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ABSTRACT

Author: Dong, Xueming. PhD

Institution: Purdue University

Degree Received: May 2019

Title: The Development of Tandem Mass Spectrometric Methods for Characterization of
Asphaltenes and Differentiation of Small Organic Isomers

Committee Chair: Hilkka I. Kentt&maa

High-resolution mass spectrometry (MS) and tandem mass spectrometry (MS/MS)
are powerful tools for the characterization of the molecular structures of components of
both simple and complex mixtures. MS and MS/MS have played key roles in many fields,
including proteomics, metabolomics, and petroleomics. This thesis focuses on the
development of tandem mass spectrometric methods for the structural characterization of
asphaltenes and small isomeric molecules. In addition, this thesis also presents a method
to address a sampling bias in asphaltene analysis.

Chapter 2 describes the fundamental aspects of the mass spectrometer used for the
research discussed in this thesis. Chapter 3 presents an in-depth study on the determination
of the relative abundances of single-core and multicore compounds in asphaltenes. A
statistical sampling bias in many earlier asphaltene studies is discussed and a rapid and
simple alternative method is introduced to address this sampling bias. Chapter 4 presents
an investigation of the sizes of aromatic cores and lengths of alkyl chains in isobaric ions
derived from asphaltenes by using an improved data analysis method. Chapter 5 presents
a fundamental study on utilization of energy-resolved collision-activated dissociation
(CAD) for the differentiation of isomeric ions. Energy-resolved CAD was used to compare
the ability of two different activation methods to differentiate four sets of isomeric ions of
aromatic hydrocarbons. The comparison suggests that medium-energy CAD (MCAD;
commercially known as higher-energy collision dissociation, HCD) is more powerful in

differentiation of the four sets of isomers than conventional ion trap CAD (ITCAD).
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CHAPTER 1. INTRODUCTION

1.1 Introduction

The first mass spectrometer was developed by J.J. Thompson and F.W. Aston
during the 1910s.! After over a century of development, mass spectrometry (MS) is
currently one of the most powerful and popular methods in analytical chemistry and plays
key roles in a wide range of research areas.?*

A typical MS experiment is composed of three events: evaporation and ionization,
ion separation, and ion detection.® During evaporation and ionization, gas-phase ions are
generated from analytes. During ion separation, ions with different mass-to-charge ratios
(m/z) are separated in the mass analyzer. Finally, the abundances of separated ions are
measured by the ion detector. The resulting mass spectrum shows the ions’ m/z values on
the x-axis and their relative abundances on the y-axis.

The development of high-resolution mass spectrometers has allowed for the very
accurate determination of ion m/z values, therefore providing information on the elemental
compositions of ions.® Structural information for the ionized compounds is obtained by
using tandem mass spectrometry (MS/MS) experiments. In the most common MS/MS
experiments, the ions of interest are isolated and then fragmented using one of several
different activation methods. Collision-activated dissociation (CAD) is arguably the most
popular method. In a CAD experiment, isolated ions are accelerated and allowed to collide
with neutral atoms (e.g., helium or argon) or molecules (e.g., nitrogen). During the
collisions, part of the kinetic energy of the ions is converted into their internal energy,
ultimately inducing fragmentation. The m/z values and relative abundances of the fragment

ions can provide structural information for the fragmenting ion.
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1.2 Thesis overview

This thesis focuses on the development of tandem mass spectrometric methods for
the elucidation of the structures of asphaltenes and differentiation of small aromatic
hydrocarbon isomers, such as 3-, 6-, and 8-pentylquinolines. Chapter 2 introduces
fundamental aspects of tandem mass spectrometry, in addition to detailed operation
principles relevant to the techniques employed in this thesis.

Chapter 3 discusses an MS/MS investigation based on CAD of the relative
abundances of single-core and multicore compounds in asphaltenes. The relative
abundances of these compounds have been debated for decades without a consensus. In
many earlier CAD investigations, conclusions were made on the relative abundances based
on examination of only a limited number of ions. This approach is essentially based on the
assumption that the relative abundances of single- and multicore compounds are uniform
within the entire sample regardless of the molecular weights of the compounds. In this
study, medium-energy collision-activated dissociation (MCAD) in a linear quadrupole ion
trap/orbitrap high-resolution mass spectrometer was employed to explore and compare the
relative abundances of single-core and multicore compounds in two different asphaltene
samples. To increase the representative sample size and improve on previous methods, ions
with m/z values in the ranges of 35010, 450+10, 55010 and 65010 were studied for
each asphaltene sample. These groups of ions were isolated and subjected to MCAD. The
ions displayed different relative decreases in their weighted average ring and double bond
equivalents (RDBE), suggesting that the abundances of single-core and multicore
compounds are not uniform within the entire asphaltene samples. Therefore, traditional
mass spectrometry approaches used to determine these relative abundances are likely to
suffer from a sampling bias. As opposed to MCAD, ion-source collision-activated
dissociation (ISCAD) is not susceptible to sampling bias because no ion selection is
involved. Thus, ISCAD can be used for a relatively unbiased evaluation of the relative
abundances of single-core and multicore compounds in different asphaltenes.

Chapter 4 presents an investigation of the sizes of the aromatic cores and lengths of
the alkyl chains in isobaric ions derived from asphaltenes by using MCAD and an improved
data analysis method. One of the major challenges in MS-based elucidation of the
structures of asphaltenes is that the fragmenting ions cannot be easily correlated to their
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fragment ions as asphaltenes are very complex mixtures. It has been demonstrated in the
literature that single-core ions generate fragment ions with similar ring and double bond
equivalence (RDBE) values. As a result, fragmenting ions and fragment ions derived from
a single-core compound can be correlated based on their similar RDBE values. A mass
spectrum of measured for ions of m/z 40040.5 derive from an asphaltene sample showed
three clusters of fragmenting ions with RDBE values ~12, 18, and 24, respectively. A CAD
mass spectrum of these ions showed three clusters of fragment ions with RDBE values ~12,
18, and 24, respectively. These three clusters fragment ions are likely derived from the
fragmenting ions of similar RDBE values and are referred to as ion clusters from hereon.
A CAD mass spectrum for each ion cluster was reconstructed for characterization of the
ions’ structure. The structures of ion clusters of m/z 40040.5, 50040.5, 60040.5, and
70040.5 derived from an asphaltene sample were explored using this approach. Overall,
the study revealed that ions with a greater m/z value and a larger RDBE value tend to have
larger aromatic cores. Additionally, ions with a larger m/z value and a lower RDBE value
tend to have the largest alkyl chains.

Chapter 5 compares the ability of two energy-resolved CAD methods to
differentiate challenging isomeric ions. CAD can be performed in the ion trap of the linear
quadrupole ion trap (LQIT)/orbitrap mass spectrometer. This CAD method is referred to
as ion-trap CAD (ITCAD). ITCAD is demonstrated here to fail to differentiate specific
classes of isomeric hydrocarbon ions. An alternate approach, medium-energy CAD
(MCAD, commercially known as higher-energy collision dissociation or HCD) performed
in the octupole collision cell of the mass spectrometer, is an alternative approach for
differentiation of isomeric ions. The isomeric hydrocarbon ions that could not be
differentiated using energy-resolved ITCAD were differentiated by using energy-resolved
MCAD. In addition, at high collision energies, energy-resolved MCAD showed minimal
ion loss compared to energy-resolved ITCAD, a potential advantage when the sample

concentration is low.
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CHAPTER 2. INSTRUMENTATION AND EXPERIMENTAL
DETAILS CONCERNING HYBRID LINEAR QUADRUPOLE
ION TRAP-ORBITRAP MASS SPECTROMETERS

2.1 Introduction

MS analysis typically involves three stages: 1) evaporation of the sample, 2)
ionization of the compounds, 3) separation of the gas-phase ions based on their mass-to-
charge ratios (m/z) and measurement of the ion abundances. All of the studies discussed in
this thesis were performed using a Thermo LQIT/orbitrap mass spectrometer (Thermo
LTQ/Orbitrap XL). This chapter will describe the theory underlying the desorption,
ionization, separation and abundance measurement steps outlined above. Tandem mass
spectrometry based on CAD was used extensively to reveal information about ion
structures.

Evaporation and ionization of compounds is the prerequisite for most MS analysis.
Significant efforts have been devoted to the development of desorption/ionization
techniques. In the early stages of MS, evaporation was accomplished by thermal heating
and the gas-phase molecules were ionized by electron ionization® (EI) and chemical
ionization (CI).2 El and CI can only be used to ionize compounds in the gas phase, thus
limiting the analysis to thermally stable and volatile compounds. This limitation was
addressed with the development of fast-atom bombardment (FAB),? field desorption/field
ionization (FD/FI),*° electrospray ionization (ESI),° matrix-assisted laser desorption
ionization (MALDI),” atmospheric-pressure chemical ionization (APCI),® atmospheric-
pressure photoionization (APPI),° desorption electrospray ionization (DESI),*° desorption
atmospheric-pressure chemical ionization (DAPCI),!! and direct analysis in real-time
(DART).12 The ionization methods employed in this thesis, ESI and APCI, are discussed

in detail in this section.
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2.2 lonization
2.2.1 Electrospray lonization (ESI)

ESl is a soft ionization method first reported in 1989.%*4 ESI can be used to ionize
large and thermally labile polar compounds without significant fragmentation. Several
mechanisms have been proposed for ESI. One of them is as follows: 1) Charged droplets
are generated at a capillary tip that has high voltage applied to it. 2) The droplets travel
towards the MS inlet and shrink as the solvent molecules evaporate. 3) Gas-phase ions are
produced from the small charged droplets via several possible mechanisms that will be
discussed below. An overview of the ionization process is provided in Figure 2.1 and
discussed in detail in the following paragraphs.

When the analyte solution exits the capillary under a high electric potential (e.g., 3-
5 kV during ESI), a Taylor cone is formed.'>® A plume of charged droplets are ejected
from the Taylor cone and travels toward the electrically-grounded MS inlet. The structural
integrity of the charged droplets is affected by the balance between the surface tension of
the solvent and Coulombic repulsion between the charged particles on the surface of the
droplet. As the charged droplets travel towards the MS inlet, solvent molecules evaporate,
and the increased charge density on the surface of the droplet causes an increase in the
Coulombic repulsion. When the Coulombic repulsion exceeds the surface tension, the
droplet becomes unstable at a point known as the Rayleigh instability limit.1"'® The
unstable charged droplets undergo a series of Coulombic explosions, producing
increasingly smaller droplets. Eventually, gas-phase ions are produced from the droplets,
and these ions enter the MS inlet via the ion transfer capillary. To facilitate solvent
evaporation and ion desolvation, a nebulization gas such as nitrogen is generally used.*®
Three types of nebulization gases can be used during a typical ESI process: a sheath gas,
an auxiliary gas, and a sweep gas. The sheath gas flows from near the capillary tip, the
auxiliary gas flows from near the spray nozzle, and the sweep gas flows from the opening
of the sweep cone (Figure 2.2). At low solution flow rates, sheath gas and auxiliary gases
are often used to stabilize the spray and facilitate desolvation. Sweep gas is usually required
for very high solution flow rates. However, nebulization gases are normally not employed

when the flow rate is very low, as is the case with nanospray ESI.%
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Figure 2.1 Schematic of an ESI process. The formation of charged droplets, generation of
smaller charged droplets via evaporation of solvent molecules (S), and subsequent
production of gas-phase analyte ions (MH™) between the ESI needle and the MS inlet.

The underlying mechanism(s) for the generation of gas-phase ions from the liquid
droplets upon ESI remain uncertain. Currently, there are two main models to explain the
gas-phase ion generation process.?*?* Based on the charged residue model®® (CRM), gas-
phase ions are generated from the charged droplets when all of the solvent molecules in
the droplet evaporate. The analyte molecules receive most of the charges carried by the
droplet. However, according to the ion evaporation model?® (IEM), as the charge density
on the surface of the droplet becomes increasingly high, gas-phase ions are released from
the surface of the droplet via a mechanism similar to field desorption/ionization.?®
Currently, it is believed that the CRM better describes the formation of gas-phase ions from
large analytes, such as proteins, while the IEM better describes the formation of gas-phase

ions from small analytes.?”?®
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Figure 2.2 Schematics of the region between the ESI tip and the MS inlet. The sheath gas,
auxiliary gas and sweep gas are indicated.

2.2.2  Atmospheric-Pressure Chemical lonization (APCI)

APCI is a soft ambient ionization technique developed to ionize e analytes with
medium to low polarities and molecular weights.® The hypothesized mechanism of APCI
is illustrated in Figure 2.3. During APCI, the analyte solution is introduced into the ion
source through a transfer capillary that is heated by a ceramic heater to 300-500 °C while
nitrogen acts as a nebulization gas to facilitate solvent evaporation. The analyte solution
leaves the transfer capillary as small droplets and eventually becomes a vapor composed
of solvent and analyte molecules. A corona discharge needle with an applied voltage of 2-
4 KV ionizes the nebulization gas to produce primary ions. The primary ions then react
with solvent molecules in the gas phase to generate solvent ions. Finally, the solvent ions
react with the analyte molecules to form analyte ions. The chemical reactions that have
been hypothesized to occur during APCI is illustrated in Scheme 2.1. Although the ESI
and APCI sources in the Thermo LTQ-Orbitrap XL mass spectrometer share the same

atmospheric pressure ionization platform, the two ionization processes may be
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fundamentally different because it is hypothesized that ionization in APCI occurs in the

gas phase while that of ESI occurs in the liquid phase.
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Figure 2.3 Schematic of the APCI process in positive ion mode.
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Scheme 2.1 Mechanism of APCI ionization in positive ion mode for the generation of
protonated analytes when using water solvent.
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2.3 Overview of the Linear Quadrupole lon Trap (LQIT) Mass Spectrometer

A schematic of a commercial LQIT mass spectrometer (Thermo LTQ) is shown in
Figure 2.4. The LQIT mass spectrometer can be divided into three regions: 1) the
atmospheric-pressure ionization (API) region, 2) the ion optics region, and 3) the mass
analyzer and ion detection region. Each of these regions is discussed in detail in the

following sections.

2.4  The Atmospheric Pressure lonization (API) Region

The API region can be subdivided into the API source region (operated at
atmospheric pressure) and the API stack region (operated at ~1 Torr). The vacuum was
generated with two Edwards E2M30 mechanical pumps, each operated at 650 L/min.

In the API source, gaseous ions are commonly generated using electrospray
ionization (ESI), atmospheric pressure photoionization (APPI) or atmospheric pressure
chemical ionization (APCI). In the API stack, the ions from the API source are drawn into
the ion transfer capillary via an electric field. In positive ionization mode, a positive DC
voltage is applied to prevent gaseous cations from colliding with the capillary. A positive
voltage is applied to the tube lens to focus the ions towards the opening of the skimmer in
positive ionization mode. A negative voltage is applied to the tube lens in negative
ionization mode. The skimmer acts as a vacuum baffle between the API stack region (~1
Torr) and the multipole 00 compartment (Figure 2.4, top) (~0.05 Torr). The skimmer cone
orifice is located off-center to the ion transfer capillary tube. The voltage applied to the
tube lens does not affect neutral molecules. Thus, the neutral molecules collide with the
surface of the skimmer cone (Figure 2.4). This is done to prevent neutral molecules from

entering the mass spectrometer.



26

Atmospheric-Pressure lon Optics LQIT and Detector
lonization Region Region Region
API Source API Stack
Skimmer Detector 1
Cone Multipole Mumpo\e Murllpole Back

Tube Lrpns

Ta

Orifice

b

Transfer

Capillary _:_

00

Gate
Lens

7k

Front

O

Lens

Lens

I Lens O

—

Lens 1

Linear

%B%

Detector 2

1

Quadrupole
lon Trap

X

Y%

~760 Torr ~1 Torn~0.05 Torr ~0.001 Torr

~0.00001 Torr

Skimmer
Cone

lon Transfer
Capillary

Figure 2.4 A schematic of the components of a linear quadrupole ion trap (LQIT) mass
spectrometer. The atmospheric pressure ionization region, the ion optics region, and the
LQIT and detector region are highlighted in different colors. The operational pressures for
each region are indicated beneath the diagram.
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2.4.1 The lon Optics Region

The ion optics region contains three multipoles. These multipoles are referred to as
multipole 00, multipole 0, and multipole 1, and each is located in a different compartment
(Figure 2.4). These compartments are differentially pumped by a Leybold TW turbo
molecular pump. The multipole 00, 0, and 1 compartments are pumped at rates of 1,500
L/min, 18,000 L/min, and 24,000 L/min, respectively, generating a vacuum of ~0.5 Torr,
~0.001 Torr, and 0.00001 Torr, respectively.

The gaseous ions generated in the API region are transported via ion optics into the
mass analyzer. The ion optics region also serves as a buffer zone between the higher
pressure API region (1 Torr to 0.001 Torr) and the low pressure ion trap region (0.00001
Torr). Transportation of the ions is achieved with two quadrupoles (multipole 00 and
multipole 0) followed by an octopole (multipole 1) ( Figure 2.4).2° The multipoles restrict
ion motion in the x direction by applying identical repulsive RF voltages on opposing
electrodes (P1, Figure 2.5). lon motion in the y direction is controlled in a similar manner.
The applied frequency is the same for all rods but the amplitude is 180 “out of phase for
adjacent rods (P2, Figure 2.5). As a result, the ions follow a circular, oscillating trajectory

when travelling through the multipoles.
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Figure 2.5 The RF voltages applied to the quadrupole present in the ion optics. RF voltages
with the same frequency and amplitude are applied to opposite poles (P1) to control the ion
motion in x direction. The same RF voltages, but 180 out-of-phase, are applied between
neighboring poles (P2) to control ion motion in y direction.
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lon motion in the z direction is controlled by DC voltages applied to lenses in the
mass spectrometer (Figure 2.3). Throughout the ion optics, a lower (i.e., more negative)
potential is applied to each of the lenses, which attracts the positive ions. This DC potential
accelerates and guides the ions towards the ion trap.
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Figure 2.6 Typical DC offset voltage settings applied to the ion optics in the LQIT mass
spectrometer to control ion motion in the z-direction.
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2.4.2 lon Trap Region

A typical LQIT consists of a front section, a center section, and a back section (Figure 2.7).
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Figure 2.7 Schematics of an LQIT mass analyzer.

2.5 Fundamental Aspects of Linear Quadrupole lon Traps

The main functions of the ion trap include ion trapping, isolation, excitation, and

ejection. These functions are discussed in this section.

2.5.1 lon Trapping

lon trapping in the LQIT is achieved using DC and RF voltages applied to the four
ion trap electrodes.®® The ion motion in the x and y directions is controlled by the RF
voltage and the ion motion in the z-direction is controlled by the DC voltages. In addition,
helium is often used to collisionally cool the ions in the LQIT. The RF voltages have a
fixed amplitude and frequency. Similar to the ion optics quadrupoles, RF voltages of the
same amplitude but with a frequency 180~ out of phase are applied to adjacent electrodes.
The ions’ motion in the z-direction is controlled by DC voltages applied to the front section
and the back section. For ion detection, two of the center section electrodes (x direction,

Figure 2.7 right) contain slits for ion ejection. lon excitation, isolation, and ejection are
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achieved by applying supplemental RF voltages with different frequencies and amplitudes
to the electrodes in the x direction. The principles for ion isolation, excitation, and ejection

will be discussed in detail in Section 2.5.

2.5.1.1 lon Motion in x- and y-Directions

The two-dimensional RF-field @, can be described by the following equation:
+d, = +(U — V cos 2t) (2.1)
where U is the applied DC voltage, V is the amplitude of the RF voltage, and 2 is the
angular frequency. The potentials experienced by the ions in the LQIT in the x- and y-
directions (P, ,) can be described by the following equation:

_ Po(x2-y?) _ (U-Vcosnt)(x?-y?)
W= s g

o

2.2)

where ro is the radius of the circles inscribed by the four electrodes in LQIT.
The force experienced by the ions inside the LQIT in the x (Fx) and y (Fy) direction

can be expressed as:

d?x dod

E, = m——=—ze— (2.3)
d? do
E, = md—tf =—ze (2.4)

where m is the mass of the ion, z is the number of charges of the ion, and e is the charge of
an electron (1.6x107*° Coulombs).

Based on the force experienced by the ions in the x- and y-directions (equations 2.3
and 2.4), the motion of the ions in the x- and y-directions can be expressed by using the

following equations:*°

d?x = 2ze

pro — (U=Vcos2t)x =0 (2.5)
d? 2

d—tf + mz:)z (U=Vecost)y=0 (2.6)

Equations 2.5 and 2.6 are similar to the general form of the Mathieu equation
developed in the 1860s:°

d%u

TS + (a, +2q,cos28du=0 (2.7)

When & = % equations 2.5 and 2.6 can be re-arranged as the Mathieu equations:
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4zeV

Gu=0x =5 (2.8)
8zeU

A, = a, = m:;ﬂz (2.9)

where a, (or a) and qu (or q) are the Mathieu stability parameters shown in the Mathieu
stability diagram in Figure 2.8.

The Mathieu stability diagram describes the stability of ion trajectories in the ion
trap based on the parameters a and q defined in equations 2.8 and 2.9, respectively. As
Figure 2.8 indicates, the ion trajectories can be stable in the x-direction but not the y-
direction, stable in the y-direction but not the x-direction, stable in both the x- and y-
directions, or unstable in both the x- and y-directions. Only ions with a and q values
corresponding to stable trajectories in both the x- and y-directions (grey area, Figure 2.8)

can be trapped. According to equation 2.8, ions of larger m/z values have smaller g values.
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Figure 2.8 A typical Mathieu stability diagram. The circles represent ions of different m/z
values. Larger circles represent the ions of larger m/z and vice versa. lons located in the
grey area have stable trajectories in the ion trap while ions located outside the grey area
have unstable trajectories in the ion trap.
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2.5.1.2 lon Motion in the z-Direction

Different DC voltages can be applied to each of the three sections of the LQIT
(Figure 2.7). A low DC voltage is applied in the center section to attract the ions, while a
higher DC voltage is applied on the back and front sections to prevent the ions from
escaping the ion trap. This creates a potential well that restricts the ion motion in the z-
direction in the LQIT (Figure 2.9).

Front Back
Lenses  Front Center Back Lenses
Section Section Section

y Potential Well

Figure 2.9 A schematic of the LQIT. The ion motion in the z-direction is controlled by
applying higher DC potentials to the front and back sections of the LQIT and lower DC
potentials to the center section. This creates a DC potential well (shown below) that
restricts the ion motion in the z-direction. The colored dots indicate ions trapped in the
potential well.
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2.5.1.3 Helium as a Buffer Gas

Helium is employed in the LQIT to kinetically cool the ions so that they reside in
the center of the central region. Helium reduces the kinetic energy of the ions by frictional
cooling without causing collisional activation because it has a low atomic mass (Figure
2.10). This improves detection sensitivity as the cooled ions reside in the center region as

a “tight pack™ and can be ejected as a tight pack into the external electron multipliers.
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Figure 2.10 The effect of helium on cooling the ions. The cooled ions have less kinetic
energy and exist as a tighter group.

2.5.2 lon Ejection

The ions must be ejected from the ion trap for detection. lon ejection can be
accomplished by a method referred to as “axial instability scan”. This is achieved by
increasing the g value of the ions by increasing the RF amplitude. As the ion q value
increases to 0.908 (Figure 2.11), the ions no longer have a stable trajectory in the x-
direction and they exit the ion trap. However, not all ions exit the ion trap through the slits
in the two electrodes. Consequently, sensitivity is compromised.3!

To address the drawback of axial instability scanning, the ions in commercial LQIT
mass spectrometers are ejected via the “x-electrode bipolar resonance ejection” method.*?
This method involves increasing the q value of the ion to 0.88 by increasing the RF

amplitude (Figure 2.11). Then, a supplementary RF voltage that is in resonance with the
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ion’s oscillation frequency is applied to the x-electrodes. The ion’s oscillation frequency is

described by the following equation:

w, =2 (2.10)

where Q is the angular frequency of the RF field applied to the electrodes of the ion trap

and B, is the Dehmelt approximation for the Mathieu stability parameter g, when q,, is

less than 0.4.% B, can be expressed by the following equation:

B, = [(a, +0.5q2) (2.12)

Wherea,, and q,, are Mathieu stability parameters described earlier.
The supplementary RF voltage increases the ion kinetic energy and therefore the
oscillation amplitude in the x direction. As a result, most of the ejected ions leave the ion
trap through the slits in the x-direction electrodes. This approach has better sensitivity and

resolution compared to ion ejection via axial instability scanning.>*
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Figure 2.11 Mathieu stability diagram. In axial instability scanning figure, ions are ejected
at q = 0.908. In x-electrode bipolar resonance ejection, the q value of the ions is increased
to 0.88 and a supplemental RF voltage is applied to eject the ions.
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2.5.3 lon Detection with Electron Multipliers

lon detection can be achieved through two electron multipliers (Figure 2.12)
located in the x-direction on both sides of the ion trap. A voltage is applied to a conversion
dynode located near the slit in an x-electrode to attract ions towards the dynode. The ions
collide with the surface of the conversion dynode and generate electrons.® The electrons
then travel towards the electron multiplier due to the electric potential difference between
the conversion dynode and the electron multiplier. The electrons collide with the surface
of the electron multiplier and generate several electrons. The surface of the cathode in the
electron multiplier is funnel-shaped. This results in a cascade of collisions for each electron
generated by the secondary particles. Upon collisions with the surface, these electrons
generate many more electrons. The number of electrons generated upon each collision is
controlled by the amplification factor (gain). As a result, for each analyte ion that strikes
the conversion dynode, a very large number of electrons is generated in the electron
multiplier, creating a measurable electric current that is proportional to the numbers of ions
ejected from the LQIT. The measured electric current is reported as the relative abundance

of the ejected ions.
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Figure 2.12 A schematic of ion detection by using electron multipliers in an LQIT.
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2.6 Fundamental Aspects of Tandem Mass Spectrometry (MS/MS)

Tandem mass spectrometry (MS/MS) experiments are often employed for
structural elucidation of unknown ions. In these experiments, the ions of interest are first
isolated by ejecting unwanted ions from the ion trap and then subjected to reactions.
Collision-activated dissociation (CAD) is one of the most commonly used reactions in
tandem mass spectrometry experiments and can be performed in the LQIT-orbitrap mass
spectrometer used in the studies discussed in this thesis. These events are discussed in detail

below.

2.6.1 lon Isolation

The first step in a typical MS/MS experiment is isolation of the ions of interest by
ejection of all other ions. lons with m/z values lower than that of the ions of interest are
ejected by increasing the RF voltage amplitude, thus increasing the q values of the ions to
0.803. This destabilizes the trajectories of the smaller ions, ejecting them from the trap
(Figure 2.13). After this, the ions with m/z-values larger than that of the ions of interest are
ejected by applying a broad-band excitation waveform to the x-electrodes at all oscillatory
frequencies (5-500 kHz, all g values) except for the frequency of the ions of interest at q =
0.803. This increases the oscillatory amplitude of all ions except for the ions of interest in
the x-direction. As a result, all ions except the ions of interest are ejected from the ion trap.
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Figure 2.13 a) The g value of the ion of interest is increased to 0.803. The ions of lower
m/z values than the ions of interest are ejected from the ion trap. b) Application of a tailored
broadband waveform results in the ejection of ions of greater m/z values than that of the
ions of interest.
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2.6.2 Collision-Activated Dissociation

After the ions of interest have been isolated, they can be activated by CAD in the
instrument employed in this research. Three different types of CAD experiments can be
performed in different regions of the Thermo LTQ-Orbitrap XL mass spectrometer (Figure
2.14): ion-source CAD (ISCAD), ion trap CAD (ITCAD), and medium-energy CAD
(MCAD, commercially known as higher-energy collision dissociation). In the research
discussed in this thesis, all three CAD techniques were employed. Each CAD technique

has its unique advantages and thus unique potential applications.

lon-Source CAD lon Trap CAD Medium-Energy CAD

)—L i L | O | Icf%lJ !
W ;M¢rﬁ|i%ﬂ| i%l

14

Orbitrap
Mass Analyzer

Figure 2.14 The three different types of CAD techniques available in the commercial
Thermo LTQ-Orbitrap XL mass spectrometer. lon-source CAD occurs near the tube lens
region in the ion source. lon trap CAD occurs in the LQIT. Medium-energy CAD occurs
in the multipole collision cell located behind the C-trap.

2.6.2.1 lon-Trap CAD (ITCAD)

In ITCAD, the ions of interest are first isolated in the ion trap as discussed above.
Then the isolated ions are accelerated and undergo activating collisions with the helium
buffer gas. Part of the kinetic energy of the ions is converted into internal energy during
the collisions, which results in ion fragmentation.® The overall instrumental aspect of the

ITCAD process is illustrated in Figure 2.15.
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Figure 2.15 Schematic of ITCAD in the Thermo LTQ-Orbitrap XL mass spectrometer. The
ions of interest are first isolated in the LQIT. The isolated ions are accelerated and undergo
activating collisions with the helium buffer gas. The fragmenting ions are indicated by solid
lines and the fragment ions are indicated using dashed lines.
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In the LQIT, ion activation usually starts by decreasing the RF amplitude until the
g value of the isolated ions is decreased to 0.25. Then, the isolated ions are accelerated by
applying a supplementary RF voltage to the x-electrodes. The supplementary voltage has
a small amplitude and a frequency equal to the ion resonance frequency. This pulse is
typically applied for a user-defined time (typically 30 milliseconds). The accelerated ions
collide with helium in the ion trap. During the collisions, part of the ion Kinetic energy is
converted into internal energy until the energy barrier for fragmentation is overcome and
fragmentation ensues. Figure 2.16 illustrates the ITCAD process in the Mathieu stability
diagram.

In ITCAD, only the ions of interest (fragmenting ions) are activated because the
supplementary voltage has the same frequency as the fragmenting ions. Therefore, the
fragment ions are not accelerated. The collisions between the fragmenting ions and helium
atoms are not efficient in converting the ion kinetic energy into internal energy. Therefore,
the increase in the ion internal energy during ITCAD is a slow process and the fragment

ions are mainly generated via low-energy fragmentation pathways.
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Figure 2.16 Schematic of the ITCAD process. A) The g-value of the isolated ions is reduced
to 0.25 by decreasing the RF amplitude. B) A supplementary RF voltage with the same
frequency as that of the ions is applied to the x-electrode to increase the kinetic energy of
the ions. Fragment ions are produced upon collisions between the accelerated ions with

helium buffer gas.
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2.6.2.2 lon-Source CAD (ISCAD)

ISCAD was initially developed to de-cluster ionized proteins in triple-quadrupole
mass spectrometers.®” In the experiments described in this thesis, ISCAD was performed
in the ion source region of the mass spectrometer. The instrumental aspects of ISCAD and
the DC voltages for normal ion transfer and for ISCAD are shown in Figure 2.17. During
ISCAD, all ions were accelerated by the same supplementary DC voltage (Figure 2.17 top,
ISCAD DC voltage) applied to the orifice located in the ion source region (indicated by an
arrow). High-purity nitrogen gas is normally used as sheath and auxiliary gases in the
Thermo LQIT/Orbitrap XL mass spectrometer. Therefore, the orifice region is filled with
high purity nitrogen gas in the experiments discussed in this thesis. The accelerated ions
collided with the nitrogen molecules present in the orifice region inside the ion source
before being transferred to the LQIT. It needs to be highlighted that during ISCAD, ions
are fragmented before being transferred to the LQIT (Figure 2.17) and hence no ion
isolation is involved during ISCAD.

ITCAD and ISCAD have several major differences. The collisions between the ions
and nitrogen molecules more efficiently convert the ion kinetic energy into internal energy.
This makes ISCAD a “harder” fragmentation method than ITCAD, resulting in fragment
ions derived from higher-energy fragmentation pathways. In addition, as discussed above,
fragmenting ions are not isolated prior to fragmentation during ISCAD, and thus all ions

formed in the ion source are activated and dissociate.
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Figure 2.17 Schematic of ITCAD in the Thermo LTQ-Orbitrap XL mass spectrometer. A
decrease in the DC voltage accelerates ions in the ion source region where they collide with
nitrogen molecules. The fragmenting ions are indicated by solid lines and the fragment ions
are indicated by dashed lines. The normal DC voltages and the ion-source CAD DC voltages
are shown as solid and dashed lines, respectively.
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The orbitrap mass analyzer was developed by Alexander Makarov at Thermo Fisher

Scientific in 2000.%® This mass analyzer is based on an earlier ion trap developed by

Kingdon, which is composed of a metal wire stretched along the axis of a cylindrical

electrode. This device is only capable of storing ions, not analyzing them. The orbitrap is

composed of an inner spindle-shaped electrode positioned along the axis of an outer barrel-

shaped electrode.*® The orbitrap can both store ions and determine their m/z values at

relatively high resolution.*® A schematic of a commercial hybrid mass spectrometer, the
Thermo Scientific LTQ Orbitrap XL, is shown in Figure 2.18. The LQIT part of the

instrument is operated as discussed above. The operation of the C-trap, orbitrap and

octupole collision cell are discussed in detail below.
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Figure 2.18 A schematic of a Thermo Scientific LTQ Orbitrap XL mass spectrometer. The
red lines indicate ion trajectories during injection from the C-trap into the orbitrap.
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2.7.1 C-Trap

A C-trap is employed to eject ions into the orbitrap as a cohesive packet to obtain
high-resolution measurements. In the LQIT orbitrap mass spectrometer illustrated in
Figure 2.18, the ions isolated in the LQIT are first delivered into the C-trap, which is filled
with nitrogen gas to kinetically cool the ions via collisions. Nitrogen is employed as the
buffer gas because collisions with the larger nitrogen molecules can more efficiently cool
the ions compared to the smaller helium atoms used in the linear quadrupole ion trap.*
After ions are transferred into the C-trap, a high DC voltage is applied to the C-trap which
ejects the ions as a spatially and temporally tight packet. In the Thermo LQIT orbitrap mass
spectrometer employed here, the ion beam traveling from the C-trap into the orbitrap is
deflected by a set of transfer lenses to prevent the nitrogen gas in the C-trap from entering
the orbitrap. The ions are injected off-center into the orbitrap to allow the ions to start axial
oscillations immediately after entering the orbitrap.*? The overall ion injection process is

illustrated in Figure 2.19.
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Figure 2.19 Injection of ions from the C-trap into the orbitrap. The red arrows indicate
ion trajectories. The image current is produced due to the axial oscillation of the ions.
The cylindrical coordinates r, z, and ¢ are indicated in the orbitrap.
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2.7.2 lon Motion in the Orbitrap

To achieve the desired cycling motion of ions along and around the inner electrode
in the orbitrap without collisions with the electrodes, the electric field in the orbitrap needs
to have a quadro-logarithmic distribution, U.*° The electric field, U, can be described as

shown in equation 2.12:

Uy = 5(22 = 2) + £ R)? InG-) + C (2.12)
where r and z are the cylindrical coordinates indicated in Figure 2.19, Kk is a term related
to the field curvature, Rm is the characteristic radius of the orbiting trajectory of an ion, and
C is a constant.

The ions have three motions in the orbitrap, each with a specific frequency: ion
rotation around the inner electrode (frequency w,,), ion oscillation in the radial direction
(frequency w,) and ion oscillation along the axial direction (frequency w,). The motions

in the orbitrap coordinates (¢, r, z) for an ion of mass m and charge g can be expressed as

follows:
()= =
(3 =0 @1
Tle hzd (2.15)

As shown in above equations, only the axial frequency w, (equation 2.15) is related
to the m/z ratio of the ion and is independent of the position and kinetic energy of the ion.
Consequently, out of the three frequencies (w,,, w,, and w,), only the axial frequency w,
can be used to determine the ion mass-to-charge ratio in the orbitrap. The axial frequency

can be expressed by the following equation:

w, = /(%)k (2.16)

where K is a constant that is derived from equation 2.15 and is proportional to the voltage

applied between the two electrodes.
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2.7.3 lon Detection in the Orbitrap

As previously discussed, only the frequencies in the axial direction are related to
the ions’ mass to charge ratio. Therefore, only the image current produced by the ion
motion in the axial direction is measured. The measured image current is Fourier
transformed to obtain the ions’ m/z values.*® Unlike the LQIT, the orbitrap is a non-
destructive mass analyzer. In the orbitrap, high mass resolution is achieved by simply
measuring the frequency for longer periods of time.**

2.7.4 Medium-Energy CAD (MCAD)

In a Thermo LQIT-Orbitrap mass spectrometer, medium-energy CAD (MCAD,
commercially known as higher-energy collision dissociation) is performed in the octopole
collision cell located behind the C-trap.*® The octopole collision cell is typically filled with
nitrogen as the collision gas. The schematic for the MCAD process is illustrated in Figure
2.20.

During MCAD, the ions of interest are first isolated in the quadrupole ion trap as
discussed above and then transferred into the C-trap. The ions are then accelerated into the
octopole collision cell by a supplementary DC voltage. The collision energy is determined
by the voltage difference between the C-trap (0 V) and the octopole (-10 V ~ -250 V). The
ions are fragmented upon collisions with nitrogen gas in the octopole collision cell. The
fragment ions are trapped in the octopole by a DC potential well before being transferred
back into the C-trap by increasing the DC voltage of the octopole. Typical DC potentials
employed in MCAD experiments are shown in Figure 2.20 (top).

MCAD is a beam-type fragmentation method and thus the generated fragment ions
can be further fragmented during MCAD. In addition, the collisions between the
fragmenting ions and nitrogen gas more efficiently convert the ion Kkinetic energy into
internal energy compared to collisions with helium in the linear quadrupole ion trap. As a
result, fragment ions from both low- and high-energy fragmentation pathways can be
observed upon MCAD.
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Figure 2.20 Schematic of the MCAD process in a Thermo LTQ-Orbitrap XL mass
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octopole collision cell. The ions are accelerated using a supplementary DC voltage and
then collide with nitrogen in the octopole.
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CHAPTER 3. DEVELOPING TANDEM MASS SPECTROMETRY
METHODS TO ADDRESS SAMPLING BIASES FOR
DETERMINING THE RELATIVE ABUNDANCES OF SINGLE-
CORE AND MULTICORE COMPOUNDS IN ASPHALTENES

3.1 Introduction

Asphaltenes are the heaviest compounds in crude oil defined by their solubility in
toluene and insolubility in n-alkanes.! Currently, heavy petroleum feedstocks are
increasingly used in the petroleum industry because light crude oil reserves are being
exhausted.! These heavier feed stocks usually contain high levels of asphaltenes, meaning
that asphaltenes are becoming increasingly important in the petroleum industry.}
Unfortunately, asphaltenes have limited economical uses beyond road paving. Furthermore,
asphaltenes cause problems for petroleum industries by clogging crude oil transportation
pipes and poisoning the catalysts used to upgrade the crude oil.> To better utilize
asphaltenes and to alleviate the problems associated with them, it is critical to understand
the structures of the compounds in asphaltenes.?3

Multiple investigations have proposed that the molecular structures of asphaltenes
mainly fall into two categories: island (single-core) structures and archipelago (multicore)
structures.?*® Single-core structures contain a single polyaromatic core with attached alkyl
chains, while the multicore structures contain several such units connected by alkyl
chains.?#4® The relative abundance of single-core and multicore compounds in asphaltenes
and other petroleum samples is one of the important parameters for accurate compositional
modeling predictions of the heavy petroleum upgrading process’® However, despite
decades of research, no consensus has been reached on the relative abundances of single-
and multicore compounds in asphaltenes. %%

The Yen-Mullins model proposes that single-core compounds predominate in
asphaltenes.'>'2 In agreement, recent studies employing atomic force microscopy and high-
resolution transmission electron microscopy have determined the aromatic core structures
of a few hundred individual asphaltene molecules whose aromatic core structures suggest
that they are single-core compounds.?*?> However, this observation cannot explain the

formation of aromatic liquids, that cannot be formed from single-core compounds, during
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thermal pyrolysis of asphaltenes.®*'* Recently, a few studies involving thin-film pyrolysis
and high-resolution MS/MS have suggested that the abundances of multicore compounds
vary between different asphaltenes and that, while they are likely not the predominant
structures in asphaltenes, their abundance can be significant.*314

High-resolution MS/MS can provide structural information for a large number of
individual compounds in asphaltenes, and therefore is arguably the best method for
studying asphaltene structures.?®?” During typical high-resolution MS/MS studies, ionized
asphaltene samples are isolated and then fragmented by CAD to identify structural
characteristics of the isolated ions.?*?’” Multiple studies have investigated the
fragmentation patterns of ionized asphaltene model compounds via high-resolution
MS/MS.2282% These studies have provided important information for differentiating
single-core and multicore compounds. One of the possible ways to differentiate ionized
single-core and multicore compounds is to measure the difference in the RDBE values of
the unfragmented fragmenting ions and their respective fragment ions. As illustrated in
Figure 3.1, fragmentation of an ionized single-core compound results in losses of alkyl
chains and thus a minor change in RDBE values. In contrast, fragmentation of an ionized
multicore compound results in losses of aromatic cores and thus a significant decrease in
RDBE. This approach has already been employed in studies to determine the relative
abundances of single-core and multicore compounds in asphaltenes,1323-27:30:31

Unfortunately, these studies have generated contradictory and inconclusive results.
Several studies have suggested that the abundances of multicore compounds are
insignificant while others have suggested that the abundances of multicore compounds can
be relatively high.1>23-273031 After careful analysis of these studies, it came to my attention
that the abundances of the single-core and multicore compounds were determined based
on the fragmentation patterns of ions isolated from only one or a few m/z values.*323-27:30-
32 Consequently, these studies inevitably assumed that the abundances of single-core and
multicore compounds are the same throughout the entire asphaltene sample. This
assumption has never been investigated nor validated. Consequently, it is likely that all
these studies measured the abundances of single- and multicore compounds in asphaltenes

based on biased, non-representative samples.
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In this study, eight model compounds and two asphaltene samples were ionized
with APCI in the positive ion mode ((+)APCI) with CS; as the solvent and APCI reagent
to generate stable molecular ions® in a LQIT/orbitrap high-resolution mass spectrometer.
The structures of the ionized compounds were explored with MCAD and ISCAD.

RDBE = 12 RDBE = 12.5
w0+ 1)
0‘8 ana
Single-core + OQ
RDBE =24 RDBE =12.5

g
Multicore O‘O‘ 0.0‘ L + é‘O‘

Figure 3.1 Changes in the RDBE values following CAD of an ionized single- and multicore
compounds.
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3.2 Materials and Methods

3.2.1 Reagents

1,4-Di(pyren-1-yl)butane and 1,6-dipentylpyrene were synthesized according to
published protocols.® n-Nonylbenzene (purity > 96%), n-hexylbenzene (purity > 97%), 2-
ethylanthracene (purity > 98%), and 1,2-diphenylethane (purity > 99%) were purchased
from Sigma Aldrich. 1,4-Diphenylbutane (purity > 96%) was purchased form Alfa
Chemistry. 1,3-Diphenylpropane (purity > 98%) and carbon disulfide (purity > 99%) were
purchased from Alfa Aesar. All chemicals were used as received. Multi- and single-core
model compound solutions were prepared by dissolving 10 mg of 1,4-di(pyren-1-yl)butane
or 10 mg of 1,6-dipentylpyrene in 1 mL of CS,. Five model compound mixtures containing
0 %, 17 %, 50 %, 83 %, and 100 % molar percentages of multicore compounds were
prepared by dissolving n-nonylbenzene, n-hexylbenzene, 2-ethylanthracene, 1,2-
diphenylethane, 1,3-diphenylpropane, and 1,4-diphenylbutane in CS,. These mixtures are
referred to as 0, 17, 50, 83, and 100 % multicore mixtures, respectively. The molar
concentrations of each compound in the model compound mixtures are shown in Table 3.1.
The asphaltene sample obtained from ConocoPhillips was generated via residuum oil
supercritical extraction (ROSE) from crude oil.* This sample was reprecipitated in heptane
and is referred to herein as the Rose asphaltenes. The other asphaltene sample, Montana
asphaltenes, was provided by ConocoPhillips and precipitated in heptane.



61

Table 3.1 Molar concentrations of model compounds in each mixture.

Molar Concentration (M)

Model Compound Mixture Name 100% 83% 50% 17% 0%
0.06M | 0.05M | 0.03M | 0.01M oM
0.06M | 005M | 0.03M | 0.01M oM

N ) 0.06M | 0.05M | 003M | 0.01M oM

@A/\A oM 0.01M | 003M | 005M | 0.06M

Oy OM | 001M | 0.03M | 005M | 0.06M
OM | 001M | 003M | 0.05M | 0.06M

3.2.2 Mass Spectrometry

Sample solutions were introduced into a LQIT/orbitrap mass spectrometer (Thermo
Scientific) via direct infusion at a flow rate of 5 pi./min. The compounds were ionized via
positive ion mode APCI with CS; as the ionization reagent to generate stable molecular
ions.® Nitrogen gas was used as the auxiliary and sheath gas (flow rates set to 5 and 10
arbitrary units, respectively). The vaporizer and capillary temperatures were set to 300 C
and 275 <C, respectively. lonized model compounds as well as ions of m/z 35010, 450+10,
550410, and 65010 from the asphaltene samples were isolated in the linear quadrupole
ion trap for MCAD in the octopole collision cell located behind the C-trap. Because larger
ions require more internal energy to fragment at an equal extent compared to smaller ions,
greater collision energies were employed for larger ions. The ionized model compound
mixtures (Table 3.2, MW ~ 200 Da) were fragmented at collision energies ranging from 0
-20eV at 3 eV intervals. The ionized model compounds 1,6-dipentylpyrene (MW 342 Da)
and 1,4-di(pyren-1-yl)butane (MW 458 Da) were fragmented at a collision energy of ~40
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eV. The ions from the asphaltene samples (m/z 35010, 450410, 550+10, and 650+10)
were fragmented at collision energies ranging from 0 - 60 eV at 10 eV intervals. All ions
were also subjected to ISCAD at nominal collision energies ranging from 0 - 60 eV at 10
eV intervals. All ions were detected with the high-resolution orbitrap mass analyzer at a
resolution of 100,000 or with two electron multipliers at unit resolution. RDBE values were
obtained using Thermo Xcalibur™ Software, and RDBE plots were generated with Origin

Software.

3.3 Results and Discussion

3.3.1 Statistical Considerations for Sampling in MS/MS Analysis of Asphaltenes

Asphaltenes are composed of tens of thousands of different compounds and are
arguably one of the most complicated known mixtures.®*3" As a result, in an ionized
asphaltene sample, ions with the same nominal mass are composed of different numbers of
isobaric and isomeric ions.*®%" This suggests that isolating the ions of interest in the
MS/MS analysis of asphaltenes should be statistically considered cluster sampling with
different cluster sizes. This sampling method is highly susceptible to sampling errors.®®
The most common way to address these errors is to include a sufficient number of samples
and to carefully design the sampling method.*

High-resolution Fourier transform ion cyclotron resonance MS analysis of ionized
asphaltenes has previously identified the elemental compositions of as many as 100,000
compounds.®®%" Adding to the complexity, the compounds with a given elemental
composition may have isomeric structures, increasing the number of compounds to
substantially larger than 100,000. According to the principles of population sampling, to
achieve a representative sampling of an asphaltene containing 100,000 compounds at a ~99%
confidence level and ~1% confidence interval, at least 16,000 different compounds must
be sampled. The APCI(+) CS2 mass spectra measured for Rose and Montana asphaltenes
suggests that the compounds in both asphaltene samples have a MW distribution ranging
from approximately 200 -700 Da (Figure 3.2). Assuming that both Rose and Montana
contain 100,000 compounds within their MW distribution ranges, each isolated m/z value

corresponds to ~200 compounds. Thus, several groups of molecular ions (i.e., ions of m/z
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35010, 450410, 55010 and 650#10) from each ionized asphaltene sample were
investigated to study a total of roughly 16,000 ions.
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Figure 3.2 (+)APCI CS2 mass spectra showing molecular ions of compounds in asphaltenes
(a) Rose and (b) Montana. * Indicate instrument or chemical noise.
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3.3.2 MCAD Patterns of Molecular lons Derived from Single-core and Multicore
Model Compounds

As mentioned previously, earlier studies have employed CAD and MCAD methods
to study the fragmentation patterns of a wide range of asphaltene model compounds.?2%32
These studies suggest that ions derived from single- and multicore compounds fragment to
yield ions of similar or decreased RDBE values, respectively. To demonstrate this, the
MCAD fragmentation patterns of ions derived from two model compounds are discussed
here. MCAD of single-core (1,6-dipentylpyrene) ions resulted in the loss of either one or
both alkyl chains to generate fragment ions with a similar RDBE but decreased m/z-values
compared to the molecular ions (Figures 3.3a and 3.3b). In contrast, MCAD of multicore
(1,4-di(pyren-1-yl)butane) ions resulted in the loss of an aromatic core and an alkyl chain,
generating fragment ions with both a lower RDBE and lower m/z-value than the molecular
ions (Figures 3.3c and 3.3d). Overall, these data suggest that the molecular ions of single-
and multicore compounds can be differentiated based on the RDBE values of their
fragment ions generated upon MCAD.

It must be mentioned that conventional resonance-type ITCAD is not suitable for
this analysis. During beam-type MCAD, fragment ions are accelerated and collided with
nitrogen molecules, resulting in further fragmentation. By comparison, ITCAD only
activates precursor ions.?® Therefore, multiple ion isolation/CAD processes are required to
cleave all of the alkyl chains attached to the aromatic cores of ionized asphaltene model
compounds, a step necessary for accurately determining the abundance of single- and
multicore compounds in asphaltenes.?** Consequently, an ITCAD-based investigation of
asphaltenes sample would require hundreds or thousands of isolation/fragmentation steps
and thus is extremely complicated if not impossible. Therefore, this study uses MCAD to

fragment the ionized asphaltenes rather than ITCAD.
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Figure 3.3 (a) A mass spectrum of the isolated molecular ions of 1,6-dipentylpyrene. (b) A
MCAD mass spectrum measured for the molecular ions of 1,6-dipentylpyrene at a collision
energy of 41 eV. (c) A mass spectrum of the isolated molecular ions of 1,4-di(pyren-1-
yl)butane. (d) A MCAD mass spectrum measured for the molecular ions of 1,4-di(pyren-
1-yl)butane at a collision energy of 41 eV.

3.3.3 MCAD Patterns Measured for Molecular lons Derived from Mixtures of Single-
core and Multicore Model Compounds

The model compound study implied that it may be possible to qualitatively
determine the relative abundances of single- and multicore compounds in asphaltenes
based on the difference between the RDBE of an asphaltene molecular ion and its fragment
ion following MCAD. To demonstrate this, first | needed to show that the decrease in
RDBE value upon MCAD fragmentation can be used to determine the multicore compound
abundances in simple mixtures. Six model compounds included in this study, including
three single-core and three multicore compounds, are shown in Table 3.2. Five mixtures,
each with a different molar percent of multicore compounds were made: 0 %, 17 %, 50 %,
83 %, and 100 % multicore mixtures; the exact concentrations of these mixtures are shown

in Table 3.1.
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Table 3.2 Single-core and multicore model compounds studied.

Multicore

Single-core

” 1,4-Diphenylbutane

U« b\[ A clEHIS
210.32 Da

n-Hexylbenzene
C12H.18
162.28 Da

1,3-Diphenylpropane

n-Nonylbenzene

[ w \[ / CosHye = CyisHs,
o N 196.29 Da = 204.36 Da
[.-,.,-:\l] 1,2-Diphenylethane ‘ 2-Ethylanthracene
“”‘:Q"/’ A C14H14 u 4 C16H14
~F 182.27 Da 206.29 Da

The (+)APCI/CS; high-resolution mass spectrum measured for the 50 % multicore

mixture is shown in Figure 3.4. The ionized single-core compounds showed approximately

twice the abundance compared to the ionized multicore compounds, suggesting that single-

core compounds ionize approximately two times more efficiently than multicore

compounds when this ionization method is used. Therefore, the quantitation of multicore

compounds is affected by a considerable ionization bias that favors single-core compounds.
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Figure 3.4 (+)APCI CS2 mass spectrum showing molecular ions derived from the model
compound mixture containing equimolar concentrations of six multicore and single-core
compounds shown in Table 3.1 and Table S3.2. The red numbers indicate multicore ions
and the black numbers indicate single-core ions. * Instrument or chemical noise.

Figure 3.5 shows RDBE plots for the molecular ions derived from each multicore
mixture and those for their fragment ions after MCAD at a collision energy of 12 eV.
MCAD mass spectra measured for ionized mixtures containing more multicore compounds
should have a greater decrease in RDBE value following fragmentation because multicore
molecular ions generate fragment ions with decreased RDBE values. Overall, the decrease
in RDBE values correlated well with the abundance of multicore compounds in the
mixtures (Figure 3.5). For a simple demonstration, the weighted average RDBE values for
all detected ions were calculated from the data shown in Figure 3.5. The weighted average

RDBE values were calculated based on equation 1:

Y RDBEXxAbundance
> Abundance

Weighted average RDBE value = 1)

Where RDBE is the RDBE value of the ion.
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Figure 3.5 Plots of RDBE values as a function of the number of carbons in the molecular
ions of model compounds and their fragment ions after MCAD at a collision energy of 12
eV. (a, b) the 0 % multicore mixture, (c, d) the 17 % multicore mixture, (e, f) the 50 %
multicore mixture, (g, h) the 83% multicore mixture, and (i, j) the 100 % multicore mixture.
lons are represented by dots in the plot, with the ions’ relative abundances indicated by the
color of the dots. The weighted average RDBE values were calculated according to
equation 1.
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Following MCAD, the ions derived from the 0 %, 17 %, 50 %, 83 %, and 100 %
multicore mixtures showed the following changes in their weighted average RDBE values:
+0.2, -0.5, -2.0, -2.9, and -3.3, respectively (Figure 3.5). This finding suggests that the
decrease in the weighted average RDBE value following MCAD is positively correlated
with the relative abundances of the multicore compounds in a mixture.

Furthermore, when the weighted average RDBE values of the mixtures were plotted
as a function of collision energy (Figure 3.6a), the RDBE values increased at the highest
collision energies was due to the loss of hydrogen atoms. This implies that the optimal
collision energy for semi-quantitative evaluation is the energy which produces the greatest
decrease in the weighted average RDBE value and not the greatest collision energy.
Therefore, the percent decrease in RDBE at the optimal energy (referred to as %RDBEmin
from now on) was used here for quantitation of multicore compound abundance. Figure
3.6b plots the %RDBEmin versus the concentration of the multicore compounds in the

mixture. Overall, the %RDBEmi» values correlate well with concentration(R?=0.9944).
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Figure 3.6 (a) Percent changes in the weighted average RDBE values as a function of
collision energy for MCAD for the five ionized model compound mixtures containing
different multicore molar percentages (0 %, 17 %, 50 %, 83 %, and 100 %, indicated by
lines of different colors; the %RDBEmin values are indicated) and (b) %RDBEmin values as
a function of the molar ratio of multicore compound in the mixture.
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3.3.4 MCAD Patterns of Molecular lons Derived from Asphaltenes

After demonstrating that the abundances of the multicore compounds in a mixture
can be semi-quantitatively determined based on the %RDBEmin after MCAD, | employed
this approach to determine the multicore compound abundances in molecular ions of m/z
350410, 450410, 55010, and 65010 derived from two asphaltene samples to examine
the unvalidated assumption in earlier studies discussed above. If the multicore compound
abundances are different in these ions, these studies are likely susceptible to statistical
sampling bias. The MCAD mass spectra used to determine the %RDBEmin are shown in
Figures 3.7 to 3.14, and the weighted average RDBE values of all detected ions as a
function of collision energy are shown in Figure 3.15. The percent change in the weighted
average RDBE values as a function of collision energy and the %RDBEmin values are

shown in Figure 3.16.
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Figure 3.7 (a) (+)APCI CSz mass spectrum showing molecular ions of m/z 35010 derived
from Montana asphaltenes and MCAD mass spectra of the molecular ions of m/z 35010
measured at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. * Instrument or
chemical noise.
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Figure 3.8 (a) (+)APCI CSz mass spectrum showing molecular ions of m/z 450+10 derived
from Montana asphaltenes and MCAD mass spectra of the molecular ions of m/z 45010
measured at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. * Instrument or
chemical noise.
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Figure 3.9 (a) (+)APCI CSz mass spectrum showing molecular ions of m/z 550+10 derived
from Montana asphaltenes and MCAD mass spectra of the molecular ions of m/z 55010
measured at collision energies of (a) 20 eV, (c) 40 eV and (d) 60 eV. *Instrument or
chemical noise.
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Figure 3.10 (a) (+)APCI CSz mass spectrum showing molecular ions of m/z 650+10
derived from Montana asphaltenes and MCAD mass spectra of the molecular ions of m/z
65010 measured at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. *Instrument
or chemical noise.
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Figure 3.11 (a) (+)APCI CSz mass spectrum showing molecular ions of m/z 350+10
derived from Rose asphaltenes and MCAD mass spectra of the molecular ions of m/z
35010 measured at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. *Instrument
or chemical noise.
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Figure 3.12 (a) (+)APCI CS; mass spectrum showing molecular ions of m/z 450+10
derived from Rose asphaltenes and MCAD mass spectra of the molecular ions of m/z
45010 measured at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. *Instrument
or chemical noise.



78

a
100
50 % . , W
0 4.l 5 . ‘
b
100
3
c |
IS 50 . .
g 0 bl dbedi ol |
0
< C
2 100 -
< 50 ]
o 0 %
0 4 il oy i . L L \‘\Im.hL
d
100
50 -
q %
O R ‘H\‘Jl‘ll “l\‘\ \I“l“ LI \‘ T T T T T T T T ‘H‘l‘ T \Ll ‘l T 1T 1]
50 100 150 200 250 300 350 400 450 500 550 600

m/z

Figure 3.13 (a) (+)APCI CS; mass spectrum showing molecular ions of m/z 550+10
derived from Rose asphaltenes and MCAD mass spectra of the molecular ions of m/z
55010 measured at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. *Instrument
or chemical noise.
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Figure 3.14 (a) (+)APCI CS; mass spectrum of molecular ions of m/z 65010 derived from
Rose asphaltenes and MCAD mass spectra of the molecular ions of m/z 65010 measured
at collision energies of (b) 20 eV, (c) 40 eV and (d) 60 eV. *Instrument or chemical noise.
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Figure 3.15 The weighted average RDBE values as a function of collision energy upon
MCAD for five groups of ions (molecular ions of m/z 350+10, 450+10, 55010, 65010,
and all of these ions combined, indicated by lines of different colors) derived from (a) Rose

asphaltenes and (b) Montana asphaltenes.
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Figure 3.16 Percent change in the weighted average RDBE values as a function of collision
energy after MCAD for five groups of ions (molecular ions of m/z 350+10, 450+10,
550410, 650+10, and total, indicated by different colors) derived from (a) Rose asphaltenes
and (b) Montana asphaltenes. The %RDBEnmin values are indicated below the curve.
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MCAD of ions of m/z 350+10, 450+10, 550#10 and 650+10 derived from Rose
asphaltenes at different collision energies resulted in %RDBEmin values of 23 %, 47 %,
47 %, and 65 %, respectively (Figure 3.16a), and the same values for the Montana sample
were 6 %, 10 %, 46 %, and 57 %, respectively (Figure 3.16b). These observations suggest
not only that the abundance of multicore compounds is greater for higher molecular weight
compounds in both asphaltene samples, which implies that the abundances of single- and
multicore compounds are not constant throughout the entire MW range. These findings
also suggest the relative abundances of single- and multicore compounds in asphaltenes
cannot accurately be determined with narrow ranges of m/z-values. This is well
demonstrated by Montana and Rose asphaltenes: molecular ions of m/z 45010 derived
from Rose and Montana asphaltenes showed %RDBEmin values of ~47% (Figure 3.16a,
red line) and ~10 % (Figure 3.16b, red line), respectively, suggesting that Rose asphaltenes
contain more multicore compounds than Montana asphaltenes. However, ions of m/z
550410 derived from Rose and Montana asphaltenes showed %RDBEmin values of ~46 %
(Figure 3.164, green line) and ~47 % (Figure 3.16b, green line), respectively, which would
lead to the conclusion that the multicore compound abundances are nearly identical. These
observations clearly demonstrate that sampling bias can lead to contradictory and biased
conclusions. Therefore, statistical considerations must be included when designing
sampling methods.

As discussed above, ions of m/z 350+10, 450410, 550+10 and 65010 provide a
reasonable representation of the asphaltene samples. Therefore, to avoid the sampling bias,
| determined the %RDBEmin value for the sum of these ions. The %RDBEmin values for
these samples are 38 % and 31 %, respectively (Figure 3.16, cyan lines labeled
“combined”). Consequently, I conclude that the Rose asphaltene sample contains slightly
more multicore compounds than the Montana asphaltene sample. Based on the calibration
plot (Figure 3.6b), Rose and Montana asphaltenes contain ~81 % and ~65 % multicore
compounds, respectively.

It should be noted that the calibration plot was generated for simple model
compound mixtures containing only compounds with one or two aromatic cores. However,
asphaltenes mixtures could contain compounds with more than two aromatic cores. lons of

m/z 650210 derived from Rose and Montana asphaltenes showed %RDBEmin values of 65 %
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and 57 %, respectively (Figure 3.6). As discussed in the above model compound mixture
studies (Figure 3.6), the mixture containing 100 % multicore compounds with two aromatic
cores showed a %RDBEmin value of 44 %. This suggests that %RDBEmin values larger than
44 % imply that a significant portion of multicore compounds in genuine asphaltenes
contain more than two aromatic cores. On one hand, this significantly limits my approach,
to comparisons between abundances of multicore compounds between different asphaltene
samples. On the other hand, this observation is arguably the first MS evidence for the

presence of multicore compounds with more than two aromatic cores in asphaltenes.

3.3.5 ISCAD Patterns Measured for Molecular lons Derived from Mixtures of Single-
core and Multicore Model Compounds

As discussed above, proper statistical considerations should be included when
designing MS/MS experiments. However, it is impossible to completely remove statistical
sampling biases without looking at the entire sample. In this section, | explored ISCAD as
an alternative to MCAD. In ISCAD, all ions formed in the ion source are accelerated by
the same DC voltage to collide with molecules, which results in fragmentation. Because
the ions are not isolated and are accelerated by the same voltage, ISCAD is not susceptible
to the sampling biases of traditional CAD and is a relatively common feature in commercial
mass spectrometers.3®

In this section, the ISCAD-MS approach is evaluated using the five model
compound mixtures discussed previously. All the mixtures were ionized and subjected to
ISCAD at different collision energies. Figure 3.17a shows the percent changes in the
weighted average RDBE values upon ISCAD as a function of collision energy. Upon
ISCAD, the 0, 17, 50, 83, and 100% multicore mixtures exhibited %RDBEmin values of 0,
2, 21, 37, and 39%, respectively (Figure 3.17a). These values are slightly different from
those obtained using MCAD for the same mixtures (%RDBEmin values were 0, 8, 26, 37,
and 43 %, respectively). Nevertheless, the similar %RDBEmin values observed at the same
collision energies indicates that ISCAD can also be used for similar comparisons as MCAD.
Figure 3.17b shows the %RDBEmin values as a function of multicore compound
concentration. Overall, the %RDBEmin values during ISCAD showed good linear
relationship with the multicore compound concentration in the mixture (R?=0.9764).

However, | must point out that although ISCAD does not suffer from sampling bias, the
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absence of ion isolation makes it more sensitive to matrix effects. As a result, the
calibration plot obtained from MCAD has a slightly better R? value (Figure 3.6b; R? =
0.9944) than that obtained from ISCAD (Figure 3.17b; R?= 0.9764).
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3.3.6 ISCAD Patterns of Molecular lons Derived from Asphaltenes

As with the earlier MCAD approach, | employed ISCAD to examine the relative
abundances of single-core and multicore compounds in the Rose and Montana asphaltene
samples. Figure 3.18 shows the percent changes in the weighted average RDBE values
versus the ISCAD collision energies. Rose and Montana asphaltenes showed %RDBEmin
values of 23 % and 15 %, respectively (Figure 3.18). Overall, the results imply that Rose
asphaltenes contain more multicore compounds than Montana asphaltenes because Rose
asphaltenes showed 8 % larger %RDBEmin. Based on the semi-quantitative calibration plot
in Figure 3.17b, Rose and Montana asphaltenes contain approximately 57% and 39%

multicore compounds, respectively.
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3.4 Conclusions

In many earlier studies, ions of only one up to a few m/z values were isolated and
used to compare the relative abundances of single-core and multicore compounds in
asphaltenes. This approach essentially assumed that the relative abundances of single-core
and multicore compounds are uniform across the entire asphaltene sample. The present
study discussed statistical sampling issue and demonstrated that the assumption behind
these studies is invalid for both asphaltene samples tested. This statistical sampling issue
can be addressed by either including more samples (ions) or employing methods that are
less susceptible to sampling biases.

In this study, a high-resolution MS/MS approach based on MCAD was tested for
the semi-quantitative comparison of single- and multicore compounds in model compound
mixtures. Additionally, this method was extended to two asphaltene samples.
The %RDBEmin values showed a good linear relationship with multicore compound
abundance in the model compound mixture. In addition, molecular ions of m/z 35010,
450+10, 550#10, and 650#10 derived from Montana and Rose asphaltenes were
investigated. These molecular ions were chosen because they provided a reasonable
statistical representation of the entire asphaltene sample. The relative abundances of single-
core and multicore compounds in these two asphaltenes were compared based on
the %RDBEmin values of these ions after MCAD. The relative abundances of multicore
compounds and single-core compounds were found to vary across the MW range of
asphaltenes. As a result, contradictory conclusions would be reached if only limited
numbers of ions were considered. To address this issue, all of the molecular ions of m/z
350410, 450410, 55010 and 650410 derived from Montana and Rose asphaltenes were
summed together and examined. The comparison revealed that Rose asphaltenes contain a
higher multi- to single-core compound ratio than Montana asphaltenes.

ISCAD was proposed as an alternative approach for the comparison of the relative
abundances of single-core and multicore compounds in asphaltenes. ISCAD involves
fragmentation of all ions without isolation. Therefore, ISCAD is not susceptible to the same
sampling biases as MCAD. The ISCAD study yielded an 8% larger %RDBEmin value for
Rose asphaltenes. On the other hand, the %RDBEnmin value of Rose asphaltenes was found

to be 7% larger than for Montana asphaltenes when using MCAD and the increased,
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statistically representative samples. The two methods reached similar conclusions on the
relative abundances of multicore compounds in Rose and Montana asphaltenes. Such
agreement indicates that the MCAD sampling method provides a reasonable statistical
representation of the ionized asphaltene samples.

To properly optimize crude oil refining processes and minimize problems
associated with asphaltenes, determination of the relative abundances of the single-core
and multicore compounds is required. This study provides critical insights into how to
obtain a statistically unbiased semi-quantitative evaluation of the relative abundances of
single-core and multicore compounds in asphaltenes. However, it must be noted that the
approach employed in this study only addresses statistical sampling issues in MS-based
asphaltene analysis. The analysis presented here is still subject to the ionization bias for
single-core compounds, which cannot be addressed by the approaches presented in this

study.
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CHAPTER 4. DETERMINATION OF AROMATIC CORE SIZES
AND THE NUMBER OF CARBONS IN ALKYL CHAINS FOR
ISOBARIC IONS DERIVED FROM ASPHALTENES BY USING
HIGH-RESOLUTION TANDEM MASS SPECTROMETRY

4.1 Introduction

Asphaltenes are the heaviest fraction of crude oil and are defined as compounds
that are insoluble in n-alkanes but soluble in toluene.? Due to the rapid depletion of light
crude oils, petroleum industries are increasingly dependent on heavy petroleum which is
rich in asphaltenes.® However, asphaltenes introduce significant and costly problems in the
petroleum industry because they poison catalysts during upgrading and clog transportation
pipelines.* In order to develop solutions to these problems and to discover the means to
utilize asphaltenes, an in-depth understanding of the structures of asphaltene molecules is
of critical importance.>® Currently, asphaltene molecular structures are proposed to fall
into two broad categories: single-core (island) and multicore (archipelago) structures. %!
A single-core structure is composed of one aromatic core with attached alkyl chains © while
a multicore structure is composed of multiple aromatic cores connected by alkyl bridges.*?

Investigating the molecular structures in asphaltenes is challenging due to their
tremendous complexity.® Various analytical methods have been used, but have only been
able to determine the bulk properties of asphaltenes. Time-resolved fluorescence
depolarization has revealed the molecular weight of the asphaltenes.'* Nuclear magnetic
resonance has provided relative abundances of aliphatic and aromatic carbons in
asphaltenes.™® Infrared spectroscopy has shed light on the relative abundances of different
functional groups in asphaltenes.'® However, these methods cannot provide detailed
structures for individual molecules. Atomic force microscopy and high resolution
transmission electron microscopy have revealed the structures of a few hundred molecules
derived from asphaltenes.”*® However, several hundred molecules accounts for only a
very small portion of the compounds in an asphaltene sample and cannot be used to
describe the asphaltene sample as a whole. MS/MS can provide rapid characterization of a
large number of compounds by isolating ionized compounds followed by CAD.*** MS/MS

analysis of asphaltenes has significantly advanced the understanding of asphaltenes’
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molecular structures?®-?*, such as potential aromatic building blocks?®, the possible relative
abundances of single-core and multicore compounds®®, the maximum numbers of carbons
in alkyl chains, and the sizes of the smallest aromatic cores.?

Unfortunately, asphaltenes contain many isobars and isomers. As a result, during
MS/MS, isolated ions of a given nominal m/z value are inevitably composed of a group of
isobaric and isomeric ions. This presents a huge challenge in the interpretation of MS/MS
spectra because the fragment ions cannot be associated with one fragmenting ion.?*%
When performing MS/MS on asphaltene ions, CAD can be used to remove all alkyl chains,
leaving a fragment ion corresponding to the smallest aromatic core present in the initial
ion. The difference in m/z between the starting ion and the final fragment ion represents
the combined mass of all the alkyl chains and can be used to calculate the maximum
number of carbons present in the alkyl chains.?*2* This approach (referred to from here on
as the conventional approach) has been employed to reveal the difference in sizes of
aromatic cores size and alkyl chains in petroleum and coal asphaltenes by using low-
resolution MS.%%4,

In this study, the conventional approach is further developed for the analysis of
high-resolution MS/MS spectra. An asphaltene sample was ionized using APCI with CS;
as an ionization reagent to generate stable molecular ions and analyzed using a linear-
quadrupole ion trap/orbitrap mass spectrometer.?’” The ionized samples were fragmented
via MCAD.? Instead of analyzing the MS/MS spectra directly, the ions obtained after
MCAD are clustered into multiple groups based on their similar RDBE values. Then a
MS/MS spectrum is reconstructed for each group of ions of similar RDBE (referred to as
reconstructed spectrum) and each reconstructed spectrum is analyzed individually. This
approach (referred to here as the new approach) reveals the smallest aromatic core sizes
and the carbon numbers in alkyl chains in each reconstructed spectrum and thus reveals

more details on aromatic core sizes and carbon numbers in alkyl chains.
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4.2 Materials and Methods

CS2 (>99% purity) was purchased from Sigma-Aldrich. Claire asphaltene sample
(from United Kingdom) was obtained from ConocoPhillips. Model compounds 2-(3-
(Naphthalen-2-yl)propyl)pyrene, 4,9-dihexylpyrene, 2,4,7,9-tetrakis(decyl)pyrene, 1,4-
di(pyren-1-yl)butane, and 5-octadecyl-2,3-dihydro-1H-indene were synthesized in-house
according to published methods.?%%

10 mg of asphaltene sample was dissolved in 1 mL of CS,. 10 mg of single-core
model compound 2,4,7,9-tetrakis(decyl)pyrene was dissolved in 1 mL of CS,. 10 mg of
multicore model compound 1,4-di(pyren-1-yl)butane was dissolved in 1 mL of CS;. 3 mg
of each isobaric model compound 2-(3-(Naphthalen-2-yl)propyl)pyrene (370.17 Da), 4,9-
dihexylpyrene (370.27 Da), and 5-octadecyl-2,3-dihydro-1H-indene (370.36 Da) were
added into 1 mL of CS,. The structures of the isobaric model compounds are shown in
Table 4.1. 10 mg of the dissolved samples were introduced into a linear-quadrupole ion
trap/orbitrap hybrid mass spectrometer through direct infusion at 5 pl/min rate. The
samples were ionized using positive mode APCI with CS; as ionization reagent to generate
stable molecular ions.?* Nitrogen gas was used as the auxiliary and sheath gas (flow rate
set to 5 and 10 arbitrary units, respectively). Vaporizer and capillary temperatures were set
to 300 T and 275 <C, respectively. Molecular ions of m/z 40040.5, 500+0.5 60040.5, and
70040.5 were isolated in the linear quadrupole ion trap for MCAD fragmentation in the
octopole collision cell located behind the C-trap. The ions fragment via their collisions
with nitrogen gas in the octupole collision cell. Because the larger ions fragment slower
than the smaller ions during CAD, the larger ions require more collision energy than the
smaller ion to achieve similar extent of fragmentation. Hence, the molecular ions of
40040.5, 50040.5 60040.5, and 70040.5 were fragmented at MCAD collision energies of
32 eV, 40 eV, 48 eV and 56 eV, respectively. The ions were detected using the high-
resolution orbitrap mass analyzer at a resolution of 100,000. The RDBE plots and
reconstructed MS/MS spectra were generated using Origin software.



Table 4.1 List of isobaric model compounds
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2-(3-(naphthalen-2-yl)propyl)pyrene
Chemical Formula: CogHoo
Exact Mass: 370.17

4,9-dihexylpyrene
Chemical Formula: CygHz4
Exact Mass: 370.27

()
‘OO
e AD

5-octadecyl-2,3-dihydro-1H-indene
Chemical Formula: Co7Hjg
Exact Mass: 370.36
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4.3 Results and Discussion
4.3.1 Conventional Methods for Analysis of an MS/MS Spectra

In an earlier study, a data analysis method was employed to study the maximum
number of carbons in alkyl chains and the sizes of the smallest aromatic cores of isobaric
ions based on low-resolution MS/MS spectra.®2* The conventional method is employed
here for analysis of an MCAD mass spectrum as a brief demonstration. The mass spectrum
of molecular ions of m/z 40020.5 derived from the asphaltene sample and the MCAD mass
spectrum of these ions measured at a collision energy of 30 eV is shown in Figure 4.1.

Due to the enormous complexity of the asphaltene samples, even ions of one
nominal m/z value contain multiple isobaric and isomeric ions. This is demonstrated in the
mass spectrum of molecular ions of m/z 40030.5 derived from the asphaltene sample
(Figure 4.1a). As a result, the MS/MS spectrum of these ions measured at an MCAD
collision energy of 30 eV are derived from multiple fragmenting ions Figure 4.1b).
Consequently, it is impossible to associate fragment ions with their respective fragmenting
ions. However, the sizes of the smallest aromatic cores can be determined based on the
lowest m/z ions observed (m/z 315 in Figure 4.1b). The maximum size of alkyl chains can
be also determined to be 75 Da based on the mass difference between ions of the smallest
aromatic cores (m/z 315) and the precursor ion (m/z 400). Overall, based on this data
analysis approach, the maximum number of carbons in the alkyl chains is approximately
six and the smallest aromatic core is 315 Da in the asphaltene compounds of 40040.5 Da.

This data analysis method is referred to as the conventional method in this article.
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Figure 4.1 A mass spectrum of molecular ions of m/z 40040.5 derived from the asphaltene
sample (a), and a MS/MS spectrum of ions of ions of m/z 40040.5 derived from the
asphaltene sample measured at a MCAD collision energy of 30 eV (b). * indicates

instrumental noise.
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4.3.2 MCAD Fragmentation Patterns of Molecular lons of Single-core and Multicore
Model Compounds

To employ the conventional approach for analysis of high-resolution MS/MS data
from asphaltenes, it is necessary to explore the fragmentation patterns of asphaltene model
compounds. In earlier studies, the fragmentation patterns of a wide range of ionized
asphaltene model compounds upon ion-trap CAD have been revealed.”3! MCAD
fragmentation patterns have been also reported for several ionized asphaltene model
compounds.®>* In general, fragmentation of ionized single core compounds results in the
loss of only one alkyl group during ion-trap CAD"3! and multiple alkyl groups during
MCAD?23 generating fragment ions with similar RDBE values with their fragmenting
ions. In comparison, fragmentation of ionized multicore compounds results in the loss of
aromatic cores and thus generated fragment ions with a lower RDBE and lower m/z-value
compared to the fragmenting ions.

The MCAD of two ionized model compounds is discussed here for a brief
demonstration. MCAD mass spectra of an ionized model single-core compound, 2,4,7,9-
tetrakis(decyl)pyrene, and an ionized multicore model compound, 1,4-di(pyren-1-
yl)butane, are shown in Figure 4.2a and 4.2b, respectively. In Figure 4.2a, MCAD of the
single-core (2,4,7,9-tetrakis(decyl)pyrene) ion resulted in the loss of multiple alkyl groups
and generated fragment ions with the same RDBE as the precursor ion. As a result, a
“horizontal streak” (indicated by arrow) can be observed in the plot of RDBE values as a
function of carbon number (referred to as RDBE plot, Figure 4.2c). By comparison, MCAD
of the multicore (1,4-di(pyren-1-yl)butane) ions resulted in the loss of a pyrene core and
thus generated fragment ions with a significantly lower RDBE and m/z-values compared
to the fragmenting ions. As a result, a “diagonal streak” (indicated by an arrow) can be

observed in the RDBE plot (Figure 4.2d).
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Based on the model compound studies, the molecular ions of single-core
compounds and their fragment ions can be associated based on their similar RDBE
values.”33® Consequently, instead of analyzing all the ions together in one MS/MS
spectrum, it is possible to analyze the fragmenting and fragment ions derived from single-
core compounds of different RDBE values separately in a mixture predominately
composed of single-core compounds. This approach (referred to as the new approach) may
allow more information over aromatic core and alkyl chains to be revealed compared to
the conventional approach. However, the ions of multicore compounds and their fragments
cannot be associated based on their RDBE values. This limitation will be discussed further
in the next few result sections.

The possibility of applying the new approach is explored using a model compound
mixture composed of three isobaric compounds (Table 1): 2-(3-(naphthalen-2-
yl)propyl)pyrene (370.17 Da), 4,9-dihexylpyrene (370.27 Da), and 5-octadecyl-2,3-
dihydro-1H-indene (370.36 Da). An RDBE plot of the molecular ions derived from model
compound mixtures before fragmentation and an RDBE plot of the molecular ions and the
fragment ions derived from model compound mixtures measured at an MCAD collision
energy 30 eV are shown Figure 4.3. The fragment ions and the fragmenting ions derived
from the two single-core compounds have similar RDBE values (indicated by red dashed
lines, Figure 4.3b). As a result, ions of similar RDBE values are derived from the same
group of fragmenting ions. Consequently, a mass spectrum can be re-constructed (referred
to as reconstructed spectrum) for each group of ions in “horizontal streak™ 1, and 2 (Figures
4.3c and 4.3d, respectively). These reconstructed spectra allow determination of the
aromatic core sizes and the total number of carbons in alkyl chains of the two single-core
model compounds when they are presented in the same mixture. However, the “diagonal
streak” is still observed during MCAD of molecular ion of the multicore compound (Figure
4.3b). The fragment ions derived from the multicore model compound have different
RDBE values than their fragmenting ion. Consequently, the size of the aromatic core and
the total number of carbons cannot be determined for multicore compounds in a mixture
using this method. Overall, the model compound mixture study suggests that the

conventional method is suitable for mixtures that are predominantly single-core
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compounds and is not expected to provide accurate information for mixtures that contain a

significant abundance of multicore compounds.
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Figure 4.3 Plots of RDBE values as a function of the number of carbons in the molecular
ions of three isobaric model compounds (a) and their fragment ions obtained upon MCAD
at a collision energy of 30 eV (b) with the ‘“horizontal streaks” 1 and 2 labeled.
Reconstructed spectra of ions in “horizontal streak” 1 and 2 are shown in (c) and (d),
respectively. The ions are represented by the dots in the RDBE plot. The ions’ relative
signal intensities are indicated by the color of the dots. The horizontal and diagonal streaks
are indicated by red arrow and blue arrows.
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4.3.3 Interpretation of MS Data via the Reconstructed Mass Spectrum

Based on the fragmentation patterns of ionized single-core model compounds, their
molecular ions and fragment ions can be associated based on the similar RDBE values.
This is observable as “horizontal streaks” in the RDBE plots of ionized model compound
mixtures. The sizes of the smallest aromatic cores and the maximum numbers of carbons
in alkyl chains of the single-core compounds in a model compound mixture can be
determined for each “horizontal streak” based on the the approach described earlier. In this
section, the new approach is employed for analysis of the MCAD mass spectra of ions
derived from an asphaltene sample. RDBE vs carbon number plots of ions of m/z 40040.5
derived from the full mass spectrum of the asphaltene sample and after MCAD with a
collision energy of 32 eV are shown in Figure 4.4,

The molecular ions of m/z 40040.5 derived from the asphaltene samples fall into
three groups based on the RDBE values (colored circles, Figure 4.4a), and have RDBE
values of ~12, ~18, and ~25, respectively. Three “horizontal streaks” were observed for
each group of fragmenting ions upon MCAD fragmentation (colored arrows, Figure 4.4b).
The weighted (signal intensity) average RDBE value of the molecular ions of m/z 40030.5
is 18.6 and the weighted average RDBE values of the ions of m/z 40040.5 measured at a
MCAD collision energy 32 eV is 19.9. As discussed above in the model compound study,
MCAD of ions derived from multicore compounds generate fragment ions of lower RDBE
values than their precursor ions. In comparison, MCAD of ions derived from single-core
compounds introduce fragment ions with slightly higher RDBE values due to loss of
hydrogen atoms. This causes a slight increase in the weighted average RDBE values of the
ions upon MCAD. Therefore, the absence of decrease in the average RDBE values upon
MCAD fragmentation indicates that the single-core structure is predominant in these ions.
% Overall, these observations suggest that the fragment ions in each “horizontal streak”
are generated by MCAD of fragmenting ions of similar RDBE values. Therefore, the new
approach can be employed to analyze these ions. As demonstrated in the above model
compound analysis, a reconstructed spectrum can be obtained for the ions within each

“horizontal streak”.
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Figure 4.4. Plots of RDBE values as a function of the number of carbons in molecular ions
of m/z 40040.5 derived from the asphaltene sample (a) and their fragment ions obtained
upon MCAD at a collision energy of 32 eV (b). The ions are represented by the dots in the
RDBE plot. The ions’ relative signal intensities are indicated by the color of the dots.
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The re-constructed MS/MS spectra for “horizontal streaks” 1, 2, and 3 are shown
in Figures 4.5a, 4.5b, and 4.5c, respectively. In Figure 4.5a, the re-constructed MS/MS
spectrum for ions of m/z 400 and an RDBE of ~12 showed maximum loss of 13 carbons.
This suggests that the ions are derived from compounds with smallest aromatic core of
~170 Da and with alkyl chains containing a maximum of 13 carbons. In Figure 4.5b, the
re-constructed MS/MS spectrum showed a maximum loss of a heptyl group from ions of
m/z 400 and of RDBE value ~20. This suggests that the ions are derived from compounds
with a smallest aromatic core of ~300 Da and with alkyl chains containing maximum seven
carbons. Interestingly, the re-constructed MS/MS spectrum in Figure 4.5¢ showed a
maximum loss of ethyl groups from fragmenting ions of m/z 400 and RDBE ~25. This
observation suggests that these ions are derived from single-core compounds with large
aromatic cores (~370 Da) and only two carbons in the alkyl chains. It worth noting that
single-core compounds with large aromatic cores have been previously observed in
asphaltenes using AFM.3® However, the AFM findings have raised concerns since ions of
similar structures have not been observed in conventional MS/MS spectra. In this regard,
this reconstructed MS/MS spectrum provides a mass spectrometric support for the presence

of such molecules.
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4.3.4 Investigation of lons of m/z 40040.5, 50040.5, 60040.5, and 70040.5 Derived from
an Asphaltene Sample

To provide a better overview of the molecular structure of the asphaltene sample,
the new approach is employed to explore the molecular structure of ions of m/z 40040.5,
50040.5, 60040.5, and 70040.5 derived from the asphaltene sample. The RDBE plots of
ions of m/z 40040.5, 50040.5, 60040.5, and 70020.5 derived from the asphaltene sample
are shown in Figure 4.6. The weighted (signal intensity) average RDBE values for ions of
m/z 40040.5, 50040.5, 60040.5, and 700+0.5 are 18.6, 18.9, 18.1, and 18.4, respectively.
The RDBE plots of ions of m/z 40020.5, 50040.5, 60040.5, and 70020.5 measured at after
MCAD are shown in Figure 4.7. The weighted average RDBE values for ions of m/z
40040.5, 50040.5, 60040.5, and 70040.5 are 19.9, 20.4, 18.2, and 14.3 respectively. Upon
MCAD, the weighted average RDBE values changed by +1.3, +1.5, +0.1, and -4.1 for ions
of m/z 40040.5, 50040.5, 60040.5, and 70040.5, respectively (Table 2). Overall, these
observations suggest that single-core compounds are predominant in ions of m/z 40030.5
and 50040.5, multicore compounds are more significant in ions of m/z 600+0.5, and
multicore compounds are most significant in ions of m/z 70040.5. As a result, the new
approach is suitable for analysis of ions of m/z 40040.5 and 50020.5, reasonably suitable
for analysis of ions of m/z 60040.5 but should not be employed in analysis of ions of m/z
70040.5.

In Figure 4.6, molecular ions of m/z 40040.5 contain three groups of ions of RDBE
~ 12, ~20, and ~26; molecular ions of m/z 50040.5 contain four groups of ions of RDBE
~11, ~18, ~25, and ~32; molecular ions of m/z 600#0.5 contain four groups of ions of
RDBE ~10, ~17, ~24, and ~31; and molecular ions of m/z 70040.5 contain five groups of
ions of RDBE ~9, ~16, ~23, ~30, and ~37. Although RDBE values differ slightly for each
group, overall the molecular ions can be clustered into five groups based on their RDBE
values: group 1 (RDBE~11), group 2 (RDBE ~18), group 3 (RDBE ~25), group 4 (RDBE
~31, not observed in ions of m/z 30040.5) and group 5 (RDBE ~ 37, only observed in ions
of m/z 70040.5). For each group observed in the RDBE plots of ionized asphaltenes of m/z
40040.5, 50040.5, 60040.5, and 70040.5 without fragmentation (Figure 4.6), a “horizontal
streak” of similar RDBE values can be observed in RDBE plots of these ions after

fragmentation (Figure 4.7).
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Figure 4.6 Plots of RDBE values as a function of the number of carbons in molecular ions
of m/z 40040.5 (a), 50040.5 (b), 60040.5 (c), and 70040.5 (d) derived from the asphaltene
sample. The ions are clustered into 5 groups and is indicated by the numbers next to the
circle. The ions are represented by the dots in the RDBE plot. The ions’ relative signal
intensities are indicated by the color of the dots.
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Figure 4.7 Plots of RDBE values as a function of the number of carbons in molecular ions
of m/z 40040.5 (a), 50040.5 (b), 60040.5 (c), and 70040.5 (d) derived from the asphaltene
sample measured at MCAD collision energy 32 eV, 40 eV, 48 eV, and 56 eV, respectively.
The ions are clustered into 5 groups, indicated by the numbers next to each cluster. The
ions are represented by the dots in the RDBE plot and the relative signal intensities are
indicated by the color of the dots.
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The reconstructed spectra derived from MCAD mass spectrum for ions of m/z
40040.5 derived from the asphaltene sample have been discussed above (Figure 4.4). Those
for ions of m/z 50040.5, 60040.5, and 70020.5 derived from the asphaltene sample are
shown in Figures 4.8 to S4.10. The information on the smallest size of aromatic cores,
maximum number of carbons in the alkyl chains, and relative abundance of single-core and
multicore compounds in ions of different m/z derived from the asphaltene sample are
summarized in Table 4.2. Due to the significant abundances of multicore ions present at
m/z 70010.5, the information derived from these ions is expected to be inaccurate and is

not discussed further in this study.
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Figure 4.8 Re-constructed spectra that correspond to ions in fragmentation series 1 (a),
fragmentation series 2 (b), fragmentation series 3 (c), and fragmentation series 4 (d) that
are highlighted in figure 7b, respectively
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lons of RDBE ~ 11 (group 1) from ions of m/z 40040.5, 50040.5, and 60040.5 have
similar smallest aromatic cores sizes (~ 200 Da) but the maximum number of carbons in
the alkyl chains increases significantly as the m/z values of the ions increase (13, 21, and
30, respectively). In ions of RDBE ~ 18 (group 2) from ions of m/z 40040.5, 50040.5, and
60040.5, the sizes of the smallest aromatic cores increase slightly (300 Da, 310 Da, and
330 Da, respectively) and the maximum number of carbons in the alkyl chains significantly
increases (7, 14, and 19, respectively) as the m/z values of the fragmenting ions increases.
In comparison, in ions of RDBE~25 (group 3) from ions of m/z 40040.5, 50040.5, and
60040.5, the sizes of the smallest aromatic cores significantly increases (370 Da, 430 Da,
and 560 Da, respectively) as the m/z values of the fragmenting ions increases, while the
maximum numbers of carbons in alkyl chains remain small (2, 6, and 4, respectively).
Similar trends were also observed in ions of RDBE ~31 (group 4) from ions of m/z 50040.5
and 60040.5: the sizes of the smallest aromatic cores increase significantly (500 Da and
585 Da, respectively) while the total numbers of carbons in the alkyl chains increases
slightly (0 and 1, respectively) as the m/z values of the ions increase. Overall, for the ions
investigated in this study, the smallest size of the aromatic cores increases as the m/z value
and the RDBE values of the ions increases in the. The maximum numbers of carbons in
alkyl chains increase as the m/z values of the ions increase but decrease as the RDBE values
of the ion increases. In addition, the relative abundance of multicore compounds increases
as the m/z values of the ions increase. Nevertheless, due to the limited numbers of ions and
asphaltene samples investigated in this study, these observations should not be generalized

to asphaltene molecular structures as a whole.
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Table 4.2 Comparison of the size of the smallest aromatic cores, maximum numbers of
carbons in alkyl chains, and relative abundances of single-core and multicore compounds
in ions of different m/z derived from the asphaltene sample.

m/z 400 m/z 500 m/z 600 m/z 700
;'rf)‘?niltgiggg”e“ 170Da  210Da  170Da 180 Da
Group 1
RDBE~1L maximum numbers of
. ) 13 21 30 37
carbons in alkyl chains
size of the smallest
. 300 Da 310 Da 330 Da 270 Da
Group 2 aromatic cores
RDBE ~ 18 maximum numbers of 6 14 19 31
carbons in alkyl chains
Z'éem%ftit:igg:”e“ 370Da  430Da  560Da 300 Da
Group 3
RDBE~25 1 aximum numbers of
. ) 2 6 4 28
carbons in alkyl chains
;'rf)?n%';fgiggg”es‘ N. A 500Da  585Da 430 Da
Group 4
RDBE ~31  aximum numbers of
. ) N. A 0 1 19
carbons in alkyl chains
size of the smallest
. N. A N. A N. A 660 Da
Group 5 aromatic cores
RDBE ~ 37 maximum numbers of N A N A N A 5
carbons in alkyl chains ™ ' '
single-core vs. change in weighted P e oL “el
multicore ' average RDBE (single-core (single-core (insignificant (significant
g dominant)  dominate multicore)  multicore)
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4.4 Conclusions

In this study, a new method for in-depth analysis of MS/MS spectrometric data
derived from asphaltene sample is introduced and employed for analyis of an asphaltene
sample. This method allows the association of fragmented ions with their respective single-
core precursor ions based on the RDBE value. Because of the association of fragment ions
and their corresponding fragmenting ions, the original MS/MS spectrum can be simplified
into several reconstructed spectra. Each reconstructed spectrum corresponds to a group of
island ions and their fragment ions with similar RDBE values. The reconstructed spectra
provide in-depth analysis that reveals more structural information concerning the aromatic
cores and alkyl chains compared to the conventional approach.

lons of m/z 40040.5, 50040.5, 60040.5, and 70020.5 derived from the asphaltene
sample were analysis by using the new approach. As summarized in Figure 4.11, the size
of the smallest aromatic cores increases with both the m/z value and RDBE values of the
ions; the maximum number of carbons in the alkyl chains increases with the m/z value of
the ions but decreases with the RDBE values of the ions. In addition, the relative abundance
of multicore compounds increases with the m/z value of the ions. Overall, the new
approach employed in this study provides in-depth structural information for mixtures
dominated by single-core compounds. However, due to the lack of knowledge of the
fragmentation patterns of multicore ions in the mixtures, this approach is not expected to
perform well in mixtures containing significant amounts of multicore compounds. In
addition, this analysis, like many MS-based methods, is inevitably affected by the
ionization bias derived from the ionization method employed. As a result, this analysis only

provides qualitative information.
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CHAPTERSS. COMPARING ENERGY-RESOLVED MEDIUM-
ENERGY COLLISION-ACTIVATED DISSOCIATION AND
ENERGY-RESOLVED ION-TRAP COLLISION-ACTIVATED
DISSOCIATION FOR DIFFERENTIATING AROMATIC
ISOMERIC IONS

5.1 Introduction

CAD of isolated ions sometimes fails to differentiate them because it generates
fragment ions with the same m/z values with similar abundances. In such challenging cases,
ion-molecule reactions have been employed to successfully differentiate ionized isomers
with different functionalities.! Alternatively, ion-mobility MS can be used to differentiate
isomeric ions with significantly different shapes.>? However, even with the help of these
techniques, differentiating isomers with the same functionalities and similar shapes, such
as isomers of small aromatic compounds still remains a major challenge.

In this study, the use of energy-resolved CAD mass spectrometry (ERMS CAD) was
explored to address the challenging situation of distinguishing isomers of small aromatic
compounds. ERMS CAD is a relatively old technique originally developed to study the
energetics of ion fragmentation processes.”> ERMS CAD involves measuring a series of
mass spectra at different collision energies.®

Traditionally, ERMS ITCAD has been employed to differentiate isomers where
conventional ITCAD methods have failed.””!° However, studies on using ERMS MCAD
for differentiating ionized isomers, particularly isomers of small organic molecules, are
scarce. Compared to ITCAD, MCAD does not suffer from low-mass cutoff, !' meaning
that during ITCAD, the ion trap cannot store fragment ions with m/z-values lower than
~30% of the m/z-value of the fragmenting ions.'” In addition, MCAD can cause
fragmentation of the fragment ions without additional isolation/fragmentation steps.'
Furthermore, earlier investigations of biological molecules have provided many insights
into the mechanisms of ITCAD and MCAD.!*!> One of the major differences between the
two is that the fragment ions can be further fragmented in MCAD but not in ITCAD.

In this study, ERMS MCAD was compared to ERMS ITCAD for differentiating four

sets of isomeric aromatic molecular ions (Table 5.1).
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The isomeric aromatic compounds were ionized with APCI in the positive ion mode.
CS, was used as the solvent and ionization reagent to generate stable molecular ions from
the analytes.!® All experiments were performed in the linear quadrupole ion trap/orbitrap

high-resolution mass spectrometer described above.

Table 5.1 Names and structures of the four isomeric sets of compounds studied.

Isomer

Name Structure Name Structure
Set
1 1-Methylfluorene 9,10-Dihydroanthracene

Dihydrophenanthrene Trans-stilbene

0 | o |

\/Zg? §
J

N
3 3-Bromogquinoline @;j\ 8-Bromoquinoline

=

Br
N\
4 3-Pentylquinoline C(;\/v\ 6-Pentylquinoline
4 8-Pentylquinoline
\ N
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5.2 Materials and Methods

[-Methylfluorene (purity > 98%), 9,10-dihydroanthracene (purity > 97%), 9,10-
dihydrophenanthrene (purity > 94%), and frans-stilbene (purity > 96%) were purchased
from Sigma-Aldrich and used as received. 1,6-Hexylpyrene and 3-, 6-, and 8-
pentylquinolines were synthesized in-house via Negishi coupling by Mr. Yuyang Zhang.!”
The compounds were dissolved in carbon disulfide (purity > 99%, purchased from Alfa
Aesar) to form solutions with a concentration of 1 mg/mL unless otherwise stated. These
solutions were introduced into a Thermo LTQ-Orbitrap XL mass spectrometer via direct
infusion at a flow rate of 10 pL/min.

The compounds were ionized using positive-ion mode APCI with carbon disulfide
as the ionization reagent to form stable molecular ions.'® The ions were transferred into the
linear quadrupole ion trap and isolated with an isolation window of 1 m/z. The ions were
then subjected to ITCAD using the He buffer gas as the target gas at varying collision
energies. The collision energy for the isomer set 1 and 2 in Table 5.1 was increased from 0
up to 70 (arbitrary units) at increments of 10. The collision energy for the isomer set 3 and
4 in Table 5.1 was increased from O up to 100 (arbitrary units) at increments of 10. Then
the ions were then transferred to the orbitrap via the C trap and were detected at a mass
resolution of 100,000.

For MCAD, the ions were isolated in the linear quadrupole ion trap as described
above and then transferred into the octopole collision cell. For isomer set 1 and 2 in Table
5.1, the collision energy was increased from 0 up to 36 eV at increments of ~3.6 eV. For
isomer set 3 and 4 in Table 5.1, the collision energy was increased from 0 up to 40 eV at
increments of ~ 4 eV. Then the ions were transferred to the orbitrap via the C trap and were

detected at a mass resolution of 100,000.
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5.3 Results and Discussion
5.3.1 ERMS ITCAD and ERMS MCAD of the Molecular lons of 1,6-Hexylpyrene

ITCAD mass spectra of the molecular ions of 1,6-hexylpyrene (m/z 370) measured
at collision energies of 30, 60, and 100 (arbitrary units) are shown in Figures 5.1a, 5.1b,
and 5.1c, respectively. ITCAD of the fragmenting ions (m/z 370) at a collision energy of
30 resulted in the loss of one pentyl radical via a homolytic bond cleavage and produced
fragment ions of m/z 299. As the collision energy was increased from 30 to 100, there were
no observable changes in fragmentation (Figures 5.1b and 5.1c), suggesting that the
fragment ions do not fragment further during ITCAD. This is because only the fragmenting
ions are accelerated during ITCAD. Therefore, increasing the collision energy does not

cause fragmentation of the fragment ions.
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Figure 5.1. ITCAD spectra measured for the molecular ions of 1,6-hexylpyrene (MW 370
Da) at collision energies of (a) 30, (b) 60 and (c) 100 (arbitrary units).
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MCAD of the molecular ions of 1,6-hexylpyrene (m/z 370) showed different
fragmentation patterns compared to ITCAD (Figures 5.2a, 5.2b and 5.2c). MCAD at a
collision energy of 22 eV resulted in the loss of one pentyl radical via homolytic cleavage
and produced fragment ions with m/z 299 (Figure 5.2a), just like for ITCAD. However,
unlike for ITCAD, MCAD at a collision energy of 44 eV resulted in one as well as two
pentyl radical losses (m/z 299 and m/z 228; Figure 5.2b). As the MCAD collision energy
was further increased to 74 eV, complete elimination of two pentyl radicals was observed
(Figure 5.2c). These observations suggested that MCAD can cause fragmentation to the

fragment ions.
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Figure 5.2. MCAD mass spectrum measured for the molecular ions of 1,6-hexylpyrene
(MW 370 Da) at a collision energy of (a) 22 eV, (b) 44 eV, and (c) 74 eV.
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5.3.2 ERMS ITCAD and ERMS MCAD of the Molecular lons of 1-Methylfluorene and
9,10-Dihydroanthracene

ERMS ITCAD mass spectra of the isomeric molecular ions of 1-methylfluorene
and 9,10-dihydroanthracene (m/z 180) are shown in Figures 5.3a and 5.3b, respectively.
ITCAD of 1-methylfluorene molecular ions at collision energies greater than 20 resulted
in the loss of methyl radical to generate fragment ions of m/z 165. ITCAD of 9,10-
dihydroanthracene molecular ions at collision energies greater than 40 also resulted in the
loss of a methyl radical to generate fragment ions of m/z 165. Proposed structures of ions
of m/z 165 are shown in Figures 5.3a and 5.3b. Overall, the ERMS ITCAD mass spectra
shown in Figures 5.3a and 5.3b are too similar to reliably differentiate the two isomers.

Unlike ERMS ITCAD, ERMS MCAD generated mass spectra for the molecular
ions of l-methylfluorene and 9,10-dihydroanthracene (Figure 5.3c and 5.3d) that are
significantly different from each other. MCAD of ionized 1-methylfluorene (m/z 180)
resulted in major fragment ions of m/z 165 as a result of methyl radical loss. Minor
fragment ions of m/z 179 and m/z 178 (with relative abundances less than 10%) were also
generated at collision energy ~ 15 eV and above; these ions correspond to one and two
hydrogen atom losses, respectively. The loss of hydrogen atoms suggests that higher energy
fragmentations can occur upon MCAD than ITCAD. On the other hand, ERMS MCAD
mass spectra of ionized 9,10-dihydroanthracene (m/z 180) showed major fragment ions of
m/z 179 at collision energies greater than 30 eV. These fragment ions are generated though

hydrogen atom loss. Fragment ions of m/z 165 were formed via loss of a methyl radical.
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Figure 5.3 ERMS ITCAD mass spectra of the isomeric molecular ions of (a) 1-
methylfluorene and (b) 9,10-dihydroanthracene (m/z 180). ERMS MCAD mass spectra of
the molecular ions of (¢) 1-methylfluorene and (d) 9,10-dihydroanthracene (m/z 180).
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5.3.3 ERMS ITCAD and ERMS MCAD of the Molecular lons of 9,10-
Dihydrophenanthrene and Trans-Stilbene

ERMS ITCAD mass spectra of the molecular ions of 9,10-dihydrophenanthrene
and trans-stilbene are shown in Figures 5.4a and 5.4b, respectively. ITCAD of both ions
produced exclusively fragment ions of m/z 165 via loss of a methyl radical with similar
relative abundances at different collision energies. Although the detailed mechanism for
formation of these ions requires additional investigation, we hypothesize that the loss of a
methyl radical in both cases involves a These two isomers cannot be differentiated by using
ERMS ITCAD.

Significant differences were observed between ERMS MCAD mass spectra of the
molecular ions of 9,10-dihydrophenanthrene and trans-stilbene (Figures 5.4c and 5.4d).
MCAD of the molecular ions of 9,10-dihydrophenanthrene generated fragment ions of m/z
165, 179 and 178 through the loss of a methyl radical, one hydrogen atom, and two
hydrogen atoms, respectively (Figure 5.4c). Loss of the methyl radical likely involves
rearrangement while the loss of one and two hydrogen atoms likely occurs via simple bond
cleavages. MCAD of the molecular ions of trans-stilbene generated all the same fragment
ions and an additional one, that of m/z 102 via elimination of a benzene radical (Figure
5.4d). The loss of the benzene radical likely occurs via homolytic bond cleavage that is
favored in MCAD but not in ITCAD. This difference can be used to differentiate the

1somers.
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Two fragment ions (Figures 5.5a and 5.5b, m/z 180 and 165) in the ERMS ITCAD
mass spectra can be used to differentiate these isomeric ions based on their slight
differences in the relative abundances measured at different collision energies. (. On the
other hand, four fragment ions (Figures 5.5¢c and 5.5d m/z 180, 165, 179, 178) in the ERMS
MCAD mass spectra can be used to differentiate the analytes based on their slight
differences in the relative abundances measured at different collision energies. Overall,
differentiation of the molecular ions of 9,10-dihydroanthracene and 9,10-

dihydrophenanthrene is easier using ERMS MCAD compared to ERMS ITCAD.
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Figure 5.5 ERMS ITCAD mass spectra of the isomeric molecular ions of (a) 9,10-
dihydroanthracene and (b) 9,10-dihydrophenanthrene (m/z 180). ERMS MCAD mass

spectra of the molecular ions of (c) 9,10-dihydroanthracene and (d) 9,10-
dihydrophenanthrene.
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5.34 ERMS ITCAD and ERMS MCAD of the Molecular lons of 3-, 6- and 8-
Pentylquinolines

The potential of ERMS MCAD was explored in a particularly challenging scenario:
differentiating the molecular ions of 3-, 6-, and 8-pentylquinolines. Figure 5.5 shows the
ERMS ITCAD and ERMS MCAD mass spectra of the molecular ions of 3-, 6-, and 8-
pentylquinolines. ITCAD of 3-, 6- and 8-pentylquinolines only generates fragment ions of
m/z 142 through butyl radical loss (Figures 5.6d, 5.6¢e and 5.6f). Although slight differences
in the relative abundances of the ions of m/z 142 were observed in the ERMS ITCAD mass
spectra, such differences are insignificant and thus cannot be used to differentiate the three
isomers.

MCAD of these molecular ions produced fragment ions of m/z 198, 184, 170, 156,
142, 129, and 115 (Figures 5.6d, 5.6e and 5.6f). These fragment ions showed significant
differences in their relative abundances that can be used to differentiate these molecular
ions. Fragment ions of m/z 198 were generated via the loss of a hydrogen atom. Fragment
ions of m/z 184, 170, 156, 142 and 130 were generated via the loss of a methyl, ethyl,
propyl, butyl, or pentyl radical, respectively. Fragment ions of m/z 115 were generated via
the loss of a neutral HCN group.Overall, the molecular ions of 3-pentylquinolines can be
differentiated from the other based on the ions of m/z 115 with the highest relative
abundance observed at a MCAD collision energy larger than 35 eV. The molecular ions of
8-pentylquinoline can differentiated based on the ions of m/z 156 with the highest relative
abundances at a MCAD collision energy larger than 15 eV.

To illustrate the significant differences between the MCAD mass spectra of the
molecular ions of pentylquinoline isomers, their MCAD mass spectra obtained at collision
energies of 28 eV and 40 eV are shown in Figures 5.7 and 5.8, respectively. Upon MCAD
at a collision energy of 28 eV, ions of m/z 156 is the most abundant fragment ions for
molecular ions of 8-pentylquinoline (Figure 5.7a) while ions of m/z 156 are much less
abundanct for molecular ions of 3- and 6-pentylquinolines (Figure 5.7b and 5.7¢). Upon
MCAD at a collision energy of 40 eV, ions of m/z 115 is the most abundant fragment ions
for molecular ions of 3-pentylquinoline (Figure 5.8a) while ions of m/z 115 are less

abundant for the others(Figure 5.8b and 5.8¢).
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Figure 5.6 ERMS ITCAD mass spectra of the molecular ions of (a) 3-pentylquinoline, (b)
6-pentylquinoline, and (c) 8-pentylquinoline. ERMS MCAD mass spectra of the molecular
ions of (d) 3-pentylquinoline, (e) 6-pentylquinoline, and (f) 8-pentylquinoline.
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The possible fragmentation pathways of above isomeric ions are shown in Figure
5.9. These fragmentation pathways may be used to rationalize the major differences in the
relative abundances of fragment ions of m/z 115 and 156 in the ERMS MCAD mass spectra
of the molecular ions of 3-, 6- and 8-pentylquinolines. As discussed above, a high relative
abundance of fragment ions of m/z 115 is unique to 3-pentylquinoline at MCAD collision
energy larger than 35 eV. A high relative abundance of fragment ions of m/z 156 is unique
to 8-pentylquinoline at high MCAD collision energy larger than 15 eV.

The fragment ion of m/z 115 is the dominant fragment ion in the ERMS MCAD
mass spectrum of the molecular ions of 3-pentylquinoline (m/z 199) at collision energies
greater than 35 eV. However, this fragment ion is absent for the molecular ions of 6-
pentylquinoline (Figures 5.6e) and has low abundance in the MCAD mass spectrum
measured for the molecular ions of 8-pentylquinoline (Figure 5.6f). The fragment ions of
m/z 115 are generated upon elimination of a neutral HCN group from methylquinoline ions
of m/z 142 (Figure 5.9, highlighted by red box). Fragmentation of the molecular ions of 3-
methylquinoline ions is hypothesized to generate a stable ion, possibly inden-1-ylium. (ion
of m/z 115, Figure 5.9a, highlighted in red box)). Meanwhile, fragmentations of the
molecular ions of the 6- and 8-methylquinolineslikely generated relatively unstable ions,
possibly with four-ring structures (ion of m/z 115, Figure 5.9b and 5.9¢, highlighted in red
box).

Abundant fragment ions of m/z 156 are formed upon ERMS MCAD of the
molecular ions of 8-pentylquinoline (m/z 199) but they are less abundant for the molecular
ions of 3- and 6-pentylquinolines. The fragment ions of m/z 156 are generated upon
elimination of a propyl radical from the molecular ions of m/z 199 (Figure 5.9, highlighted
by blue box). Fragmentation of molecular ions of 3- and 6-pentylquinolines generate the
fragment ions of m/z 156 that are hypothesized to have unstable four-ring structure (Figure
5.9a and 5.9b) In contrast, for the molecular ions of 8-pentylquinoline, the fragment ions
of m/z 156 (Figure 5.9¢) might have a stable five-ring structure. Consequently, energy
resolved MCAD produced fragment ions of m/z 156 with high abundance for the molecular

ions of 8-pentylquinoline but not for those of 3- and 6-pentylquinoline.
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Figure 5.9 Proposed fragmentation pathways for MCAD of the molecular ions of a) 3-
pentylquinoline, (b) 6-pentylquinoline, and (c¢) 8-pentylquinoline.
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5.3.5 Comparison of lon Loss for ERMS MCAD and ERMS ITCAD

Ion loss during CAD is rarely a concern when analyzing pure compounds. However,
ion loss significantly affects the signal-to-noise ratio of CAD tandem mass spectra when
analyzing complex mixtures. In this section, ion loss during ERMS ITCAD and MCAD of
the molecular ions of 1-methylfluorene and 9,10-dihydroanthracene was compared (Figure
5.10). During energy-resolved ITCAD, the total ion current (TIC) decreased by
approximately two orders of magnitude for both ions (Figure 5.10a, 5.10b). In contrast,
during ERMS MCAD, the TIC remained relatively the same (Figure 5.10c and 5.10d).
Therefore, ERMS MCAD will have a better overall signal-to-noise ratio compared to
ERMS ITCAD. Overall, the ions loss is significantly larger during ERMS ITCAD than
ERMS MCAD.
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Figure 5.10 The total ion abundance versus the collision energy during ERMS ITCAD and
ERMS MCAD. Ion loss during ITCAD-ERMS of molecular ions of (a) 1-methylfluorene,
(¢) 9,10-dihydroanthracene. Ion loss during ERMS MCAD of molecular ions of (b) 1-
methylfluorene, (d) 9,10-dihydroanthracene.
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5.4 Conclusions

In this work, the ability of ERMS ITCAD and ERMS MCAD to differentiate
between small ionized aromatic isomers was compared. Overall, ERMS ITCAD only
generated fragment ions via low-energy fragmentation pathways and could not reliably
differentiate the isomers studied here. ERMS MCAD generated fragment ions via both
low- and high-energy fragmentation pathways. Some of the fragment ions with unique m/z
values or greatly differing abundances generated via high-energy pathways can be used to
reliably differentiate the isomeric ions.

In addition, MCAD also suffers from less ion loss at high collision energies
compared to ITCAD. This could benefit the analysis of complex mixtures, where the ion
abundance is low. Overall, ERMS MCAD MS holds several possible advantages in MS/MS
analysis of complex mixtures containing isomeric compounds compared to conventional

ERMS ITCAD MS.
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