculation of the m/z with high accuracy (more than two decimal points). Assignments
for these ions were based on low-resolution mass and isotopic distributions. These ions are
marked in the table with *. All m/z reported are for the monoisotopic mass.

Se in BA-ET
m/z Elemental Composition Error from eggrenc)ted mass (+/-
112.89743 HSSe 13.83
148.02660 CsH10NS; 11.03
160.84253 HSe> 13.71
227.94314 CsH10NS,Se 10.41
240.75861 HSes 7.34
320.67581 HSe4 7.63
400.59277 HSes 5.68
474.00* HSes Assigned based on isotopic patterns
550.50* HSe- Assigned based on isotopic patters
Se in EN-ET
m/z Elemental Composition Error from eggrenc)ted mass (+/-
80.92523 HSe 17.69
92.98412 C2HsS; 15.08
111.88941 SSe 12.21
140.92852 C2HsSSe 9.58
160.84194 HSe> 10.07

Ultimately, the data collected here suggests that in monoamine-monothiol solutions, Se
addition results in the formation of dialkyl disulfide and relatively small clusters of Se atoms. On
the other hand, Se added to diamine-monothiol solutions results in the formation of dialkyl
disulfide and RSSe species in solution. It is clear that the addition of Se is directly responsible for
the formation of the dialkyl disulfide, but the exact mechanism is not yet known. In the amine-
thiol solvent system, the thiol exists as a thiol ion (RS ). To form a disulfide, two of these
negatively-charged sulfurs would have to interact and form the disulfide bond. This is highly
unlikely due to the repulsion of like charges. Therefore, it is possible that the addition of Se, which
can easily form negatively-charged Se ions, provides the means of forming the disulfide bond; the

extra electrons from one of the RS ions are transferred to one or more Se, and the resulting RS
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species is no longer repelled by the RS ions still in solution. These two species can then react to
form the disulfide bond.

The reason why diamines primarily lead to RSSe species while monoamines primarily lead
to Sex species is unclear. Any negative ion in solution must be coordinated with a corresponding
positive ion to remain stable. These positive ions would likely dissociate during the ESI-MS/MS
process, leading to the observation of the negative ion only. The positive counter ion in amine-
thiol solvent systems is the amine. Diamines are more basic than monoamines, so it is possible that
RSSe species require a stronger counterion than Sex ions, leading monoamine solutions to form
only Sey ions while diamines are capable of forming RSSe ions. However, more studies need to

be performed to further probe this reaction.

5.3.2 Tellurium Dissolution in Diamine Solutions

As members of the same periodic group, Se and Te share some key similarities in their
reactivity. Despite their similarities, these two elements also differ significantly. Te is larger, less
electronegative, is classified as a metalloid, and is notoriously difficult to dissolve.*®* The
characteristics of the Te crystal structure also have key differences compared to the crystal
structure of Se. While they share a naturally occurring trigonal crystal structure, the bonds inside
the crystal structure are quite different. The trigonal crystal structure consists of long chains of
atoms that are crosslinked. For Se, the individual chains have strong bonding interactions, but the
crosslinks are relatively weak. Therefore, separating the chains is relatively easy while breaking
apart an individual chain is more difficult. Meanwhile, the Te crystal structure does not have this
large difference in bond strength: the crosslinks are approximately as strong as the chain bonds.%®

Considering these significant differences, it is expected that Se and Te behave very
differently in amine-thiol solvent systems. While Se is fairly easy to dissolve in a range of
monoamine-monothiol and diamine-monothiol solvent systems, Te is only soluble in diamine-
monothiol and not in monoamine-monothiol solvent systems. Additionally, in our preliminary
testing, we found that Te is much less soluble in diamine-monothiol solvents than Se. In EN-ET,
we could only dissolve Te up to 0.6 M, but Se dissolved at concentrations over 6 M. When the
solvent was evaporated from the two solutions (Te in EN-ET and Se in EN-ET), a process

necessary for solution processing of thin films, the two solutions behaved very differently. For the
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Te solution, metallic Te precipitated as the solvent evaporates while Se dried down to produce a
stable Se complex. We concluded that the species in solution must be very different for Se and Te.

Since we had already extensively characterized Se dissolved in EN-ET, the next step was to
characterize Te in EN-ET. First, Raman analysis was performed on a 0.5 M Te in EN-ET solution
and compared to a background Raman spectrum of pure metallic Te powder. The background
spectrum had two sharp peaks between 100-150 cm™. These two peaks are the types of bonds
present in crystalline Te.*®*! The Te in EN-ET was very different compared to this background.
The crystalline peaks observed in the background were entirely absent and three clearly visible (if
unresolved) peaks between 150-200 cm* were observed. Previous literature reports have identified
peaks between 150-175 cm™ as amorphous Te with little Te-Te interactions.*%*! The peak at
approximately 160 cm™ in our spectrum was therefore assigned to amorphous Te. Based on similar

solutions, the two peaks from 175-200 cm™ were assigned to S-Te bonds.*243
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Figure 5.9 Raman spectra of Tellurium powder (black trace) and Tellurium in EN-ET (red trace).
The new peaks present only in the Te-EN-ET solution are labeled with the corresponding
wavenumber.

While the next step in the analysis of the Se in EN-ET solution was NMR and XAS analysis,
these two techniques could not be performed for the analogous Te solution. NMR was not possible
because the addition of a third solvent (necessary for NMR analysis) immediately precipitated the

Te, no matter which solvent was tried. The XAS was not possible because Argonne National Lab,
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where the other XAS analyses for this study were conducted, does not have equipment capable of
performing XAS on Te due to its very high edge energy.

Since NMR and XAS analysis were not possible, the analysis of the Te in EN-ET solution
primarily relied on ESI-MS/MS analysis. Like the Se solutions, Te ions were only observed in
negative mode ESI, so the positive mode ESI data will not be discussed here. The ESI-MS/MS
data had numerous ions present, although the spectrum was not as complex as the analogous Se
solution. Two main types of ions were observed: HTex and C,HsSTey ions. For the HTex ions,
only Te clusters of two, three, and four were observed. None of these ions were above 50 % relative
abundance, and the only ion observed above 10 % abundance was HTe, . As a group, the
C,HsSTex ions were much more abundant. Te clusters of one, two, and three observed, with
C2HsSTe;, ions being the most abundant in the entire spectrum. Gas phase Te has previously been
studied by mass spectrometer, and the results suggested that Te; clusters are the most stable gas
phase structure for Te.®° Our data fits well with this previous observation, with ions containing Te>

being highly abundant and the most abundant for each ion type.
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Figure 5.10 (-)ESI-MS spectrum of tellurium in EN-ET. Labeled masses are for the
monoisotopic mass of the corresponding assignment. Unlabeled peaks either contain no tellurium
or were not successfully identified.
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Table 5.2 Elemental composition of ions detected using (-) ESI-MS for Te solutions in EN-ET.

For some ions, the high resolution MS signal was too low for accurate calculation of the error or

calculation of the m/z with high accuracy (more than two decimal points). Assignments for these

ions were based on low-resolution mass and isotopic distributions. These ions are marked in the
table with *. All m/z reported are for the monoisotopic mass.

Tein EN-ET
m/z Elemental Composition Error from e;g)r?]c)ted mass (+/-

136.95613 C3HsS3 9.79
161.87906 STe 8.12
190.91805 C2HsSTe 6.19
260.82089 HTe; 4.48
320.82420 C2HsSTe; 3.45
389.71815 Tes/HTes 0.08

450.75* C2HsSTes Assigned based on isotopic pattern

520.67* HTes Assigned based on isotopic pattern

While Se in EN-ET also exhibited HSex ions, we hypothesized that the HTex ions are not
found in solution but instead are artifacts of the ESI process. We know that as solvent evaporates
from this solution, Te precipitates spontaneously. Since ESI involves solvent evaporation, we
hypothesized that the Te begins to precipitate and the metallic clusters are ionized and observed in
the mass spectrum as the HTex ions. Therefore, we suggest here that there is a possibility that
some of the observed HTex ions may not exist in solution. However, To determine whether this
is the case, further studies would need to be performed on diluted Te solutions to see whether the

relative abundance of the HTex ions changed as a function of concentration.

5.3.3 Co-dissolution of Selenium and Tellurium

Since Se and Te are capable of forming bonds and alloys, we decided to next test the behavior
of Se and Te in an EN-ET solvent system to see whether Se-Te bond formation occurred. In
preliminary testing, the presence of Se in the solution had a considerable impact on the solubility
and behavior of Te. Firstly, in ethylenediamine-ethanethiol, Te was soluble up to 0.6 M; adding
Se to the solution allowed Te to dissolve at much higher concentrations, up to 2 M. Secondly,
when Te was dissolved in ethylenediamine-ethanethiol and the solvent was evaporated off,
metallic Te crystals precipitated from the solution. When Se was added to the solution, evaporation

of the solvent resulted in the precipitation of an organometallic complex, not pure Te. Therefore,
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we concluded that Te must form different species in solution when Se is present compared to when
Te is dissolved on its own.

A range of tests were used to study the Te species in EN-ET when Se was also present and
the results were then compared to Te in EN-ET without Se. First, (-)ESI-MS was used to identify
the major compounds in the solution using the technique previously described. This analysis
resulted in the identification of several different species, including ions of the form: RSSey, RSTey,
RSSexTey, and SexTey. When Te was dissolved on its own in EN-ET, the major ions were Te ions
with thiolate ligands. Based on evaporation experiments, these thiolate ligands do not remain in
the finished thin film, but instead dissociate to regenerate metallic Te. In the EN-ET solution with
Se and Te, these same Te ions with thiolate ligands were observed, but additional SexTey
complexes both with and without thiolate ligands were observed. Since the evaporation of these
solutions resulted in an organometallic complex rather than metallic Te, we hypothesized that these
thiolate ligands on the SexTey complexes were preserved during solvent evaporation and that the
Se-sulfur bond must be the key to the organometallic preservation.

To confirm the species found in solution, additional tests were conducted. First, the SeTe-
EN-ET solution was analyzed using Raman spectroscopy. In the Raman spectrum, numerous peaks
were observed, including: clear peaks for Se-Se bonds, a small feature identified as Te-Te bonds,
and an additional broad peak at 175-225 ¢cm! that could, according to the literature,**4> correspond
to either S-Se or Se-Te bonds. Since both S-Se and Se-Te bonds were observed in the ESI-MS
spectra, it was unclear whether the broad peak observed in the Raman spectra was due to S-Se

bonds, Se-Te bonds, or a combination of both.
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Figure 5.11 Raman spectra for the co-dissolved Se and Te in both BA-ET (top red trace) and EN-
ET (bottom black trace). The three major types of peaks were Te-Te bonds, Se-Te bonds, and
Se-Se bonds. These regions are labeled with gradated boxes on the spectra. The Se-Te bond
region could also potentially correspond to S-Se bonds.

Next, XAS analysis was conducted on the solution. The spectra were collected along the Se
edge. Fitting of the data showed three different types of bonds present: S-Se, Se-Se, and Se-Te
bonds. The total coordination number was two. This data suggests that in the RSSexTey ions
observed in the mass spectra, the thiolate ligand is primarily attached to a Se atom rather than to a
Te atom.

Since the spectral data from the SeTe-EN-ET suggested that both RSSexTey and SexTey
species exist in solution and at higher concentrations of Te than when no Se was present, we
thought it likely that the formation of Se-Te bonds was a significant and different dissolution route
for Te. We hypothesized that, in solution, Sexions may be acting as nucleophiles and forming Se-
Te complexes, much like the thiolate ions are believed to perform nucleophilic attacks on both Se
and Te to form RS-Se and RS-Te complexes. We hypothesized that if Se ions were a major
contributing factor to the dissolution of Te, then adding both Se and Te to a BA-ET solvent system
(in which Te is not soluble on its own) would result in Te dissolution. To test this hypothesis, we
first dissolved Se in BA-ET, as previously described, to generate Sex ions in solution. Once the
potential Se nucleophiles were generated, we added Te to the solution. Some dissolution was

immediately noted.
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Figure 5.12 (-)ESI-MS spectra of SeTe dissolved in BA-ET (top) and in EN-ET (bottom).
Labeled masses are for the monoisotopic mass of the corresponding assignment. Unlabeled
peaks either contain no selenium or tellurium or were not successfully identified.

To confirm whether Te was successfully dissolved in the Se-BA-ET solution, we performed
several analytical tests. First, mass spectrometry experiments confirmed the presence of SexTey
compounds in solution. Interestingly, no significant peaks with thiolate ligands were noted in the
mass spectra, suggesting that the Sex nucleophiles were mostly responsible for the Te dissolution.
Additionally, it was noted that in the SexTey ions, the number of Te atoms in the cluster was always
less than or equal to the number of Se atoms (x > y). This suggested that there was a limit to the
Te solubility that was dependent on the amount of Se in solution. Experiments were then performed

to test the solubility limit, varying the relative mol ratio of Se:Te that could dissolve in solution.
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We found that the maximum ratio was 3:2 Se:Te, suggesting that, while many different clusters
could form, a cluster of three Se atoms could likely dissolve at most two Te atoms. The mass
spectrometry experiments further confirmed this finding: the largest cluster observed in the mass
spectrum was HSezTe».

For Te on its own in EN-ET, we argued that the Tex clusters observed may be a result of
evaporation during the ESI process. In drying experiments, we found that metallic Te crashes out
readily as soon as the solvent begins to evaporate. However, this same precipitation was not
observed when Se and Te were co-dissolved. This suggests that the SexTey clusters are stable, even
as the solvent begins to evaporate. Therefore, we concluded that these SexTey clusters are likely

not the result of precipitation within the ESI source but instead are found within the solution itself.

Table 5.3 Elemental composition of ions detected using (-) ESI-MS for Se-Te solutions in BA-ET
and in EN-ET. For some ions, the high resolution MS signal was too low for accurate calculation
of the error or calculation of the m/z with high accuracy (more than two decimal points).
Assignments for these ions were based on low-resolution mass and isotopic distributions. These
ions are marked in the table with *. All m/z reported are for the monoisotopic mass.

Se-Tein BA-ET
m/z Elemental Composition Error from e;g)renc)ted mass (+/-

105.92036 CNSe 12.39
148.02625 CsH10NS2 9.00
160.84213 HSe; 11.25
210.83132 HSeTe 6.16
227.94271 CsH10NS,Se 5.58
289.73993 Se;Te 4.18
370.66490 HSesTe 4.95

420.83* HSe;Te; Signal too low

500.67* HSesTe; Signal too low
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Table 5.3 continued

Se-Te in EN-ET
m/z Elemental Composition Error from e;)(gre;c)ted mass (+/-

105.91988 CNSe 7.86
140.92789 C2HsSSe 5.11
155.90941 CNTe 4.24
160.84100 HSe; 4.23
190.91736 C2HsSTe 2.56
212.84688 H3SeTe 5.68
259.81210 Tez 0.78
270.83359 C,HsSSeTe 0.73
289.73917 Se;Te 1.56
320.82318 C2HsSTe 0.27

340.83* HSeTe> Signal too low

370.75* HSesTe Signal too low

420.83* HSe,Te; Signal too low

Next, both Raman and XAS analysis of the solution were conducted. In the Raman analysis,
Se-Se bonds were seen clearly, while a small feature similar to the Se-Te and S-Se bonds seen in
the SeTe-EN-ET solution was also observed. Additionally, no discernable Te-Te bonding was
seen, lending further evidence that the number of Se-Te bonds in the solution far outweighed the
number of Te-Te bonds. The XAS analysis showed no evidence of S-Se bonds but did show
evidence for Se-Se and Se-Te bonds, with an overall lower coordination number than that seen in
the EN-ET solvent system. These findings further support the conclusion that Se nucleophilic ions

are the main actors in the dissolution of Te in BA-ET.

5.4 Effect of Thiol Concentration on Chalcogen Dissolution

Unlike common single-component solvents like water or acetonitrile, the amine-thiol solvent
system is not just a solvent: it is also a reactant. In this solvent system, a proton is transferred from
the thiol to the amine, resulting in an ionic liquid.32° The formation of S-Se and S-Te bonds (as
demonstrated in sections 5.3.1 and 5.3.2) in these solvent systems illustrates that the solvent itself
is an important reactant and is therefore directly responsible for the Se and Te dissolution.
Therefore, we hypothesized that if the solvent itself is a reactant, varying the concentration of one

of the solvent components may directly affect the dissolution of the chalcogens we studied.
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5.4.1 Effect of Thiol Concentration on Selenium Dissolution

In section 5.3.1, we showed that Se in BA-ET tends to form small Se clusters while Se in
EN-ET tends to form RSSe compounds. While all of the data from our Raman, NMR, XAS, and
ESI-MS/MS agreed well with each other, our data did not agree well with previous reports for Se
in diamine-monothiol solutions, even though several of the analytical techniques were nearly
identical.?® We hypothesized that the difference resulted from the relative amount of Se and thiol
used in the previous report compared to our experiments. To further investigate how the ratio of
thiol to Se affects Se dissolution, we prepared a series of several solutions with varying thiol to Se
ratios in both BA-ET and EN-ET and analyzed them as previously described.

While previous Se samples were made at a concentration of 0.1 or 0.01 M, we increased this
concentration to 1.25 M for the following experiments. This was done to increase the signal
intensity of the Se and increase reproducibility of the measurements. A total of eight samples were
prepared: four samples in BA-ET and four samplesin EN-ET. The ET:Se ratios prepared were 0.3,
0.6, 1.5, and 4.0. For these samples, the amine was always in excess of the thiol. Therefore,
theoretically, all of the thiols in solution should have been in a deprotonated form and an equal
mol ratio of amine (amine:thiol of 1:1 for BA-ET and 2:1 for EN-ET) would be protonated. When
comparing the results for these samples to the previous results, the previous results in 1:1 (v/v)
amine:thiol are described as “excess thiol” samples. The samples created here with an ET:Se ratio
0f 0.3 are described as “least thiol.” The set of BA-ET samples will be described first.

The first test on the BA-ET samples was Raman spectroscopy. In the previously analyzed
excess thiol sample, three relatively low-intensity peaks between 225-300 cm* were observed and
were all identified as Se-Se bonds, with the peak at 240 cm™ corresponding to trigonal crystalline
Se and the other two peaks to either monoclinic, orthorhombic, or amorphous Se. Three major
trends were observed when analyzing the new samples. First, as the ratio of ET:Se decreased, the
intensity of the Se-Se bond peaks dramatically increased. Since the amount of Se in the samples
was held constant, this increase in Se-Se bond intensity suggests that at low thiol concentrations,
more Se-Se bonds exist and that these Se-Se bonds are broken as more thiol is added. Second, the
previously observed peak at 242 cm™ split into two different peaks at low thiol concentrations:
236 and 248 cm™!, with the 236 cm* peak more intense at lower thiol concentrations. This suggests
that at low thiol concentrations, Se remains in its trigonal crystal structure in solution. As more

thiol is added, the Se begins to transition to orthorhombic, monoclinic, or amorphous structure.
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The final trend observed was that at low thiol concentrations, S-Se bonds were observed in the
sample. This suggests that at low thiol concentrations, S-Se bonds form, but that these bonds are

broken as additional thiol is added. The reason for this is still unclear and requires further study.

BA-ET samples
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Figure 5.13 Raman spectra of Se in BA-ET at four different ET:Se mol ratios. The regions for
Se-Se bonds and for S-Se bonds are darkened and labeled.

The next technique to characterize the Se in BA-ET solution series was XAS. To simplify
the data collection, only the least thiol sample was analyzed. Ultimately, not observable difference
in the types of bonds was noted between the excess and least thiol samples: only Se-Se bonds were
observed. However, the EXAFS data did show some slight variations in average Se coordination
number. In excess thiol, the average coordination number was 1.6; in the least thiol sample, the
average coordination number was 1.8. This suggests that Se coordination decreases as the thiol
concentration increases. Since Se exists mostly as long chains, a larger average coordination
number means a longer chain. This is because, in a chain of Se atoms, each terminal Se has a
coordination number of one while the inner Se atoms have a coordination number of two. The
longer the chain, the average coordination number will approach two. A chain of only three Se
atoms would have a coordination number of 1.5. Therefore, the long Se chains observed in the
least thiol sample break into smaller chains as more thiol is added.

The next analysis technique used was *H NMR. The most significant difference noted in the

four sample was the amount of diethyl disulfide formed. As the thiol concentration increased, the
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relative amount of diethyl disulfide increased too. However, the increase stopped once the ET:Se
mol ratio reached 1.5, and neither the sample with ET:Se ratio of 4 nor the excess thiol sample had
additional diethyl disulfide.

The final analysis technique used was (-)ESI-MS/MS. For the mass spectrometry
experiments, only the least thiol sample (ET:Se mol ratio of 0.3) was analyzed and then compared
to the excess thiol sample. Two major differences were noted between the two samples. First, both
samples had abundant HSex ions; however, the relative abundance of each of the ions was vastly
different. In the excess thiol sample, the HSex ions with the greatest signal intensity (and therefore
relative abundance) had two to four Se atoms, with two being the most abundant overall. In the
least thiol sample, the greatest intensity HSex ions had two to six Se atoms, with three being the
most abundant. This observation clearly corroborates the XAS data, which showed that as the thiol
concentration increases, the Se chains decrease in size. The second observation was the appearance
of C2HsSSex ions in the least thiol samples. These ions were not present in the excess thiol sample.
This finding lends further support to the appearance of S-Se bonds observed in the Raman data at

the lower thiol concentration samples. For these ions, one to four Se atoms were observed.
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Figure 5.14 (-)ESI-MS spectra of Se in BA-ET. The top spectrum is the excess thiol sample
while the bottom spectrum is the least thiol sample. Labeled masses are for the monoisotopic
mass of the corresponding assignment. Unlabeled peaks either contain no selenium or were not
successfully identified.

Finally, a scheme for the dissolution was produced from the various data collected. This
scheme is presented below. Previously, I hypothesized that the addition of Se acts as an electron
acceptor in the ionic solvent, accepting electrons from deprotonated thiols to form a neutral species
which can then react with an RS ion to form a disulfide. Theoretically, at the lowest thiol
concentrations, all thiols are deprotonated and exist as negatively charged ions unable to react with
each other and produce diethyl disulfide. As the RS ions react with Se to break up the chains,
electrons are transferred to the Se and the disulfide can form. The Raman data showed evidence
of this S-Se bond formation at low thiol concentrations. As thiol concentration increases, the Se
chains continue to get smaller, as shown in the XAS data. As the Se chains continue to break into
smaller chains and clusters, the potential for disulfide formation increases, as shown in the NMR

data. However, the mass spectrometry data clearly showed that Se chains of only two to four Se
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atoms are favored at high thiol concentrations, suggesting that at a certain point, the Se chains will
no longer be broken into smaller pieces. At this point, addition of additional thiol won’t break the
Se chains anymore and additional disulfide formation won’t be possible. This phenomenon was
observed in the NMR data, with additional disulfide formation stopping at a ET:Se mol ratio of
1.5.

Next, we performed the same testing procedure on the four thiol concentration samples in
EN-ET. The first analysis technique used was Raman spectroscopy. In the previously analyzed
excess thiol sample, there was no evidence for Se-Se bonds and only one small feature in the
spectrum that was assigned to S-Se bonds. In the new samples, major differences were observed.
In the new samples with lower thiol concentrations, Se-Se bonds were observed. As seen in the
BA-ET samples, the Se-Se bonds were much higher intensity at lower thiol concentrations. Also
in line with the BA-ET samples, the EN-ET Raman spectra showed a transition from more trigonal
structures at low thiol concentrations to more orthorhombic, monoclinic, or amorphous structures
at higher thiol concentrations. However, the opposite trend was observed in the S-Se bonds in the
samples: as the thiol concentration increased, so too did the S-Se bond intensity. This was the
opposite trend observed in the BA-ET samples, which only had S-Se bonds at low thiol
concentrations. Ultimately, the Raman data suggest that at low thiol concentrations, Se exists
primarily in its trigonal chain-like structure. As the thiol concentration increases, the Se-Se bonds
are replaced with S-Se bonds. The remaining Se-Se bonds are no longer primarily in the trigonal

structure.
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Figure 5.15 Raman spectra of Se in BA-ET at four different ET:Se mol ratios. The regions for
Se-Se bonds and for S-Se bonds are darkened and labeled.

The next techniques used on the EN-ET samples were *H NMR and XAS. For the NMR, few
differences were noted in the four samples when compared to the excess thiol sample. All samples
showed dimethyl disulfide formation, but the clear increase in diethyl disulfide concentration seen
in the BA-ET samples was not observed. For the XAS analysis, only the least thiol sample was
analyzed and then compared to the excess thiol sample. In the excess thiol, we had only observed
S-Se bonds with an average Se coordination number of 0.8. In the least thiol sample, there was no
evidence of S-Se bonding, but clear evidence of Se-Se bonds with an average Se coordination
number of 1.1. This finding corroborates the Raman data for these samples: as thiol concentration
increases, Se clusters and chains are replaced by S-Se bonds with an average of one to two Se
atoms (coordination number of approximately 1 in the excess thiol sample).

Finally, mass spectrometry was used to identify the types of ions in the solution. As with the
BA-ET mass spectrometry experiments, only the least thiol sample was analyzed and then
compared to the excess thiol sample. The two spectra were vastly different. In the excess thiol
sample, the most predominant peak was C,HsSSe . Very few other Se-containing ions were
observed. In the least thiol sample, however, at least eight different Se-containing ions were
observed. Of these ions, HSex ions were the most abundant, with two to four Se atoms the most
common cluster size. lon containing up to six Se atoms were observed. Additionally, both

C2Hs5SSe and CoHsSSe, were observed, with CoHsSSe, the more abundant of the two. This data

131



clearly supports the Raman and XAS data, showing that at low thiol concentrations, relatively
large Se chains are still in solution as are S-Se species. As the thiol concentration increases, the Se

chains are broken and replaced almost entirely with C;HsSSe .
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Figure 5.16 (-)ESI-MS spectra of Se in EN-ET. The top spectrum is the excess thiol sample
while the bottom spectrum is the least thiol sample. Labeled masses are for the monoisotopic
mass of the corresponding assignment. Unlabeled peaks either contain no selenium or were not
successfully identified.

Finally, we developed a scheme for Se dissolution in the EN-ET solvent system. In this
scheme, the initial deprotonated thiolate ions act as nucleophiles, reacting with Se clusters and
forming both C,HsSSex species and Sex ions. At first, the Sex ions exist as fairly large chains of
up to at least six Se atoms. During this process, some diethyl disulfide is formed. As additional
thiol is added to the solution, the additional thiolate ions primarily react to form C,HsSSex species,
breaking up the Se chains until practically no Se chains remain in solution. The difference between
this dissolution scheme and the BA-ET scheme may be a result of the differing amine basicity and

nucleophilic interactions with the diammonium cation compared to the monoammonium cation.
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Table 5.4 Elemental composition of ions detected using (-) ESI-MS for Se solutions in BA-ET
and EN-ET with minimum thiol used for dissolution. For some ions, the high resolution MS
signal was too low for accurate calculation of the error or calculation of the m/z with high
accuracy (more than two decimal points). Assignments for these ions were based on low-
resolution mass and isotopic distributions. These ions are marked in the table with *. All m/z

reported are for the monoisotopic mass.

Se in BA-ET with minimum ET
m/z Elemental Composition Error from eggri]c)ted mass (+/-
105.92037 CNSe 11.73
116.07191 CsH1oNO; 11.24
140.92850 C2HsSSe 9.59
159.83391 Se; 8.98
220.84506 C2HsSSe 6.20
240.75812 HSes 6.69
300.76171 C2HsSSes 5.14
320.67536 HSe4 5.66
400.59350 HSes 8.35
480.58* HSes Assigned based on isotopic patterns
Se in EN-ET with minimum ET
m/z Elemental Composition Error from egg:;c;ted mass (+/-
85.047079 C3sHsON2 13.53
108.99644 C2Hs03S 9.62
140.92818 C2HsSSe 7.17
160.84161 HSe> 8.02
220.84452 C2HsSSe; 3.75
240.75800 HSes 481
300.76146 C2HsSSes 4.15
319.66712 Ses/HSeq 4.95
400.59241 HSes 6.30
480.58* HSes Assigned based on isotopic patterns

5.4.2 Effect of Thiol Concentration on Te Dissolution

For this study, we attempted to reproduce the selenium thiol concentration studies. However,
our attempts were thwarted by the low solubility of Te. A 0.5 M Te in EN-ET solution has an
ET:Te mol ratio of four. This was the lowest amount of thiol that we could add while still

dissolving the Te. When we added additional thiol to this solution and analyzed the resulting
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solutions, we saw no observable differences. The solution was simply diluted and had no evidence

for a change in Te bonding.

5.4.3 Effect of Thiol Concentration on Se Te Codissolution

Finally, we studied the effect of thiol concentration on the codissolution of Se and Te. To
produce these samples, a Se:Te ratio of 3:2 at a total chalcogen concentration of 10 mM was used.
This data is preliminary and was intended for further exploration, so only (-) ESI MS/MS was used
to characterize the samples. The Seand Te in 1:1 (v/v) amine: thiol samples are referred to as the
“excess thiol” samples. The “least thiol” samples were made at a thiol: chalcogen ratio of 0.3: no
other ratios were prepared.

As previously discussed, Se and Te dissolved together in BA-ET with excess thiol exhibited
a large number of species in solution, but that nearly all of these ions were of the form SexTey,
with x > y. Almost no other kinds of Se or Te-containing ions were observed. The mass spectrum
of the least thiol sample was quite different. While the least thiol sample still contained SexTey
ions, there were only two of them: Se.Te and HSesTe. Additionally, a substantial abundance of
CNSe and CNTe ions were observed, as was HO3Te. Since ozone addition and other reactions are
known to occur in ethanethiol solutions (see Chapter 4), it is possible that the formation of these
three ions are due to ESI-induced reactions and ozone addition. For this solution, an unusually
large amount of visual plasma was observed during data collection, which would suggest that the

data collected for this sample is not wholly representative of the species found in solution.
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Figure 5.17 (-)ESI-MS spectra of SeTE in BA-ET. The top spectrum is the excess thiol sample
while the bottom spectrum is the least thiol sample. Labeled masses are for the monoisotopic
mass of the corresponding assignment. Unlabeled peaks either contain no selenium or were not

successfully identified.

Table 5.5 Elemental composition of ions detected using (-) ESI-MS for Se-Te solutions in BA-
ET with a thiol:Se molar ratio of 0.3. All m/z reported are for the monoisotopic mass.

Se-Te in BA-ET (Least thiol)
m/z Elemental Composition Error from e;)(gﬁ]c)ted mass (+/-
105.92037 CNSe 12.49
155.91014 CNTe 8.92
178.89963 HOsTe 7.75
289.74043 SexTe 591
370.66482 HSesTe 4.74
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For Se and Te dissolved in EN-ET, however, much more consistent and reproducible mass
spectrometry data was obtained. As previously discussed, with excess thiol, this sample exhibited
many different ions, including RSSex, RSTey, RSSexTey, and SexTey. For the RSSexTey, and
SexTey ions, the number of Se atoms was always greater than or equal to the number of Te atoms.
In this solution, both the RS-containing ions and the lone metal clusters were almost equal in total
abundance. Additionally, Te,” was observed: the only instance in the spectrum where Te was
observed without any additional Se or a sulfur or CN ligand. Unlike the Se and Te in BA-ET, the
least thiol sample in EN-ET had strikingly similar ions present; the main difference was in the
relative abundance of many of the ions. In the least thiol sample, larger SeTe clusters, both with
and without thiol ligands, were observed in the spectrum and at higher relative abundances. This
suggests that dissolution begins by breaking down the Se and Te chains into clusters, and that this
process continues as additional thiol is added until cluster sizes are relatively small. Additionally,
Sex clusters are in much higher abundance in the least thiol sample, most notably HSe; and Ses.
This suggests that when Se and Te first begin to dissolve, the Se dissolves in higher abundance
first. Since we hypothesized in section 5.3.3 that the formation of Sex nucleophiles in solution is
primarily responsible for the dissolution of Te, the large abundance of Se, and Sez ions at low thiol
concentrations makes sense. Finally, the last major observation was the disappearance of the Te>
and CoHsSTey ions. Again, this finding fits well into our broader understanding of Se and Te
codissolution. The Se is preferentially dissolved, and only when there is enough thiol in solution

can Teyx and C2HsSTey species be formed in solution.
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Figure 5.18 (-)ESI-MS spectra of SeTe in EN-ET at two different concentrations of thiol. The
top spectrum is the excess thiol sample while the bottom spectrum is the least thiol sample.
Labeled masses are for the monoisotopic mass of the corresponding assignment. Unlabeled

peaks either contain no selenium or were not successfully identified.

137



Table 5.6 Elemental composition of ions detected using (-) ESI-MS for Se-Te solutions in BA-
ET with a thiol:Se molar ratio of 0.3. For one ion, the high resolution MS signal was too low for
accurate calculation of the error or calculation of the m/z with high accuracy. Assignment for this
ion was based on low-resolution mass and isotopic distributions. These ions are marked in the
table with *. All m/z reported are for the monoisotopic mass.

Se-Te in EN-ET

m/z Elemental Composition | Error from expected mass (+/- ppm)
105.92004 CNSe 9.37
140.92810 C2HsSSe 6.60
155.90941 CNTe 4.24
209.82277 SeTe 2.73
220.84442 C2HsSSe; 3.30
239.74989 Ses 3.64
270.83386 C2HsSSeTe 1.73
289.73900 Se;Te 0.97
300.76086 C2HsSSes 2.15
319.66688 Seq 4.20
350.75052 C2HsSSe;Te 1.73
370.66423 HSesTe 3.14
380.67779 C2oHsSSe4 2.77
430.66804 C2HsSSesTe 3.73

511* CoHsSSesTe Assigned based on isotopic pattern

5.5 Using New Understanding to Guide Alloy Synthesis

Previously, researchers at Purdue noted that lead chalcogenide nanoparticle synthesis
appeared to be impacted by changing from monoamines to diamines (21). Our new research
provides a possible lens through which to interpret these previously-observed differences. It also
presented an opportunity to test whether our new understanding could predict the behavior of
PbSeTe nanoparticle alloy formation in different solvents. Our findings concluded that Se and Te
dissolved in butylamine-ethanethiol solutions formed mostly SexTey species with a limited range
of cluster sizes. However, Se and Te in ethylenediamine-ethanethiol produced many different
species, including RSSex, RSTex, RSSexTey and SexTey. We hypothesized that the relative
uniformity of the species formed in butylamine-ethanethiol solution would produce a Pb alloy with
equally uniform properties. We also hypothesized that since numerous different species formed in
ethylenediamine-ethanethiol solutions, the resulting Pb alloy would be less uniform and may have

a heterogenous composition.
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To test our hypothesis, two solutions of Se and Te were used to synthesize PbSeTe
nanoparticles. The first solution contained a 4:1 mol ratio of Se:Te dissolved in butylamine-
ethanethiol (1:1 by volume) while the second solution contained a 4:1 mol ratio of Se:Te dissolved
in ethylenediamine-ethanethiol (1:1 by volume). Each of these solutions was independently
reacted with a lead acetate solutions. Each solution precipitated nanoparticles within one minute,
which were then washed and analyzed using X-ray diffraction. When measured under the same
conditions (26 between 23-33°), the XRD showed clear differences between the two different sets
of nanoparticles. For the butylamine-ethanethiol particles, two peaks could be seen: a PbSe peak
and a fairly uniform and homogenous PbSeTe alloy peak. This result was expected: free Sex
species were known to form in the butylamine solution, which would lead to the PbSe particles.
Additionally, the SexTey species seen in the butylamine solution were comparatively homogenous,
so the single broad peak corresponding to a PbSeTe alloy was expected. XRD of the
ethylenediamine solution particles showed three peaks: a PbSe peak, a Se rich PbSeTe alloy peak,
and a Te rich PbSeTe alloy peak. These results were also expected. In the ethylenediamine
solution, clusters of Sex, Teyx, and SexTey were observed, with the SexTey clusters exhibitinga much
wider range of compositions compared to the butylamine solution. Therefore, the alloy formed

was not nearly as homogenous, showing both Se and Te rich alloy formation.

5.6 Conclusions

In this chapter, we investigated the dissolution mechanism and species formation of selenium
and tellurium in amine-thiol solvent systems. To do this, a combination of mass spectrometry,
Raman spectroscopy, X-ray absorption, and NMR spectroscopy were used to analyze a variety of
solutions. From the data collected, we found that the Se and Te ions formed in solution can vary
significantly based on both the amine-thiol solvent system used and the relative concentration of
thiol in the solution. In monoamine-monothiol solvents, Se exists in numerous configurations, not
just the monoclinic Ses rings previously observed. We observed that the addition of Se to the
monoamine-monothiol solvent facilitated the formation of dialkyl disulfide. As the thiol
concentration in this solution increases, thiolate ions transfer electrons to Se chains, breaking them
into smaller chains and clusters until a minimum cluster size of two to four Se atoms is reached.
In diamine-monothiol solvents, the thiolate in solution both breaks the Se chains into smaller

clusters and reacts with sufficiently small Se clusters to form thiolate ligands. As the thiol
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concentration is increased, these small Se clusters with thiolate ligands are favored and nearly no
large Se clusters are left. The difference in the behavior of these two solvent systems is
hypothesized to be due to the difference in basicity between the monoamine and diamine
counterions.

In diamine-monothiol solutions, Te was found to form relatively small Te clusters with
thiolate ligands. Perhaps due to the low solubility of Te in these solutions, very small
concentrations of thiol could not dissolve the Te and larger concentrations of thiol only diluted the
sample. However, co-dissolving Se and Te together resulted in significantly different solutions. In
diamine-monothiol, Se and Te first forms Se ions and Se clusters with thiolate ligands. When
enough of these Se nucleophiles are in solution, Se-Te-thiolate complexes are formed. As thiol
concentration increases, the Se chains are broken into smaller Se and Se-Te clusters. These ions
are small enough to remain stable in solution without the thiolate ligand. With excess thiol in
solution, there is enough thiol to facilitate the formation of very small Te clusters. In monoamine-
monothiol, the thiolate ligands remain on the Se Te complexes, even at large thiol concentrations.
The insolubility of Te in monoamine-monothiol solutions likely causes this difference.

Finally, we used the findings from our Se and Te experiments to tune the synthesis of a
PbSeTe material. We showed that the relative uniformity of the Se-Te species formed in
butylamine-ethanethiol solution resulted in a Pb alloy with relatively uniform properties and
composition while the numerous different kinds of Se and Te species in ethylenediamine-
ethanethiol resulted in a less homogenous Pb alloy with heterogeneous composition. It is our belief
that understanding how chalcogens dissolve in and react with amine-thiol solvent systems can
allow other researchers to similarly tune the synthesis of other metal chalcogenide materials and
ultimately better control the properties of the metal chalcogenides needed for next-generation

photovoltaic cells and other thermoelectric devices.
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