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 Mass spectrometry (MS) alone or coupled with high-performance liquid chromatography 

(HPLC) or gas chromatography (GC) is a versatile analytical tool that is routinely employed for 

identification of unknown compounds in complex mixtures. MS operates by separating ionized 

analytes based on their mass-to-charge (m/z) ratios. If the analyte can be ionized without complete 

fragmentation, MS provides molecular weight information and, if performed at high resolution, 

elemental compositions for the ionized analytes. Tandem mass spectrometry (MSn, n > 2 where 

each MS step corresponds to an ion isolation or separation event) also provides structural 

information of ionized analytes. With this approach, structural information of the ionized analytes 

is obtained by isolating the ionized analytes of interest and subjecting them to fragmentation 

experiments, such as collision-activated dissociation (CAD). The ions of interest can also be 

isolated and allowed to react with gaseous molecules to generate product ions (ion-molecule 

reactions).  

 The experiments described in this dissertation focused on the development of tandem mass 

spectrometry methods based on CAD and/or gas-phase ion-molecule reactions for the 

differentiation of acyl, N- and O-glucuronide drug metabolites and for identification of primary 

carbamates as potentially mutagenic impurities. Further, by using a previously published method 

titled Distillation, Precipitation, Fractionation Mass Spectrometry (DPF MS), the chemical 
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compositions of five crude oil samples, including heavy, medium, and light crude oils with 

different API gravities, were determined. Additionally, the gravimetric percentages of different 

compound classes found in these crude oils are reported as well as the correlations found between 

API gravities and the chemical compositions of crude oils.  
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CHAPTER 1. INTRODUCTION AND THESIS OVERVIEW 

1.1 Introduction 

Following the invention of J.J. Thomson’s first mass spectrometer (MS),1 mass spectrometry has 

evolved into one of the most comprehensive and versatile tools for analysis for a wide range of complex 

mixtures. For instance, MS has been employed in the analysis of crude oils,2 mixtures of proteins,3 and 

fuels.4,5 The simplest MS experiments involve three major events: generation of molecular and fragment 

ions from neutral analytes (this event is not necessary if the analyte is charged); separation of the ions 

based on their mass-to-charge (m/z) ratios; and detection of the separated ions. The measured m/z values 

of the ions and their relative abundances are plotted to generate a mass spectrum. The m/z values of the 

ions are plotted on the x-axis and their relative abundances on the y-axis. With the emergence of high-

resolution mass spectrometers, such as Fourier-transform ion cyclotron resonance mass spectrometers 

(FT-ICR),6 and orbitraps,7 the m/z values of the ions can be determined incredibly accurately, providing 

information about the elemental compositions of the ions. 

The development of tandem mass spectrometry (MSn, n > 2; where each MS step corresponds to an 

ion isolation or separation event) also provides structural information of ionized analytes. MSn based on 

collision-activated dissociation (CAD) is the most commonly used MSn approach. In this approach, ions 

of interest are isolated and subjected to energetic collisions with a gas (typically helium, argon or nitrogen), 

thereby causing fragmentation of the ions.8,9 The measured fragment ions are then used to elucidate the 

structure of the unknown ions.10,11 MSn based on gas-phase ion-molecule reactions is another approach 

that is increasingly employed for the characterization of the structures of unknown ionized analytes.12 

This approach is based on isolating ions of interest and allowing them to react with a gaseous reagent. 

Based on the product ions formed, structural information can often be derived. For example, gas-phase 

ion-molecule reactions can be used to differentiate isomeric ionized glucuronides13 and identify various 
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functional groups commonly found in drug metabolites, including sulfone,14 sulfoxide,15 N-oxide,16,17 

epoxide,18 N-hydroxylamino ,19 and keto ,20 in protonated analytes.  

1.2 Thesis Overview  

The research discussed in this dissertation focuses on the development of tandem mass 

spectrometric methods for the rapid identification of glucuronide drug metabolites and carbamates and 

for the molecular-level characterization of crude oils of different densities and different origins. Chapter 

2 discusses the principles and experimental details of the linear quadrupole ion trap (LQIT) mass 

spectrometers and the high-resolution linear quadrupole ion trap–orbitrap (LQIT-orbitrap) mass 

spectrometers employed in this research. The fundamental aspects of tandem mass spectrometry based on 

both CAD and gas-phase ion-molecule reactions are also discussed.  

 Chapter 3 discusses tandem mass spectrometric method development for the identification of the 

glucuronidation site in glucuronide drug metabolites. In this study, gas-phase ion-molecule reactions 

between deprotonated glucuronide metabolites and boron trifluoride (BF3) followed by CAD in the linear 

quadrupole ion trap (LQIT) enabled the differentiation of acyl, N- and O-glucuronides. These three 

metabolites are formed when glucuronic acid is conjugated to a drug or a drug metabolite via a carboxylic 

acid, hydroxy, or amino group, respectively.21 Only deprotonated N-glucuronides and migrated acyl 

glucuronides were found to form diagnostic product ions: adducts with a BF3 molecule that have lost two 

HF molecules, [M – H + BF3 – 2 HF]-, and adducts with two BF3 molecules that have lost three HF 

molecules, [M – H + 2 BF3 – 3 HF]-. These product ions were not observed for deprotonated O-

glucuronides. Upon CAD of the [M – H + 2 BF3 – 3 HF]- product ions, diagnostic fragment ions were 

formed via a loss of 2-fluoro-1,3,2-dioxaborale (MW 88 Da) only in the case of deprotonated migrated 

acyl glucuronides. Quantum chemical calculations at the M06-2X/6-311++G(d,p) level of theory were 

employed to rationalize the mechanisms for the reactions of interest.  
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 Chapter 4 discusses the development of a tandem mass spectrometric approach based on gas-phase 

ion-molecule reactions and CAD for identifying primary carbamates compound class in protonated 

analytes using APCI. Primary carbamates are of interest because they are sometimes found as low-level 

impurities during drug manufacturing and as some of them are potentially mutagenic.22 The neutral 

reagent employed was trimethoxymethylsilane (TMMS). Protonated primary carbamates were found to 

react with TMMS to form stable adduct ions, [M + H + TMMS]+, and adduct ions that had lost methanol, 

[M + H + TMMS – CH3OH]+. Upon CAD, the [M + H + TMMS – MeOH]+ product ions generated 

diagnostic fragment ions via a loss of isocyanic acid. Quantum chemical calculations were employed to 

rationalize the possible mechanisms for the formation of the product ions and for the fragmentation of the 

[M + H+ + TMMS – MeOH]+ product ion. 

 Chapter 5 discusses the molecular profiling of crude oils of different API (American Petroleum 

Institute) gravities by using a previously published method referred to as distillation, precipitation, 

fractionation mass spectrometry (DPF MS).23 Crude oils are classified as heavy, medium or light based 

on their API gravity, which is a measure of the density of a crude oil relative to water. Although API 

gravity is a generally accepted tool for classifying crude oils, some crude oils with similar API gravities 

may have very different chemical compositions.24 However, the chemical composition of the crude oil 

dictates how the crude oil is processed. Therefore a more accurate way of classifying crude oils needs to 

be developed. In this study, the chemical compositions of five heavy, medium, and light crude oils with 

different API gravities were determined by the DPF MS method. Two trends were identified for the five 

crude oils studied. As the API gravity decreases, the nitrogen content of the alkyl side chains of the 

compounds in the heteroaromatic compound class increases. This compound class contains most of the 

nitrogen-containing compounds in these crude oils. Further, as the API gravity decreases, the ring and 

double bond equivalence (RDBE; related to the level of unsaturation, nitrogen content, and/or number of 

rings) increases for the compounds in the heteroaromatic compound class for all the crude oils studied  
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CHAPTER 2. INSTRUMENTATION AND EXPERIMENTAL DETAILS OF 

LINEAR QUADRUPOLE ION TRAP MASS SPECTROMETER AND HIGH-

RESOLUTION LINEAR QUADRUPOLE ION TRAP–ORBITRAP MASS 

SPECTROMETER 

2.1 Introduction 

 A typical mass spectrometry (MS) experiment requires at least three steps: 1) evaporation and 

ionization of analyte(s); 2) separation of the gas-phase ions based on their mass-to-charge ratios (m/z) and 

3) the detection of ions and measurement of their abundances. In a mass spectrum, m/z values of the ions 

are shown on the x-axis and their relative abundance on the y-axis. Prior to detecting the ions, many MS 

experiments may be performed, including tandem mass spectrometry (MSn), to provide more details about 

the structures of unknown ions. Most tandem mass spectrometry experiments involve isolating the ion of 

interest and colliding it with a reagent gas (often nitrogen, helium or argon) to cause dissociation of that 

ion. This technique is called collision-activated dissociation (CAD). The ion of interest can also be 

isolated and allowed to react with a neutral molecule in an ion-molecule reaction. The experiments 

described in this dissertation were performed either using a linear quadrupole ion trap (LQIT) modified 

to allow introduction of neutral reagents into the ion trap or using a linear quadrupole ion trap coupled 

with an orbitrap detector (LQIT/Orbitrap). Details of each step involved in the MS experiments outlined 

above are discussed in the order in which they occur in an experiment, and this is followed by a discussion 

on collision-activated dissociation and gas-phase ion-molecule reactions. 

2.2 Ion Generation 

 Evaporation and ionization (either simultaneously or in separate steps) of the analytes constitute 

the first step in a mass spectrometry experiment. Previously, electron ionization1,2 (EI) and chemical 

ionization3 (CI) were the most commonly used ionization techniques. However, because these techniques 

only ionize gas-phase molecules, thermal heating had to be employed prior to EI or CI to evaporate 

analytes, limiting their use to thermally stable and volatile analytes.4 Modern ionization methods have 
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overcome this limitation, including such methods as matrix-assisted laser desorption ionization 

(MALDI),5 electrospray ionization (ESI),6 atmospheric-pressure chemical ionization (APCI),7 and 

atmospheric-pressure photoionization (APPI).8 For this dissertation, ESI and APCI were used and are thus 

discussed in detail.  

2.2.1 Electrospray Ionization  

 Electrospray ionization (ESI) is a soft ionization method that converts analytes in solution into 

gas-phase ions without significantly fragmenting them.9 ESI is widely used in the mass spectrometry 

community due to its ability to ionize large, thermally labile, and non-volatile polar molecules.10,11 The 

mechanism by which gas-phase ions are proposed to form from solution can be divided into three steps: 

1) formation of charged droplets at the ESI capillary tip; 2) production of highly-charged nanodroplets; 

3) formation of unsolvated gas-phase ions.12 These three steps are illustrated in Figure 2.1 for the 

formation of positive ions. 

 

Figure 2.1 Illustration of formation of gas-phase ions upon ESI (operated in positive ion mode), where S 

denotes solvent molecules. 

During an ESI MS experiment, the analyte is typically dissolved in water, methanol, acetonitrile 

or in a mixture of two of the three solvents. The analyte solution is pumped through an ESI capillary onto 

which a high voltage (2 – 5 kV) is applied.9 The applied voltage creates an electric field at the tip of the 

capillary that charges the surface of the solution emerging from the capillary. The high voltage induces a 
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Taylor cone, which sprays a fine mist of micrometer-sized charged droplets.13,14 The spraying process is 

assisted by a drying gas (nitrogen) which aids in both solvent nebulization and evaporation.15 The droplets 

produced from the Taylor cone undergo solvent evaporation, causing an increase of charge density within 

the droplet until a critical limit, known as the Rayleigh limit, is reached.12,16 At the Rayleigh limit, the 

droplets divide into smaller, highly charged progeny droplets via jet fission. The evaporation of the solvent 

and fission of the droplets is repeated many times, resulting in droplets with radii of a few nanometers.14 

It is believed that the gas-phase ions detected by MS are generated from these charged nanodroplets.14,17,18  

 The formation of gas-phase ions from charged nanodroplets is thought to occur via three different 

mechanisms: the charge residue model, the ion evaporation model, and the chain ejection model.14 

According to the charge residue model, each charged nanodroplet generated from the electrospray process 

contains just one analyte molecule.19 As these charged nanodroplets evaporate to dryness, the charge is 

transferred from the droplet to the analyte, resulting in gas-phase ions.14,20 This model is applied to large 

and multiply charged ions, including proteins.21 In the ion evaporation model, the surface charge from a 

Rayleigh-charged nanodroplet is high enough to cause the emission of solvated ions, which evaporate 

into the gas phase.14 This model is most applicable for small, singly charged ions.22 Finally, the chain 

ejection model, which is mostly applied to unfolded proteins,23 can be explained as follows: during an 

ESI experiment with unfolded proteins, the hydrophobic chains are exposed to the solvent, making 

unfolded proteins unfavorable in the charged droplet. The unfolded chains therefore migrate to the 

nanodroplet surface where they become charged and are ejected from the droplet.14,23 

2.2.2 Atmospheric Pressure Chemical Ionization  

 Atmospheric pressure chemical ionization (APCI) is a relatively soft ionization method that 

ionizes analytes of low to medium polarities through a series of ion-molecule reactions at atmospheric 

pressure.7,24 In a typical APCI MS experiment, the analyte (in a solution) is passed through a heated silica 

capillary where it is nebulized by a drying gas (typically nitrogen), creating a spray of droplets. The heat 
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transferred to these droplets vaporizes the solvent and the analyte, which are then carried by the nebulizer 

gas to a corona discharge needle where the ionization occurs.25 A high voltage (2 – 5 kV) is applied to the 

corona discharge needle. It is hypothesized that the ionization of the analyte molecules occurs in three 

steps, which are shown in Scheme 2.1. In the first step, the corona discharge needle ionizes the nebulizer 

gas to form primary ions. Second, the primary ions then react with the gas-phase solvent molecules to 

produce solvent ions. In the final step, the solvent ions react with the analyte molecules to produce analyte 

ions. In this dissertation, 50:50 water:methanol and pure acetonitrile were used as the solvents in Chapters 

3 and 4, respectively. Carbon disulfide, hexane, and 75:25 hexane:methanol were also used as the solvents 

and APCI reagents in Chapter 5. 

 

Scheme 2.1 Proposed mechanism for the generation of protonated analytes in positive ion mode APCI 

when using water as the solvent and APCI reagent and N2 as the nebulizer gas. 

2.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometer 

 A Thermo Linear Quadrupole Ion Trap (Thermo LTQ) coupled with an orbitrap detector 

(LQIT/orbitrap) and a modified Thermo LTQ equipped with an external reagent mixing manifold were 

used in this dissertation. Both instruments are discussed in this chapter. The LQIT MS can be divided into 

three differentially-pumped regions: the atmospheric-pressure ionization (API) region, the ion optics 

region, and the linear quadrupole ion trap and ion detection region. A schematic of the LQIT MS is shown 

in Figure 2.2. 
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Figure 2.2 The overall LQIT MS configuration along with typical operating pressures. 

2.3.1 The API Region 

 The API region consists of the ion source box, held at 760 Torr, and the API stack region, held at 

about one Torr. The low pressure in the API stack is achieved with two Edwards E2M30 mechanical 

pumps, each with an evacuation rate of 650 L/min.26 The ion source box houses the ionization source 

(typically ESI, APCI or APPI), a corona discharge needle, and a sweep cone. The API stack region 

consists of an ion transfer capillary, a tube lens, and a skimmer lens.26 When ions are generated in the ion 

source box region (as discussed in section 2.2), they are pulled into the API stack region through the ion 

transfer capillary. The pulling of the ion beam is due to a pressure gradient (760 Torr to one Torr) and a 

direct current (DC) voltage gradient (2 – 5 kV to 0 – 20 V) between the ion source and the API stack, 

respectively. The ion transfer capillary is kept at a temperature of 50-350 °C to aid in solvent evaporation, 

and a DC voltage is also applied to this capillary to cause ion transmission towards the tube lens. A DC 

voltage (10 – 130 V) is also applied to the tube lens to guide the ion beam to the off-centered orifice of 

the skimmer lens, preventing neutral molecules from continuing through.26 When the mass spectrometer 

is operated in negative ion mode, a negative potential is applied to both the ion transfer capillary and the 

tube lens.  
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2.3.2 The Ion Optics Region 

 After the skimmer lens, the ions enter the optics region, which focuses them toward the linear 

quadrupole ion trap. The ion optics consist of three differentially pumped multipoles: two quadrupoles 

(Q00 and Q0) and an octupole (Q1), Figure 2.2.26 The different pressures in these multipoles are achieved 

with a Leybold T220/150/15S triple-inlet turbomolecular pump. The Q00, Q0, and Q1 regions 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. Between each multipole, a lens acts as a vacuum baffle. All 

three of these multipoles function in a similar manner. For instance, when ions enter Q00 from the 

skimmer, a radio frequency (RF) voltage of the same amplitude and phase is applied to opposing rods of 

the quadrupole; however, this voltage is 180 ̊ out of phase on the adjacent rods, generating an electric field 

that causes the ions to have stable circular trajectories in the x- and y-directions (radial direction) while 

inside the quadrupole.26 Further, a DC offset potential is applied to the quadrupole to drive the ions 

through the quadrupole in the z-direction along the length of the quadrupole. During ion transmission, the 

applied offset voltage is attractive (i.e. negative for positive ions and positive for negative ions). Typical 

values for the DC offset voltages applied to each element are shown in Figure 2.4 for positive ions.26  
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Figure 2.3 DC offset voltage gradient (V) applied to the elements of the API stack and ion optics to aid 

in transmission of positive ions in the z-direction. 

2.3.3 The LQIT and Detector Region 

 The linear quadrupole ion trap consists of four parallel hyperbolic rods that are divided into three 

sections: front, center and back. In each section, the rods that are opposite each other are electrically 

connected.27,28 The two center rods, referred to as exit rods, contain slits that allow the ejection of ions 

into the detector (Figure 2.4). The main functions of the ion trap are to store (trap) ions and eventually to 

perform mass analysis by ejecting them in a mass-selective manner into the detector. The ions are trapped 

in the radial direction by applying an RF voltage of the same amplitude and sign to a pair of rods that are 

opposite of each other and an RF voltage of the same amplitude but opposite sign to the other, adjacent 

pair of the rods. To trap the ions in the axial direction, DC voltages are applied to the rods. A supplemental 
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RF potential can also be applied to the exit rods to aid in ion excitation, isolation, and ejection.27 The 

physics underlying the ion trapping, ejection, etc. are described next. 

 

Figure 2. 4 A schematic of the trapping regions of the LQIT mass analyzer.  

2.3.3.1 Ion Radial Motion 

 A combination of RF and DC voltages applied to the four rods of the quadrupole ion trap results 

in a two-dimensional quadrupolar RF-field, Φ0, that confines the ions in the radial direction.27,28 This 

field, Φ0, is described by Equation 2.1, 

±Φ0 = ±(𝑈 − 𝑉𝑐𝑜𝑠Ω𝑡)                                    Equation 2.1 

where U is the amplitude of the DC voltage and V is the amplitude of the RF voltage with an angular 

frequency Ω applied continuously for time t to the x- and y-rods. Based on Equation 2.1, the electric 

potentials in the x- and y-directions, Φ𝑥𝑦 , can be described by Equation 2.2, 

Φ𝑥𝑦 =
Φ0(𝑥2−𝑦2)

𝑟0
2 =

(𝑈−𝑉𝑐𝑜𝑠Ω𝑡)(𝑥2−𝑦2)

𝑟0
2                          Equation 2.2 

where r0 is the radius of the circle confined within the quadrupole rods. Additionally, the ions experience 

forces, 𝐹𝑥 and 𝐹𝑦, in the x- and y-directions, respectively. The forces 𝐹𝑥  and 𝐹𝑦 are described by Equations 

2.3 and 2.4, respectively,  

𝐹𝑥 = 𝑚
𝑑2𝑥

𝑑𝑡2 = −𝑧𝑒
𝑑Φ

𝑑𝑥
                                       Equation 2.3 
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𝐹𝑦 = 𝑚
𝑑2𝑦

𝑑𝑡2 = −𝑧𝑒
𝑑Φ

𝑑𝑦
                                       Equation 2.4 

where m is the mass of the ion, 𝑧 is the number of charges and 𝑒 is the elementary charge (1.602 x 10-19 

Coulombs). Combining Equation 2.1 with Equations 2.3 and 2.4 gives rise to Equations 2.5 and 2.6 for 

ion motion in the x- and y-directions, respectively.  

𝑑2𝑥

𝑑𝑡2 +
2𝑧𝑒

𝑚𝑟0
2

(𝑈 − 𝑉𝑐𝑜𝑠Ω𝑡)𝑥 = 0                                Equation 2.5 

𝑑2𝑦

𝑑𝑡2 +
2𝑧𝑒

𝑚𝑟0
2

(𝑈 − 𝑉𝑐𝑜𝑠Ω𝑡)𝑦 = 0                                Equation 2.6 

Equations 2.5 and 2.6 are similar to the Mathieu equation (Equation 2.7) that describes ion trajectory and 

the stability of the ion’s trajectory in the ion trap,29,30  

𝑑2𝑢

𝑑𝜉2 + (𝑎𝑢 − 2𝑞𝑢𝑐𝑜𝑠2𝜉)𝑢 = 0                                Equation 2.7 

where 𝜉, 𝑎𝑢, and 𝑞𝑢 are variables that are expressed by the following equations, 

𝜉 =
Ω𝑡

2
                                                       Equation 2.8 

𝑎𝑢 = 𝑎𝑥 = −𝑎𝑦 =
8𝑧𝑒𝑈

𝑚𝑟0
2Ω2                                      Equation 2.9 

𝑞𝑢 = 𝑞𝑥 = −𝑞𝑦 =
4𝑧𝑒𝑉

𝑚𝑟0
2Ω2                                    Equation 2.10 

wherein 𝑎𝑥, 𝑞𝑥, 𝑎𝑦, and 𝑞𝑦  are parameters that describe ion motion in the x- and y-directions, respectively. 

These parameters are the same as 𝑎𝑢 and 𝑞𝑢 , known as the Mathieu stability parameters. Solutions to the 

Mathieu equation are plotted on a diagram known as the Mathieu stability diagram with the values of 𝑞𝑢 
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as the x-axis and the values of 𝑎𝑢 as the y-axis. Because the motion of the ions in the x-direction and in 

the y-direction are independent of each other,27 trapped ions are those with stable trajectories in both the 

x- and y-directions. Figure 2.5 shows a simplified Mathieu stability diagram illustrating regions in which 

ions have stable and unstable trajectories. According to Equations 2.9 and 2.10, 𝑎𝑢 and 𝑞𝑢 values are 

related to the ions’ m/z values. As shown in Figure 2.5, ions with a 𝑎𝑢 value of 0 and a 𝑞𝑢  value between 

0 and 0.908 are confined in the stable region of the Mathieu stability diagram; therefore they are trapped. 

 

Figure 2.5 The Mathieu stability diagram. Ions of different m/z values whose a and q values locate them 

inside the diagram (shown as colored circles with larger circles being ions of larger m/z) have stable 

trajectories within the x- and y-directions of the LQIT. 

2.3.3.2 Ion Axial Motion  

The LQIT uses three different DC voltages, each applied to a different section of the quadrupole 

ion trap (front, center, and back; Figure 2.4), that establish axial (z-direction) motion of the ions.27,28 The 

DC voltage applied to the center section is lower than that applied to the front and back sections. This 

creates a potential well that restricts the ion motion in the z-direction into the center section (Figure 2.6). 

The typical DC voltages applied to the front, center, and back sections during ion trapping are – 9 , – 12 , 
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and – 7 V, respectively, for positive ions. For negative ions, only the polarity of the DC voltage is reversed. 

To enhance ion trapping efficiency, helium (~ 10-3 Torr) is added to kinetically cool ions via multiple low-

energy collisions, which confine them into the center of the ion trap as a tight packet.31  

 

Figure 2.6 A schematic of LQIT with typical DC voltages applied to the different  sections of the 

quadrupole ion trap of LQIT. A lower potential is applied to the center section and a higher potential to 

the front and the back sections, resulting in a potential well that confines ions in the center section in the 

z-direction. The colored circles represent ions trapped in the potential energy well. 

2.3.3.3 Ion Ejection 

 Two methods are generally employed to eject ions from the ion trap for detection: axial instability 

scan and x-electrode bipolar resonance ejection.32 In the axial instability scan, the q value of the ion is 

increased to 0.908 by increasing the RF amplitude. At q = 0.908, ions no longer have a stable motion in 

the x-direction. Consequently, they are ejected through the slits of the exit electrodes (x-electrodes). With 

this ejection method, however, some ions do not reach the detector, which compromises the sensitivity.32 

On the other hand, with x-electrode bipolar resonance ejection, the q value of the ions is increased to 0.88 

by increasing the RF amplitude. In addition, a supplementary RF voltage is applied to the x-electrodes. 

At q = 0.88, the supplementary RF voltage is in resonance with the oscillation frequency of the ions, 
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which increases their kinetic energy and the oscillation amplitude to such an extent that most of the ions 

are ejected from the ion trap through the slits.32,33 

2.3.3.4 Ion Detection with Electron Multipliers 

 The LQIT is equipped with a two-component, off-axis ion detection system located on opposite 

sides of the linear quadrupole ion trap. Each ion detection system consists of a charged conversion dynode 

and a funnel-shaped electron multiplier. A +15 kV potential is applied to the conversion dynode for 

negative ions and a –15 kV potential for positive ions via a high voltage ring (Figure 2.7).26 When ions 

are ejected from the ion trap for detection, they strike the surface of the charged conversion dynode, 

producing secondary particles.34 The secondary particles include negative ions and electrons when 

positive ions strike the negatively charged conversion dynode and positive ions when negative ions strike 

the positively charged conversion dynode. These secondary particles are accelerated into the electron 

multiplier by a voltage gradient between the conversion dynode and the electron multiplier.34 The electron 

multiplier consists of a cathode and an anode. When the secondary particles strike the walls of the electron 

multiplier cathode, they generate electrons. Due to the funnel-like shape of the cathode, the generated 

electrons collide with the surface of the cathode multiple times before they exit the cathode, thereby 

causing the emission of more electrons. This cascade of electrons eventually results in a measurable 

electric current at the anode, where the electrons are collected. The amplitude of the measured electric 

current for ejected ions is proportional to their abundance. The m/z values of the ions are obtained by 

scanning the RF voltage (Equation 2.10). Therefore, by relating the amplitude of the measured current 

and the timing of the ejection event during the RF voltage scan, a mass spectrum is obtained with the m/z 

values of the ions as the x-axis and the relative abundance of the ions as the y-axis.  
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Figure 2.7 LQIT and its ion detection system, which consists of two conversion dynodes and two 

electron multipliers. Only one conversion dynode and one electron multiplier are shown in this figure. 

2.4 Multi-Stage Tandem Mass Spectrometry (MSn) 

 In multi-stage tandem mass spectrometry (MSn), multiple ion isolation/mass analysis events are 

performed. MSn is particularly useful for identifying unknown compounds.33,35 The simplest MSn (MS2) 

experiments are performed by isolating the ions of interest, subjecting them to reactions, and detecting 

the product ions. The product ions can then be isolated and subjected to further reactions (in MS3 

experiments). The reactions discussed in this chapter are collision-activated dissociation (CAD) reactions 

and gas-phase ion-molecule reactions.  

2.4.1 Ion Isolation  

 Isolating the ions of interest occurs in two steps. First, the RF voltage applied to the x-rods of the 

linear quadrupole ion trap is increased, thus increasing the q value of the ions of interest until it reaches a 

value of 0.803.26 At this point, the majority of ions with m/z values lower than that of the ions of the 

interest are ejected from the ion trap. Second, a broad-band excitation waveform is applied to the x-rods 

to eject unwanted ions.26 This broad-band excitation waveform is an alternating current (AC) voltage that 

consists of a distribution of resonance frequencies (5 – 600 kHz) of all ions with the exception of the 

Y

X

LQIT

Conversion dynode 

Secondary particle  

Cathode

High voltage ring

Anode

Ion current 

Electron Multiplier 



38 

 

frequency of the ions of interest.26 Therefore, by applying the RF voltage followed by the broad-band 

excitation waveform to the x-rods, all unwanted ions are ejected from the ion trap (Figure 2.8).26 

 

Figure 2.8 Ion isolation process. a) All ions are confined in the ion trap. b) RF voltage amplitude 

(denoted as VRF) is increased to place the ions of interest (green circle) to q = 0.803 to eject some ions 

with m/z values lower than that of the ions of interest. c) The broad-band excitation waveform is applied 

to eject the remaining unwanted ions. d) Only the ions of interest remain in the ion trap. 

2.4.2 Collision-activated Dissociation (CAD)  

 CAD experiments in the LQIT first involve isolating the ions of interest (as discussed in section 

2.4.1). The isolated ions are then accelerated and subjected to multiple low-energy collisions with the 

helium buffer gas present in the ion trap, thereby causing fragmentation of the ions.36,37 The generated 

product ions are then mass analyzed. After the ions of interest have been isolated, the RF amplitude is 

decreased , thereby decreasing the q value of the ions of interest to q ~ 0.25 (the reasoning behind choosing 

– 0.24

0.803

0.24

0

– 0.24

0.24

0

VRF

0.803

– 0.24

0.24

0

0.803

– 0.24

0.24

0

a) b)

c) d)

0.908



39 

 

this value will be discussed later). Next, the ions are accelerated by applying a supplementary RF voltage, 

referred to as a dipolar resonance excitation (tickle voltage), to the x-rods for a specified period of time 

(typically 30 ms). The dipolar resonance excitation increases the ions’ kinetic energies without ejecting 

them from the ion trap. The accelerated ions collide with the helium buffer gas multiple times, which 

causes part of the ions’ kinetic energy to be converted into their internal energy. This process continues 

until the ions have gained enough internal energy to overcome their fragmentation threshold. At this point, 

the ions fragment and the resulting fragment ions are mass analyzed.  

 

Figure 2.9 Schematics of the CAD process. a) The RF voltage amplitude (denoted as VRF) is decreased 

to lower the q value of the ions of interest to 0.25. b) The dipolar resonance excitation (tickle voltage) is 

applied to the x-rods to increase the ions’ kinetic energy, which is converted into internal energy when 

the ions collide with helium. When the internal is higher than the lowest barrier for fragmentation, the 

ions fragment. 

 It should be noted that the q value chosen for CAD experiments is important because it determines 

the low mass cut-off of the fragment ions that have stable trajectories in the linear quadrupole ion trap. 

As discussed in section 2.3.3.1, ions with smaller m/z values have higher q values; therefore, depending 

on the q value of the fragmenting ions, very small fragment ions may or may not have stable trajectories. 

Ideally, the fragmenting ions should have low q values so that the smallest fragment ions have stable 

trajectories. However, at lower q values, the fragmenting ions have lower kinetic energies, which may not 
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be high enough to cause fragmentation. On the other hand, if the fragmenting ions have a higher q value, 

the smallest fragment ions may not be observed in the mass spectrum. For instance, for parent ions with 

q value of 0.25, the smallest fragment ions with stable trajectories have a m/z value that is ¼ of the m/z 

value of the fragmenting ion.  

2.4.3 Gas-phase Ion-molecule Reactions 

 The use of gas-phase ion-molecule reactions for determining the structures of unknown 

compounds is an alternative mass spectrometry method that addresses some of the limitations of CAD.38 

For instance, gas-phase ion-molecule reactions can often be used to differentiate isomeric ions without 

reference compounds39,40 while CAD mass spectra of isomeric ions are sometimes identical or 

uninformative and usually require comparisons to authentic compounds.40 

 In gas-phase ion-molecule reaction experiments, ions are isolated in the linear quadrupole ion trap 

as discussed in section 2.4.1 and allowed to react with a neutral reagent for a user-defined period of time. 

The product ions are then mass analyzed. The product ions can also be isolated and subjected to CAD in 

MS3 experiments, if further information is required. The ion-molecule reactions reported in this 

dissertation were performed by using a modified Thermo LQIT equipped with an external reagent mixing 

manifold that introduces neutral reagents into the ion trap, which will be discussed in the following section.  

2.4.3.1 Introduction of Neutral Reagents into the Ion Trap  

 The initial design for the external reagent mixing manifold was developed by Gronert et al.41,42 

The manifold setup used for the experiments discussed in this dissertation is shown in Figure 2.10. In a 

normal LQIT setup, helium is introduced into the ion trap via the helium line. However, with the manifold, 

a reagent is continuously introduced into the helium line prior to entering the ion trap via a syringe pump 

used at a flow rate of 3 – 10 µL/h. The syringe port and surrounding areas are heated to 150 ̊ C to ensure 

complete evaporation of the reagent. The amount of helium and reagent mixture entering the ion trap is 
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controlled through a leak valve to maintain a pressure close to the normal operating pressure of the 

instrument ((0.65 – 0.80 )×10-5 Torr). A gas flow regulator is also used to allow part of the mixture to be 

directed to waste prior to passing through the leak valve. The reagent mixing manifold is also connected 

to a rough pump, which aids in removing neutral reagent that may still be present in the helium line after 

the experiments.  

 

Figure 2.10 A schematic of the reagent mixing manifold employed to introduce neutral reagents into the 

ion trap via the helium gas line. 

2.4.3.2 Fundamental Aspects of Gas-phase Ion-molecule Reactions 

 The Brauman double-well potential energy surface provides a model to rationalize the energetics 

of gas-phase ion-molecule reactions.43,44 An example of a potential energy surface generated according 

to this model is shown in Figure 2.11. According to this model, when an ion collides with a neutral 

molecule in the gas phase, they form a reactant complex. The potential energy of this reactant complex is 

lower than that of the separated reactants due to the solvation of the ion by the neutral molecule.43,44 This 
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complex can dissociate back to the separated reactants or proceed to form the product complex, which 

then dissociates to form the separated products. In many cases, the reactant complex must overcome a 

reaction barrier (transition state) to form the product complex. The solvation energy may allow the 

reactant complex to overcome the reaction barrier. Hence, the height of the barrier dictates whether the 

reactant complex forms the products because the energy of a system in a vacuum is conserved. The 

reaction can only proceed to products when the magnitude of the barrier is less than the total energy of 

the system.43 Additionally, the separated products must have equal or lower energy than the separated 

reactants (i.e., the reactions must be thermoneutral or exothermic). Furthermore, overcoming the transition 

state does not necessarily mean that the reaction will take place. This can be explained by entropy 

constrains.43 For instance, if the reactant complex has a tight transition state to proceed to products, 

meaning that the reactant complex has fewer ways (low entropy) than the product complex, the reaction 

may not occur even if the reactant complex has enough  energy to overcome the transition state.  

 

Figure 2.11 The Brauman double-well potential energy surface model for gas-phase ion-molecule 

reactions. 

2.5 Linear Quadrupole Ion Trap-Orbitrap (LQIT-orbitrap) Mass Spectrometer 

 The LQIT-orbitrap mass spectrometer employed in the experiments discussed in this dissertation 

is a high-resolution Thermo LTQ/Orbitrap XL instrument. A schematic of this instrument is shown in 
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Figure 2.12. The LQIT-orbitrap can either detect ions in the LQIT (as described above) or in the orbitrap, 

which can perform high-resolution measurements. When the orbitrap is employed for detection, ions must 

first be injected into the C-trap that forms a tight ion packet and transfers it into the orbitrap.45 The orbitrap 

measures the image current of the ions, which is converted into m/z values of the ions and their relative 

abundances, to produce a high-resolution mass spectrum.45 Both the injection and the detection of the ions 

in the orbitrap are discussed below. 

 

Figure 2.12 Schematic of the LQIT-orbitrap along with the typical operating pressures. 

2.5.1 Ion Injection into the Orbitrap 

 In LQIT-orbitrap experiments, ions generated in  the API source pass though the ion optics into 

the linear quadrupole ion trap, where they may be allowed to undergo reactions. Then they are transferred 

into the C-trap via a transfer octapole. The C-trap is filled with nitrogen gas, which kinetically cools the 

ions via collisions.45 A high DC voltage is applied to the C-trap to collect the ions into the center for 

injection as a tight ion packet into the orbitrap. The ions are injected at high kinetic energy into the orbitrap 

off-center such that they start moving around (radially) and along (axially) the spindle electrode of the 

orbitrap. The axial ion motion has a frequency that is related to the m/z value of the ion.46 
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2.5.2 Ion Motion into the Orbitrap 

 The orbitrap is composed of two electrodes: an inner “spindle” electrode and an outer “barrel-like” 

electrode. A DC potential is applied between the two electrodes, resulting in a three-dimensional 

electrostatic field, U,45,47 described by Equation 2.11  

𝑈(𝑟, 𝑧) =
𝑘

2
(𝑧2 − 𝑟2) +

𝑘

2
(𝑅𝑚)2 ln [

𝑟

𝑅𝑚
] + 𝐶                                Equation 2.111 

where 𝑟 and 𝑧 are the angular and axial coordinates of the field, respectively, k is a constant related to the 

field curvature, Rm is the characteristic radius of ion motion, and C is a constant. 

 When ions enter the orbitrap’s electrostatic field, they experience three types of motion, each with 

a unique frequency: rotational motion around the inner electrode (𝜔𝜑), radial motion (𝜔𝑟) and oscillation 

motion along the axial direction (𝜔𝑧).
45,47 These motions can be expressed by the following equations for 

an ion of mass m and charge q. 

𝜕2𝑟

𝜕𝑡2 − (
𝜕φ

𝜕𝑡
)2 = − 

𝑞

𝑚

𝑘

2
[

𝑅𝑚
2

𝑟
− 𝑟]                               Equation 2.12 

𝑑

𝑑𝑡
(𝑟2 𝜕φ

𝜕𝑡
) = 0                               Equation 2.13 

𝜕2𝑧

𝜕𝑡2 = −𝑘𝑧
𝑞

𝑚
                               Equation 2.14 

Based on the above equations of ion motions φ-, r-, and z-, only the frequency of the axial motion (z-

direction) is independent of the position and energy of the ions. This frequency is therefore used to 

determine ion m/z values. The axial frequency is shown in Equation 2.15 

ω = √(
𝑞

𝑚
) 𝑘                               Equation 2.15 

where m and q are the mass and the charge and of the ion, respectively, and k is a constant that is related 

to the DC voltage applied between the inner and outer electrodes. 
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2.5.3 Ion detection in the Orbitrap  

 As discussed above, only the frequencies of the ions in the axial direction are used to determine 

the m/z values of the ions and their relative abundances. Detection is thus achieved by measuring the 

image current caused by the ions’ axial motion. The measured image current is amplified and Fourier 

transformed to obtain the m/z values of the ions and the corresponding relative abundances.48 

2.5.4 Ion source CAD (ISCAD) 

 In ion-source CAD (ISCAD) , all ions formed in the ion source are subjected to collisions 

in the ion optics region.49 The ISCAD experiments discussed in this dissertation were performed using 

the LQIT-orbitrap. During ISCAD experiments, ions are accelerated in the ion optics by increasing the 

DC voltage applied to the multipoles and gate lenses of the ion optics (Figure 2.13). The accelerated ions 

collide with atmospheric atoms and molecules in the ion optics, inducing fragmentation. The fragment 

ions are transferred into the mass analyzer for detection. It is worth noting here that ISCAD experiments 

do not require isolation of the ions.  
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Figure 2.13 DC offset voltage gradient (V) applied to the elements of the API stack and ion optics to aid 

in transmission of positive ions in the z-direction during normal mass spectrometric experiments and 

during ISCAD experiments. 
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CHAPTER 3. DIFFERENTIATION OF DEPROTONATED ACYL, N- AND 

O-GLUCURONIDE DRUG METABOLITES BY USING TANDEM MASS 

SPECTROMETRY BASED ON GAS-PHASE ION-MOLECULE REACTIONS 

3.1 Introduction 

 During phase II drug metabolism, drugs often undergo glucuronidation, where glucuronic acid is 

conjugated with a carboxylic acid, hydroxyl, or amino group of a drug or drug metabolite to form an acyl, 

O-, or N-glucuronide metabolite, respectively.1,2 This reaction, catalyzed by a superfamily of uridine 5'-

diphospho-glucuronosyltransferase enzymes, expedites the secretion of drugs via urine or bile by 

increasing their water solubility.3–5 While N- and O-glucuronides are generally safe, acyl glucuronides 

often form reactive and potentially toxic intermediate metabolites.6–9 The toxicological effects of acyl 

glucuronides are associated with three processes, all of which may lead to toxicity. The most common 

process is the acyl migration via intramolecular rearrangement.10,11 In this process, the acyl group begins 

at the 1-hydroxyl position of the glucuronic acid moiety (1-β-acyl glucuronide) and migrates to the 2-, 3- 

or 4-hydroxyl group of the glucuronic acid to form 2-, 3-, or 4-β- and α-acyl glucuronides, respectively. 

This migration allows the glucuronic acid moiety to undergo ring-opening at the anomeric position, 

resulting in the formation of an aldehyde functionality.12 The β-aldehyde can then covalently bind to 

nucleophilic macromolecules, potentially causing idiosyncratic drug toxicity (IDT).12–17 The other two 

processes, spontaneous hydrolysis, which results in generation of the parent drug, and transacylation, 

wherein glucuronic acid is substituted by nucleophilic macromolecules, have also been reported to lead 

to IDT.
12 Because acyl glucuronides are potentially toxic, knowing the site of glucuronidation is vital for 

the drug development process because it could allow for earlier safety assessments of new drug candidates. 

Unfortunately, despite this great need, current analytical techniques cannot unambiguously differentiate 

N-, O-, and acyl glucuronides.  

 Liquid chromatography coupled with tandem mass spectrometry based on collision-activated 

dissociation (CAD) is the standard analytical method for detecting glucuronides.18 The presence of 

glucuronides is based on the detection of aglycone ions, which are formed via elimination of 
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anhydroglucuronic acid (MW 176 Da) upon CAD of positively- or negatively-charged glucuronide ions.18 

This method, however, only detects the presence of glucuronide and cannot reliably differentiate between 

O-, N-, and acyl glucuronides. Chemical derivatization prior to tandem mass spectrometry has been used 

to differentiate between some glucuronide isomers, including estriol glucuronides,19 carvedilol 

glucuronides,20 morphine glucuronides,21 and some acyl glucuronides;22 However, this method is often 

impractical because it can be time-consuming and therefore ill suited for high-throughput analysis. β-

Glucuronidase enzymes have also been employed to detect glucuronides by hydrolyzing glucuronides 

into their parent drugs;23 however, it has been reported that the efficiency of hydrolysis depends on the 

nature of the glucuronide and the conditions used, and therefore, only glucuronides that are hydrolyzable 

in the conditions employed can be detected.24  

 Tandem mass spectrometry based on gas-phase ion-molecule reactions was recently utilized to 

differentiate deprotonated N- and O-glucuronides based on their differing reactions with trichlorosilane 

(HSiCl3).
25 This method, however, did not enable the differentiation of deprotonated N-glucuronides from 

acyl glucuronides. In this study, ion-molecule reactions are presented as a means for differentiating acyl, 

N-, and O-glucuronides using boron trifluoride (BF3) as the neutral reagent. Additionally, this approach 

can differentiate 1-β-acyl glucuronides from isomeric acyl glucuronides formed following acyl migration.  

3.2 Experimental 

3.2.1 Chemicals 

 Boron trifluoride diethyl etherate (synthesis grade) was used to generate BF3 and was purchased 

from Sigma-Aldrich. All acyl glucuronide (Table 3.1), N-glucuronide (Table 3.2), and O-glucuronide 

(Table 3.3) drug metabolites were purchased from Toronto Research Chemical. 18O-Probenecid acyl β-ᴅ-

glucuronide was prepared by dissolving probenecid acyl-β-ᴅ-glucuronide in 18O-water containing 5 % 

(v/v) formic acid for a week as previously described.26 13C-Ibuprofen acyl β-ᴅ-glucuronide was 

synthesized following previously published method.27 The synthesis was performed by Dr. Harry R. 
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Chobanian Dr. Nicholas R. Deprez from Merck & Co., Inc. LC/MS optima grade acetonitrile, water, and 

methanol were purchased from Fisher Scientific. Potassium phosphate buffer (100 mM, pH 7.4) was 

prepared by mixing 80.2 mL of 1.0 M potassium diphosphate (K2HPO4) and 19.8 mL of 1.0 M potassium 

monophosphate (KH2PO4). The mixture was adjusted to pH 7.4 by adding NaOH or HCl and diluted to 1 

L with distilled water.  

3.2.2 Sample Preparation 

 Acyl, N-, and O-glucuronide drug metabolites were prepared at 0.1 mM in 50:50 (v/v) 

methanol:water or in phosphate buffer (Ph 7.4) at the same concentration. A mixture containing acyl, N- 

and O-glucuronides was prepared by incubating telmisartan acyl-β-ᴅ-glucuronide, 2-amino-1-methyl-6-

phenylimidazo[4,5- b]pyridine (abbreviated PhIP) N-β-ᴅ-glucuronide, and ezetimibe O-β-ᴅ-glucuronide 

in phosphate buffer at room temperature for 4 hours. The role of phosphate buffer is to expediate acyl 

migration.6–9 Only acyl glucuronides known to undergo minor acyl migration (stable acyl glucuronides; 

telmisartan, repaglinide, and valproic acyl glucuronides) were dissolved in the phosphate buffer. The 

stability of these acyl glucuronides were based on the their previously reported half-lives (t1/2, a measure 

of the degradation rate (hydrolysis and acyl migration) of the 1-β-acyl glucuronide isomer). 28 

3.2.3 High Performance Liquid Chromatography (HPLC) 

 HPLC was used to separate 1-β-acyl glucuronides from their isomeric migrated acyl glucuronides. 

HPLC was also used to separate a mixture of N-, O- and acyl glucuronides incubated in phosphate buffer. 

All HPLC experiments were performed on a Thermo Surveyor Plus HPLC. Water (A) and acetonitrile (B) 

each containing 0.1 % (v/v) formic acid were used as the mobile phases at a flow rate of 500 μL/min on 

an Agilent ZORBAX SB-C18 5µm, 4.6 × 250 mm column. A nonlinear gradient was used as follows: 0.0 

min, 20 % B; 2.0 min, 20 % B; 20.0 min, 80 % B; 23.0 min, 80 % B; 25.0 min, 20 % B; 20 % B; 30.0 

min, 20 % B. Following HPLC separation, the analytes were ionized via electrospray ionization (ESI) 
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operated in negative ion mode and the ionized analytes were isolated in the ion trap and reacted with BF3 

for 30 ms reaction time as discussed below.  

3.2.4 Mass Spectrometry 

 All experiments were performed with a Thermo Scientific LQT MS equipped with ESI operated 

in negative ion mode. The operation of ESI LQIT and fundamental aspects of gas-phase ion-molecule 

reactions are discussed in detail in Chapter 2 of this dissertation. The analytes were either infused into the 

ESI source at a rate of 10 µL/min by using a 500 μL Hamilton syringe or eluted from HPLC at a flow rate 

of 500 µL/min. An external reagent mixing manifold was used to introduce the neutral reagent (boron 

trifluoride diethyl etherate) into the helium buffer gas line via a syringe pump at a flow rate of 3 µL/h, as 

described previously.29–31 The syringe port and surrounding area were heated at approximately 110 °C to 

ensure complete evaporation of the boron trifluoride diethyl etherate. Because of the high temperature, 

boron trifluoride diethyl etherate dissociated to form BF3 and ethoxyethane. To determine whether BF3 

was present in the ion trap, formic acid was introduced into the ion source, deprotonated (ion of m/z 45), 

isolated (isolation width of 12 m/z units) and allowed to react with BF3 for 100 ms. Trifluorohydroborate 

ions (HBF3¯, m/z 69) were observed with a relative abundance of 30 % compared to that of the 

deprotonated formic acid (m/z 45). After this, analytes were introduced into the ion source, deprotonated,  

isolated (isolation width of two m/z units) and allowed to react with BF3. For CAD experiments, the 

product ions of interest were isolated and subjected to CAD in the ion trap. Typical reaction, isolation and 

CAD conditions were as follow: reaction time 100 ms, isolation width of two m/z-units, activation q value 

0.25, and collision energy 15 (arbitrary units).  

3.2.5 Calculations 

 All density functional theory calculations were performed at the M06-2X/6-311++G(d,p) level of 

theory by using the Gaussian16 program.32,33 All transition state structures were determined to possess 
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one negative frequency, while minima possessed no negative frequencies. Intrinsic reaction coordinate 

(IRC) calculations were performed to confirm the transition state structures connected the correct reactant 

and product structures. The free energies used to construct the potential energy surfaces were calculated 

using ideal gas statistical mechanics. The calculations reported in Figure 3.4 were performed by Dr. 

Mckay W. Easton and those reported in Figure 3.5 and 3.6 were performed by Erlu Feng.  

3.3 Results and Discussion 

 The gas-phase reactivities of several deprotonated acyl, N- and O-glucuronides towards BF3 were 

studied in a LQIT mass spectrometer in an attempt to differentiate acyl, N- and O-glucuronide drug 

metabolites. Further, the fragmentation patterns of several product ions were studied to see whether these 

fragmentations could assist in differentiation. A total of 49 glucuronides were tested, including 21 acyl 

glucuronides, eight N-glucuronides, and 20 O-glucuronides. The gas-phase ion-molecule and CAD 

reactions of the above deprotonated glucuronides with BF3 are discussed first, followed by HPLC 

separation of selected glucuronides and computational results. 

3.3.1 Gas-phase Ion-molecule Reactions of Deprotonated Acyl, N- and O-glucuronides with BF3 

Followed by CAD 

  Several acyl, N-, and O-glucuronides were ionized via ESI in negative ion mode. The deprotonated 

analytes were isolated and allowed to react with BF3 for up to 100 ms. A set of example mass spectra 

measured for the reactions of a deprotonated O-, N- and acyl glucuronide are shown in Figure 3.1. 

Deprotonated carvedilol-O-β-ᴅ-glucuronide (m/z 581), deprotonated carvedilol-N-β-ᴅ-glucuronide (m/z 

581), and clofibric acyl-β-ᴅ-glucuronide (m/z 389) were used as the examples. All three deprotonated 

analytes reacted with BF3 to form two primary product ions: adduct ions, [M – H + BF3]
-, and adduct ions 

that had lost one HF molecule, [M – H + BF3 – HF]-. Additional secondary product ions were also 

observed, as well as product ions formed from hydrolysis. Primary product ions are here defined as 

product ions that are formed upon reactions between the deprotonated analytes and one BF3 molecule. 
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These primary product ions can react further with another BF3 molecule to form secondary product ions. 

Hydrolysis product ions refer to product ions formed when one HF molecule is replaced by a water 

molecule for [M – H + BF3 ]
- and [M – H + BF3 – HF]- ions. In addition to the above product ions, 

deprotonated acyl and N-glucuronides formed primary adduct ions that had lost two HF molecules, [M – 

H + BF3 – 2 HF]-, and secondary adduct ions with two BF3 molecules that had lost three HF molecules, 

[M – H + 2 BF3 – 3 HF]-. The [M – H + BF3 – 2 HF]- and [M – H + 2 BF3 – 3 HF]- product ions were not 

observed for deprotonated O-glucuronides. This means that the formation of these ions can be used to 

differentiate acyl and N-glucuronides from O-glucuronides; therefore, these ions are hereafter referred to 

as diagnostic product ions.  

 To differentiate deprotonated N-glucuronides from acyl glucuronides, the [M – H + 2 BF3 – 3 HF]- 

product ions were isolated and subjected to CAD. For acyl glucuronides only, fragment ions were 

observed via a loss of a molecule with MW 88 Da (Figure 3.1). This molecule is proposed to be 2-fluoro-

1,3,2-dioxaborale and the mechanism of its formation is discussed in section 3.3.5. All deprotonated acyl 

glucuronides (Table 3.1) and deprotonated N-glucuronides (Table 3.2) formed the [M – H + BF3]
- and [M 

– H + BF3 – HF]- product ions as well as diagnostic product ions: [M – H + BF3 – 2 HF]- and [M – H + 2 

BF3 – 3 HF]- . Among all 49 glucuronides studied, no false positives nor negatives were observed. 

 



56 

 

 

Figure 3.1 (A) Mass spectra measured for after 200 ms  reaction of a deprotonated O-, N-, and acyl 

glucuronide with BF3. Only the deprotonated N- and acyl glucuronides formed the diagnostic product 

ions: [M – H + BF3 – 2 HF]- and [M – H + 2 BF3 – 3 HF]-. (B) For the deprotonated N-glucuronide, 

CAD (collision energy 15 arbitrary units) of the  [M – H + 2 BF3 – 3 HF]- ions yielded a major fragment 

ion corresponding to elimination of HF (MW 20 Da). (C) For the deprotonated acyl glucuronide, a 

diagnostic fragment ion was formed via the loss of a molecule with MW 88 Da. # Product ions that are 

due to hydrolysis of [M – H + BF3 – HF]- and [M – H + 2 BF3 – 3 HF]- product ions to form [M – H + 

BF3 + H2O – 2 HF]- and [M – H + 2 BF3 + H2O – 4 HF]- product ions, respectively, were also observed. * 
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Table 3.1 Product ions (m/z) with their relative abundances (%) after 100 ms reaction of deprotonated acyl glucuronides with BF3 and 

fragment ions (m/z) with their relative abundances (%) formed upon CAD of the product ions [M – H + 2 BF3 – 3 HF]– at a collision energy 

of 15 (arbitrary units) 

Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances (%) Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances (%) 

Major CAD fragment ions (m/z)  of 

[M – H + 2 BF3 – 3 HF]– and their relative 

abundances (%) 

Major CAD fragment ions (m/z)  of 

[M – H + 2 BF3 – 3 HF]– and their relative 

abundances (%) 

 
Diclofenac acyl-β-ᴅ-
glucuronide 

(470) 

[M–H+BF3]– (538)                                  60 % 

[M–H+BF3–HF]– (518)                           47 % 
[M–H+BF3–2HF]– (498)                         23 % 

[M–H+2BF3–3HF]– (556)                       25 % 

[M–H+2BF3–4HF]– (526)                         10 

%   

[MH+2 BF3–3 HF–CO2]– (492)                 5 %        

[M–H+2BF3–3HF–C2H2O2BF]– (448)     22 %       

                                                                  

 
 
Levofloxacin acyl-β-ᴅ-

glucuronide (536) 

[M–H+BF3]– (604)                                    78 % 

[M–H+BF3–HF]– (584)                           100 % 
[M–H+BF3–2HF]– (564)                            5 % 

[M–H+2BF3–3HF]– (612)                        36 % 

[M–H+2BF3–4HF]– (592)                          10 % 

[M–H+2BF3–3HF–CO2]– (568)            42 % 

[M–H+2BF3–3HF–C2H2O2BF]– (524)     100 % 

   

 

 

 
 

Zomepirac acyl-β-ᴅ-

glucuronide 

(466) 

[M–H+BF3]– (514)                                100 % 

[M–H+BF3–HF]– (494)                           55 % 

[M–H+BF3–2HF]– (474)                         10 % 

[M–H+2BF3–3HF]– (442)                      22 % 

[M–H+2BF3–4HF]– (522)                        15 % 

[M–H+2BF3–3HF–CO2]– (498)            5 % 

[M–H+2BF3–3HF–C2H2O2BF]– (454)     18 %        

 
Ibufenac acyl-β-ᴅ-glucuronide 

(367) 

[M–H+BF3]– (435)                                  100 % 

[M–H+BF3–HF]– (415)                             74 % 

[M–H+BF3–2HF]– (395)                          17 % 

[M–H+2BF3–3HF]– (443)                        32 % 

[M–H+2BF3–4HF]– (423)                          20 % 

[M–H+2BF3–3HF–CO2]– (399)            42 % 

[M–H+2BF3–3HF–C2H2O2BF]– (355)       51 %        

 
Probenecid acyl-β-ᴅ-

glucuronide 

(460) 

[M–H+BF3]– (528)                                  60 % 

[M–H+BF3–HF]– (508)                           47 % 

[M–H+BF3–2HF]– (488)                         23 % 

[M–H+2BF3–3HF]– (536)                      25 % 

[M–H+2BF3–4HF]– (516)                         39 

% 

[M–H+2BF3–3HF–CO2]– (492)               22 % 

 [M–H+2BF3–3HF–C2H2O2BF]– (448)  100 %        

 
Sulindac acyl-β-ᴅ-glucuronide 

(531) 

[M–H+BF3]– (599)                                  100 % 

[M–H+BF3–HF]– (579)                             65 % 

[M–H+BF3–2HF]– (559)                          10 % 

[M–H+2BF3–3HF]– (607)                        22 % 

[M–H+2BF3–3HF–CO2]– (563)                 15 % 

[M–H+2BF3–3HF–C2H2O2BF]– (519)       51 %      

Telmisartan acyl-β-ᴅ-

glucuronide (689) 

[M–H+BF3]– (757)                                100 % 

[M–H+BF3–HF]– (737)                           42 % 

[M–H+BF3–2HF]– (617)                         10 % 

[M–H+2BF3–3HF]– (765)                      25 % 

[M–H+2BF3–4HF]– (745)                        12 % 

[M–H+2BF3–3HF–CO2]– (721)          32 % 

[M–H+2BF3–3HF–C2H2O2BF]– (677)     28 %     
 

Montelukast acyl-β-ᴅ-

glucuronide (760) 

[M–H+BF3]– (828)                                    30 % 

[M–H+BF3–HF]– (808)                             56 % 

[M–H+BF3–2HF]– (788)                            5 % 

[M–H+2BF3–3HF]– (836)                          7 % 

[M–H+2BF3–4HF]– (816)                            6 % 

[M–H+2BF3–3HF–CO2]– (792)                   5 % 

[M–H+2BF3–3HF–C2H2O2BF]– (728)       20 %          

 

 

 5
7

 

 



 

Table 3.1 (Continued) 

Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances (%) 
Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their relative 

abundances (%) 

Major CAD fragment ions (m/z)  of 
[M – H + 2 BF3 – 3 HF]– and their relative 

abundances (%) 

Major CAD fragment ions (m/z)  of 
[M – H + 2 BF3 – 3 HF]– and their relative 

abundances (%) 

 
Repaglinide acyl-β-ᴅ-

glucuronide (627) 

[M–H+BF3]– (695)                              100 % 

[M–H+BF3–HF]– (675)                         15 % 

[M–H+BF3–2HF]– (488)                         5 % 

[M–H+2BF3–3HF]– (703)                     25 % 

[M–H+2BF3–3HF–CO2]– (659)             65 %                                                             

[M–H+2BF3–3HF–C2H2O2BF]– (615)   

                                                            100 %          

                                                              

 
Febuxostat acyl-β-ᴅ-

glucuronide (491) 

[M–H+BF3]– (559)                               100 % 

[M–H+BF3–HF]– (539)                          62 % 

[M–H+BF3–2HF]– (519)                        15 % 

[M–H+2BF3–3HF]– (567)                     19 % 

[M–H+2BF3–4HF]– (547)                         5 % 

[M–H+2BF3–3HF–CO2]– (523)              85 % 

[M–H+2BF3–3HF–C2H2O2BF]– (479)   100 %     

 
Indomethacin acyl-β-ᴅ-

glucuronide (532) 

[M–H+BF3]– (600)                              100 % 

[M–H+BF3–HF]– (580)                         39% 

[M–H+BF3–2HF]– (560)                       13 % 

[M–H+2BF3–3HF]– (608)                    20 % 

[M–H+2BF3–3HF–CO2]– (564)       25 %       

[M–H+2BF3–3HF–C2H2O2BF]– (448)      8 

%   

 
Clofibric acyl-β-ᴅ-glucuronide 

(389) 

[M–H+BF3]– (457)                                 56 % 

[M–H+BF3–HF]– (437)                          61 % 

[M–H+BF3–2HF]– (417)                        59 % 

[M–H+2BF3–3HF]– (465)                       24 % 

[M–H+2BF3–4HF]– (445)                       76 % 

[M–H+2BF3–3HF–CO2]– (421)              85 % 

[M–H+2BF3–3HF–C2H2O2BF]– (377)   100 %     

 
Lumiracoxib acyl-β-ᴅ-

glucuronide (468) 

[M–H+BF3]– (536)                                65 % 

[M–H+BF3–HF]– (516)                         35 % 

[M–H+BF3–2HF]– (496)                        4 % 

[M–H+2BF3–3HF]– (544)                  100 % 

[M–H+2BF3–4HF]– (524)                      39 % 

[M–H+2BF3–3HF–CO2]– (500)        22 % 

[M–H+2BF3–3HF–C2H2O2BF]– (456) 

                                                            100 %    

 

 
Furosemide acyl-β-ᴅ-

glucuronide (505) 

[M–H+BF3]– (573)                               100 % 

[M–H+BF3–HF]– (553)                          57 % 

[M–H+BF3–2HF]– (533)                        10 % 

[M–H+2BF3–3HF]– (581)                     25 % 

[M–H+2BF3–4HF]– (561)                        14 % 

[M–H+2BF3–3HF–CO2]– (537)                10 

% 

[M–H+2BF3–3HF–C2H2O2BF]– (493)     12 % 

 

 
rac Ketoprofen acyl-β-ᴅ-

glucuronide (429) 

[M–H+BF3]– (497)                              100 % 

[M–H+BF3–HF]– (477)                         46 % 

[M–H+BF3–2HF]– (457)                        5 % 

[M–H+2BF3–3HF]– (505)                    55 % 

[M–H+2BF3–3HF–CO2]– (351)              9 % 

[M–H+2BF3–3HF–C2H2O2BF]– (417)   17 %    

 

 
Valproic acid acyl-β-ᴅ-

glucuronide (319) 

[M–H+BF3]– (387)                                 100 % 

[M–H+BF3–HF]– (367)                            46 % 

[M–H+BF3–2HF]– (347)                            5 % 

[M–H+2BF3–3HF]– (395)                        55 % 

[M–H+2BF3–4HF]– (375)                       12 % 

[M–H+2BF3–3HF–CO2]– (351)              60 % 

[M–H+2BF3–3HF–C2H2O2BF]– (307)     22 %      
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Table 3.1 (Continued) 

Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances (%) Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances (%) 

Major CAD fragment ions (m/z)  of 
[M – H + 2 BF3 – 3 HF]– and their relative 

abundances (%) 

Major CAD fragment ions (m/z)  of 
[M – H + 2 BF3 – 3 HF]– and their relative 

abundances (%) 

 
Trandolapril acyl-β-ᴅ-

glucuronide 

(605) 

[M–H+BF3]
– (673)                                 100 

% 

[M–H+BF3–HF]– (653)                           35 % 

[M–H+BF3–2HF]– (633)                         10 

% 

[M–H+2BF3–3HF]– (681)                      32 % 

[M–H+2BF3–4HF]– (661)                        39 

% 

[M–H+2BF3–3HF–CO2]– (639)              25 

%  

[M–H+2BF3–3HF–C2H2O2BF]– (594)   81 %       

 

 
Glucuronic acid (193) 

[M–H+BF3]
– (261)                                100 % 

[M–H+BF3–HF]–  (241)                           95 

% 

[M–H+BF3–2HF]– (221)                        10 % 

[M–H+2BF3–3HF]– (269)                      43 % 

[M–H+2BF3–4HF]–  (249)                      39 % 

  

 
18O-Probenecid acyl β-ᴅ-

glucuronide  

(462) 

[M–H+BF3]– (530)                                100 % 

[M–H+BF3–HF]– (510)                           24 % 

[M–H+BF3–2HF]– (490)                         20 

% 

[M–H+2BF3–3HF]– (538)                      17 % 

[M–H+2BF3–3HF–C18O2]– (492)       20 % 

[M–H+2BF3–3HF–C2H2O2BF]– (448)   30 %     

 

 
13C-Ibuprofen acyl β-ᴅ-

glucuronide (382) 

[M–H+BF3]– (450)                                 100 

% 

[M–H+BF3–HF]– (430)                           76 % 

[M–H+BF3–2HF]– (410)                        23 % 

[M–H+2BF3–3HF]– (410)                     10 % 

[M–H+2BF3–4HF]– (438)                       12 % 

[M–H+2BF3–3HF–CO2]– (414)            100 

% 

[M–H+2BF3–3HF–C2H2O2BF]– (370)   65 %     
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Table 3.2 Product ions (m/z) with their relative abundances (%) after 100 ms reaction of deprotonated N-glucuronides with BF3 and 

fragment ions (m/z) with their relative abundances (%) formed upon CAD of the product ions [M – H + 2 BF3 – 3 HF]– at a collision 

energy of 15 (arbitrary units) 

Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances in % 

Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their relative 

abundances in % 

Major fragment ions of CAD of 

[M–H+2BF3–3HF]– and their relative 

abundances 

Major fragment ions of CAD of 

[M–H+2BF3–3HF]– and their relative 

abundances  

 
Rasaglinide N-β-ᴅ-

glucuronide 

                  (346) 

[M–H+BF3]– (414)                                  100 %                  

[M–H+BF3–HF]– (394)                             37 %                  

[M–H+BF3–2HF]– (374)                            6 %        

[M–H+2BF3–3HF]– (422)                        45 %                                                  

[M–H+2BF3–4HF]– (402)                         42 % 

[M–H+2BF3–3HF–CO2]– (378)               35 %    

 
 

Dapsone N-β-ᴅ-glucuronide 

(423) 

[M–H+BF3]– (491)                             55 %                  

[M–H+BF3–HF]– (471)                      67 %                  

[M–H+BF3–2HF]– (451)                     3 %        

[M–H+2BF3–3HF]– (499)               100 %                                                  

[M–H+2BF3–4HF]– (455)                100 % 

[M–H+2BF3–3HF–CO2]– (431)          7 %    

 

 
PhIP-N-β-ᴅ-glucuronide  

            (399) 

[M–H+BF3]– (467)                                  100 %                  

[M–H+BF3–HF]– (447)                             47 %                  

[M–H+BF3–2HF]– (427)                            3 %        

[M–H+2BF3–3HF]– (475)                        25 %                                                  

[M–H+2BF3–4HF]– (455)                         85 % 

[M–H+2BF3–3HF–CO2]– (431)                  5 %     
Carvedilol N- β-ᴅ-glucuronide 

 (581)  

[[M–H+BF3]– (649)                         100 %                  

[M–H+BF3–HF]– (629)                      37 %                  

[M–H+BF3–2HF]– (609)                   13 %        

[M–H+2BF3–3HF]– (657)                 22 %                                                  

[M–H+2BF3–4HF]– (637)                100 %  

 

 
Olmesartan N1-β-ᴅ-

glucuronide 

(621) 

[M–H+BF3]– (689)                                    33 %                  

[M–H+BF3–HF]– (669)                             92 %                  

[M–H+BF3–2HF]– (649)                        100 %        

[M–H+2BF3–3HF]– (697)                          5 %                                                  

[M–H+2BF3–4HF]– (677)                       100 %  

 

 
Olmesartan N1-β-ᴅ-glucuronide 

 (621) 

[M–H+BF3]– (689)                             33 %                  

[M–H+BF3–HF]– (669)                    100 %                  

[M–H+BF3–2HF]– (649)                   46 %        

[M–H+2BF3–3HF]– (697)                   5 %                                                  

[M–H+2BF3–4HF]– (677)                100 %  
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Table 3.2 (Continued) 

Acyl glucuronides 

(m/z of deprotonated 

analyte) 

Major product ions (m/z) and their relative 

abundances in % 

Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their relative 

abundances in % 

Major fragment ions of CAD of 

[M–H+2BF3–3HF]– and their relative 

abundances 

Major fragment ions of CAD of 

[M–H+2BF3–3HF]– and their relative 

abundances  

 
Retigabine N-β-ᴅ-

glucuronide (478) 

[M–H+BF3]– (546)                                  100 %                  

[M–H+BF3–HF]– (526)                             37 %                  

[M–H+BF3–2HF]– (506)                          13 %        

[M–H+2BF3–3HF]– (554)                        22 %                                                  

[M–H+2BF3–4HF]– (534)                       100 % 

[M–H+2BF3–3HF–CO2]– (514)                  5 %    

 
Darunavir N-β-ᴅ-glucuronide 

(722) 

[M–H+BF3]– (790)                             63 %                  

[M–H+BF3–HF]– (770)                    100 %                  

[M–H+BF3–2HF]– (750)                   36 %        

[M–H+2BF3–3HF]– (798)                 10 %                                                  

[M–H+2BF3–4HF]– (778)                100 %  
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Table 3.3 Product ions (m/z) and their relative abundance (%) observed after 100 ms reaction time between  deprotonated O-

glucuronides with BF3 

Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their 

relative abundances in % 

Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their 

relative abundances in %   

 
Pregnanediol  

3a-O-ß-D-Glucuronide (346) 

[M–H+BF3]– (563)                     100 %                  

[M–H+BF3–HF]– (544)                35 %                  

 
Dihydroartemisinin O-ß-D-

Glucuronide (459) 

[M–H+BF3]– (527)                     100 %                  

[M–H+BF3–HF]– (507)                10 %                  

   

 
 

Estrone O-ß-D-Glucuronide 

            (445) 

[M–H+BF3]
– (513)                     100 %                  

[M–H+BF3–HF]– (493)                37 %                  

 
Ezetimibe Phenoxy 
O-ß-D-Glucuronide (584) 

[M–H+BF3]
– (652)                     100 %                  

[M–H+BF3–HF]– (632)                18 %                   

 
Nebivolol O-ß-D-Glucuronide 

(580) 

[M–H+BF3]– (648)                     100 %                  

[M–H+BF3–HF]– (628)                  7 %                  

 
Desmethyl Venlafaxine 

O-ß-D-Glucuronide (438) 

[M–H+BF3]– (506)                     100 %                  

[M–H+BF3–HF]– (486)                 18 %                   

 
Propranolol O-ß-D-

Glucuronide (516) 

[M–H+BF3]– (584)                     100 %                  
[M–H+BF3–HF]– (564)                  8 %                  

 
Raloxifene 

O-ß-D-Glucuronide (648) 

[M–H+BF3]– (716)                     100 %                  
[M–H+BF3–HF]– (696)                  5 %                   
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Table 3.3 (Continued) 

Deprotonated acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their 

relative abundances in % 

Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their 

relative abundances in % 

 
 

 
Salicylic acid O-β-ᴅ-

glucuronide 

(313) 

[M–H+BF3]– (381)                     100 %                  
[M–H+BF3–HF]– (361)                  53 %                   

 
Bisphenol A O-β-ᴅ-glucuronide  

(403) 

[M–H+BF3]– (471)                     100 %                  
[M–H+BF3–HF]– (451)                  56 %                   

 
 

Diosmetim 7-O-β-ᴅ-

glucuronide  

(475) 

[M–H+BF3]– (543)                     100 %                  

[M–H+BF3–HF]– (523)                  5 %  

 
Carvedilol O-β-ᴅ-glucuronide  

(581) 

[M–H+BF3]– (649)                     100 %                  

[M–H+BF3–HF]– (629)                28 %                  

 
Darunavir O-β-ᴅ-glucuronide 

(722) 

[M–H+BF3]– (790)                       75 %                  

[M–H+BF3–HF]– (770)                  100 

%  

 

 
Ferulic acid O-β-ᴅ-glucuronide (369) 

[M–H+BF3]– (437)                     100 %                  

[M–H+BF3–HF]– (417)                35 %                  

 
Mycophenolic acid O-β-ᴅ-

glucuronide (495) 

[M–H+BF3]– (563)                     100 %                  

[M–H+BF3–HF]– (543)                  54 %  

  
Propafenone 

O-β-ᴅ-glucuronide (517) 

[M–H+BF3]– (584)                     100 %                  

[M–H+BF3–HF]– (565)                  25 %  
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Table 3 (Continued) 

Deprotonated acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their 

relative abundances in % 

Acyl glucuronides 

(m/z of deprotonated analyte) 

Major product ions (m/z) and their 

relative abundances in % 

 
 

 
 Dopamine 4 O-β-ᴅ-glucuronide 

(328) 

[M–H+BF3]– (381)                       40 %                  

[M–H+BF3–HF]– (361)                  42 %                   

 

 
 

Morphine O-β-ᴅ-glucuronide (460) 

[M–H+BF3]– (528)                     100 %                  

[M–H+BF3–HF]– (508)                  56 %                   

 

 
Tamoxifen O-β-ᴅ-glucuronide 

(562) 

[M–H+BF3]– (628)                     100 %                  

[M–H+BF3–HF]– (610)                  10 %  

 

 
p-Acetamidophenyl O-β-ᴅ-

glucuronide (326) 

[M–H+BF3]– (394)                       20 %                  

[M–H+BF3–HF]– (374)                  8 %                  

 6
4
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3.3.2 HPLC/MS3 of Acyl Glucuronides  

 As stated above, acyl glucuronides can undergo acyl migration at physiological conditions. 

To determine whether unmigrated 1-β-acyl glucuronides and their isomeric migrated acyl 

glucuronides react similarly with BF3, an acyl glucuronide was stored at physiological conditions 

for four hours to induce migration, and HPLC was then used to separate the unmigrated and 

migrated acyl glucuronides. The separated isomeric glucuronides were then ionized via (–) ESI 

and the ionized analytes were isolated and allowed to react with BF3 in the ion trap for up to 30 

ms. Lumiracoxib acyl-β-ᴅ-glucuronide (t1/2 6.5 h in plasma34) was used as a model analyte for 

these experiments. Because acyl migration  occurs most rapidly at neutral to high pH values (pH 

7–9),35,36 the analyte was dissolved in either water containing 0.1 % (v/v) formic acid or 100 mM 

phosphate buffer at pH 7.4 and stored at room temperature for a variable length of time. Samples 

were taken at one, two, three, and four hours. The resulting chromatograms for the analyte in 

acidified water showed only one chromatographic peak over the four hour period, suggesting that 

acyl migration did not occur (Figure 3.2 A). However, when the analyte was dissolved in the 

phosphate buffer, multiple peaks with different retention times were observed, suggesting that 

lumiracoxib acyl-β-ᴅ-glucuronide had undergone acyl migration (Figure 3.2 B). Based on Figure 

3.2, the unmigrated acyl glucuronides eluted at the same time in all experiments . The additional 

peaks eluting at different times when the analyte was dissolved in the phosphate buffer were 

assumed to be due to migrated acyl glucuronides. 

  Following the HPLC separation and ionization of the separated isomeric glucuronides, the 

ionized analytes (m/z 468) were isolated and allowed to react with BF3 in the ion trap for up to 30 

ms. All deprotonated migrated acyl glucuronides were found to form the diagnostic product ions, 

[M – H + BF3 – 2 HF]- (m/z 496) and [M – H + 2 BF3 – 3 HF]- (m/z 544), while the unmigrated 
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acyl glucuronides did not (Figures 3.2 C and D). CAD of the [M – H + 2 BF3 – 3 HF]- product ions 

yielded fragment ions via the loss of a molecule with MW 88 Da (Figure 3.2 D). The same results 

were obtained when the experiments were replicated with probenecid acyl β-ᴅ-glucuronide (t1/2 

6.5 0.3 h in phosphate buffer28). Probenecid acyl β-ᴅ-glucuronide was dissolved either in water or 

water containing 0.1 % formic acid (v/v). When probenecid acyl β-ᴅ-glucuronide was dissolved 

in pure water, its deprotonated analyte (m/z 460) formed the diagnostic product ions, [M – H + 

BF3 – 2 HF]- (m/z 488) and [M – H + 2 BF3 – 3 HF]- (m/z 534) after isolation and reactions with 

BF3. However, when it was dissolved in acidified water, which inhibits acyl migration, the 

diagnostic product ions were not observed. This finding suggests that probenecid acyl β-ᴅ-

glucuronide underwent acyl migration when it was dissolved in water but not when it was 

dissolved in acidified water (Figure 3.3). The results obtained for both lumiracoxib acyl-β-ᴅ-

glucuronide and probenecid acyl β-ᴅ-glucuronide support the earlier result that acyl migration 

occurs rapidly at neutral to high pH values (pH 7–9).35,36 Further, based on these results, it was 

concluded that only deprotonated migrated acyl glucuronides react with BF3 to form the diagnostic 

products ions. Therefore, this methodology can differentiate migrated acyl glucuronides from their 

unmigrated 1-β-acyl glucuronide isomers.  
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Figure 3.2 Time-course HPLC chromatograms and mass spectra showing gas-phase ion molecule 

and CAD reactions for lumiracoxib acyl-β-ᴅ-glucuronide incubated in 0.1 % formic acid (by 

volume) in water (pH 2.7) and in phosphate buffer at pH 7.4. (A) After four hours, only one peak 

was observed in the HPLC chromatogram measured for lumiracoxib acyl-β-D-glucuronide 

dissolved in acidified water. (B) Multiple peaks due to isomerization via acyl migration were 

observed in the HPLC chromatogram for lumiracoxib acyl-β-ᴅ-glucuronides incubated in 

phosphate buffer. (C) The deprotonated unmigrated isomer did not form the diagnostic product 

ions in the mass spectrometer. (D) The migrated isomers formed the diagnostic product ions [M 

– H + BF3 – 2 HF]- (m/z 496) and [M – H + 2 BF3 – 3 HF]- (m/z 544) after 30 ms reaction. (E) 

The CAD (collision energy 15 arbitrary units) of the [M – H + 2 BF3 – 3 HF]- product ion (m/z 

544) yielded a fragment ion (m/z 456) via loss of molecule with MW 88 Da.
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Figure 3.3 Mass spectra measured after 100 ms reaction between deprotonated probenecid acyl 

β-ᴅ-glucuronide and BF3  when the analyte was dissolved in water containing 0.1 % formic acid 

(v/v) (top) and when the analyte was dissolved in pure water (bottom).  

3.3.3 Mechanism for the Formation of the Primary [M – H + BF3 – 2 HF]- Diagnostic Product 

Ions 

 As discussed above, the formation of the primary [M – H + BF3 – 2 HF]- diagnostic product 

ions were only observed for reactions between deprotonated migrated acyl or N-glucuronides and 

BF3. Deprotonated O-glucuronides did not form the diagnostic product ions when they were 

allowed to react with BF3. Similar primary diagnostic product ions have been observed upon gas-

phase ion-molecule reactions between deprotonated N-glucuronides and trichlorosilane but not 

between deprotonated O-glucuronides and trichlorosilane.25 Quantum chemical calculations were 

performed using deprotonated glucuronic acid as a model to explore the mechanism for formation 

of the diagnostic primary product ions. Deprotonated glucuronic acid formed the same product 

ions as deprotonated migrated acyl and N-glucuronides when allowed to react with BF3 but it is 
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smaller than the glucuronides studied and therefore allowed the desired computational results to 

be obtained in a reasonable amount of time.  

 As shown in Figure 3.4 A, the formation of the [M – H + BF3 – 2 HF]- product ions involves 

two steps: ring-opening at the anomeric position of the glucuronic acid and bicyclization. The 

reaction is initiated by the formation of the adduct ions, [M – H + BF3]
-, which are formed when 

BF3 covalently binds to the deprotonated carboxylic acid of the glucuronic acid moiety. The 

resulting [M – H + BF3]
- product then undergoes ring-opening at the anomeric position of the 

glucuronic acid, followed by the loss of one HF molecule to form the [M – H + BF3 – HF]- product 

ions. Because the ring opens at the anomeric position, these [M – H + BF3 – HF]- product ions 

become flexible and further react with one hydroxyl group of the glucuronic acid moiety, leading 

to a loss of another HF molecule. This results in the formation of the bicyclic product ion [M – H 

+ BF3 – 2 HF]-. Based on this mechanism, deprotonated glucuronic acid and deprotonated migrated 

acyl glucuronides react similarly with BF3 because both have a free hydroxyl group at the anomeric 

position, which plays a critical role in the ring-opening and bicyclization steps of the reaction 

mechanisms (Figure 3.4 B). A similar mechanism can be depicted for the reaction between 

deprotonated N-glucuronides and BF3 (Figure 3.4 C). In the case of deprotonated unmigrated acyl 

glucuronides or deprotonated O-glucuronides, this mechanism is not feasible. 
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Figure 3.4 (A) Proposed mechanism and potential energy surface calculated for the reaction 

between deprotonated glucuronic acid and BF3. Values shown are ΔG (black) and ΔH (blue) in 

kcal/mol calculated relative to the separated reactants. All calculations were performed at the 

M06-2X/6-311++G(d,p) level of theory. (B) The same mechanism for the formation of the 

primary diagnostic product ions, [M – H + BF3 – 2 HF], is proposed for the  reaction between 

BF3 and (B) a migrated deprotonated migrated (3-β-) acyl glucuronide and (C) N-glucuronide. 

The calculations were done by Dr. Mckay W. Easton. 
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3.3.4 Mechanism for the Formation of the Secondary [M – H + 2 BF3 – 3 HF]- Diagnostic 

Product Ions 

 The secondary diagnostic product ion, [M – H + 2 BF3 – 3 HF]-, is proposed to form from 

the primary product ion [M – H + BF3 – HF]- (Figure 3.5 A). This is based on the fact that when 

the [M – H + BF3 – HF]- is isolated and allowed to react with BF3, it forms the [M – H + 2 BF3 – 

3 HF]- diagnostic product ion. Deprotonated erythronic acid, which forms the same product ions 

with BF3 as deprotonated glucuronic acid and deprotonated migrated acyl glucuronides but has a 

much lower molecular weight, was used for the computational calculations for the formation of 

the secondary diagnostic product ion. Based on the proposed mechanism in Figure 3.5 A and B, 

prior to the bicyclization step shown in Figure 3.4, the [M – H + BF3 – HF]- product ion can react 

with another BF3 by covalently binding at the 2-, 3- or 4-hydroxyl group of the glucuronic acid 

moiety of the deprotonated migrated acyl glucuronide, forming [M – H + 2 BF3 – HF]-. These 

product ions gain solvation energy and can then undergo rearrangement and further reactions, 

leading to a loss of one HF molecule to from the [M – H + 2 BF3 – 2 HF]- product ions. The [M – 

H + 2 BF3 – 2 HF]- product ions then react with another hydroxyl group to form the secondary [M 

– H + 2 BF3 – 3 HF]- diagnostic product ions (Figure 3.5 B). The proposed mechanism for the 

formation of the [M – H + 2 BF3 – 3 HF]- product ion from reactions of deprotonated erythronic 

acid and BF3 is also feasible for reactions of deprotonated migrated acyl glucuronides with BF3 

(Figure 3.5 C). A similar mechanism can also be depicted for deprotonated N-glucuronide (Figure 

3.5 D). 
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Figure 3.5 (A) Proposed mechanism for the formation of the secondary diagnostic product ions, 

[M – H + 2 BF3 – 3 HF]-, from deprotonated erythronic acid and BF3. (B) Calculated potential 

energy surfaces for the formation of the secondary diagnostic product ions. Values shown are ΔG 

(black) and ΔH (blue) in kcal/mol calculated relative to the separated reactants. All calculations 

were performed at the M06-2X/6-311++G(d,p) level of theory. The same mechanism for the 

formation of the secondary diagnostic product ions is proposed for (C) deprotonated migrated 2-

β-acyl glucuronide and (D) deprotonated N-glucuronide with BF3.The calculations were 

performed by Erlu Feng. 
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3.3.5 Mechanism for the Loss of a Molecule with MW 88 Da Upon CAD of the [M – H + 2 

BF3 – 3 HF]- Product Ions 

 A molecule with MW 88 Da, proposed to be 2-Fluoro-1,3,2-dioxaborale, is eliminated 

upon CAD of the [M – H + 2 BF3 – 3 HF]- product ion, which is formed following reactions 

between migrated acyl glucuronides and BF3. 2-Fluoro-1,3,2-dioxaborale is eliminated via a 

mechanism involving a four-membered transition state that involves the aldehyde moiety formed 

at the anomeric position (Figure 3.6). Quantum chemical calculations were performed on ions 

similar to the product ion generated from reactions between deprotonated 4-β-acyl glucuronide 

and BF3 and the results demonstrated that the proposed mechanism is feasible (Figure 3.6).  

 

Figure 3.6 (A) Calculated potential energy surfaces for the loss of 2-fluoro-1,3,2-dioxaborale. 

Values shown are ΔG in kcal/mol calculated relative to the separated reactants. All calculations 

were performed at the M06-2X/6-311++G(d,p) level of theory. (B) Proposed mechanism for the 

loss of 2-fluoro-1,3,2-dioxaborale upon CAD of the [M–H+2BF3–3HF]- product ion formed 

between 4-β-O-acyl glucuronide and BF3. The calculations were performed by Erlu Feng. 
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 The mechanism for the loss of 2-fluoro-1,3,2-dioxaborale generated from deprotonated 

migrated 3-β-acyl and 4-β-acyl glucuronides is quite different from that of deprotonated migrated 

2-β-acyl glucuronide; however, the initial step for each mechanism involves the aldehyde group. 

(Figure 3.7 B and C).  

 

Figure 3.7 Proposed mechanism for the loss of 2-fluoro-1,3,2-dioxaborale (MW 88 Da) upon 

CAD of the [M – H + 2 BF3 – 3 HF]- product ions formed between BF3 and deprotonated (A) 2-

β-acyl glucuronide, (B) 3-β-acyl glucuronide and (C) 4-β-acyl glucuronide.  

 Further, the proposed structure of the fragment ions generated from the loss of 2-fluoro-

1,3,2-dioxaborale agrees with the relative abundance of boron isotopes. The fragmenting ion 

contains two boron atoms, which results in a 50 % abundance of 10B relative to 11B. However, in 

the fragment ions (after the loss of 2-fluoro-1,3,2-dioxaborale), the abundance of 10B is only 25 % 

A

B

C
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relative to 11B, suggesting that the fragment ion contains one boron atom while the fragmenting 

ion contained two boron atom (Figure 3.8). 

 

Figure 3.8 CAD mass spectrum (MS3) measured for the diagnostic secondary [M – H + 2 BF3 – 3 

HF]– product ions (m/z 458) formed upon reactions of 13C-labeled ibuprofen acyl β-ᴅ-

glucuronide and BF3 and the relative abundances of the 10B-isotopes in the [M – H + 2 BF3 – 3 

HF]– product ion (top right) and in the fragment ion formed from this product ion via the loss of 

a molecule with MW 88 Da (top left). These results demonstrate that upon elimination of this 

molecule, a boron atom was lost. 

 Although the reactions between deprotonated glucuronic acid or N-glucuronides and BF3 

yield the diagnostic secondary [M – H + 2 BF3 – 3 HF]– product ions, CAD of these [M – H + 2 

BF3 – 3 HF]– product ions (MS3) resulted in the elimination of HF to yield [M – H + 2 BF3 – 4 

HF]– fragment ions but not the elimination of 2-fluoro-1,3,2-dioxaborale. This is likely due to the 

extra hydroxyl group present in above [M – H + 2 BF3 – 3 HF]– product ions, which facilitates 

elimination of HF, possibly as shown in Figure 3.9. Because there is no free hydroxyl group in the 
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[M – H + 2 BF3 – 3 HF]- product ion formed between deprotonated migrated acyl glucuronides and 

BF3, the loss of 2-fluoro-1,3,2-dioxaborale is observed. 

 

Figure 3.9 Proposed mechanism for the elimination of the HF molecule upon CAD of the [M – H 

+ 2 BF3 – 3 HF]–  diagnostic product ion formed between BF3 and deprotonated N-glucuronide or 

glucuronic acid and the elimination of 2-fluoro-1,3,2-dioxaborale upon CAD of the [M – H + 2 

BF3 – 3 HF]–  diagnostic product ion formed between BF3 and deprotonated, migrated acyl 2-β-ᴅ-

glucuronide. 

3.3.6 Application of this Methodology in Differentiating acyl, N-, and O-glucuronides in a 

Mixture  

 To further demonstrate the utility of above method for differentiating deprotonated O-, N- 

and acyl glucuronides, a mixture of telmisartan acyl-β-ᴅ-glucuronide (denoted acyl), PhIP N-β-ᴅ-

glucuronide (denoted N-), and ezetimibe O-β-ᴅ-glucuronide (denoted O-) was stored in phosphate 

buffer for 4 hours at room temperature to induce acyl migration prior to HPLC/MS3 analysis. The 

structures of these three glucuronides are shown in Figure 3.10. After four hours, telmisartan acyl-
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β-ᴅ-glucuronide and PhIP N-β-ᴅ-glucuronide showed a single chromatographic peak each, while 

ezetimibe O-β-ᴅ-glucuronide showed two unresolved peaks (Figure 3.11 A) in the HPLC 

chromatogram. The two peaks for ezetimibe O-β-ᴅ-glucuronide are proposed to correspond to its 

stereoisomers. It was not surprising that one single peak was observed in the HPLC chromatogram 

of telmisartan acyl-β-ᴅ-glucuronide because telmisartan acyl-β-ᴅ-glucuronide is among the most 

stable acyl glucuronides.28,37,38 Furthermore, the degradation of telmisartan acyl-β-ᴅ-glucuronide 

has been reported to occur primarily through hydrolysis, not through acyl migration.39

 Following HPLC separation and ionization of the analytes, the ionized analytes were 

isolated and allowed to react with BF3 in the ion trap. As expected, deprotonated PhIP N-β-ᴅ-

glucuronide produced both the [M – H + BF3 – 2 HF]- and [M – H + 2 BF3 – 3 HF]- diagnostic 

product ions (Figure 3.11 B). Although the chromatogram measured for telmisartan acyl-β-ᴅ-

glucuronide consisted of only one peak, suggesting that acyl migration did not occur, ion-molecule 

reactions revealed that there were multiple unresolved peaks corresponding to ions of different 

reactivities towards BF3. No diagnostic product ions were observed for the first half of the peak, 

while the latter half showed diagnostic product ions following reactions with BF3 (Figure 3.11 C 

and D). Because only deprotonated migrated acyl glucuronides form the diagnostic product ions 

with BF3, this observation suggests that telmisartan acyl-β-ᴅ-glucuronide underwent partial acyl 

migration, which was not resolved by the HPLC. Deprotonated ezetimibe O-β-ᴅ-glucuronide, as 

expected, did not form the diagnostic product ions (Figure 3.11 E). Also as expected, CAD of the 

[M – H + 2 BF3 – 3 HF]- product ion yielded a fragment ion via the neutral loss 2-fluoro-1,3,2-

dioxaborale only in the case of deprotonated migrated telmisartan acyl-β-ᴅ-glucuronide, but not 

for deprotonated PhIP N-β-ᴅ-glucuronide (Figures 3.11 F and G).  
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Figure 3.10 Deprotonated glucuronides used to demonstrate the utility of coupling HPLC with 

tandem mass spectrometry based on ion-molecule reactions followed by CAD. 

 

Figure 3.11 (A) HPLC chromatogram measured for a mixture of an N-, O-, and acyl glucuronide 

after 4 hours in phosphate buffer (pH 7.4). Mass spectra measured after 30 ms reaction  with BF3 

for (B) deprotonated PhIP-N-β-ᴅ-glucuronide, (C) deprotonated unmigrated telmisartan acyl-β-ᴅ-

glucuronide, (D) deprotonated migrated telmisartan acyl-β-ᴅ-glucuronide, and (E) ezetimibe O-

β-ᴅ-glucuronide. Both deprotonated PhIP-N-β-ᴅ-glucuronide and deprotonated migrated 

telmisartan acyl-β-ᴅ-glucuronide formed the diagnostic [M – H + 2 BF3 – 3 HF]- product ions 

while deprotonated ezetimibe O-β-ᴅ-glucuronide did not. (F) The CAD (collision energy 15 

arbitrary units) mass spectrum measured for the [M – H + 2 BF3 – 3 HF]- product ions of 

deprotonated PhIP-N-β-ᴅ-glucuronide does not show fragment ions corresponding to the loss of 

2-fluoro-1,3,2-dioxaborale. (G) The CAD mass spectrum measured for the [M – H + 2 BF3 – 3 

HF]- product ions of  deprotonated migrated telmisartan acyl-β-ᴅ-glucuronide yielded fragment 

ions that are due to the loss of the 2-fluoro-1,3,2-dioxaborale (MW 88 Da). 
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3.4 Conclusions 

 A tandem mass spectrometry methodology based on gas-phase ion-molecule and CAD 

reactions was developed to differentiate acyl, N- and O-glucuronide drug metabolites via reactions 

of  their deprotonated forms with BF3. Deprotonated acyl and N-glucuronides can be distinguished 

from deprotonated O-glucuronides by the formation of the [M – H + BF3 – 2 HF]-and [M – H + 2 

BF3 – 3 HF]- product ions, while deprotonated acyl glucuronides can be differentiated from 

deprotonated N-glucuronides by isolating the [M – H + 2 BF3 – 3 HF]- product ions and subjecting 

them to CAD. Fragment ions from a loss of 2-fluoro-1,3,2-dioxaborale (MW 88 Da) are formed 

for deprotonated acyl glucuronides but not for N-glucuronides. When ion-molecule reaction 

methodology was coupled with HPLC, it was also revealed that only migrated acyl glucuronides 

form the diagnostic [M – H + BF3 – 2 HF]- and [M – H + 2 BF3 – 3 HF]- product ions when allowed 

to react with BF3, while deprotonated unmigrated acyl glucuronides do not, suggesting that this 

methodology can be used to differentiate unmigrated acyl glucuronides (1-β-acyl glucuronides) 

from their isomeric migrated acyl glucuronides. The reactivity difference observed between 

deprotonated acyl, N- and O-glucuronides was computationally explored. The diagnostic product 

ions formed between BF3 and deprotonated N- and acyl glucuronides were found to arise due to 

the ability of these ions to undergo ring-opening at the anomeric position of the glucuronic acid 

moiety followed by bicyclization. Further, the HPLC/MS3 measured for telmisartan acyl-β-ᴅ-

glucuronide revealed that in some cases, HPLC/MS alone cannot reliably be used to determine 

whether an acyl glucuronide has undergone acyl migration. However, this is critically important 

because the extent of acyl migration for some acyl glucuronides may be underestimated; hence, 

their IDT may also be underestimated. On the other hand, coupling this ion-molecule reaction 

methodology with HPLC did demonstrate the practicality of this methodology to rapidly and 

accurately identify the glucuronidation site in deprotonated acyl, N- and O-glucuronide drug 
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metabolites as well as to determine whether acyl migration had occurred for stable acyl 

glucuronides. 
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CHAPTER 4. IDENTIFICATION OF PROTONATED PRIMARY 

CARBAMATES BY USING GAS-PHASE ION-MOLECULE 

REACTIONS FOLLOWED BY COLLISION-ACTIVATED 

DISSOCIATION IN TANDEM MASS SPECTROMETRY 

EXPERIMENTS 

4.1 Introduction 

 During manufacturing, drugs may gain residual impurities that are generated as synthetic 

byproducts or from degradation of active pharmaceutical ingredients.1,2 Some impurities are 

potentially mutagenic (PMI) and therefore highly regulated because they pose considerable safety 

concerns.3,4 The International Council for Harmonization of Technical Requirements for 

Pharmaceuticals for Human Use (ICH) has issued regulations to control the amounts of these PMIs 

in pharmaceutical products.5,6 To ensure that the amounts of these impurities are below the 

acceptable threshold, robust analytical methods are needed to first identify whether or not PMIs 

are present. Primary carbamates are one class of such PMIs of interest because some of them, such 

as ethyl carbamate (urethane), vinyl carbamate, thiocarbamate, and dithiocarbamate, have been 

reported to be formed as byproducts during pharmaceutical syntheses.7  

 Unfortunately, modern analytical techniques used for identifying primary carbamates are 

limited in their scope and practicality. For example, X-ray crystallography and NMR spectroscopy 

require large amounts of pure sample, which limits their use in the analysis of complex mixtures.8 

Although gas chromatography coupled with electron ionization mass spectrometry has been the 

method of choice for identifying and quantitating different PMIs,9,10 it often requires derivatizing 

the analytes, which can be time-consuming. High-performance liquid chromatography coupled 

with soft ionization mass spectrometry is the commonly used technique for mixture analysis;6,11,12 

however, this methods only provides the molecular weight of the analytes in the mixture. HPLC 
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coupled with tandem mass spectrometry (MS2) based on collision-activated dissociation (CAD) is 

the gold standard for identifying analytes in complex mixtures.13,14 However, in some cases, some 

isomeric ions fragment in an identical manner and therefore cannot be differentiated.15 In the case 

of primary carbamates, their CAD alone do not yield fragment ions that are diagnostic for 

protonated compounds in this compound class (Figure 4.1) 

 In contrast, MS2 based on gas-phase ion-molecule reactions can be used to differentiate 

many isomeric ions without reference compounds.16–18 Such ion-molecule reactions have been 

employed to identify many functional groups,19 such as N-oxide,20,21 epoxide,22 N-

hydroxylamino,23 and keto groups,24 in protonated analytes. Trimethoxymethylsilane (TMMS) has 

been used previously  as a neutral reagent in gas-phase ion-molecule reactions to identify 

carboxylic acid, sulfone, and sulfonamido functionalities in protonated analytes.26 37 analytes, 

each containing one or more of 22 different functional groups, were examined, and only protonated 

carboxylic acid, sulfone, and sulfonamido functionalities were found to react with TMMS to form 

an adduct ion that had lost methanol, [M + H + TMMS – MeOH]+. To differentiate these three 

functionalities, the [M + H + TMMS – MeOH]+ product ions were isolated and subjected to CAD 

(MS3 experiments). CAD yielded product ions that were diagnostic for each protonated analyte.26 

In this study, the same methodology is presented  for identifying protonated primary carbamates 

by allowing them to react with TMMS. The reactivity of protonated amides towards TMMS is also 

reported here because of their structural similarity to carbamates. To rationalize the reactions 

which occurred between protonated amides and TMMS, reaction mechanisms were proposed and 

explored through quantum chemical calculations. 
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4.2 Experimental  

4.2.1 Chemicals 

 TMMS (98 % purity) was purchased from Sigma-Aldrich. Carbamate model compounds 

(Table 4.1) and amide model compounds (Table 4.2) were also purchased from Sigma-Aldrich. 

Water (LC/MS grade), methanol (LC/MS grade), and acetonitrile (LC/MS grade) were purchased 

from Fisher Scientific. All chemicals were used without further purification. 

4.2.2 Sample Preparation 

 Stock solutions of all analytes were prepared at a mass fraction of 10 parts-per-million 

(ppm) in 50:50 (v/v) acetonitrile:water and was then diluted to 1 ppm using the same solvent.  

4.2.3 Instrumentation  

 All the mass spectrometry experiments were conducted on a Thermo Scientific LQIT MS 

equipped with (+) APCI. The fundamental aspects of the LQIT and of APCI are described in 

chapter 2 of this dissertation. The analyte solutions were injected into the APCI source at a rate of 

10 µL/min with a 500 μL Hamilton syringe. Typical APCI source conditions were as follows: the 

vaporizer and capillary temperatures were set at 300 and 275 ̊ C, respectively; the discharge current 

was set at 3.8 µA; the sheath and auxiliary gas (N2) flow rates were set at 30 and 10 (arbitrary 

units), respectively; the capillary voltage was set at 10 V and the tube lens at 40 V.  

 The LQIT mass spectrometer was equipped with an external reagent mixing manifold that 

was used to introduce the reagent (TMMS) into the ion trap through a helium buffer gas line, as 

previously described.27–29 Briefly, TMMS was introduced into the reagent mixing manifold via a 

syringe pump at a flow rate of 3 µL/h. The syringe port and surrounding area were heated to 

approximately 110 ˚C to ensure complete evaporation of TMMS. The reagent was then diluted 
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with a controlled amount of helium before entering the ion trap through a leak valve. To ensure 

that TMMS was present in the ion trap, a protonated methanol dimer (m/z 65) generated in the 

APCI source from methanol was isolated with an isolation width of 12 m/z units and allowed to 

react with TMMS for 300 ms. Protonated TMMS (m/z 137) was observed with an abundance of 

30 % relative to the protonated methanol dimer (m/z 65). For gas-phase ion-molecule reactions, 

the protonated analytes were isolated with an isolation width of two m/z units and allowed to react 

with TMMS for 300 ms. For CAD experiments, an [M + H + TMMS – MeOH]+ product ion 

generated from the reaction between protonated analytes and TMMS was isolated and subjected 

to CAD in the ion trap. Typical CAD conditions were as follow: reaction time 30 ms, isolation 

width of two m/z-units, activation q value 0.25, and collision energy 20 (arbitrary units). Some of 

the mass spectrometry measurements were performed by Judy Liu. 

4.2.4 Computational Studies 

 The proton affinities of selected analytes (Table 4.1) were calculated at the B3LYP/6-

311++G(d,p) level of theory. All calculations for the reaction pathways were performed at the 

M06-2X/6-311++G(d,p) level of theory  by using Gaussian 16.30,31 Transition state structures were 

ensured to possess one negative frequency corresponding to the reaction coordinate, while minima 

had no negative frequencies. Intrinsic reaction coordinate calculations were also performed for all 

transition states to ensure that the optimized transition state structure connected the correct 

reactants and products. The free energies used to construct the potential energy surfaces were 

computed using ideal gas statistical mechanics. All calculations were carried out by me with Dr. 

Mckay W. Easton’s help. 
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4.3 Results and Discussion 

 To explore the utility of above approach in the identification of primary carbamates, gas-

phase reactions of TMMS with several protonated primary carbamates, one secondary carbamate 

and one tertiary carbamate, followed by CAD of selected product ions, were performed in LQIT 

mass spectrometer. Zaikuan Yu, Dr. Zhoupeng Zhang, Dr. Huaming Sheng, Dr. John Kong, Leah 

F. Easterling, and Jacob Milton contributed to the interpretation of the results and the examination 

of the reaction mechanisms. 
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Figure 4.1 MS2 spectra measured after CAD (collision energy 20 arbitrary units) of two 

protonated primary carbamates. (a) CAD of pronated methyl carbamate yields a fragment ion via 

ammonia loss (m/z 59), a fragment ion via isocyanic acid loss (m/z 33), and a fragment ion via 

carbon dioxide loss (m/z 32). (b) CAD of protonated butyl carbamate only yields a fragment ion 

via a loss of but-1-ene (m/z 62). 

4.3.1 Gas-phase Ion-molecule Reactions Between Protonated Carbamates and TMMS 

Followed by CAD 

 The reactivity of several protonated carbamates was tested by isolating them in the ion trap 

and allowing them to react with TMMS for 300 ms. An example of a mass spectrum collected 

following such reactions is shown in Figure 4.2. Protonated ethyl carbamate (m/z 90) reacted with 

TMMS (MW 136 Da) to yield stable adduct ions, [M + H + TMMS]+ (m/z 226), and adduct ions 
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that had lost methanol, [M + H + TMMS – MeOH]+ (m/z 194). This spectrum is emblematic of the 

reactions observed for nearly all of the tested protonated primary carbamates, with the exception 

of protonated methocarbamol: all tested protonated primary carbamates reacted with TMMS to 

form stable adduct ions, [M + H + TMMS]+, and adduct ions that had lost methanol, [M + H + 

TMMS – MeOH]+ (Table 4.1). Additionally, no reactions were observed between either protonated 

secondary or tertiary carbamates and TMMS. 

 

Figure 4.2 (a) MS2 spectrum measured after 300 ms reaction between protonated ethyl carbamate 

(m/z 90) and TMMS. The observed product ions are a stable adduct, [M + H + TMMS]+ (m/z 

226), an adduct that has lost methanol, [M + H + TMMS – MeOH]+ (m/z 194), and protonated 

TMMS, [TMMS + H]+ (m/z 137). (b) MS3 spectrum measured after CAD (collision energy 20 

arbitrary units) of the [M + H + TMMS – MeOH]+ product ion (m/z 194). The fragment ion with 

m/z 151 was formed via the loss of isocyanic acid (HN=C=O; MW 43 Da), which is diagnostic 

for protonated primary carbamates. The fragment ion of m/z 162 corresponds to elimination of 

methanol. 

The [M + H + TMMS – MeOH]+ product ion has been previously observed to form in  

reactions of TMMS with protonated compounds containing a carboxylic acid, sulfone, or 

sulfonamide functionality.26 CAD of the [M + H + TMMS – MeOH]+ product ions  was used to 
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differentiate the three functionalities.26 Thus, to identify protonated primary carbamates, their [M 

+ H + TMMS – MeOH]+ product ions were also subjected to CAD. These experiments revealed a 

unique fragment ion due to the loss of isocyanic acid (HN=C=O; MW 43 Da) which was not 

observed upon CAD of ions formed upon reactions of protonated carboxylic acids, sulfones, and 

sulfonamides.26 Therefore, this methodology can be used to differentiate primary carbamates from 

these compound groups.  

Quantum chemical calculations were performed (M06-2X/6-311++G(d,p) level of theory) 

to rationalize the mechanisms for the reactions of protonated ethyl carbamate with TMMS and for 

the elimination of isocyanic acid and methanol upon CAD of the [M + H + TMMS – MeOH]+ 

product ion. First, the proton affinities for selected primary carbamates were calculated to 

determine their protonation sites. Based on the proton affinities calculated for ethyl carbamate and 

phenyl carbamate, the protonation of primary carbamates likely occurs at the carbonyl oxygen 

because it has the highest proton affinity for these two compounds. For instance, for ethyl 

carbamate, the proton affinity at the carbonyl oxygen is 205.8 kcal/mol compared to 189.1 

kcal/mol at the ether oxygen and 189.7 kcal/mol at the amino group (Table 4.1). Based on these 

calculations, the adduct ions, [M + H + TMMS]+, formed upon reactions of protonated primary 

carbamates with TMMS, are stabilized by two hydrogen bonds between two oxygen atoms of 

TMMS and two hydrogen atoms of the protonated primary carbamate (Figure 4.3). The elimination 

of methanol from this adduct involves forming a covalent bond between the carbonyl oxygen of 

the carbamate and the silicon atom of TMMS to form the [M + H + TMMS – MeOH]+ product ion 

(Figure 4.3).  

The elimination of isocyanic acid (HN=C=O) upon CAD of the [M+H+TMMS-MeOH]+ 

ion of the ethyl carbamate is proposed to be initiated by breaking a hydrogen bond between the 
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NH-group of the carbamate and a methoxy group of TMMS, followed by rotation and transfer of 

a dimethoxymethylsilyl group from the carbonyl oxygen to the ether oxygen of the carbamate 

(Figure 4.3). The resulting intermediate produces the HN=C=O elimination product via a transition 

state that is 32.5 kcal/mol above the free energy of the [M + H + TMMS – MeOH]+ product ions. 

On the other hand, elimination of methanol from the [M + H + TMMS – MeOH]+ product ions is 

calculated to have a higher barrier (37.6 kcal/mol), which explains why isocyanic acid elimination 

was observed rather than methanol elimination (Figure 4.2). However, three protonated primary 

carbamates (protonated tert-butyl carbamate, butyl carbamate and allyl carbamate) formed 

unexpectedly low amounts (4 - 6 % relative abundance) of the fragment ions due to isocyanic acid 

loss ([M+H+TMMS – MeOH – HNCO]+) (Table 1). For protonated tert-butyl carbamate and butyl 

carbamate, the low relative abundance of the [M+H+TMMS – MeOH – HNCO]+ ions is probably 

due to steric hindrance, which makes the elimination of methanol more favorable than the 

elimination of isocyanic acid (Figure 4.3). For protonated allyl carbamate, the reasons for this 

behavior are unknown.  
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Table 4.1 Product ions (m/z) and their relative abundances in % observed after 300 ms reaction 

of protonated carbamates with TMMS and the fragment ions (m/z) and their relative abundances 

in % formed upon CAD of the [M + H + TMMS – MeOH]+ product ions. Also shown are the 

proton affinities (PAs) in kcal/mol for different atoms in two analytes.a 

 

Analyte (M) 

(m/z of [M + H]+ 

ion) 

 

Analyte structure and  

PA of selected atoms 
 

Products ions (m/z) and their relative abundances in % 

Product ions formed upon CADb of ions of  
[M + H + TMMS – MeOH]+ and their relative 

abundances in % 

Ethyl carbamate 

(90) 

 

[M + H + TMMS]+ (226)                                         24 % 

[M + H + TMMS – MeOH]+ (194)                        100 % 

[TMMS + H]+ (137)                                                   3 % 

[M + H + TMMS – MeOH – MeOH]+ (162)           15 % 

[M + H + TMMS – MeOH – HNCO ]+ (151)        100 % 

Phenyl carbamate  

(138) 

 

[M + H + TMMS]+ (274)                                           6 % 

[M + H + TMMS – MeOH]+ (242)                        100 % 

[M + H + TMMS – MeOH – HNCO]+ (199)        100 % 

Butyl carbamate 
(118) 

 

[M + H + TMMS]+ (254)                                       100 % 

[M + H + TMMS – MeOH]+ (222)                          67 % 

[M + H + TMMS – MeOH – HNCO]+ (179)            5 % 

[M + H + TMMS – MeOH – C4H8]
+ (166)              67 % 

 [M + H + TMMS – 2 MeOH – C4H8]
+ (134)        100 % 

([M + H + TMMS – 2 MeOH – C4H8 + H2O]+ (152)                

                                                                                 41 % 

Isopropyl 

carbamate (104) 
 

[M + H + TMMS]+ (240)                                       100 % 

[M + H + TMMS – MeOH]+ (208)                          67 % 

[M + H + TMMS – MeOH – HNCO]+ (165)        100 % 
[M + H + TMMS – 2 MeOH – C3H6]

+ (134)             8 % 

 

Methyl 

carbamate 
(76) 

 

[M + H + TMMS]+ (212)                                       100 % 
[M + H + TMMS – MeOH]+ (180)                            7 % 

[TMMS + H]+ (137)                                                 12 % 

[M + H + TMMS – MeOH – MeOH]+ (148)           10 % 

[M + H + TMMS – MeOH – HNCO]+ (137)        100 % 

 

Benzyl carbamate 

(152) 
 

[M + H + TMMS]+ (288)                                           7 % 

[M + H + TMMS – MeOH]+ (256)                        100 % 

[M + H + TMMS – MeOH – HNCO]+ (213)        100 % 
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Table 4.1 (Continued) 

Analyte (M) 

(m/z of [M + H]+ 

ion) 

 

Analyte structure 
  

 Products ions (m/z) and their relative abundances in % 

Product ions formed upon CADb of ions of [M + H + 
TMMS – MeOH]+ and their relative abundances in % 

Allyl carbamate 
(102) 

 
 

[M + H + TMMS]+ (238)                                         100 % 

[M + H + TMMS – MeOH]+ (206)                            86 % 

[M + H + TMMS – MeOH – MeOH]+ (174)             11 % 
[M + H + TMMS – MeOH – HNCO]+ (163)               6 % 

 [M + H + TMMS – 2 MeOH– C3H4]
+ (134)           100 %                                                  

[M + H + TMMS – 2 MeOH – C3H4 + H2O]+ (152)   
                                                                                    48 %                                                            

tert-Butyl 

carbamate 
(118) 

 

[M + H + TMMS]+ (254)                                         100 % 

[M + H + TMMS – MeOH]+ (222)                            67 % 

[M + H + TMMS – MeOH – MeOH]+ (190)             38 % 

[M + H + TMMS – MeOH – HNCO]+ (179)               4 % 
[M + H + TMMS – MeOH – C4H8 ]

+ (166)               16 % 

 [M + H + TMMS – 2 MeOH - C4H8]
+ (134)             39 % 

[M + H + TMMS – 2 MeOH – C4H8 + H2O]+ (152)                           
                                                                                    19 % 

Methocarbamol 

(242) 
 

No reactions 

tert-Butyl-N-(2-

furyl)carbamate 

(184) 
  

No reactions 

tert-Butyl-

benzyl-(4-

hydroxybutyl) 
carbamate 

(280)  

No reactions  

a Proton affinities (in kcal/mol) were calculated at the B3LYP/6-311++G(d,p) level of theory. 
b CAD collision energy 20 arbitrary units. 

 Among all primary carbamates studied, protonated methocarbamol is the only primary 

carbamate that did not react with TMMS (Table 4.1). This observation was rationalized by further 

quantum chemical calculations on protonated 2-hydroxy-3-methoxypropyl carbamate in order to 

determine its most stable conformer. This cation was chosen as the model compound for the 

calculations because it has a similar structure as protonated methocarbamol (Figure 4.4). The most 

stable conformer of protonated 2-hydroxy-3-methoxypropyl carbamate was determined to be a 
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seven-membered ring conformer stabilized by a hydrogen bond. This conformer is 3.5 kcal/mol 

more stable than the linear structure (Figure 4.5). It is expected that the most stable conformer of 

protonated methocarbamol has a similar seven-membered ring structure. As the highest barrier for 

the reaction of protonated ethyl carbamate with TMMS is only 3 kcal/mol below the total energy 

level of the system (Figure 4.3), this extra stabilization may prevent its reactions with TMMS. 

 

Figure 4.3 Potential energy surface calculated at the M06-2X/6-311++G-(d,p) level of theory for 

the formation of the ions [M + H + TMMS]+ and [M + H + TMMS – MeOH]+ upon reactions of 

protonated ethyl carbamate with TMMS. Also shown are the potential energy surfaces associated 

with the formation of fragment ions formed via a loss of isocyanic acid (red) and methanol 

(blue) upon CAD of the [M + H + TMMS – MeOH]+ product ion. 
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Figure 4.4 2-Hydroxy-3-methoxypropyl carbamate and methocarbamol.  

 

 

 

Figure 4.5 Potential energy surface calculated at the M06-2X/6-311++G-(d,p) level of theory for  

two conformers of protonated 2-hydroxy-3-methoxypropyl carbamate.  

4.3.2 Gas-phase Ion-molecule Reactions Between Protonated Amides and TMMS Followed by 

CAD 

 Because of the structural similarities between amides and carbamates, several protonated 

amides were also tested for their reactivity towards TMMS. Among the six primary amides and 

two tertiary amides studied, only protonated propionamide, protonated acrylamide, and protonated 

acetamide were found to react with TMMS to form the adduct ion, [M + H + TMMS]+, and the 

adduct ion that had lost methanol, [M + H + TMMS – MeOH]+, (Table 4.2). Upon CAD, the [M 

+ H + TMMS – MeOH]+ product ions generated from the three protonated primary amides 

fragmented via elimination of methanol but not via elimination of isocyanic acid (Figure 4.4). This 

is not surprising since the mechanism proposed for the isocyanic acid loss for carbamates is not 
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feasible for amides. Since no elimination of isocyanic acid was observed, the primary amides can 

be differentiated from primary carbamates.  
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Table 4.2 Product ions (with their relative abundances) observed after 300 ms reaction of 

protonated amides and the fragment ions (with their relative abundances) formed upon CADa of 

the product ions [M + H + TMMS – MeOH]+. 
Analyte (M) 

(m/z of [M+H]+ 

ion) 

Analyte structure Products ions (m/z) and their relative abundances in % 

Product ions formed upon CAD of ions of [M + H + 

TMMS – MeOH]+ and their relative abundance in % 

Propionamide 
(74) 

 

[M + H + TMMS]+ (210)                                     100 % 

[M + H + TMMS – MeOH]+ (178)                        33 % 

[M + H + TMMS – 2 MeOH]+ (146)                    100 % 

[M + H + TMMS – 2 MeOH + H2O]+ (164)             6 % 

 

Acrylamide 
(72) 

 

[M + H + TMMS]+ (208)                                     100 % 

[M + H + TMMS – MeOH]+ (176)                        85 % 

[M + H + TMMS – 2 MeOH]+ (144)                    100 % 

[M + H + TMMS – 2 MeOH + H2O]+ (162)           13 % 

 

Acetamide 

(60) 

 

[M + H + TMMS]+ (196)                                     100 % 

[M + H + TMMS – MeOH]+ (164)                        45 % 

[M + H + TMMS – 2 MeOH]+ (132)                    100 % 

[M + H + TMMS – 2 MeOH + H2O]+ (150)           24 % 
 

Butyramide 

(88) 

 

[M + H + TMMS]+ (224)                                      100 % 

 

Isobutyramide 

(88) 

 

[M + H + TMMS]+ (224)                                      100 % 

 

Benzamide 

(122) 

 

[M + H + TMMS]+ (258)                                      100 % 

 

N,N-dimethyl-

benzamide (150) 

 

No reactions  

N-methyl-N-

phenylbenzamide 
(212) 

 

No reactions  

 

aCAD collision energy 20 arbitrary units  
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Figure 4.6 (a) MS2 spectrum measured after 300 ms reaction of protonated propionamide (m/z 

74) with TMMS. The observed product ions are a stable adduct, [M + H + TMMS]+ (m/z 210), 

and an adduct that has lost methanol, [M + H + TMMS – MeOH]+ (m/z 178). (b) MS3 spectrum 

measured after CAD (collision energy 20 arbitrary units) of the [M + H + TMMS – MeOH]+ 

product ion (m/z 178). The major fragment ion observed (m/z 146) corresponds to the loss of 

methanol. No fragment ion from the loss of isocyanic acid (MW 43 Da) was observed.    

Upon CAD of the [M + H + TMMS – MeOH]+ product ions of protonated carbamates 

(Table 4.1; Figure 4.7) and protonated amides (Table 4.2), the formation of water adducts was 

observed. Similar water adduct ions have previously been reported for the CAD of protonated 

isoquinoline-3-carboxamides.32 An example of these water adduct ions and how they are likely to 

be formed is shown in Figure 4.7. 
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Figure 4.7 Proposed fragmentation pathway for CAD of the [M + H + TMMS – MeOH]+ product 

ion formed between TMMS and protonated allyl carbamate (top) and protonated acrylamide 

(bottom). CAD of the [M + H + TMMS – MeOH]+ product ion of protonated allyl carbamate 

yields a diagnostic fragment ion via the elimination of isocyanic acid (m/z 163), a fragment ion 

via elimination of methanol (m/z 174) and a fragment ion via elimination of both methanol and 

propa-1,2-diene (m/z 134). This fragment ion (m/z 134)  reacts with water to form a water adduct 

ion (m/z 152). CAD of [M + H + TMMS – MeOH]+ of protonated acrylamide only yields a 

fragment ion via elimination of methanol (m/z 144). This fragment ion reacts with water to form 

a water adduct ion (m/z 162). 

4.4 Conclusions 

 Primary carbamates were found to react with TMMS in the gas phase to form adduct ions, 

[M + H + TMMS]+, and adduct ions that had lost methanol, [M + H + TMMS – MeOH]+. These 

product ions were observed for protonated primary carbamates, some primary amides, and for 
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protonated carboxylic acids, sulfones, and sulfonamides, as previously reported.26 CAD of these 

ions  generated for primary carbamates yields a fragment ion due to isocyanic acid loss. This loss 

was not observed for analogous ions generated for carboxylic acids, sulfones, sulfonamide, or 

amides. Therefore, this loss is diagnostic for protonated primary carbamates. The elimination of 

isocyanic acid upon CAD of the [M + H + TMMS – MeOH]+ product ions is proposed to be 

initiated by breaking a hydrogen bond between the NH-group of the carbamate and a methoxy 

group of TMMS in the [M + H + TMMS – MeOH]+ ions, followed by rotation and transfer of the 

dimethoxymethylsilyl group from the carbonyl oxygen to the ether oxygen of the carbamate. This 

intermediate yields the [M + H + TMMS – MeOH – HNCO]+ions via the loss of isocyanic acid. 

This method shows considerable promise for identifying primary carbamates. 

4.5 References  

(1)  Callis, C. M.; Bercu, J. P.; DeVries, K. M.; Dow, L. K.; Robbins, D. K.; Varie, D. L. Risk 

Assessment of Genotoxic Impurities in Marketed Compounds Administered over a Short-

Term Duration: Applications to Oncology Products and Implications for Impurity Control 

Limits. Org. Process Res. Dev. 2010, 14 (4), 986–992.  

(2)  Lee, C.; Helmy, R.; Strulson, C.; Plewa, J.; Kolodziej, E.; Antonucci, V.; Mao, B.; Welch, 

C. J.; Ge, Z.; Al-Sayah, M. A. Removal of Electrophilic Potential Genotoxic Impurities 

Using Nucleophilic Reactive Resins. Org. Process Res. Dev. 2010, 14 (4), 1021–1026.  

(3)  Bercu, J. P.; Hoffman, W. P.; Lee, C.; Ness, D. K. Quantitative Assessment of Cumulative 

Carcinogenic Risk for Multiple Genotoxic Impurities in a New Drug Substance. Regul. 

Toxicol. Pharmacol. 2008, 51 (3), 270–277.  

(4)  Cimarosti, Z.; Bravo, F.; Stonestreet, P.; Tinazzi, F.; Vecchi, O.; Camurri, G. Application 

of Quality by Design Principles to Support Development of a Control Strategy for the 

Control of Genotoxic Impurities in the Manufacturing Process of a Drug Substance. Org. 

Process Res. Dev. 2010, 14 (4), 993–998.  

  



102 

 

(5)  Kroes, R.; Renwick, A. G.; Cheeseman, M.; Kleiner, J.; Mangelsdorf, I.; Piersma, A.; 

Schilter, B.; Schlatter, J.; van Schothorst, F.; Vos, J.; Würtzen, G. Structure-Based 

Thresholds of Toxicological Concern (TTC): Guidance for Application to Substances 

Present at Low Levels in the Diet. Food Chem. Toxicol. 2004, 42 (1), 65–83.  

(6)  Teasdale, A.; Elder, D. P. Analytical Control Strategies for Mutagenic Impurities: Current 

Challenges and Future Opportunities? TrAC Trends Anal. Chem. 2018, 101, 66–84. 

(7)  Galloway, S. M.; Reddy, M. V.; McGettigan, K.; Gealy, R.; Bercu, J. Potentially 

Mutagenic Impurities: Analysis of Structural Classes and Carcinogenic Potencies of 

Chemical Intermediates in Pharmaceutical Syntheses Supports Alternative Methods to the 

Default TTC for Calculating Safe Levels of Impurities. Regul. Toxicol. Pharmacol. 2013, 

66 (3), 326–335. 

(8)  Peiris, D. M.; Lam, W.; Michael, S.; Ramanathan, R. Distinguishing N‐oxide and Hydroxyl 

Compounds: Impact of Heated Capillary/Heated Ion Transfer Tube in Inducing 

Atmospheric Pressure Ionization Source Decompositions. J. Mass Spectrom. 2004, 39 (6), 

600–606. 

(9)  Liu, X.-W.; Zhang, W.-P.; Han, H.-Y.; Sun, L.; Chen, D.-Y. Trace Determination of 

Mutagenic Alkyl Toluenesulfonate Impurities via Derivatization Headspace–GC/MS in an 

Active Pharmaceutical Ingredient of a Candidate Drug. J. Pharm. Biomed. Anal. 2018, 155, 

104–108. 

(10)  Loda, C.; Bernabe, E.; Nicoletti, A.; Bacchi, S.; Dams, R. Determination of 

Epichlorohydrin in Active Pharmaceutical Ingredients by Gas Chromatography–Mass 

Spectrometry. Org. Process Res. Dev. 2011, 15 (6), 1388–1391.  

(11)  Yang, R.-S.; Beard, A.; Sheng, H.; Zhang, L.-K.; Helmy, R. Applications of TiCl3 as a 

Diagnostic Reagent for the Detection of Nitro-and N-Oxide-Containing Compounds as 

Potentially Mutagenic Impurities Using Ultrahigh-Performance Liquid Chromatography 

Coupled with High-Resolution Mass Spectrometry. Org. Process Res. Dev. 2015, 20 (1), 

59–64. 

(12)  Yuabova, Z. Y.; Holschlag, D. R.; Rodriguez, S. A.; Qin, C.; Papov, V. V.; Qiu, F.; 

McCaffrey, J. F.; Norwood, D. L. Genotoxic Impurities: A Quantitative Approach. J. Liq. 

Chromatogr. Relat. Technol. 2008, 31 (15), 2318–2330.  

(13)  Ma, S.; Chowdhury, S. K. Data Acquisition and Data Mining Techniques for Metabolite 

Identification Using LC Coupled to High-Resolution MS. Bioanalysis 2013, 5 (10), 1285–

1297. 

(14)  Wen, B.; Zhu, M. Applications of Mass Spectrometry in Drug Metabolism: 50 Years of 

Progress. Drug Metab. Rev. 2015, 47 (1), 71–87. 

  



103 

 

(15)  Kong, J. Y.; Yu, Z.; Easton, M. W.; Niyonsaba, E.; Ma, X.; Yerabolu, R.; Sheng, H.; Jarrell, 

T. M.; Zhang, Z.; Ghosh, A. K. Differentiating Isomeric Deprotonated Glucuronide Drug 

Metabolites via Ion/Molecule Reactions in Tandem Mass Spectrometry. Anal. Chem. 2018, 

90 (15), 9426–9433. 

(16)  Sheng, H.; Tang, W.; Yerabolu, R.; Max, J.; Kotha, R. R.; Riedeman, J. S.; Nash, J. J.; 

Zhang, M.; Kenttämaa, H. I. Identification of N-Oxide and Sulfoxide Functionalities in 

Protonated Drug Metabolites by Using Ion–Molecule Reactions Followed by Collisionally 

Activated Dissociation in a Linear Quadrupole Ion Trap Mass Spectrometer. J. Org. Chem. 

2016, 81 (2), 575–586.  

(17)  Fu, M.; Duan, P.; Li, S.; Habicht, S. C.; Pinkston, D. S.; Vinueza, N. R.; Kenttämaa, H. I. 

Regioselective Ion–Molecule Reactions for the Mass Spectrometric Differentiation of 

Protonated Isomeric Aromatic Diamines. The Analyst 2008, 133 (4), 452.  

(18)  Bjarnason, A.; Taylor, J. W.; Kinsinger, J. A.; Cody, R. B.; Weil, D. A. Isomer 

Discrimination of Disubstituted Benzene Derivatives through Gas-Phase Iron(I) Ion 

Reactions in a Fourier-Transform Mass Spectrometer. Anal. Chem. 1989, 61 (17), 1889–

1894.  

(19)  Osburn, S.; Ryzhov, V. Ion–Molecule Reactions: Analytical and Structural Tool. Anal. 

Chem. 2013, 85 (2), 769–778.  

(20)  Duan, P.; Gillespie, T. A.; Winger, B. E.; Kenttämaa, H. I. Identification of the Aromatic 

Tertiary N -Oxide Functionality in Protonated Analytes via Ion/Molecule Reactions in 

Mass Spectrometers. J. Org. Chem. 2008, 73 (13), 4888–4894.  

(21)  Duan, P.; Fu, M.; Gillespie, T. A.; Winger, B. E.; Kenttämaa, H. I. Identification of 

Aliphatic and Aromatic Tertiary N-Oxide Functionalities in Protonated Analytes via 

Ion/Molecule and Dissociation Reactions in an FT-ICR Mass Spectrometer. J. Org. Chem. 

2009, 74 (3), 1114–1123.  

(22)  Eismin, R. J.; Fu, M.; Yem, S.; Widjaja, F.; Kenttämaa, H. I. Identification of Epoxide 

Functionalities in Protonated Monofunctional Analytes by Using Ion/Molecule Reactions 

and Collision-Activated Dissociation in Different Ion Trap Tandem Mass Spectrometers. 

J. Am. Soc. Mass Spectrom. 2012, 23 (1), 12–22.  

(23)  Sheng, H.; Tang, W.; Yerabolu, R.; Kong, J. Y.; Williams, P. E.; Zhang, M.; Kenttämaa, 

H. I. Mass Spectrometric Identification of the N‐monosubstituted N‐hydroxylamino 

Functionality in Protonated Analytes via Ion/Molecule Reactions in Tandem Mass 

Spectrometry. Rapid Commun. Mass Spectrom. 2015, 29 (8), 730–734. 

(24)  Moraes, L.; Eberlin, M. N. Structurally Diagnostic Ion–Molecule Reactions: Acylium Ions 

with Α‐, Β‐and Γ‐hydroxy Ketones. J. Mass Spectrom. 2002, 37 (2), 162–168. 

(25)  Robinson, D. I. Control of Genotoxic Impurities in Active Pharmaceutical Ingredients: A 

Review and Perspective. Org. Process Res. Dev. 2010, 14 (4), 946–959. 



104 

 

(26)  Yerabolu, R.; Kong, J.; Easton, M.; Kotha, R. R.; Max, J.; Sheng, H.; Zhang, M.; Gu, C.; 

Kenttamaa, H. I. Identification of Protonated Sulfone and Aromatic Carboxylic Acid 

Functionalities in Organic Molecules by Using Ion–Molecule Reactions Followed by 

Collisionally Activated Dissociation in a Linear Quadrupole Ion Trap Mass Spectrometer. 

Anal. Chem. 2017, 89 (14), 7398–7405. 

(27)  Gronert, S. Estimation of Effective Ion Temperatures in a Quadrupole Ion Trap. J. Am. Soc. 

Mass Spectrom. 1998, 9 (8), 845–848. 

(28)  Gronert, S. Quadrupole Ion Trap Studies of Fundamental Organic Reactions. Mass 

Spectrom. Rev. 2005, 24 (1), 100–120. 

(29)  Habicht, S. C.; Vinueza, N. R.; Archibold, E. F.; Duan, P.; Kenttämaa, H. I. Identification 

of the Carboxylic Acid Functionality by Using Electrospray Ionization and Ion− Molecule 

Reactions in a Modified Linear Quadrupole Ion Trap Mass Spectrometer. Anal. Chem. 

2008, 80 (9), 3416–3421. 

(30)  Zhao, Y.; Truhlar, D. G. Density Functionals with Broad Applicability in Chemistry. Acc. 

Chem. Res. 2008, 41 (2), 157–167. 

(31)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 

R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; 

Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; 

Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, 

F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, 

V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, 

R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 

Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. 

J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, 

J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; 

Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; 

Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16, Revision B.01. 

Gaussian, Inc., Wallingford CT, 2016.  

(32)  Beuck, S.; Schwabe, T.; Grimme, S.; Schlörer, N.; Kamber, M.; Schänzer, W.; Thevis, M. 

Unusual Mass Spectrometric Dissociation Pathway of Protonated Isoquinoline-3-

Carboxamides Due to Multiple Reversible Water Adduct Formation in the Gas Phase. J. 

Am. Soc. Mass Spectrom. 2009, 20 (11), 2034–2048. 

 

  



105 

 

CHAPTER 5. DETERMINATION OF THE CHEMICAL 

COMPOSITIONS OF HEAVY, MEDIUM, AND LIGHT CRUDE OILS 

BY USING THE DISTILLATION, PRECIPITATION, 

FRACTIONATION MASS SPECTROMETRY (DPF MS) METHOD  

5.1 Introduction  

The depletion of light crude oils has recently increased society’s reliance on heavy crude 

oils.1–3 Unfortunately, heavier crude oils have a lower economic value because they are more 

difficult to process.4 Crude oil quality is formally classified as heavy or light based on its American 

Petroleum Institute (API) gravity value, which is defined as the density of the crude oil relative to 

water.5 This value is commonly determined using a reference method detailed in the ASTM D4052 

document.6 Crude oil classified as heavy has an API gravity lower than 22.3 while medium and 

light crude oils have API gravities between 22.3 and 31.1 and equal to or greater than 31.1, 

respectively.7  

Although API gravity is an accepted tool for broadly classifying crude oils, crude oils with 

the same API gravities can exhibit different physical properties,8 indicating that they have different 

chemical compositions. However, variations in crude oil compositions directly impact refinery 

processes.9 To improve the refinery processes, a more accurate method of classing crude oils is 

needed. The first step in this direction is to establish correlations between the chemical 

composition of crude oils and their physical properties, including API gravity. 

High-resolution mass spectrometry has revealed a great amount of information on the 

elemental composition of crude oils.10–12 However, because of the exceeding complexity of crude 

oil, using mass spectrometry with only one ionization method to directly analyze the crude oil 

provides an inaccurate representation of its chemical compositions. This is because no single 

ionization method efficiently ionizes all the different types of compounds in crude oil without 
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extensive fragmentation.13 In spite of these limitations, mass spectrometric methods have been 

used to correlate the API gravity of crude oils to their chemical compositions. For example, twenty 

crude oils of different API gravity were studied by using (+) atmospheric pressure photoionization 

(APPI) and a correlation was found between the API gravity and the concentration of aromatic 

compounds containing either one nitrogen or one nitrogen and one oxygen14 However, only a weak 

correlation was found between the total nitrogen content and API gravity. This discrepancy may 

be due to the inability of the APPI method to detect nonaromatic nitrogen-compounds.  

In other studies, crude oil samples were subjected to SARA fractionation prior to MS 

analysis. SARA is a common separation method that separates crude oils into four fractions: 

saturated compounds, asphaltenes, resins and asphaltenes.15,16 In one such study, a correlation was 

found between the API gravities of three crude oils and the average ring and double bond 

equivalence (RDBE) for compounds containing one nitrogen atom in the resin and asphaltene 

fractions.7 However, the mass spectrometric analysis method used (+) ESI which only ionizes basic 

compounds in the crude oil. In another study, API gravity was found to be inversely related to the 

average RDBE for compounds in the aromatic fraction.17 However, it should be noted that the 

fractions obtained by SARA are still complex mixtures of compounds and not separate chemical 

classes. For example, the SARA fraction referred to as saturated compounds contains a substantial 

amount of aromatic compounds.18 

Previously, we have demonstrated the benefits of a new approach referred to as distillation, 

precipitation, fractionation mass spectrometry (DPF MS) for the molecular profiling of crude 

oils.18 This method involves fractionating crude oil into six major classes of compounds: volatile 

saturated hydrocarbons, asphaltenes, heavy saturated hydrocarbons, alkyl aromatic hydrocarbons, 

heteroaromatic compounds, and polar compounds. To uniformly ionize the compounds within 
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each class while inducing minimal fragmentation, optimized ionization and mass spectrometric 

analysis methods are used to analyze each compound class.18 This method has been shown to 

enable the accurate determination of the chemical compositions of crude oils. In this study, the 

DPF MS method was utilized for molecular profiling of light, medium, and heavy crude oils to 

draw correlations between the chemical composition and the API gravity of each sample.  

5.2 Experimental 

5.2.1 Materials 

  n-Hexane (HPLC grade), dichloromethane (HPLC grade), isopropanol (HPLC grade), and 

carbon disulfide (> 99.9 %) were purchased from Sigma-Aldrich. All chemicals were used as 

received without further purification. Whatman PTFE membrane filters (TE 36) were purchased 

from GE Healthcare Life Sciences. Solid phase extraction kit (Si/CN-S-1.5 g) was purchased from 

Interchim.  

5.2.2 Samples 

Five samples of different API gravities were used: two light crude oils (API gravities 35.4 and 

32.1°), two medium crude oils  (API gravities 31.0 and 25.5°), and one heavy crude oil (API 

gravity 14.2°). The API gravity values were determined using Equation 1:19 

𝐴𝑃𝐼 =
141.5

𝑑𝑟(
60

60
)

− 131.5                            (1)             

where dr is the relative density of the crude oil with respect to water measured at 60 °F. dr was 

measured with an SVM 3001 Stabinger Viscometer (Anton Paar). 
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5.2.3 Fractionating the Crude Oils into Six Chemical Classes 

 Using the DPF method, each of the five crude oil samples was fractionated into six 

chemical classes:18 volatile saturated hydrocarbons, asphaltenes, heavy saturated hydrocarbons, 

alkyl aromatic hydrocarbons, heteroaromatic compounds, and polar compounds. The volatile 

saturated hydrocarbon class was obtained through vacuum distillation at room temperature. During 

vacuum distillation, a rough pump was used to generate a vacuum at an inlet of the receiving flask, 

which was connected to the distillation flask via a condenser. The condenser was cooled using 

water and the receiving flask was kept at a low temperature with dry ice and acetone (< -70 °C) to 

collect and condense the volatile compounds. The remaining crude oil was weighed and the 

asphaltenes were precipitated, as previously described.20 The precipitate was filtered with a 0.45 

μm Whatman PTFE membrane filter, dried, and weighed. The remaining residue, referred to as 

maltenes, was chromatographically separated with a Combi-flash Rf 200 auto column system 

(Teledyne Isco, Inc) . The hexane-eluted fraction contained both the heavy saturated hydrocarbon 

and alkyl aromatic hydrocarbon classes, while the dichloromethane and isopropanol fractions 

contained the heteroaromatic compound and polar compound classes, respectively. The hexane 

fraction was further separated into heavy saturated hydrocarbon and alkyl aromatic hydrocarbon 

classes by solid phase extraction with a Si/CN-S-1.5 g cartridge (Interchim).  

5.2.4 Elemental Analysis 

 A Mitsubishi Model TS-100 trace sulfur/nitrogen analyzer was used to determine the total 

nitrogen content of each crude oil. Each sample was placed in a furnace kept at 800 – 1000 °C, 

where nitrogen was oxidized to nitric oxide (NO) in an oxygen atmosphere. The NO was converted 

to excited nitrogen dioxide (NO2) by ozone in the furnace. An inert sweep gas (argon) was used to 

move the NO2 to the detector. As the excited NO2 decayed, the emitted light was detected by a 

about:blank
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chemiluminescence detector (a photomultiplier tube). This procedure followed the ASTM D5762 

standard method21 and was completed in duplicate measurements. The total nitrogen content 

measurements were performed by Petr Vozka, Pavel Šimáček, and Josef Tomášek.  

5.2.5 High-resolution Mass Spectrometry 

 All compound classes were analyzed separately, as previously described.18 With the 

exception of the volatile saturated hydrocarbons, all compound classes were analyzed using a 

LQIT/orbitrap. For the heavy saturated hydrocarbon class, hexane was used as the solvent and 

oxygen was used as the sheath and auxiliary gas ((+) APCI/O2/hexane). The aromatic hydrocarbon 

and heteroaromatic compound classes were analyzed with (+) APCI with carbon disulfide (CS2) 

as the solvent and nitrogen as the sheath and auxiliary gas ((+) APCI/N2/CS2). The polar compound 

class was analyzed using (+) APCI with a 3:1 methanol:hexane solution as the solvent and APCI 

reagent and nitrogen as the sheath and auxiliary gas ((+) APCI/N2/3:1 methanol:hexane). Each 

compound class was dissolved in a preselected solvent or solvent system at a concentration of 30 

mg/mL and  directly infused into the APCI source at a flow rate of 10 μL/min. The operation of 

the LQIT/orbitrap and APCI are discussed in detail in chapter two of this dissertation. Some of the 

LQIT/orbitrap MS measurements were performed by Katherine Wehde. 

Compounds in the heteroaromatic compound class were also subjected to in-source 

collision-activated dissociation (ISCAD) to determine whether nitrogen atoms were located in the 

aromatic core or in the alkyl side chains in these compounds. As discussed in chapter two of this 

dissertation, ISCAD can be used to cleave all alkyl side chains from alkyl aromatic ions.22,23 For 

these experiments, 100 V was applied to both the multipoles and lenses of the ion optics to 

accelerate all ions formed in the ion source. The accelerated ions collided with atmospheric atoms 

and molecules in this region and dissociated. Therefore, by monitoring the nitrogen content before 
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and after ISCAD, the location of the nitrogen atoms (inside or outside the aromatic core) can be 

determined.  

 Xcalibur software was used to assign chemical formulas for ions based on the high-

resolution mass spectrometric data. A general elemental formula for a compound in crude oil is 

CcHhNnOoSs where c and h are any positive integers except zero and n, o, and s are any positive 

integers, including zero. The number of carbon and hydrogen atoms was unlimited while the 

number of nitrogen, oxygen and sulfur atoms was constrained between zero and five.  

 RBDE, which represents the number of rings and double bonds in the ions, was determined 

using Equation 2:  

𝑅𝐷𝐵𝐸 = 𝑐 −
ℎ

2
+

𝑛

2
+ 1                               (2)              

where c, h, and n are the number of carbon, hydrogen, and nitrogen atoms, respectively.  

 Volatile saturated hydrocarbons were analyzed (by Katherine Wehde) using a two-

dimensional gas chromatograph coupled with electron ionization/high-resolution time-of-flight 

mass spectrometer (GC×GC/(EI) TOF MS) (Leco) as follows. An auto injector (Agilent G4513A) 

was used to inject 0.5 μL of the compound class into a split/splitless injector with a split ratio of 

1:20 held at 260 °C at a constant flow of ultra-pure helium carrier gas (1.25 mL/min). The 

compounds were separated using a reversed column configuration; a polar 60 m capillary column 

(Rxi-17Sil ms, Restek) followed by a nonpolar 2 m capillary column (Rxi-1 ms, Restek). The 

conditions selected for the GC×GC/(EI) TOF MS analysis are shown in Table 5.1.  
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Table 5.1 Optimized conditions for the analysis of volatile saturated hydrocarbons of the four 

crude oils by using GC×GC/(EI) TOF MS.  

GC×GC/(EI) TOF MS Conditions  

Primary oven (polar column) 35 °C to 55 °C at the rate of 1 °C /min 

55 °C  to 175 °C   at the rate of 3 °C /min 

Total Modulator time   3.5 s 

Modulator stage one  1.75 s 

Modulator stage two  1.75 s 

Hot jet pulse  0.6 s 

Cold jet pulse  1.75 s 

Modulator hot jet   + 80 °C (offset from the temperature of the 

secondary oven)  

Secondary oven (nonpolar column)  + 45 °C to 65 °C at the rate of 1 °C /min 

65 °C  to 185 °C   at the rate of 3 °C /min 

Transfer line 300 °C (constant throughout the analysis)   

MS ion source  250 °C (constant throughout the analysis)   

EI  70 eV electron kinetic energy 

Resolution  25,000 at m/z 219 

Acquisition rate 200 Hz 

Acquisition delay 300 s 

m/z range  45 – 550  

Data collection, processing, and analysis LECO ChromaTOF  

Analyte identification  Wiley (2011) and NIST (2011) mass spectral data 

base  

Spectral match  > 800 

5.3 Results and Discussion  

 The Distillation, Precipitation, Fractionation Mass Spectrometry (DPF MS) approach18 

was used for molecular profiling of five crude oils with different API gravities. The crude oil 

samples were fractionated to obtain six major classes of compounds: volatile saturated 

hydrocarbons, asphaltenes, heavy saturated hydrocarbons, alkyl aromatic hydrocarbons, 

heteroaromatic compounds, and polar compounds. Optimized ionization and mass spectrometric 

analysis methods were utilized for the characterization of each compound class. Two different 

mass spectrometry methods were employed: GC×GC/(EI) TOF MS and (APCI) LQIT/orbitrap. 
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Correlations between the API gravity and the chemical compositions of the crude oil samples 

found for both the crude oils as a whole and found for each individual compound class are 

discussed below. Katherine Wehde and I contributed equally to data analysis. Ravikiran Yerabolu 

and I collected the data reported for the crude oil with API gravity 32.1°. Some of these data were 

previously published.18 

5.3.1 Characterization of Crude Oils as a Whole 

 The five crude oils were fractionated via the DPF methodology18 to determine the 

gravimetric weight percent (wt %) of each compound class. In general, the heavier crude oils were 

found to contain more asphaltenes and heteroaromatic compounds than the lighter crude oils 

(Table 5.2). Further, the heavier crude oils contained fewer heavy, alkyl aromatic, and saturated 

hydrocarbons. The heaviest crude oil contained substantially more polar compounds than the other 

crude oils and contained no volatile saturated hydrocarbons at all. Based on Table 5.2, the weight 

percent of compounds in the heteroaromatic compound class increases linearly as a function of 

decreasing API gravity (R2 = 0.931). The wt % was not found to correlate with API gravity for 

any other compound classes. 
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Table 5.2 Gravimetric weight percents of different chemical classes obtained using the DPF 

method for five different crude oil samples. The crude oils are classified as heavy, medium, or 

light based on their API gravity (in parenthesis). 

 Gravimetric Weight Percents (wt %) 

Chemical Classes  
Heavy 

(14.2°) 

Medium 

(25.5°) 

Medium 

(31.0°) 

Light 

(32.1°) 

Light 

(35.4°) 

Alkyl Aromatic 

Hydrocarbons 
8.2 12.9 11.1 21.2 17.5 

Heteroaromatic 

Compounds 
37.2 23.3 19.6 9.7 9.3 

Polar Compounds 17.3 4.7 7.0 8.1 5.2 

Heavy Saturated 

Hydrocarbons 
17.3 36.9 47.6 44.3 48.2 

Asphaltenes 6.3 4.2 2.2 1.2 1.0 

Volatile Saturated 

Hydrocarbons 
0.0 1.1 2.1 8.0 8.1 

Loss 13.7 16.9 10.4 7.5 10.7 

Total 100.0 100.0 100.0 100.0 100.0 

 In addition to the gravimetric weight percent of each compound class, DPF MS allows 

determination of elemental compositions of the compounds in each compound class. The measured 

elemental compositions were then consolidated using the measured total ion abundance of each 

chemical class and the gravimetric percent, as shown in Equation 3. Equation 3 provides an 

approximation of the weight percent of each elemental composition based on the assumption that 

the compounds in each class are ionized with similar efficiencies and with minimal fragmentation. 

This assumption has been previously tested using model mixtures and found to be true for the 

model compounds studied.18  

𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑐𝑜𝑛𝑠𝑜𝑙𝑖𝑑𝑎𝑡𝑒𝑑 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =

∑ (
∑ 𝑖𝑥 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒

∑ 𝑥 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 
∗ 𝑤𝑡 % (𝑥))6

𝑥=1                                (3) 
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where i is the specific elemental composition of an ionized compound, x is the number of the 

compound class (1 – 6), ∑ 𝑥 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 is the total ion abundance measured for the compound 

class, and wt % (x) is the gravimetric percentage of the compound class. 

The consolidated elemental compositions are shown in Table 5.3. The heaviest crude oil 

appears to contain a much greater amount of compounds with elemental compositions of CcHhN, 

CcHhN2 and CcHhN2S2, with the CcHhN compounds being the most abundant. On the other hand 

compounds with the elemental composition CcHhOo were most abundant (17%) in the lightest 

crude oil. Meanwhile, the medium heavy crude oils contained more compounds with the elemental 

composition CcHhS (12 – 18%) than any other crude oil (2 – 7%). Although one of the medium 

crude oils (31.0°) and one of the light crude oils (32.1°) had similar API gravity values, they were 

found to contain different amounts of many compounds, such as those with elemental 

compositions CcHhS (12 vs. 7%) and CcHhNS (0.5 vs. 8.8%). This finding suggests that crude oils 

with similar API gravities do not necessarily contain similar molecular compositions. Further, no 

obvious correlations were found between the amounts of compounds with different elemental 

compositions in the whole crude oil and API gravity. The same applies to the total nitrogen content 

(Table 5.4): a correlation with the API gravity was found only for the three heaviest crude oils. 
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Table 5.3 Approximate weight percents of compounds with different elemental compositions 

(consolidated data) for each crude oil sample (API gravity shown in parenthesis). Elemental 

compositions are listed as CcHhNnOoSs, where c and h are any non-zero positive integer and n, o, 

and s are any positive integer between zero and five. 

 

Consolidated Elemental Compositions as Approximate Weight 

Percentages for the Crude Oil Samples 

Elemental 

compositions  

Heavy  

(14.2°) 

Medium  

(25.5°) 

Medium  

(31.0°) 

Light 

 (32.1°) 

Light 

 (35.4°) 

CcHh 29.89 37.48 55.10 57.29 45.80 

CcHhN 35.89 14.59 14.45 13.42 10.70 

CcHhN2 1.72 0.31 0.19 0.11 0.14 

CcHhOo (o = 1-5) 4.62 2.05 0.72 3.42 17.30 

CcHhS 2.39 17.59 11.89 6.91 5.48 

CcHhS2 0.15 0.82 0.07 0.01 0.00 

CcHhNO 3.29 1.61 1.77 0.41 1.86 

CcHhNS 0.70 3.32 0.50 8.75 0.34 

CcHhN2S2 1.90 0.14 0.25 0.01 0.07 

CcHhOS 0.07 1.38 1.06 0.00 0.18 

CcHhNSO 0.04 0.25 0.01 0.05 0.01 

Others  5.63 3.56 3.60 2.11 7.43 

Total 100.00 100.00 100.01 100.00 100.00 

Table 5.4 The average nitrogen content in ppm determined via elemental analysis (for the five 

crude oils of different API gravity (shown in parenthesis). The total nitrogen content analysis 

was performed by Petr Vozka, Pavel Šimáček, and Josef Tomášek. 

Crude Oil  
Average Nitrogen 

Content (ppm) 

Heavy (14.2°) 8600 

Medium (25.5°) 3550 

Medium (31.0°) 2100 

Light (32.1°) 2150 

Light (35.4°) 2500 

5.3.2 Characterization of the Compound Classes Derived from the Five Crude Oils 

In addition to comparing the crude oils as a whole, the molecular compositions of the 

individual compound classes were also compared for each crude oil. The ionized compounds with 

different elemental compositions and their relative mass spectrometric abundances are shown in 
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Tables 5.5 through 5.10. The approximated weight percentage (as determined by Equation 3) of 

the most abundant nitrogen-containing compounds in the heteroaromatic compound class of all 

crude oil samples was found to decrease as a function with increasing API gravity (R2 > 0.96; 

Figure 1). The heteroaromatic compound class contained the majority of the CcHhN compounds 

for every crude oil studied (Figure 2). 

As described above, the medium crude oil (31.0 °) and one of the light crude oils (32.1°) 

contained different amounts of many compounds (Tables 5.2 and 5.3) but had similar API gravities. 

This conclusion was confirmed by examining the individual chemical classes (Tables 5.5 through 

5.10). For example, based on mass spectrometric ion abundances, the alkyl aromatic compound 

class in the medium crude oil contained a substantially greater amount of sulfur-containing 

compounds than the same class in the light crude oil (40% vs. 12%, respectively). These findings 

further suggest that similar API gravities do not imply similar molecular compositions for crude 

oils. 

 

Figure 5.1 The approximate weight percent of compounds with the elemental composition 

CcHhN in the heteroaromatic compound class as a function of API gravity for five crude oils. 
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Figure 5.2 Approximate weight percentages of CcHhN compounds in five compound classes 

derived from each crude oil (API gravity given in parenthesis). Volatile saturated hydrocarbons 

are not included as they contained no nitrogen-containing compounds (Table 4). 

The structures of the CcHhN compounds in the heteroaromatic compound classes of the 

five crude oils were further examined to determine the location of the nitrogen atoms – in the 

aromatic cores or in the alkyl chains. As mentioned above, if nitrogen atoms are located in ions 

outside of aromatic cores, they will be lost upon ISCAD. Comparison of the abundances of the 

CcHhN ions before and after ISCAD revealed a substantial decrease for the heavier crude oils but 

not for the lightest ones (Figure 3). This finding indicates that many nitrogen atoms (about half, 

Figure 3) in the heavier crude oils reside outside the aromatic cores while most nitrogen atoms in 

the lighter crude oils reside within the aromatic cores. The ratio of the relative abundances of 

CcHhN and CcHh ions is used to illustrate this relative change in nitrogen content (Figure 3, Table 

5.11). The changes in the CcHhN/CcHh ion ratios upon ISCAD are smaller for crude oils with 

greater API gravity. Therefore, the heteroaromatic compound class of heavier crude oils appears 

to contain more compounds with nitrogen atoms outside the aromatic cores than in the aromatic 

cores compared to the lighter crude oils. However, it should be noted that if the compounds contain 



118 

 

multiple aromatic cores connected by alkyl chains, some with a nitrogen atom in the chain, then 

ISCAD could cause a decrease in the nitrogen content via a cleavage of the chain between the 

cores. Therefore, the observation of a large decreases in the N-content upon ISCAD for the heavier 

crude oils may indicate the presence of larger amounts of compounds with more than one nitrogen-

containing aromatic core. 
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Figure 5.3 Relative abundances of ions with the elemental compositions CcHh and CcHhN in the 

mass spectra measured before and after ISCAD (marked as ISCAD above) for the 

heteroaromatic compound class for each crude oil sample (API gravity given in parenthesis). The 

percent change in the ratio of the CcHhN/CcHh ion abundances is also given above (obtained from 

Table 10). 
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Table 5.5 Elemental compositions of the compounds in the volatile saturated hydrocarbon class 

derived from four different crude oils and the relative abundances of the ionized compounds 

measured by using GC×GC/(EI) TOF MS. The heaviest crude oil sample is not included as it 

contained no detectable volatile compounds. The data were collected by Katherine Wehde.  

 Relative Ion Abundances (%)  

Elemental 

Compositions  
Medium (25.5°) Medium (31.0°) Light (32.1°) Light (35.4°) 

CcHh 93.56 96.61 87.09 93.76 

CcHhN 0.00 0.33 1.00 0.41 

CcHhN2 0.00 0.54 1.29 0.37 

CcHhOo (o = 1-5) 5.76 1.30 7.53 2.23 

CcHhS 0.00 0.00 0.00 0.00 

CcHhS2 0.00 0.00 0.00 0.00 

CcHhNO 0.00 0.02 0.00 0.09 

CcHhNS 0.00 0.00 0.00 0.13 

CcHhN2S2 0.00 0.00 0.00 0.00 

CcHhOS 0.00 0.01 0.00 0.00 

CcHhNSO 0.00 0.00 0.00 0.00 

Others  0.68 1.19 3.09 3.00 

Total 100.00 100.00 100.00 100.00 

Table 5.6 Elemental compositions of the compounds in the alkyl aromatic compound class 

derived from five different crude oils and the relative abundances of the ionized compounds 

measured by using (APCI) LQIT/orbitrap. 

 Relative Ion Abundances (%)  

Elemental 

Compositions  

Heavy 

(14.2°) 

Medium 

(25.5°) 

Medium 

(31.0°) 

Light  

(32.1°) 

Light 

(35.4°) 

CcHh 77.89 54.55 45.17 81.56 48.58 

CcHhN 0.00 0.00 0.00 0.96 3.94 

CcHhN2 0.00 0.00 0.00 0.00 0.00 

CcHhOo (o = 1-5) 1.50 0.94 0.86 4.17 3.96 

CcHhS 7 .21 34.59 39.89 11.93 11.01 

CcHhS2 0.00 0.00 0.00 0.00 0.00 

CcHhNO 0.00 0.00 0.00 0.03 0.00 

CcHhNS 0.00 0.00 0.00 1.30 1.15 

CcHhN2S2 0.00 0.00 0.00 0.00 0.00 

CcHhOS 0.36 0.00 0.00 0.00 0.00 

CcHhNSO 0.00 0.00 0.00 0.05 0.06 

Others  13.04 9.92 14.08 0.00 31.29 

Total 100.00 100.00 100.00 100.00 100.00 
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Table 5.7 Elemental compositions of the compounds in the heteroaromatic compound class 

derived from five different crude oils  and the relative abundances of the ionized compounds 

measured by using (APCI) LQIT/orbitrap. 

 Relative Ion Abundances (%) 

Elemental 

Compositions  

Heavy 

(14.2°) 

Medium 

(25.5°) 

Medium 

(31.0°) 

Light  

(32.1°) 

Light 

(35.4°) 

CcHh 19.08 11.82 26.53 10.53 8.69 

CcHhN 66.00 56.75 56.04 78.96 76.58 

CcHhN2 1.64 1.03 0.00 0.02 0.89 

CcHhOo (o = 1-5) 4.85 0.65 0.70 3.05 4.69 

CcHhS 2.72 10.59 12.33 0.16 0.83 

CcHhS2 0.40 3.45 0.32 0.00 0.00 

CcHhNO 3.52 1.11 0.17 1.76 3.48 

CcHhNS 0.83 12.78 2.05 0.56 0.90 

CcHhN2S2 0.22 0.55 0.14 0.00 0.39 

CcHhOS 0.06 0.61 1.75 0.04 0.40 

CcHhNSO 0.00 0.00 0.00 0.00 0.00 

Others  0.69 0.66 0.00 4.91 3.15 

Total 100.00 100.00 100.04 100.00 100.00 

Table 5.8 Elemental compositions of the compounds in the polar compound class derived from 

five different crude oils and the relative abundances of the ionized compounds measured by 

using (APCI) LQIT/orbitrap. 

 Relative Ion Abundances (%) 

Elemental 

Compositions  

Heavy 

(14.2°) 

Medium 

(25.5°) 

Medium 

(31.0°) 

Light  

(32.1°) 

Light 

(35.4°) 

CcHh 0.00 5.27 0.14 10.87 0.81 

CcHhN 57.70 2.99 38.76 64.99 43.35 

CcHhN2 3.72 0.00 0.44 0.00 0.00 

CcHhOo (o = 1-5) 13.88 22.51 5.46 7.09 19.87 

CcHhS 0.00 0.00 0.00 0.06 0.00 

CcHhS2 0.00 0.00 0.00 0.00 0.00 

CcHhNO 8.08 22.91 22.30 2.48 7.27 

CcHhNS 0.33 0.38 0.58 0.07 0.00 

CcHhN2S2 10.42 0.00 3.10 0.07 0.51 

CcHhOS 0.04 24.32 10.18 0.00 0.2.66 

CcHhNSO 0.15 4.23 0.00 0.00 0.08 

Others  5.68 17.39 19.04 14.36 25.44 

Total 100.00 100.00 100.00 100.00 100.00 
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Table 5.9 Elemental compositions of the compounds in the heavy saturated hydrocarbons class 

derived from five different crude oils and the relative abundances of the ionized compounds 

measured by using (APCI) LQIT/orbitrap. 

 Relative Ion Abundances  (%) 

Elemental 

Compositions  

Heavy 

(14.2°) 

Medium 

(25.5°) 

Medium 

(31.0°) 
Light (32.1°) 

Light 

(35.4°) 

CcHh 93.87 70.21 89.58 68.89 58.87 

CcHhN 0.00 1.18 0.00 0.46 0.00 

CcHhN2 0.00 0.00 0.00 0.00 0.00 

CcHhOo (o = 1-5) 0.10 0.76 0.00 2.36  30.94 

CcHhS 4.27 27.44 10.42 9.79 7.21 

CcHhS2 0.00 0.00 0.00 0.00 0.00 

CcHhNO 0.00 0.40 0.00 0.04 2.32 

CcHhNS 1.76 0.00 0.00 18.92 0.10 

CcHhN2S2 0.00 0.00 0.00 0.00 0.00 

CcHhOS 0.00 0.00 0.00 0.00 0.00 

CcHhNSO 0.00 0.00 0.00 0.00 0.00 

Others  0.00 0.00 0.00 0.00 0.11 

Total 100.00 100.00 100.00 100.00 100.00 

Table 5.10 Elemental compositions of the compounds in the asphaltene compound class derived 

from five different crude oils and the relative abundances of the ionized compounds measured by 

using (APCI) LQIT/orbitrap. 

 Relative Ion Abundances  (%) 

Elemental 

Compositions  

Heavy 

(14.2°) 

Medium 

(25.5°) 

Medium 

(31.0°) 
Light (32.1°) 

Light 

(35.4°) 

CcHh 2.68 11.89 9.34 50.87 47.24 

CcHhN 21.62 18.87 34.08 18.00 37.62 

CcHhN2 7.39 1.75 6.60 0.00 2.63 

CcHhOo (o = 1-5) 4.41 8.86 3.36 1.27 4.12 

CcHhS 0.84 12.76 3.74 2.21 0.05 

CcHhS2 0.03 0.27 0.34 1.08 0.00 

CcHhNO 9.21 3.06 8.01 0.97 3.55 

CcHhNS 0.53 7.82 2.56 3.05 0.19 

CcHhN2S2 0.25 0.22 0.38 0.08 0.25 

CcHhOS 0.16 2.26 0.22 0.11 0.14 

CcHhNSO 0.15 1.20 0.28 3.40 0.01 

Others  52.73 31.04 31.10 18.95 4.22 

Total 100.00 100.00 100.00 100.00 100.00 
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Table 5.11 The change (%) in the CcHhN/CcHh relative ion abundances for the heteroaromatic 

compound class derived from the five crude oils. The crude oils are classified as heavy, medium, 

or light based on their API gravity (shown in parenthesis). 

 

 The DPF MS method was also used to determine average ring and double bond equivalence 

(RDBE) values (Equation 2) for compounds in all compound classes in the five crude oils (Table 

5.13). The levels of unsaturation and number of rings in each compound class of the five crude 

oils were then compared. Based on the average RDBE data (Table 5.13), asphaltenes and volatile 

compounds contain the highest and the lowest average RDBE, respectively, for all the five crude 

oils. However, only the average RDBE in the heteroaromatic compound class correlated with the 

API gravity of the crude oil. For this class, the average RDBE value was observed to increase as a 

function of decreasing API gravity (R2 > 0.93, Figure 4). This finding suggests that the aromatic 

core size for compounds in the heteroaromatic compound class may be larger for the heavier crude 

oils than the lighter crude oils.  

Samples Mass spectra measured 
Ratio of CcHhN/CcHh  

ion abundances 

Relative change (%) 

 

Heavy (14.2°) 

Before ISCAD 37.39 
96 

After ISCAD 1.51 

 

Medium (25.5°) 

Before ISCAD 3.83 
84 

After ISCAD 0.61 

 

Medium (31.0°) 

Before ISCAD 1.87 
80  

After ISCAD 0.37 

 

Light (32.1°) 

Before ISCAD 8.19 
68 

After ISCAD 2.64 

 

Light (35.4°) 

Before ISCAD 4.97 
58 

After ISCAD 2.10 
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Table 5.12 Average RDBE values for the compounds in each of the six compound classes 

derived from the five different crude oil samples. 

aNo volatile compounds were found in the heaviest crude oil (API gravity 14.2°) 

 

Figure 5.4 The RDBE values for compounds in the heteroaromatic compound class as a function 

of API gravity for five crude oils.  

5.4 Conclusions 

 The DPF MS methodology18 was used to characterize the chemical compositions of heavy, 

medium, and light  crude oil samples with different API gravities. First, the crude oil was 

fractionated into six compound classes. Each fraction was then analyzed via an optimized high-
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Volatile  

Saturated 

Compounds 

Asphaltenes 

Heavy 

Saturated 

Compounds 

Polar 

Compounds 

Alkyl 

Aromatic 

Hydrocarbons 

Hetero 

aromatic 

Compounds 

Light (35.4°) 1.1 14.0 6.2 6.7 9.8 11.9 

Light (32.1°) 0.6 12.6 3.0 3.6 8.6 12.0 

Medium (31.0°) 1.2 15.6 3.9 5.0 8.2 12.6 

Medium (25.5°) 0.5 15.1 5.2 5.3 7.8 12.6 

Heavy (14.2°) - a 15.0 4.9 8.9 9.2 14.3 
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resolution mass spectrometry method. The gravimetric percentages of the six compound classes 

within each crude oil sample were also determined. Based on the gravimetric weight percentages 

of the six compound classes, the heavier crude oils contained more asphaltenes and heteroaromatic 

compounds and fewer heavy, alkyl aromatic, and volatile saturated hydrocarbons than the lighter 

crude oils. Although these crude oils contained different amounts of each compound class, only 

the gravimetric weight percentage of the heteroaromatic compound class correlated with the API 

gravity: the amount of heteroaromatic compounds increased as a function of decreasing API 

gravity. Further, elemental compositions of each compound class were obtained and consolidated 

to examine the chemical composition of each crude oil. Compounds with the elemental 

compositions CcHh or CcHhN were found to be the most abundant compounds in all crude oil 

samples. CcHh compounds were dominant in all crude oil samples except the heaviest, where 

CcHhN dominated. No obvious correlations were found between API gravity and the amounts of 

the compounds with different elemental compositions in the whole crude oils. The same applies to 

the total nitrogen content of each crude oil sample, which was determined through a controlled 

combustion experiment. 

 Examination of the molecular compositions of the different compound classes in each 

crude oil provided more definitive information. For example, a linear correlation was found for 

the API gravity and the gravimetric percentage of the most abundant nitrogen-containing 

compounds (CcHhN elemental composition) in the heteroaromatic compound class. Additionally, 

the average RDBE values measured for compounds in the heteroaromatic compound class 

increased as the API gravity decreased, suggesting that the aromatic core size may be greater for 

heteroaromatic compounds in heavier crude oils. Finally, further examination of the location of 

nitrogen atom in the CcHhN compounds in the heteroaromatic compound class revealed that 
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heavier crude oils contained more nitrogen atoms outside the aromatic core compared to lighter 

crude oils. This finding could facilitate the design of optimal upgrading techniques for nitrogen 

removal in different types of crude oils based on their API gravity.24 No other correlations were 

found between the chemical compositions of the different compound classes in the five crude oils 

and their API gravity. Therefore, the chemical composition of only one compound class, the 

heteroaromatic compound class, was found to correlate with API gravity. 

5.5 References  

(1)  Gaspar, A.; Zellermann, E.; Lababidi, S.; Reece, J.; Schrader, W. Characterization of 

Saturates, Aromatics, Resins, and Asphaltenes Heavy Crude Oil Fractions by Atmospheric 

Pressure Laser Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. 

Energy Fuels 2012, 26 (6), 3481–3487. 

(2)  Swain, E. J. Sulfur, Coke, and Crude Quality--Conclusion: US Crude Slate Continues to 

Get Heavier, Higher in Sulfur. Oil Gas J. 1995, 93 (2), 37–42. 

(3)  Altgelt, K. H. Composition and Analysis of Heavy Petroleum Fractions; CRC Press: Boca 

Raton, FL, 2016. 

(4)  Weissman, J. G.; Kessler, R. V. Downhole Heavy Crude Oil Hydroprocessing. Appl. Catal. 

Gen. 1996, 140 (1), 1–16. 

(5)  Santos, J. M.; Wisniewski Jr., A.; Eberlin, M. N.; Schrader, W. Comparing Crude Oils with 

Different API Gravities on a Molecular Level Using Mass Spectrometric Analysis. Part 1: 

Whole Crude Oil. Energies 2018, 11 (10), 2766. https://doi.org/10.3390/en11102766. 

(6)  ASTM Standard D4052, 2018. Test Method for Density, Relative Density, and API Gravity 

of Liquids by Digital Density Meter; ASTM International, West Conshohocken, PA, 2018. 

(7)  Santos, J.; Vetere, A.; Wisniewski, A.; Eberlin, M.; Schrader, W. Comparing Crude Oils 

with Different API Gravities on a Molecular Level Using Mass Spectrometric Analysis. 

Part 2: Resins and Asphaltenes. Energies 2018, 11 (10), 2767. 

(8)  Hinkle, A.; Shin, E.; Liberatore, M.; Herring, A.; Batzle, M. Correlating the Chemical and 

Physical Properties of a Set of Heavy Oils from around the World. Fuel 2008, 87 (13–14), 

3065–3070. 

  



127 

 

(9)  Qian, K.; Rodgers, R. P.; Hendrickson, C. L.; Emmett, M. R.; Marshall, A. G. Reading 

Chemical Fine Print: Resolution and Identification of 3000 Nitrogen-Containing Aromatic 

Compounds from a Single Electrospray Ionization Fourier Transform Ion Cyclotron 

Resonance Mass Spectrum of Heavy Petroleum Crude Oil. Energy Fuels 2001, 15 (2), 492–

498. 

(10)  Rodgers, R. P.; McKenna, A. M. Petroleum Analysis. Anal. Chem. 2011, 83 (12), 4665–

4687. 

(11)  Niyonsaba, E.; Manheim, J. M.; Yerabolu, R.; Kenttämaa, H. I. Recent Advances in 

Petroleum Analysis by Mass Spectrometry. Anal. Chem. 2019, 91 (1), 156–177. 

(12)  Marshall, A. G.; Rodgers, R. P. Petroleomics: The next Grand Challenge for Chemical 

Analysis. Acc. Chem. Res. 2004, 37 (1), 53–59. 

(13)  Tawara, H.; Kato, T. Total and Partial Ionization Cross Sections of Atoms and Ions by 

Electron Impact. At. Data Nucl. Data Tables 1987, 36 (2), 167–353. 

(14)  Hur, M.; Yeo, I.; Kim, E.; No, M.; Koh, J.; Cho, Y. J.; Lee, J. W.; Kim, S. Correlation of 

FT-ICR Mass Spectra with the Chemical and Physical Properties of Associated Crude Oils. 

Energy Fuels 2010, 24 (10), 5524–5532. 

(15)  Jewell, D. M.; Weber, J. H.; Bunger, J. W.; Plancher, H.; Latham, D. R. Ion-Exchange, 

Coordination, and Adsorption Chromatographic Separation of Heavy-End Petroleum 

Distillates. Anal. Chem. 1972, 44 (8), 1391–1395. 

(16)  Kharrat, A. M.; Zacharia, J.; Cherian, V. J.; Anyatonwu, A. Issues with Comparing SARA 

Methodologies. Energy Fuels 2007, 21 (6), 3618–3621. 

(17)  Rüger, C. P.; Neumann, A.; Sklorz, M.; Schwemer, T.; Zimmermann, R. Thermal Analysis 

Coupled to Ultrahigh Resolution Mass Spectrometry with Collision Induced Dissociation 

for Complex Petroleum Samples: Heavy Oil Composition and Asphaltene Precipitation 

Effects. Energy Fuels 2017, 31 (12), 13144–13158. 

(18)  Yerabolu, R.; Kotha, R. R.; Niyonsaba, E.; Dong, X.; Manheim, J. M.; Kong, J.; Riedeman, 

J. S.; Romanczyk, M.; Johnston, C. T.; Kilaz, G.; Kenttämaa, H. I. Molecular Profiling of 

Crude Oil by Using Distillation Precipitation Fractionation Mass Spectrometry (DPF-MS). 

Fuel 2018, 234, 492–501. 

(19)  Santos, R. G.; Loh, W.; Bannwart, A. C.; Trevisan, O. V. An Overview of Heavy Oil 

Properties and Its Recovery and Transportation Methods. Braz. J. Chem. Eng. 2014, 31 (3), 

571–590. 

(20)  Buenrostro‐Gonzalez, E.; Lira‐Galeana, C.; Gil‐Villegas, A.; Wu, J. Asphaltene 

Precipitation in Crude Oils: Theory and Experiments. AIChE J. 2004, 50 (10), 2552–2570. 



128 

 

(21)  ASTM Standard D5725, 2018. Test Method for Nitrogen in Liquid Hydrocarbons, 

Petroleum and Petroleum Products by Boat-Inlet Chemiluminescence; ASTM International, 

West Conshohocken, PA, 2018. 

(22)  Fan, X.; Li, G.-S.; Dong, X.; Jiang, J.; Wei, X.-Y.; Kenttämaa, H. I. Tandem Mass 

Spectrometric Evaluation of Core Structures of Aromatic Compounds after Catalytic 

Deoxygenation. Fuel Process. Technol. 2018, 176, 119–123. 

(23)  Dong, X.; Zhang, Y.; Milton, J.; Yerabolu, R.; Easterling, L.; Kenttämaa, H. I. Investigation 

of the Relative Abundances of Single-Core and Multicore Compounds in Asphaltenes by 

Using High-Resolution in-Source Collision-Activated Dissociation and Medium-Energy 

Collision-Activated Dissociation Mass Spectrometry with Statistical Considerations. Fuel 

2019, 246, 126–132. 

(24)  Prado, G. H. C.; Rao, Y.; de Klerk, A. Nitrogen Removal from Oil: A Review. Energy Fuels 

2017, 31 (1), 14–36. 



129 

 

VITA 

Edouard Niyonsaba was born in Nyabihu, Rwanda, on October 13, 1990. Edouard 

developed a passion for chemistry in high school when he first learned how to make soaps from 

triglycerides. After graduating from high school in 2010, Edouard was awarded a Rwanda 

Presidential Scholarship to pursue his undergraduate studies in the United Sates. He enrolled at 

the University of Central Arkansas where he obtained a B.S. in Biochemistry with a minor in 

Mathematics in 2015. At the University of Central of Arkansas, he was fortunate to be able to 

perform undergraduate research in the Biology Department under the guidance of Professor Brent 

Hill for 2 years. During that time, he gained a greater love for research and decided to apply for 

graduate school in order to continue his studies. He was accepted at Purdue University for the 

Purdue University Life Science Interdisciplinary Program (PULSe). After rotating in multiple 

laboratories, he found his home in Professor Kenttämaa’s research group. His research has focused 

on the development of mass spectrometric methods for identification of drug metabolites and drug 

impurities and for molecular profiling of crude oils. He defended his thesis in July 2019 and 

accepted a position as a Senior Chemist with DuPont.  

  



130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PUBLICATIONS 



131 

 

 



132 

 

 

 



133 

 

 

 



134 

 

 

 



135 

 

 

 



136 

 

 

 



137 

 

 

 



138 

 

 

 



139 

 

 

 



140 

 

 

 



141 

 

 

 



142 

 

 

 



143 

 

 

 



144 

 

 

 



145 

 

 

 



146 

 

 

 



147 

 

 

 



148 

 

 

 



149 

 

 

 



150 

 

 

 



151 

 

 

 



152 

 

 

 



153 

 

 

 



154 

 

 

 



155 

 

 

 



156 

 

 

 



157 

 

 

 



158 

 

 

 



159 

 

 

 



160 

 

 

 



161 

 

 

 



162 

 



163 

 



164 

 



165 

 



166 

 



167 

 



168 

 

 



169 

 

 



170 

 



171 

 



172 

 



173 

 



174 

 



175 

 



176 

 



177 

 



178 

 

 


