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ABSTRACT.
THE EXAMINATION OF GAS-PHASE ION-NEUTRAL REACTIONS IN nESI-FAIMSQTOF AND ESI-QUADRUPOLE ION TRAP THROUGH THE ANALYSIS OF
THIOTETRONIC ACIDS AND N-NITROSODIALKYLAMINES
Jennifer Robinson
University of Guelph 2018

Advisor
Dr. W. Gabryelski

The reactions of gas-phase ions with neutral molecules in mass spectrometry were
investigated. These reactions are rare, due to high vacuum conditions and the high purity of
collision gases. The ions of interest originated from the dissociation of thiotetronic acids (TA)
and N-Nitrosamines (NDAA). Using soft MS, the structure and properties of TAs were
determined. They formed ketene ions which then reacted with water in the collision cell. NDAAs
were analysed using sequential tandem MS. The CID products parallel the metabolites produced
in biological systems. The size of the aliphatic group determined the alkylating potential of the
nitrosamine. The comparison of spectral intensities between isotopically unlabelled NDPA and
isotopically labelled NDPA-d14 helped to determine the protonation of diazoic acids is the rate
limiting step in the dissociation of diazoic. The addition of water in these dissociation pathways
provides better understanding of ion-molecule reactions in MS.
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1.0 Introduction
1.1 Instrumentation
The difficult task of structural determination and identification of chemical species
involves a number of analytical techniques including nuclear magnetic resonance (NMR), X-ray
crystallography and mass spectrometry. Currently, liquid chromatography with mass
spectrometry (LCMS) is the most common technique in this field of research especially for
compounds present in complex environmental matrices at low concentrations. However, the
mobile phase in LCMS and sample matrix compromise the quality of spectral data due to the
limited selectivity1. Therefore, an alternative separation technique is combined with MS. In my
research high-field-asymmetric-waveform-ion-mobility-spectroscopy (FAIMS) is used as the
new primary separation method in conjunction with quadrupole-time-of-flight (QTOF) and
nanospray ionization (nESI). This technique is capable of analysing ions which normally
decompose in conventional methods, like LCMS. The unique ability of soft MS using this
technique was critical for developing the methodology used in my research to study reactions of
very fragile species originating from thiotetronic acids. Tandem MS allows for the fragmentation
pathway to be determined. This analytical technique if fairly new, therefore it will be further
explained in chapter 1 and the optimization of the instrumental parameters governing the
analysis of the thiotetronic acids will be outlined in chapter 2. Ion trap mass spectrometry is used
to analyse N-nitrosamines due to its ability to hold compounds in the collision cell and to
perform sequential tandem (MS)n, allowing for multi-step fragmentation to be determined. This
process will also be briefly outlined.
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1.1.1 Nanospray Ionization
The first electrospray prototype was designed by Dole et al. in the 1960s. He reported the
formation of a beam of charged polystyrene macromolecules by electrospraying the solution
from a conductive capillary with an electrically charged tip3. In 2002 John Bennett Fenn was
awarded the Noble Prize in Chemistry for the development of electrospray ionization which
could be used in conjunction with mass spectrometry4. His work was first centered around the
ionization of small molecules, and then further expanded to proteins and polymers5. Wilm and
Mann further developed the electrospray technique into nanospray ionization (nESI), using
tubing with a diameter of 25 micron creating a small flow rate (nL/min). The droplets produced
in nESI were smaller than 200 nm. It is a soft ionization technique used for labile ions. The
nanospray source is found to be ~500 times more efficient than conventional electrospray
ionization6.

NanoESI uses a high voltage (5000 V) applied to a metal capillary that surrounds the
silica capillary delivering the liquid sample. The voltage applied at the metal capillary generates
an electric field at the tip of the capillary, which causes the liquid leaving the capillary to form a
Taylor cone, as shown in figure 1.1. The Taylor cone emits a thin filament, that further breaks
Counter Electrode

into a spray of fine droplets.
Silica Capillary

The

solvent

evaporates

causing the droplets to shrink
Metal Capillary

and undergo fission when the
repulsive force of the excess
Figure 1.1: Formation of gas phase ions into a Taylor cone using
Electrospray Ionization. Modified from14.

charge is larger than the surface

tension of the droplet; successive fissions ultimately give rise to gas phase ions that retains the
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droplet charge5. The electrospray generated ions enter FAIMS, where they are separated (section
1.1.2) before being analysed by the mass spectrometer.
Nanospray ionization occurs at atmospheric pressure and room temperature7. nESI allows
for lower consumption of analyte and smaller initial droplet sizes. Small droplets have a high
surface to volume ratio which improves solvent evaporation and makes a larger proportion of
analyte available for desorption. Small droplets also allow the distance between the capillary
and the counter electrode to be reduced, increasing analyte sensitivity due to more efficient
probing of ions at the counter electrode5. Furthermore, in nESI the curtain gas flowrate can be
reduced concurrent to droplet movement, by up to 50% and the nebulizing gas can be eliminated.
Compared to conventional electrospray, nESI allows a much larger fraction of ions from solution
to be transferred into the vacuum system5. Nitrogen in conjunction with 20% carbon dioxide is
used as a curtain gas. Coming out from the opening of the counter electrode, it flows in the
opposite direction of the ion flow, which prevents electrical discharges and improves the
transmission of intact ions.

1.1.2 Differential Ion Mobility
The high-field-asymmetric-waveform-ion-mobility-spectroscopy (FAIMS) technique acts
as an ion filter and an ion focusing device. It has been used to detect compounds in water with
very little sample preparation, preconcentration, fractionation, chemical derivatization or column
separation10. While HPLC is the most common separation technique for the analysis of highly
polar and labile species in complex matrices, FAIMS has several advantages in water analysis.
The principle operation of FAIMS is ion separation based on differential ion mobility (DIM),
which is simply the difference in the mobility of an ion when at high and low electric fields. As
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shown in Figure 1.2, the differential mobility of ion A increases as the electric field strength
increases. Conversely, the mobility of ion C decreases as the electric field strength increases, and
the mobility of ion B initially increases and then decreases as the electric field strength increases.

Ratio, Kh/K

1.05

A

10,000 V/cm
B
1
0.98

Increasing Electric Field Strength

C

Figure 1.2: The effect the electrical field strength will have on the ion mobility of three
hypothetical ions.

When introduced into FAIMS (Figure 1.3), an ion travels in a gas stream between the two
parallel plates that make up the simplest FAIMS device. The dynamic electrical field is created
between two parallel plates; one plate is at the constant ground potential and the second plate is
connected to an asymmetrical waveform generator. The asymmetric waveform is generated by a
short component of high-voltage (Kh) followed by a longer component of lower-voltage with
opposite polarity (K), with a voltage-time product of net zero. For example, the waveform could
be made up of an initial voltage of +2000 V for 1 µs followed by -1000 V for 2 µs. The overall
mobility of the ion is the sum of the transverse component due to the electrical field between the
two plates and the horizontal component caused by the stream of gas. Provided the ion mobility
in the high-field is equal to the ion mobility of the low-field then the asymmetric waveform will
be net zero, causing the ion to return to its original position after one full cycle of the asymmetric
waveform (purple). If the ion mobility is higher in the high-field compared to the low-field, then
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the ion (green) will move relative to its original position after one full waveform cycle (Figure
1.3). The positive ion (green) experiences constant drift away from the center of FAIMS towards
the top plate (Figure 1.3). In the case of the ion drift, a small positive voltage (DC) is applied to
the bottom plate of FAIMS to offset the ion drift. This voltage is called the compensation voltage
(CV).
Grounded (V=0)

Entrance to MS
Carrier Gas
Waveform Generator
Figure 1.3: Mobility of ions between two parallel plates during the application of an asymmetric
waveform in FAIMS.

Every ion has a unique ratio of Kh to K, meaning the ions will have a different response to
the electric field. This requires them to have a unique CV for their transmission through FAIMS.
Under the precise CV to correct for the drift of ion A, ions B and C both drift from the center and
collide with a plate of FAIMS. In this way FAIMS can filter and separate ions based on their Kh
to K ratio by selecting appropriate CV voltage8. Alternatively, FAIMS can scan across a range of
CV’s, getting a total ion compensation voltage spectrum (TICV). The effect of differential ion
mobility can be mediated by the clustering of gas molecules from the curtain gas around the
separated ions. In the low field the gas molecules can cluster around the ions, increasing ion size
and decreasing ion mobility. Conversely, at the high electric field, the ions are stripped of the
clustering gas, decreasing ion size and increasing ion mobility. Thus, the extent of ion clustering
at high and low electrical fields determines the differential mobility of ion A (green). However,
ions (red) with higher ion mobilities at lower electrical fields (Figure 1.2C) experience at least a
partial orientation of the ion in high electrical field along the dipole moment. The type B ions
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experience the effects of clustering initially, followed by the effects of partial ion orientation at
higher fields. Carbon dioxide is a component of the FAIMS nitrogen carrier gas. The carbon
dioxide is involved in inelastic collisions with labile ions, the energy from the collision is
converted to rotational carbon dioxide energy, which prevents fragmentation of labile ions.

FAIMS helps to provides high-quality spectral data that can be used for structural
identification of highly polar, labile compounds. An example of FAIMs ability to collect spectra
of labile ions was shown by Beach; he showed the separation of 16 different 11α-gonyautoxin
epimers. These are highly polar, and very labile compounds that contain large quantities of
interfering analogues. Through the use of FAIMS, these analytes were able to be fully separated,
and resulted in very useful dissociation patterns12.

Figure 1.4 shows a schematic diagram of FAIMS with cylindrical geometry that was used
for the analysis in my research. In the nESI-FAIMS-MS method, a water sample is introduced
through the nESI source where gas-phase ions are generated and enter the annular space between
the cylindrical plates of the FAIMS analyzer. The ions travel along with the carrier gas. An
electrical field is created between two concentric plates; the outer electrode has a constant or
ground potential and the inner electrode is connected to an asymmetrical waveform and supplies
the compensation voltages. FAIMS operates at atmospheric pressure and at room temperature.
FAIMS is an ion filter that transmits selected ions based on their differential ion mobility that
then enter the Quadrupole-Time-of-Flight mass spectrometer (QTOF).
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Figure 1.4: Schematic Diagram of High-Field-Asymmetric-Waveform-Ion-Mobility that was used in
this research. modified from9.

1.1.3 Mass Spectrometry
High performance MS is needed for accurate mass measurements, high resolution and
tandem MS capabilities. Quadrupole-Time-of-Flight (QTOF) was used in my experiments to
separate ions by their mass to charge (m/z) ratios and deliver them to the multi-channel plate
(MCP) detector. The result of the mass measurements is a mass spectrum of the ion abundance to
m/z. The QTOF analyzer is a hybrid mass spectrometer providing mass and tandem mass
capabilities due to its ability to transmit and subsequently detect all ions simultaneously at a rate
of 10,000 spectra per second. The combination of quadrupole and time-of-flight gives a
sensitivity in the attomole (10-18) range, with a resolution of 10,000 FWHM (full width at half
maximum height). The mass range of the QTOF extends to m/z 20,000 with a mass accuracy of
up to 10ppm when determined in conjunction with an internal standard5.

In TOF the mass-to-charge ratio is calculated by determining the time ions take to move
through the field-free region between the source and the detector. Smaller ions travel faster than
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larger ions. Therefore, the relationship between m/z and flying time must be established. An ion
with mass (m) and a charge (q) is accelerated at the source by the potential (Vs), resulting in a
velocity (𝑣), where (z) is the charge state of the ion and (e) is the electron charge13. Therefore,
the kinetic energy of the ion leaving the source is in equation 1.

𝐸𝑘 =

𝑚𝑣 2
= 𝑞𝑉𝑠 = 𝑧𝑒𝑉𝑠
2

(1)

Equation 1 shows that all ions in the same state (z) after being accelerated will have the
same kinetic energy, meaning that all ions that enter the source with the same mass will
experience the same acceleration. After the acceleration ions will travel at a constant velocity
towards the detector. The time the ions take to travel through the field-free region is determined
by the length of the field free region and the ions velocity as shown in equation 213.

𝑡=

𝐿
𝑣

(2)

Figure 1.5: A basic schematic of the
time-of-flight mas spectrometer with
the terms used in equation1. Modified
from5.

Figure 1.5 provides a schematic of the different terms used in equation 1 and 2 and their
origin in the time-of-flight mass spectrometer. To relate the mass-to-charge ratio to time, the
velocity is replaced with the rearranged values in equation 1, which gives equation 3.
𝑚 𝐿2
𝑡 = (
)
𝑧 2 𝑒𝑉𝑠
2

(3)
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The values in the brackets; acceleration voltage (Vs), length of tube (L) and electron
charge (e) are all constant, the time of flight can be shown to be directly proportional to the
square root of the m/z ratio13.

The best way to improve selectivity on a mass spectrometer is to increase its resolving
power. Resolution is the ability to distinguish two peaks with slightly different m/z ratios.
Resolution is defined using equation 4.

𝑅=

𝑀
∆𝑀

(4)

Where M is the mass of the peak, and ∆M is the resolving power, which is measured as
the full width at half maximum peak height.
Therefore, the better the resolving power, the
easier it is to separate two ions that differ by
a small m/z as seen in figure 1.6. Figure 1.6
shows the resolution of 7500 is typical of
QTOF. A resolution of 15000 is typical of
TOF-TOF,

a

resolution

of

60000

is

characteristic of an orbitrap and a resolution
of one million is obtained using FTICR13.
Figure 1.6: The increased separation of peaks
due to increasing resolution. Modified from13.

Therefore, QTOF has a relatively low
resolution however, it is adequate for the

analysis of environmental water samples, when combined with an effective separation technique.
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The resolution is proportional to the flight time, which means that a longer flight tube
increases the flight time, subsequently increasing the resolution. However, a too long flight tube
decreases the number of ions that reach the detector because ions are lost through scattering due
to collision with gas molecules and angular dispersion of the ion beam. That is why a typical
flight tube is 1-2 m. Secondly the resolution is affected by variations in the flight times among
species with the same m/z. These variations are generally due to disparity in the spatial and
velocity distributions of the ions entering the acceleration region. The spatial distribution is due
to differences in the potential ion energy based on different positions of some m/z ions in the
acceleration region of TOF. The ion velocity component is the direction of the flight path of ions
in the acceleration region, which will also increase inflight spreading of ions with the same m/z
ratio. These problems are corrected using a reflectron which compensates for spatial and velocity
disparities between ions of the same m/z5. The reflectron has multiple lenses which have a high
voltage applied to them; with a consistent difference in voltage between consecutive lenses,
allowing for linear potential gradient across the reflectron. The higher an ion’s velocity the
farther it will penetrate the reflectron, allowing ions with the same m/z to reach the detector at
the same time,13,14 despite the initial special and velocity displacements.

Before TOF detection, ions enter the multipole section of the QTOF. It consists of three
multipoles; quadrupole 0 (Q0), quadrupole 1 (Q1), and hexapole 2 (H2) as shown in Figure 1.7.
In MS detection mode, Q0 takes ions from FAIMS and introduces them into Q1. Q1 as well as
H2 works as an ion focusing and transmission device. The hexapole lens transfers ions into the
TOF. In tandem mass spectrometry (MS/MS) detection mode, Q0 takes ion from FAIMS,
focuses them and transfers them to Q1. Q1 acts as the mass analyzer. Ions selected in Q1 are
subjected to collision-induced dissociation using argon in the hexapole (H2). CID products are
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transmitted to the TOF detector. The multi-channel plate (MCP) acts as the detector after ions
travel through the TOF. Ions collide with one surface of MCP, which causes an avalanche of
electrons flowing through channels. There is a collection plate attached that collects the
electrons. Ion count is converted to electrical current represented by very sharp peaks.

Figure 1.7: Schematic Diagram of Quadrupole Time-of-Flight mass spectrometer that was used in this
research. modified from9.

1.1.4 Ion Trap Mass Spectrometry

Despite the numerous advantages previously discussed, QTOF has limited MS/MS
capabilities. Quadrupole ion trap mass spectrometers are still the only devices that are capable of
performing sequential tandem mass spectrometry (MSn) which allows the detailed and extensive
study of gas phase ion chemistry. An ion trap mass spectrometer consists of a hyperbolic shaped
ring electrode and two end cap electrodes of the same geometry (Figure 1.8). An rf voltage is
applied at the central ring electrode, which causes the ions to circulate in a stable, threedimensional orbit trajectory. Increasing the amplitude of the rf voltages destabilises the orbits,
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trapping the lowest m/z ions. Ions
in increasing m/z order are taken
End Cap

out through an opening in the two
+
+
+

+
+
+

+
Central
Ring
Electrode

+
+

end cap electrodes; the ions are
ejected sequentially and detected
with an electron multiplier. Helium

ESI Input

End Cap

gas at 10-3 mbar is used in the ion
trap. It cools the ions through

Detector
Figure 1.8: Schematic of an Ion Trap Mass Spectrometer.
Modified from13,34.

collisions and absorbs the excess
vibrational and rotational energy
from the collisionally excited ions.

Ion trap requires many low energy collisions for ion activation. The resolving power of
prolonged ion trap is 1000-4000 with an m/z accuracy of 0.1, and ~2000 is the maximum m/z10.
The main disadvantage of ion traps is the poor dynamic range, which is due to limited charge
capacity caused by coulombic interactions between ions; these are called space change effects.
Space change effects can be compensated for by trapping the appropriate amount of ions 13. The
ion trap mass spectrometer has a very small volume. Too many ions trapped can distort the
quadrupole electric field and compromise the performance.

The quadrupole ion trap can perform multiple stages of tandem mass spectrometry
independently. The ions of interest are selected based upon their m/z values, all other ions are
ejected from the trap. Increased rf voltage produces more collisions of ions with the helium gas.
Collisionally activated ions dissociate and the product ions are then analysed by scanning the rf
voltage to perform a MS2 mass-analysis scan15. Ion trap is able to perform sequential (MS)n,
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where there is theoretically an unlimited number of MS scans, which is practically limited to
(MS)10. (MS)10 allows excellent structural elucidation13.

1.1.5 Collision Induced Dissociation
In the hexapole collision cell (H2) ions are activated by a higher voltage being applied at the
entrance compared to the voltage applied at the exit of the collision cell. Through the collision
cell, neutral gas molecules (typically helium, nitrogen or argon) collide with the ions of interest.
Noble gases with high ionization potentials and lower reactivity are used as the collision gases.
The collision with the neutral molecules causes some of the ions kinetic energy to be converted
into internal energy; this is termed collisional activation. Collisional activation can provide
enough internal energy to break chemical bonds, causing the ions to dissociate, resulting in
collision induced dissociation (CID).

Only a fraction of the ions kinetic energy gets converted into internal energy. The larger the
neutral molecule is, argon compared to nitrogen, the larger increase in the amount of kinetic
energy that can be converted into internal energy. Additionally, increasing the size of the
molecule and increasing the pressure of the neutral molecules can increase the amount of kinetic
energy converted into internal energy. The more collisions the ion of interest experiences, the
more internal energy that can be produced, but multiple collisions increase the probability of gas
phase chemical reactions occurring1. Quadrupoles use argon gas so that it is able to transfer more
energy per collision compared to smaller atoms. Low-energy collisions excite the vibrational
state of the ions. The fragmented ions that are produced are dependent on the collision energy
that they are exposed too. In low-energy CID, the gas pressure and temperature can affect the
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number of collisions and the subsequent mass spectra. The spectrum produced from 4 eV
collisions is drastically different from the spectrum at 30 eV.

1.2 Gas Phase Reactions of Neutral Molecules with Ions
In addition to collision-induced dissociation, ions can react with neutral molecules in MS.
Ion neutral reactions are rarely observed and are currently poorly understood. Ion-molecule
reactions will be examined in my work, with a particular focus on ions interacting with water.
Specifically, the formation of ketene ions and the subsequent addition of neutral solvents will be
examined in the CID of thiotetronic acids. Additionally, the alkylation of water by specific
products of N-Nitrosodialkylamines will be examined with respect to their dissociation
pathways. Ion-water reactions depend on the amount of water available in the collision cell, the
overall pressure in the mass spectrometer and the reactivity of the ions. Full understanding of
these reactions allows proper analysis and interpretation of mass spectrometry data. The
formation of adducts can cause suppression of the other product ions. Furthermore, the addition
of water can generate false positives; for instance, the addition of water to CID products of
guanosine can generate adduct ions resembling xanthosine1.

1.2.1 The Gas-phase Ion-Neutral Reactions involving Water
Hydration of Peptide Ions

Electrospray Ionization in conjunction with an ion funnel leading to a drift cell ending
with a quadrupole MS was used to analyse the hydration of peptides in MS. Luteinizinghormone releasing hormone (LHRH) was studied. The doubly protonated LHRH picked up more
water than its singly protonated counterpart. Both ions were exposed to -1.5 Torr of water vapor
in the drift cell at 300K; which is a relatively high concentrations of water vapour. Singly
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protonated LHRH managed to only pick up one molecule of water, where the doubly protonated
LHRH picked up three molecules of water19. The MS spectra displaying the hydration of
peptides ions are shown in Figure 1.9.

Figure 1.9: Spectra of singly protonated luteinizing-hormone releasing hormone (a) Spectra of
doubly protonated LHRH (b) with n representing the number of water molecules added to the ion.19.

Metal Water Cluster
Nanospray ionization in conjunction with a Fourier-transform ion cyclotron resonance
(FTICR) mass spectrometer was used to analyse the hydration of transition metals. Lanthanum
(III) chloride at 96°C, when sprayed through Nano-ESI forms [La(H2O)n]3+ clusters with n
ranging from 16-163. The same occurs with copper(II), cobalt (I), and cesium17,18. These water
clusters with the transition metals17 are formed by incomplete solvent evaporation from even
larger charged droplets in the ESI interface. An example of this is shown in figure 1.10.

Figure 1.10: Lanthanum (III) water cluster [La(H2O)16]3+.
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Hydration of Aromatic Diazonium Ions

When aromatic diazonium salts are analysed using thermospray ionization and quadrupole
mass spectrometry, the aromatic diazonium ions react with water in the gas phase. Tandem MS
was performed on every molecular ion peak, which allowed the hydration of the diazonium ion
to become apparent. 4-(Benzoylamino)-2,5-dimethoxybenzenediazonium (m/z 284) reacts with
water in the gas phase generating a peak at m/z 30220 as shown in scheme 1.1.

Scheme 1.1: The hydration of 4-(Benzoylamino)-2,5-dimethoxybenzenediazonium

Hydration of Metal Organic Ions

Protonated tin containing metal organic compounds undergo water adduction during their
fragmentation process in mass spectrometers. In cyhexatin ((C6H11)3SnHOH) there is an initial
loss of H2O to form (C6H11)3Sn+ (m/z 369). There is a subsequent loss of a cyclohexene
molecules to form (C6H11)2Sn+ (m/z 287) and then another to form C6H11SnH2+ (m/z 205); both
the m/z 287 and 205 ions react with water21. This process is seen in scheme 1.2.
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Scheme 1.2: Cyhexatin loses water and a cyclohexane followed by another loss of cyclohexane. Both
products then have an addition of water

Hydration of Ions with a Non-metal Centers

Product ions with a positively charged phosphorus, sulfur, and silicon centers have been
found to react with the H2O ions in mass spectrometers. This was seen when analyzing
phosphorous, sulfur, and silicon containing compounds by triple quadrupole, ion trap and
Orbitrap mass spectrometers. Typically, the protonated ions undergo the loss of a substituent
group, which generates a product ion with the positive charge on the non-metal center. The
protonated center then reacts with water. Diethyl methylphosphonate (m/z 153) loses C2H5OH
and C2H5, resulting in the hydroxy(methyl)oxophosphonium fragment at m/z 79, which water
then adds too, resulting in protonated methylphosphonic acid (m/z 97) which can be seen in
Scheme 1.3. Additionally, as shown in scheme 1.4 protonated hexamethyl-phosphoramide (m/z
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180) undergoes a loss of (CH3)2NH to form the m/z 135 ion and the loss of CH3N=CH2 to form
the m/z 92 ion; both m/z 135 and 92 react with water producing m/z 153 and m/z 110 ions21.

Scheme 1.3: The loss of C2H5OH and C2H5 from diethyl methylphosphonate, followed by the
addition of water, forming methylphosphonic acid.

Scheme 1.4: The loss of (C3H3)2NH followed by the loss of CH3N=CH2 from hexamethylphosphoramide, followed by the addition of water

Protonated sulprophos (m/z 323) undergoes loss of C3H7SH to form the m/z 247 ion
followed by the loss of C2H4 resulting in the formation of the m/z 219 ion. The m/z 247 and 219
ions both react with water, resulting in the formation of the m/z 265 and m/z 237 ions
respectively as shown in scheme 1.521.
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Scheme 1.5: The loss of C3H7SH followed by the loss of C2H5 from Sulprophos, followed by the
addition of water

Octamethyl-cyclotetrasiloxane has numerous silicon centers. Through the loss of methyl
groups, the silicon center becomes positively charged. Water then reacts with the silicocation.
Octamethyl-cyclotetrasiloxane (m/z 297) loses one methyl group producing the m/z 282 ion,
which then reacts with water in the MS, generating the m/z 300 ion as shown in scheme 1.621.

Scheme 1.6: The loss of CH3 from Octamethyl-cyclotetrasiloxane, followed by the addition of water

1.2.2 Reactions of Ketenes (Cycloaddition)
Ketenes are of great interest in organic synthesis. They are commonly formed in synthesis
through the dehydration of acetic acid or isobutyric acid26. They are polar compounds, with a
partial positive charge on the alpha carbon27.

They undergo extensive addition reactions,

including cycloadditions, with a variety of reagents. Ketenes usually act as electrophiles, and
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therefore are susceptible to nucleophile attack. The alpha carbon has a large coefficient of the
lowest unoccupied molecular orbital (LUMO) in the ketene plane28. This leads the nucleophile
attack to occur at the alpha carbon, with electrophilic participation by the oxygen. Conversely,
the beta carbon can be subject to electrophilic attack, this is due to the highest occupied
molecular orbital (HOMO) being perpendicular to the ketene plane, this is an exothermic
reaction29.

Ketenes are capable of reacting with protic solvents and numerous compounds at high
vacuum conditions in the mass spectrometer. For instance, the reaction of ketenes with imines.
The nitrogen of the imine nucleophilic attacks at the carbonyl carbon, which is in the ketene
plane, and leads to a zwitterionic intermediate. The double bond to the oxygen then reforms,
pushing the C-C double bond to attach to the amino carbon; generating the β-lactam22.

1.2.3 Reaction of Ketenes with Water in Gas-Phase Ion Chemistry of Guanine
CID products of protonated guanines interact with methanol and water in the electrospray
source and the collision cell23. There is a small amount of water in the collision cell which cannot
be removed through standard pumping24. The presence of H2O in the collision cell accounts for
many previously unassigned ions (water adducts) in spectra of protonated and deprotonated
guanosine25. In previous investigations of the collision induced dissociation (CID) of protonated
and deprotonated isotopically labelled guanine, the pyrimidine ring opens and closes until the
collision energy is high enough to decompose guanine ions at the pyrimidine ring23. With the
ring opening there is the formation of a ketene group, which promptly reacts with water in the
collision cell and forms a hydrated product ion23. This reaction is shown in scheme 1.9, in which
the m/z 110 and m/z 135 ketene product ions; reacted with H2O, generating m/z 128 and m/z 153
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ions. This was conclusively proven using isotopically labelled H218O as the collision gas; the
ions at m/z 130 and 155 were determined using QTOF25. Furthermore, these spectra also
demonstrated the stability of the H218O-adduct; which only fragmented to the m/z 135 ion at high
collision energies25. The addition of H2O to the ketene turns the ketene into a carboxylic acid
group; the subsequent loss of 44 Da represents the loss of this carbon dioxide group23.

Scheme 1.9: The fragmentation of Guanine, where ketenes react with water.

1.2.4 Ion-Water Reactions in Different Mass Spectrometers
The reaction of 3-formylchromone with water in different mass spectrometers was studied.
In linear ion trap/Orbitrap the reaction of [M+H-H2]+ with water was pronounced, with a
resulting increase in the intensity of the peak representing the loss of carbon dioxide from 3formylchromone, and a decrease in intensity of the [M+H-H2]+ peak. Comparatively, the reaction
of the same [M+H-H2]+ ion with water in the QTOF was less pronounced due to lower pressure
levels of the collision gas and more water vapour. FTICR showed even lower levels of water
adduction, due to a further decrease in pressure.

In the triple quadrupole, the use of nitrogen gas compared to heavier argon gas did not
influence the relative abundance of product ions, however it required a higher collision voltage
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to achieve the same fragmentation27. In the triple quadrupole the ions produced in the ion source
are immediately transferred into the collision cell. This allows the ions to have immediate access
to higher concentrations of water at a high pressure; causing the water to add to the ions
efficiently21. The use of an ion trap allows the activation time to be adjusted. Increasing the
activation time from 5ms to 2000ms leads to complete transformation from protonated 3formylchromone (m/z 173) to the water adducted 3-carboxychromone ion at m/z 19127.
However, the additional time may allow ions to rearrange into non-reactive ions before they
encounter water molecules21. Collision in the ion trap can occur with solvent molecules in
addition to collision with the helium gas. These additional collisions lead to other reaction
pathways, generating unexpected ions28. The CID spectra of deprotonated dicarboxylic acid from
the quadrupole ion trap showed some ion-molecule reactions were occurring because of the
solvent molecules introduced through ESI28.

1.2.5 Source of Adduction Water
The determination of the source of the water that is involved in the hydration of ketenes and
other ions is important. The neutral gain of H2O was observed in numerous different types of MS
instruments, implying that it is not instrument specific. Water can originate from the ionization
source or through the argon gas used as the collision gas. The ionization source is a potential
source of introducing water to the system because ESI is preformed under atmospheric
conditions, allowing moisture into the system and the solvent used contains H2O. To determine
if the solvent contributes to water adduction of the ketene formed during guanosine
fragmentation (Scheme 1.8), a MeOD/D2O solution was prepared, opposed to the typical
MeOH/H2O solvent. If any gain of H2O in the collision cell originated from the solvent, then a
gain of D2O should be seen. Ions were detected at m/z 113 and 137, which were previously seen
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at m/z 110 and 135; showing the structures contain 3 and 2 exchangeable protons respectively.
Subsequently ions were detected at m/z 128 and 153, this corresponds to an addition of 18 Da,
opposed to the anticipated 20 Da. This suggests that the ionization source was not responsible for
the H2O molecules used in the hydration of the product ions in the collision cell25. To determine
if the collision gas was the source of H2O used for adduction, argon gas was doped with H218O.
The fragmentation of guanosine led to ions at m/z 130 and 155, in addition to m/z 128 and 153,
resulting from the addition of 20 Da to the m/z110 and 135 peaks. This suggests that the collision
gas is a source of H2O in the collision cell, however, due to the spectra of m/z 128 and 153
persisting, it suggests there is another source for H2O. Therefore, the H218O doped argon gas was
connected directly to the collision cell valve (by-passing the connective tubing); resulting in
H218O adducted ions being significantly more abundant than the H216O adducted ions. This
suggests that the stainless-steel tubing that connects the gas supply to the collision cell entrance
valve is a source for H2O. This was confirmed when the Q-TOF was flushed for 8 hrs with H218O
doped argon; H218O adducts became more abundant25.

The relative peak intensities of the spectra of the H2O adducted ions were found to be
affected by the pressure in the collision cell. Decreasing the pressure of the collision cell in triple
quadrupole by a factor of two from the standard 1.6 mTorr was found to decrease the adduction
of water with the ketene. Furthermore, when the pressure was increased by a factor of two, the
maximum level of the H2O adducts increased by a factor of 1.827.
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1.3 Objectives
The introduction provided the background information on my research that uses mass
spectrometry to determine the mechanism of ion-neutral reactions of very reactive ions with
trace levels of water. There has been some past misconceptions about ion-neutral reactions that
occur during collision-induced dissociation. For instance, Tuytten et al. proposed that there was
non-covalent water adducts with ions from guanine, where the water is accommodated on the
ionic species through hydrogen-bonding28,29. Therefore, the process of water addition in the
collision cell needs to be examined in detail. Chapter 3 is an investigation of the structural
features and properties of thiotetronic acids generated and found in drinking water from
underground sources in Canada, USA and Europe. In chapter 4 there is an investigation of the
structural features of a synthetic thiotetronic acid. The key element of this work is its ion-water
reaction for gas-phase ion chemistry of thiotetronic acids. Due to the fragile and reactive nature
of thiotetronic acids, their analysis was accomplished using ESI-FAIMS-QTOF. Dissociation
and ion-neutral reactions provides data that is critical for the identification of these unique
structures. In chapter 5 the fragmentation pathway of select analogues of N-dialkynitrosamines
are presented in order to understand the alkylation potential of alkylating agents that are the final
products of the metabolism of these potent carcinogens in biological systems. Sequential tandem
(MS)n using ion trap MS allows these compounds to be analysed; including detailed structures of
alkylating agents such as carbocations and diazonium ions, and their alkylation potential. This
information will help further understand the carcinogenesis caused by aliphatic nitrosamines.
Furthermore, all my investigations contribute to new and better understanding of gas-phase ion
and ion-neutral chemistry caused by collision-induced dissociation.
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2.0 Experimental Procedures and Method Development

In my work I performed three different types of experiments. Non-target analysis was
performed for the identification and examination of environmental TAs from groundwater
sources. A target analysis approach was used to determine the structural features and properties
of a synthetic TA. A detailed intensive study of alkylating agents and their alkylation products
originating from aliphatic nitrosamines that were observed using sequential MS.

2.1 Sample Preparation and Sample Storage

Typically, sample preparation is performed to eliminate matrix effects that would
interfere with the compounds of interest. Through the use of highly selective nESI-FAIMSQTOF we were able to analyse samples directly, without sample preparation except dilution of
groundwater or stock solutions with methanol/water (9/1) containing 0.1 M ammonium acetate.

2.1.1 Chemicals and Standards

The

N-Nitrosodialkylamines

analysed

were

all

commercial

standards.

N-

Nitrosoethylmethylamine (NEMA), N-Nitrosodiethylamine (NDEA), N-Nitroso-n-dibutylamine
(NDBA), N-Nitroso-n-dipropylamine (NDPA) and N-Nitrosodi-n-propyl-d14-amine (NDPAd14) all with a concentration of 2000 µg/mL were obtained from Supelco (Oakville, ON).
Sample solutions for analysis contained the individual N-nitrosamines at 2 ppm concentration,
were diluted to 1/10 v/v in HPLC grade methanol. They were tested in prewashed,
preconditioned amber HPLC vials. Due to the carcinogenicity of theses compounds all sample
preparation had to be performed in a fume hood, with full personal protective equipment on (lab
coat, gloves, goggles). All samples must be stored in sealed vials.
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The synthetic thiotetronic acid was produced and generously provided by the Schwan
Research group. The synthetic compound was dissolved in a methanol/ water (9/1 v/v) buffer
solution with 0.1 mM ammonium acetate. There was 5 µL of the synthetic TA stock solution
added to 100 µL of buffer solution. The groundwater samples used were obtained from Canada.
Prewashed jars with Teflon lids were used to store all samples. All samples were stored in a
refrigerator at 5°C. Groundwater samples were diluted 10-fold with the same solution as the
synthetic samples.

2.2 Optimization of Instrumental Parameters

2.2.1 Sample Introduction Using a Nano-Flow UPLC System

50 µL of the diluted samples were introduced into the 21°C injection loop using a Nanoflow microfluidics system into the nano-Electrospray Ionization source. The optimal flow rate of
400 nL/min was used to deliver every sample to the ESI for over two hours.

2.2.2 Nano-Electrospray Ionization

Protonation of molecules in nESI causes the formation of positively charged ions. nESI
can produce intact ions of highly polar compounds like TAs, that typically fragment
spontaniously36. A camera was used to monitor the stability of the electrospray and to ensure the
uniformity of the Taylor cone (Figure 2.1).

3500V

2500V

(A)

4000V

(B)

(C)

Figure 2.1: The Taylor cone produced at a capillary voltage of 2.5kV (A), The Taylor cone
produced at a capillary voltage of 3.5kV (B) and the Taylor cone produced when the capillary
voltage is set to 4kV (C).
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The microfluidics of nESI provide a stable constant flow rate. The optimal electrical
potential at the nano-ESI capillary is around 3500 V in positive mode and around -3000 V in
negative mode. These voltages provide a steady and uniform Taylor cone (Figure 2.1B). Samples
with higher surface tensions are more difficult to stretch into Taylor cones, and therefore require
slightly higher electric potentials to be applied.

The ESI probe must be properly positioned in relation to the entry of FAIMS to obtain
the best results. If the ESI probe lines up directly with FAIMS, then large droplets and lots of
solvent will be sprayed directly into FAIMS. This will cause contamination of FAIMS and
poorer performance. Therefore, the ESI probe will be positioned using off-axis geometry; the
probe will be directed at a 20-degree angle to the entrance of FAIMS. This allows only
desolvated ions to enter FAIMS.

2.2.3 Optimization of Ion Transmission at the Vacuum Interface
The lability of thiotetronic acids means that the standard parameters used for nESIFAIMS-QTOF must be adjusted. There are three main sites of ion dissociation in nESI-FAIMSQTOF MS; the nESI, the vacuum MS interface and the multiple sections including the collision
cell in the MS. The parameters that are typically used for the QTOF have been optimized by the
manufacturer (Waters) to provide optimal resolution, sensitivity and accuracy for the widest
range of compounds. However, these parameters are not appropriate for the analysis of
thiotetronic acids. Therefore, they were optimized using the tuning pages of the MassLynx
program.

Ions are sprayed towards FAIMS, which then separates the ions and transmits the ions
towards the sampling interface of the MS. Ions enter the region between the sample cone and the
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extraction cone, as seen in Figure 2.2.
nESI and FAIMS operate at atmospheric
pressure, however, the TOF portion of
QTOF is held is at a high vacuum
pressure (3.9x10-6). The region where the
ions enter the instrument is therefore
under vacuum, causing ions to experience
Figure 2.2: Schematic of the vacuum interface
and then introduction in the mass spectrometer.
Modified from13.

a significant pressure change as they enter the
MS. The pressure difference in the region

between the sample cone and the extraction cone, can still be detrimental to labile ions. A
potential is applied to both the sample cone and the extraction cone. The potential difference
between the sample cone and the extraction cone is what determines the kinetic energy of the
ions entering the MS. The potential difference must be great enough to produce kinetic energy
for ion transmission, while being low enough to not cause the dissociation of labile ions. This is
controlled by changing the voltage applied to each electrode.

Figure 2.3 shows the tuning page for the nESI and the introduction of ions into the mass
spectrometer. Temperature, gas flow, and the syringe pump parameters were not changed. The
capillary voltage was kept between 3500-4000V in positive mode to obtain the Taylor cone. It
was kept at -3000 to -3500 V in the negative mode. It is high enough to stretch the Taylor cone,
and provide stable spray.
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The

sample

cone

voltage

was

recommended to be between 30-70 V37, it
was changed to 20 V. The extraction
cone voltage is typically set between 02.0 V37, it was optimized at 2.0 V. The
change in the voltages applied at the
sample

cone

optimized
decreasing

the
ion

and

extraction

potential

cone

difference,

fragmentation

and

allowing softer transmission without
compromising on ion transmission and
sensitivity.

Figure 2.3: The MassLynx tuning page for the ESI
and the introduction into the mass spectrometer.

2.2.4 High-Field Asymmetric Waveform Ion Mobility Spectrometry

An Ionalytic Selectra FAIMS analyzer (Waters, UK) will be used in this method as the
main separation technique. The FAIMS device has a cylindrical geometry (opposed to planar).
The cylindrical shape of FAIMS allows for longer residence time for the ions, which leads to
improved resolution and focusing. The ions are introduced between the electrodes, and are

30

carried in a carrier gas of 20% carbon dioxide and 80% nitrogen (Praxair Canada Inc.) gas at
flow rate of 1.3 L/min.

FAIMS can be scanned to obtain the total ion compensation voltage (TICV) spectrum
from a range of compensation voltages. This TICV spectrum shows the total intensity of ions
transmitted through FAIMS at each CV. Additionally, the FAIMS can be stopped at a select CV
to collect MS or MS/MS spectral data for over two hours.

The performance of FAIMS depends on numerous instrumental parameters, such as
carrier gas flow rate, and the different voltage settings. The Outer Bias voltage is set to 130V.
The dispersion voltage is set to 4000V, and the curtain voltage is +1000V for positive mode and
-1000 for negative mode as shown in figure 2.4. A large array of CV scans was used to obtain
the distribution of ion especially in the groundwater samples

Figure 2.4: The Ionalytics Selectra tuning page for FAIMS.
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2.2.5 Quadrupole Time of Flight Mass Spectrometer

The nESI-FAIMS-QTOF MS technique contains two different detection modes. This
method of mass analyses is discussed in section 1.1.3. To obtain optimal results the quadrupole
and hexapole parameters were set to detect small and fragile ions.

2.2.6 Optimization of Quadrupole Parameters
Labile ions can dissociate inside
the mass spectrometer, mainly in the
hexapole collision cell. Figure 2.5 shows
the tuning page for the quadrupole and
hexapole portion of the MS. It is in this
portion where the DC transmission
voltages of the hexapole and quadrupoles
are set. The voltage applied at the
hexapole (H2) has the largest affect on
ion dissociation. The DC voltage applied
at H2 corresponds to the collision energy
(CE) on the tuning page. In the MS mode,
the collision energy is set to 4V to
decrease
Figure 2.5: The MassLynx tuning page for the
Quadrupole portion of the mass spectrometer.

ion

fragmentation.

In

the

MS/MS mode the CE is adjusted in order
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to get varied levels of fragmentation. Low collision energies (4V) are used to prevent
fragmentation of extremely labile ions. The collision energy can then be increased gradually to
slowly see further fragmentation.

2.2.7 Optimization of Time-of-Flight

The main three sections in the time-of-flight tuning page are transfer lens, TOF flight
tube and MCP detector (Figure 2.6). The transfer lens settings are optimized to maximize the
sensitivity and the resolution of TOF. These parameters control the ion beam entering the flight
tube, therefore, they must focus the beam before it enters the pusher-puller region (Figure 2.7).

The TOF flight tube settings
control the acceleration of the ions as
they leave the pusher and puller region,
and the drift experienced by the ions in
the flight tube. These parameters greatly
affect resolution, peak shape and the
accuracy of the m/z measurement. The
main parameters of interest in this
section are those labelled the pusher and
puller. The pusher is the backplate of the
acceleration region. The voltage applied
at

this

plate

causes

orthogonal

acceleration of the ions. The standard

Figure 2.6: The MassLynx tuning page for the Time-ofFlight mass spectrometer.
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setting for the pusher region is typically 830 V41. The puller region is a grid that is in parallel to
the pusher region, see figure 2.7 for a schematic of the pusher-puller region. The pusher and
puller in conjunction leads to the acceleration of the ion into the TOF. The pulse voltage
typically applied at the puller grid is 645 V41. If the pusher value is too high in comparison to the
puller region, it results in peak tailing and a negative mass error. Conversely, if the puller value
is too high in comparison to the pusher value it causes peak fronting and a positive mass error.
The optimized values of the pusher are 825 V in the positive mode, and -835 in the negative
mode. The optimized values for the puller region are 660 in the positive mode and -630 in the
negative mode.

The repetition frequency of the
pulses of the pusher-puller region (cycle
time) must be sufficient so that the ions
with the largest m/z are able to reach the
detector before the start of the next
cycle.

These

frequencies

manipulated either
Figure 2.7: A schematic of the pusher-puller region in
the time-of-flight portion of the mass spectrometer.

can

be

automatically or

manually.

The microchannel plate (MCP) acts as the TOF detector and amplifier. The MCP voltage
setting is optimised by increasing the voltage until a plateau in signal intensity is achieved. This
optimization is done by setting the voltage so that 80% of the plateau height is reached. Such
conditions provide enhanced ion detection and an accurate mass measurements37. A MCP
voltage of 2700 V was used in the analysis of thiotetronic acids (Figure 2.8). All other
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parameters in the TOF tuning page were optimized according to manufacturer recommendations
(Figure 2.6).

2.2.8 Calibration of QTOF with Formaldehyde

The QTOF mass spectrometer was calibrated using a diluted formaldehyde solution,
made by diluting 7 µL of formaldehyde (37.3% by weight, Fisher Scientific, Fair Lawn, NJ,
USA) in 1 mL of a 9/1 methanol/water solution containing 0.1 mM ammonium acetate. The
solution was injected into the nESI at a flowrate of 5 µL/min. The source was kept at 80°C, with
a cone N2 gas flowrate of 20 L/h and the desolvation nitrogen gas flowrate of 380 L/h. The
electrospray capillary voltage was set to 2000 V in the positive mode, all other parameters were
kept the same as previously discussed.

Spectra were collected for 10 minutes with a scan time of 1 second per 1000 counts
continuum data for the lowest spectral intensities considered for calibration. The spectra showed
evenly spaced peaks of ions corresponding to polymethylene glycol. A blank was run of just the
buffer solution through ESI-FAIMS-QTOF to determine if the signal spectra is a direct result of
the species of interest in solution or if the signal is affected by the background effect of the
simple buffer solution, or the detection method. It was demonstrated that the sample buffer
introduces very low background signal, that is over 100 times lower than the signal produced by
the ions of interest.

2.2.9 Quadrupole Ion Trap Mass Analyzer
The N-nitrosamine samples were run on a quadrupole ion trap. The samples were
introduced into the Finnigan LCQ Deca Quadrupole Ion Trap using a syringe pump, with a flow
rate of 1-5 µL/min. The electrospray source was operated as described in section 1.1.4. The
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electrospray source was operated at a flowrate of 1 µL/min in the positive mode, with the spray
voltage set to 5500 V, to optimize ionization. The heated inlet capillary was set to 200°C to
desolvate the analytes. The tube lens offset voltage was set to 0 V to transmit ions in the source
and to decrease ion fragmentation during transmission as much as possible. The instrument
optics were optimized for efficient transmission of ions to the ion trap. The multiple 1 offset was
set at -8.0 V, the lens voltage was set at -24.0 V, the multipole 2 offset was set to 11.0 V, the
multipole rf amplitude was set to 200.0 V and the entrance lens was set to -50.0 V.
MS mode and sequential tandem (MS)n experiments were run by isolating the ions of
interest, with an isolation window of 1Th and an activation time of 30 ms. The normalized
collisional energies (NCE) was specific to each experiment and will be indicated in the spectrum
specifically. The accumulation time was set to 15 ms and the isolation window was set at 1
a.m.u. All spectra were normalized to the base peak. Additionally, a blank was run through ESIQuadrupole Ion Trap, consisting of 1/10 methanol. The blank produced over ten times lower
background signal than the signal produced by the analytes of interest.

2.3 Interpretation of Reaction Chemistry of Protonated Ions in the Gas-Phase
Structural identification of non-target compounds relies entirely on the interpretation of
spectral data from MS and MS/MS. For thiotetronic acids there is no commercial standards
available, so initial identification must be based on spectral data. Identification of unknown
compounds is preformed by co-relating the observed data obtained by MS and MS/MS with
known gas-phase chemistry rules and principles. This is done by comparing the fragmentation
patterns to analogous species. Congeners have fragmentation patterns that resemble each other,
there will be neutral losses and some product ions that are similar or slightly shifted. However,
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some structural changes can cause dramatic changes in reactivity and fragmentation patterns. In
those cases, the impact of structural modifications on reactivity must be explained. For instance,
resonance stabilization, inductive stabilization or steric effect can all have drastic ramifications
on reactivity and the subsequent fragmentation patterns. Additionally, CID often occurs at
vibrationally excited energy levels, which can cause the charge to transfer from the lowest
energy structure42.

The site of protonation or deprotonation in solution, is not always the lowest energy
position and therefore it is not always the site of ionization in the gas phase. This is because in
the gas phase there is less stabilization of a compound by solvent molecules. Compounds in the
gas phase are stabilized by intramolecular effects namely, resonance, inductive effect and
intramolecular interactions such as hydrogen bonding. In the gas phase, the charge can become
delocalized throughout the system of the pi-orbitals; the ions are stabilized through resonance of
a conjugated system. Any site where the charge can be delocalized has the potential to induce a
reaction when energy is gained through collisional excitation. Fragmentation can cause the
redistribution of charge which may lead to reactions occurring which result in the further
elimination of neutral molecules, the transfer of protons or the rearrangement to a more stable
product. The overall stability of ions with delocalized charges is one of the main contributing
factor in their formation and subsequent observation in MS/MS. When elucidating unknown
compounds from MS spectra, the lack of a specific fragment or loss, can be just as beneficial
because that lack of loss can suggest that that loss would cause an unstable product ion43.

Ions may be involved in collision activation which can lead to ion neutral reactions inside
the mass spectrometer42. Ions are also subject to the reactions of highly reactive dissociation
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products with solvent molecules. These ion reactions can provide further knowledge on the link
between gas-phase and solution chemistry for fragile species, that cannot typically be analysed in
solution42.

Tautomerization can occur as a reversible process in the gas-phase, the favourable
tautomer is determined based the stability of the charge42. Even tautomerization reactions that are
not favoured in solution, can often become accessible while in the gas-phase, especially if
collision induced energies are high. Tautomerization can occur in the precursor ion prior to
dissociation, or after dissociation when energy levels are higher44.

The structural features and chemical properties of the TAs were established based upon
their dissociation pattern and gas-phase chemistry. The N-Nitrosodialkylamines’ structural
features were examined based upon their dissociation patterns. A large number of ions were
investigated in my research that exhibit unique ion-neutral reactions in the collision cell. Water
molecules are involved in reversible processes of solvent attachment, which will be examined
and discussed on in the following chapters.
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Chapter 3- Investigation of the Structural Features and Properties of Groundwater
Thiotetronic Acids
3.1 Groundwater

Groundwater is water typically within 100 metres of the surface; it is found in the spaces
between particles of rock and soil, or in crevices and cracks in rocks. Aquifers are formations of
permeable rock or loose material that hold useful quantities of water underground that can be
tapped by a well. Typically, aquifers are the main source of water in rural areas. Groundwater
accounts for 30.9% of the total fresh water worldwide; additionally, it is the most readily
available source of water due to the majority of water being frozen in glaciers and ice caps. In
Canada, 9 million people depend on the use of groundwater51.

The constituents of the water that enters groundwater reservoirs and the geological nature
of the soil determines the composition of the groundwater. Groundwater is typically found to
contain microorganisms, gases, inorganic and organic materials. Generally, groundwater
contaminants are harmless or even beneficial; however, there are toxic contaminants that appear
in groundwater52. Compared to surface water, groundwater has fewer bacteria due to the soil and
rocks screening some of the bacteria53. The increase in population, industry and farming has led
to more pollution leaching into the soil and subsequently the groundwater. Groundwater is
naturally acidic, due to the gases that have dissolved in it; however, limestone has the opposite
effect on groundwater pH. The acidic water favours the reaction of water with rock, dissolving
minerals into the groundwater51. The most common species found in ground water are carbon
dioxide, sulfate, sodium ions, calcium ions, magnesium ions, bicarbonate and potassium ions36.
If the concentration of any of these species exceed 1000mg/L the water is not considered
desirable for drinking53.
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3.2 Sulfur Containing Compounds in Groundwater

There is limited information about the sources that contribute to groundwater sulfur
levels. Groundwater is known to contain dissolved natural organic matter (NOM). Soil
microorganisms and the subsurface matrix appear to be the main source of NOM50. Based on the
elemental analysis of NOM; the component of NOM appears to contain a high quantity of sulfur.
It is suspected that the unexpected high levels of sulfur are due to leaching from septic systems
and atmospheric sulfur in rain events causing high levels of sulfur in the subsurface matrix38.
Unknown sulfur containing compounds make up an estimated 20% of the natural components in
groundwater54. Longnecker and Kujawinski discovered that sulfur and nitrogen containing
compounds were abundant in groundwater. They found 292 chemical features that could be
matched to m/z values of compounds found in the Kyoto Encyclopedia of Genes and Genomes
(KEGG). Of which only 88 had one structural isomer in KEGG, and therefore could only get an
elemental composition without isomers44.

3.3 Thiolactomycin and Thiotetronic acids

Thiotetronic acids (TA) are a class of acids with the structure shown in Figure 3.1A. R1
and R2 groups are typically non-polar. R3 is most commonly a hydrogen, an alkyl group or a
polar group. Thiolactomycin is currently the most commonly investigated TA (Figure 3.1B).
TLM

was

initially

isolated from the grampositive
Nocardia
Figure 3.1: The structure of a Thiotetronic acids (A). Thiolactomycin (B).

bacterium
sp46.

TLM
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acts as an antimycobacterial agent. TLM is effective in combating several pathogenic bacterial
strains, however it is not stable enough to be used as a reliable pharmaceutical. TLM works by
inhibiting fatty acid synthase II (FAS II) that consists of monofunctional enzymes that generate
mycolic acid precursors47. TLM effects one of these monofunctional enzymes called betaketoacyl acyl-carrier-protein synthase (KAS) I. KAS I is a chain elongation enzyme, it adds two
additional carbon atoms to FAS I48. TLM mimics the substrate malonyl-AP which typically
binds to the active site of KAS I in plants and bacteria49. Binding to this active site is stabilized
by hydrogen bonding to histidine 298 and histidine 33347. KAS I is essential in plant and
bacterial growth; providing type II fatty acids that serve as building blocks for the biosynthesis
of membrane phospholipids and lipopolysaccharides50. The FAS(II) pathway is absent in
mammalian species, which prevents TLM from being toxic to humans50. In animal studies TLM
was found to have an LD50 of 1.689 g/kg in rats48. The similarity in structure between
thiotetronic acids suggests that other TA compounds should be pharmacological active against
pathogens exhibiting type II fatty acid synthase.

3.4 Thiotetronic Acids in Groundwater

Dr. Lyczko has shown that TAs are the most abundant small organic component in
groundwater and bottled water collected from underground sources in Canada, North America
and Europe. Over 100 sulfur-containing compounds were identified in groundwater samples
using electrospray ionization and high field asymmetric ion mobility spectroscopy in conjunction
with tandem mass spectroscopy (ESI-FAIMS-MS/MS)54.
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The total ion compensation voltage (TICV) of groundwater thiotetronic acids is presented in
Figure 3.2A. Figure 3.2B shows the spectra of the same sample. The unique structures were
determined by non-target analysis. The m/z 184 thiotetronic acid ion was of particular interest in
my work due to the presence of a cyano group. It is the only nitrogen containing TA. The
nitrogen atom in the cyano group makes the determination of its fragmentation pathway easier.
The presence of the nitrogen group creates more confidence and less ambiguity in determining
the losses experienced.
(A)

CV= 0-40 V

(B)

Figure 3.2: The Total Ion Compensation Voltage of a groundwater sample collected in British
Columbia. Sample analysed at a CV voltage of 0-40 V (A). The spectra of the TICV (B).
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3.5 Assignment of Peaks of a Groundwater Thiotetronic acid
The spectra obtained from water samples in the MS mode and the tandem MS mode were
used to determine the chemical structure of the compounds in water. This data allowed their gasphase chemistry to be elucidated. The use of FAIMS allowed different collision energies to be
used during tandem MS to control the extent of collision induced dissociation that occurs. That
allows the degree of fragmentation to be analysed.

Initially the water sample is run through the ESI-FAIMS-QTOF, to detect all ions in the
water sample. An example of this spectra is seen in figure 3.2B. The tandem MS of the m/z 184
peak is further analysed. It is initially run at extremely low activation conditions of a collision
energy of 4 V; producing the five fragment ions shown in figure 3.3 A. The tandem MS was
further run at a higher collision energy of 20 V, this generates three additional fragment ions to
be separated as shown in figure 3.3 B. Each fragment detected in the tandem MS of the m/z 184
peak, has further pseudo-tandem MS/MS/MS performed, those spectra are included in the
appendix. In pseudo-tandem MS/MS/MS, FAIMS separation is used to isolate the ion of interest,
then the molecular ion dissociates at the source of the MS, the product ion of interest is then
selected and undergoes further fragmentation in the collision cell. These fragments allowed for
the determination of the chemical structure for this thiotetronic acid. Furthermore, these
fragments allow the gas-phase reactions to be established.
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(A)

(B)

Figure 3.3: MS mode spectra of a water sample collected in Canada. The MS/MS spectra with
the product ion of m/z 184 at CV= 4 V (A). The MS/MS spectra of the product ion of m/z 184 at
CV=20 V (B).

There are two pathways in which the m/z 184 ion fragments. Pathway A shows the structure
of the m/z 184 ion (1) and its subsequent fragments in scheme 3.1. There is initially a ring
opening of the m/z 184 ion, which forms a reactive ketene group (2). The ketene group picks up
water forming the m/z 202 water adduct (3). The ring opening process and subsequent water pick
up are reversible reactions occurring at equilibrium. The loss of CH2CN from the m/z 184 ion (2)
generates the m/z 143 ketene ion (5). The m/z 143 ketene ion then picks up a water molecule
generating the m/z 161 ion; it then rearranges to form a second ketene group (7). The loss of
CH2CN from the m/z 202 water adduct (3) generates the m/z 161 fragment (11) which then
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rearranges forming the same m/z 161 ketene ion as that produced by the m/z 143 ion. The ketene
of the m/z 161 ketene ion is then able to pick up water forming the m/z 179 water adduct (8).
The m/z 143 ion (5) can experience the loss of HCCOH generating the m/z 101 ketene ion (9).
The m/z 101 ion can pick up water forming the m/z 119 water adduct (10). The m/z 101
fragment (9), can also dissociates into the m/z 83 fragment (12). The m/z 83 ion degrades at the
compensation voltage of 30 V leaving only a proton.

There is an alternative pathway for the formation of the m/z 142, 124, 101, 119 and 83
fragments to that offered in scheme 3.1. This alternative pathway B is shown in scheme 3.2. It
starts with the ring opening of the m/z 184 ion (2), which then loses HCCOH and generates the
m/z 142 fragment (4). When the m/z 142 fragment rearranges and subsequently loses H2O it
forms the m/z 124 fragment (5). The m/z 142 fragment can lose the H2CCNH group which will
generate the m/z 101 ketene fragment (6); the m/z 101 fragment can then lose H2O generating
the m/z 83 fragment (7). Comparatively the m/z 142 fragment (4) can lose H2CCNH and H2O
simultaneously providing another route for the formation of m/z 83 (7). Similarly, to scheme 3.1,
the m/z 83 fragment fragments to a proton. The unique fragmentation products of the m/z 184
ion allow the structure and reactivity to be elucidated.
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Scheme 3.1: Fragmentation pathway A of protonated thiotetronic acid which was detected in
groundwater samples at the collision voltages of 4V-20V.
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Scheme 3.2: Alternative Fragmentation Pathway B for the formation of the m/z 124, 101, 119 and 83
fragments, produced through the protonation of a thiotetronic acid which was detected in groundwater
samples at the collision voltages of 4V-20V.

3.6 Ketenes
The ketene-water reaction occurs in solution through a concerted six-membered transition
states involving two water molecules. The C=O addition is preferred over the C=C addition, this
is seen in solution when the energy barrier of C=O is 172 kJ/mol, 9 kJ/mol lower than that for
C=C hydration32. The water attacks at the LUMO28 through the C=O double bond, which is in
the ketene plane, and leads to a 1,1-ethenediol intermediate. It then tautomerizes to the more
stable carboxylic acid moiety33. The oxygen atom can accept and redistribute the positive charge;
this ability makes the C=O attack preferable over the C=C position32. The adduction of water is

47

better modelled, with lower energy barriers by the attack of water dimers, compared to water
monomers32. The 1,3-H-shift of the enediol to the carboxylic acid is greatly accelerated with the
presence of an additional water molecule. The mechanism of this reaction is presented in figure
3.4. The addition of water may occur at low collision energies, however at high collision
energies the ions may undergo dehydration and further fragmentation before H2O can be added24.
This is further proven by the presence of the m/z 202 ion when performing tandem MS on the
m/z 184 ion at low collision energy (4 V) but not at high collision energies (20 V) as shown in
figure 3.3B.

Figure 3.4: The reaction mechanism of water with a ketene.

3.7 Formation of a Ketene and Water Addition to Thiotetronic Acid in the Gas-Phase
When the thiotetronic acids are ionized in positive mode, the proton is added to the sulfur
in the ring. As shown in Figure 3.3A, when at a low collision energy, the only reactions that
occur is the dissociation of the m/z 184 product ion to the m/z 143 ion, and the subsequent water
addition reactions.

The groundwater thiotetronic acid with a molecular ion peak at m/z 184 has a cyano
group in the R2 position and an ethyl group in the R1 position. In order to go through the
fragmentation that forms a ketene; the ketone group on the C4 carbon has to be in the enol form.
The five-membered ring is opened, and a ketene is generated. The positive charge is moved to
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the C4 position as shown in scheme 3.3. The ketene structure has the same molar mass as the
original fragment. This is a reversible reaction, if there is more energy activation, the ring is able
to close again.

Scheme 3.3: The formation of a ketene group in the thiotetronic acid found in groundwater.

The water that is contained within the collision gas and in the stainless-steel tubing
connected into the collision cell cannot be fully removed. Therefore, despite the low pressure and
pure collision gas, there is always some water remaining in the collision cell. The TA from
groundwater forms a ketene as shown in scheme 3.3. The H2O in the collision gas performs a
nucleophilic attack on the carbon at the C2 position, which leads to the formation of a 1,1ethenediol intermediate. There is then a 1,3-H-shift of the enediol to the carboxylic acid as seen
in scheme 3.4. This leads to the creation of the m/z 202 water adduct. Water adduction is a
reversible reaction, if more energy is added, then a loss of water can be seen from the m/z 202
ion.

Scheme 3.4: The nucleophilic attack of water on the ketene of the m/z 184 ion.
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The process of the formation of a ketene followed by the addition of water is seen again
through the m/z 143 ion. The 184-parent ion experiences the ring opening seen in scheme 3.3.
The m/z 184 ion then experiences a proton transfer as shown in scheme 3.5, this results in the
elimination of the H2CCNH moiety which generates the m/z 143 ketene ion. It occurs again in
pathway A; the m/z 202 ion loses H2CCNH through the same process, there is a proton transfer
to the cyano group from the hydroxyl group, causing the loss of the H2CCNH moiety.

Scheme 3.5: The fragmentation of m/z 184 to m/z 143 through the loss of H2CCNH.

The m/z 143 ketene ion then picks up water similarly to the process outlined in scheme
3.4 generating the m/z 161 water adduct. The m/z 161 ion then undergoes a rearrangement, the
sulfur attacks the C3 carbon, generating another ketene moiety as shown in scheme 3.6. The
rearranged m/z 161 ketene ion is then capable of water adduction following the same process
outlines in scheme 3.4, producing the m/z 173 ion

Scheme 3.6: The rearrangement of the m/z 161 ion.
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3.8 Dissociation from the m/z 143 Ion

While the m/z 143 ion is capable of the previously outlined water addition process, it can
also dissociate at higher energy levels in CID as presented in Figure 3.3B. There is initially a
proton transfer to the ketene group, leading to the elimination of the HCCOH moiety and
generating the m/z 101 ketene ion shown in scheme 3.7. The m/z 101 ion is capable of picking
up water (scheme 3.7), generating the m/z 119 water adduct.

Scheme 3.7: The fragmentation of m/z 143 to m/z 101 ion which then picks up water generating
the m/z 119 ion.

The m/z 101 fragment undergoes a rearrangement creating an ethylene sulfide ring. There is
then a proton transfer to the oxygen from the CH3 group. The newly generated ion rearranges,
breaking the ethylene sulfide ring, causing the loss of water and producing the m/z 83 ion as
shown in scheme 3.8. The m/z 83 ion then dissociates to a proton.
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Scheme 3.8: The fragmentation of m/z 101 to m/z 83 through the loss of the water.

3.9 The Dissociation Pathway B
The loss of HCCOH from the m/z 184 ketene ion causes the formation of the m/z 142
fragment. In pathway B the process is shown; it forms two different structures for the m/z 142
fragment. This is because the proton for the proton transfer comes from the HS group or the
cyano group. The formation of the structure containing the three-membered ring is the least
favoured due to steric hinderance of the ring, however, the three-membered ring structure is
known to be produced due to the presence of the m/z 124 fragment. In the three-membered ring
pathway, there is a proton transfer to the ketene oxygen from the HS group, which causes the
elimination of the HCCOH group as shown in scheme 3.9. In the open structure pathway, the
proton transfer comes from the hydroxyl group allowing a ketone to form and the elimination of
the HCCOH group. This is shown in scheme 3.9.

Scheme 3.9: The fragmentation of m/z 184 ion to m/z 142 ion through the loss of the HCCOH.
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The 3-membered ring m/z 142 ion experiences a proton transfer to the hydroxyl group,
which leads to the formation of a thioketone and the subsequent elimination of water resulting in
the formation of the m/z 124 ion as shown in scheme 3.10.

Scheme 3.10: The fragmentation of m/z 142 ion to m/z 124 ion through the loss of the water.

The open m/z 142 ion experiences the loss of H2CCNH similar to the reaction shown in
scheme 3.5. Initially there is a proton transfer to the nitrogen atom from the ethyl group, which
leads to the elimination of H2CCNH, resulting in the m/z 101 ion (scheme 3.11A). The m/z 101
ion either reacts with water in solution following the same mechanism presented in scheme 3.7
or it loses water. The loss of water is initiated by a proton transfer to the oxygen atom from the
HS group, generating a hydroxyl group and a three-membered ring, which then experiences an
additional proton transfer which leads to the loss of water, resulting in the m/z 83 ion as shown
in scheme 3.11B. The m/z 83 ion then dissociates to a proton.

Scheme 3.11: The fragmentation of m/z 142 ion to m/z 101 ion through the loss of the H2CCNH
(A). The fragmentation of the m/z 101 ion to the m/z 83 ion through the loss of water (B).
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3.10 The affect of Tautomerization on Thiotetronic Acids
The groundwater thiotetronic acid has the potential to form three different tautomers as
shown in figure 3.5. However, only one tautomer (B) is capable of being involved in the
formation of the ketene and therefore only (B) is observed in groundwater. The cyano group

Figure 3.5: The three different tautomers possible for these groundwater TAs.

provides hydrogen bonding to the hydroxyl group, stabilizing this enol form. The structure is
confirmed by the dissociation pathway of the compound. The presence of the ketene is very
important due to its potential use in binding to the activation site in biological species. The
ketene is able to reversibly bind to the sulfur in the activation site, and the sulfur in the TA is
able to hydrogen bond to the activation site47. Additionally, the ketene allows the TA to pickup
water within the collision cell. The formation of the ketene is characteristic of the groundwater
thiotetronic acids.

3.11 Conclusion

The analysis of groundwater TAs were performed by ESI-FAIMS-QTOF. The specific
fragmentation patterns produced in MS mode and subsequent tandem MS mode provide the
information required to determine the structure of the original compound and their subsequent
fragments. The dissociation patterns of the groundwater TA while in the gas phase includes the
loss of the H2CCNH group, the HCCOH group and a loss of water. Additionally, of importance
is the unique ability of the groundwater thiotetronic acid to react with free water in the collision
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cell. The TA was able to form a ketene which subsequently reacts with available water. This is
shown by additions of m/z 18 to the parent ion and some product ions in the spectra. The
formation of the ketene is predominately caused by the ability of the groundwater TA to exist in
the enol form (Figure 3.5B), which easily generate the ketene ion. The reaction of the TA with a
nucleophile so easily at very low collision energies demonstrates the extremely fragile and labile
properties of TAs. This analysis provides further understanding of groundwater thiotetronic
acids, their fragmentation pathways and their reaction properties in the gas-phase.
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Chapter 4- Investigation of the Structural Features and Properties of Synthetic
Thiotetronic Acids
To fully determine the properties of groundwater thiotetronic acids, synthetic standards
that are representative of the groundwater TAs needed to be produced. Previously, numerous
TAs have been created, however, they all contained relatively nonpolar R groups47. There is a
problem with the synthesis of TAs with polar R groups. My initial objective of this research was
the determination of the biological properties of polar TAs. As a result of the difficulty in this
synthesis, one new synthetic TA was produced by the Schwan Research group for further
analysis.

4.1 Assignment of Peaks of a Synthetic Thiotetronic acid

The synthetic thiotetronic acid was analysed the same way as the groundwater samples, using
the ESI-FAIMS-QTOF. The spectra was obtained for the synthetic TA sample in the MS mode,
tandem MS mode and pseudo MS/MS/MS mode. This data allowed the reactions and subsequent
fragmentation that occurs in the collision cell to be examined and its chemical structure to be
determined. Different collision energies were used when measuring tandem MS in FAIMS to
control the degree of dissociation of the compound.

The TICV spectrum determined that this compound had a molecular ion peak at m/z 247
as shown in Figure 4.1A. The tandem MS was then performed on this ion with a collision energy
of 10V; at lower collision energy voltages the smaller peaks (m/z 115, 55) were not seen. The
outcome of this spectra is shown in Figure 4.1B. There are initially nine distinct fragments,
which then had pseudo MS/MS/MS performed which can be seen in the appendix. Accurate
mass measurements allow the elemental composition of precursor ions and CID products to be
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determined. Additionally, the dissociation pathways were used to identify their structures. These
spectra provide the information necessary to determine the mechanisms of these gas-phase
reactions. The tandem MS spectrum of the m/z 183 fragment is presented in figure 4.1C to show
that the loss of water from the m/z 201 ion is a reversible reaction, additionally the tandem MS
spectra of the m/z 183 ion shows the m/z 141 peak that is not seen in Figure 4.1B.

(A
)

(B
)

(C
)

Figure 4.1: The TICV spectrum of the synthetic TA sample (A). The tandem mass spectra of
the molecular ion peak at m/z 247 (B). The tandem mass spectra of the m/z 183 fragment (C).
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The dissociation pathway of the m/z 247 synthetic thiotetronic acid provided the structure
and tautomeric form. The structure of the m/z 247 ion (1) and its subsequent fragments is shown
in scheme 4.1. Initially there is protonation of the sulfur atom, which is then transferred to the to
the ester moiety. The proton transfer leads to the loss of ethanol generating the m/z 201 ketene
ion (2). The ketene ion reacts with water generating the m/z 219 water adduct (3). The m/z 201
ion experiences the proton transfer to the carbonyl oxygen (4). Then there is an elimination of
water and the formation of the m/z 183 oxolane ring ketene ion (5). The m/z 183 fragment
exhibits three dissociation pathways. The first is the loss of CHCOH generating the m/z 141
ketene ion (6). The second pathway is initiated by the proton transfer which then results in the
loss of carbon suboxide, generating the m/z 115 ketene fragment (8). The m/z 115 ketene ion
loses carbon monoxide creating the m/z 87 ketene ion (9). The third dissociation pathway of the
m/z 183 ion (5) starts with the initial loss of carbon monoxide generating the m/z 155 ketene
fragment (10), which can react with water producing the m/z 173 water adduct (11). The m/z 155
ion can also lose carbon suboxide generating the m/z 87 ketene fragment (9). The m/z 87 ion
then loses carbon monoxide generating the m/z 59 fragment (12).
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Scheme 4.1: The dissociation pathway of the protonated synthetic thiotetronic acid with a
molecular ion peak at m/z 247 measured at compensation voltages of 20V.
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4.2 The Initial Formation of the Ketene followed by Water Addition in the Synthetic
Thiotetronic Acids
The synthetic thiotetronic acid is able to form a ketene moiety through fragmentation of
the R group. The m/z 247 precursor ion exhibits the proton transfer to the ester oxygen resulting
in the elimination of ethanol, generating the ketene in the m/z 201 ketene ion. This is shown in
scheme 4.2.

Scheme 4.2: The formation of a ketene group in the synthetic thiotetronic acid forming the m/z 201
ion.

There is a nucleophilic attack of H2O at the α-carbon of the ketene moiety. The m/z 201
ketene ion-water reaction leads to the 1,1-ethenediol ion, which then experiences a 1,3-H shift to
form the carboxylic acid ion of the m/z 219 water adduct (scheme 4.3).

Scheme 4.3: The addition of water to the ketene group in the synthetic thiotetronic acid generating the
m/z 219 ion.
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4.3 The Dissociation Pathways of the m/z 183 ion
The m/z 201 ketene ion can experience water addition as previously described. Alternatively,
the m/z 201 ketene ion can experience a proton transfer, that causes the carboxylic acid to
become two hydroxyl groups. The hydroxyl group generates a five-membered ring, releasing
water and causing the formation of an ether. This produces the m/z 183 ketene ion as shown in
scheme 4.4.

Scheme 4.4: The fragmentation of m/z 201 ion to m/z 183 ion through the loss of water.

The first dissociation pathway that the m/z 183 ion experiences is the loss of H2CCO
resulting in the m/z 141 ion. After the water is lost from the m/z 201 ion, the two rings of the m/z
183 fragment are generated. The positive charge on the oxygen atom draws the bond attached to
the carbonyl carbon., this causes the elimination of the H2CCO group. The m/z 141 ion is
produced as seen in scheme 4.5.

Scheme 4.5: The fragmentation of m/z 183 to m/z 141 through the loss of a ketene group.
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The second dissociation pathway that the m/z 183 ion can go through is the loss of carbon
suboxide generating the m/z 115 ion. The m/z 183 ion experiences a proton transfer, where the
proton on the oxygen in the ring is transferred to the sulfur atom. This causes carbon suboxide to
be eliminating, generating the m/z 115 ketene ion in scheme 4.6.

Scheme 4.6: The fragmentation of m/z 183 ion to m/z 115 ion through the loss of carbon suboxide.

The m/z 115 ion then experiences the loss of carbon monoxide. For there to be a loss of
carbon monoxide two parameters are commonly seen; there has to be a positive charge on a
carbonyl carbon and there is a double bond one bond away from the positive charge. The carboncarbon double bond moves between C5 and C6. This causes the release of carbon dioxide as
shown in scheme 4.7.

Scheme 4.7: The fragmentation of m/z 115 ion to m/z 87 ion through the loss of carbon monoxide.

The third dissociation pathway that the m/z 183 ion undergoes is the loss of carbon
monoxide generating the m/z 155 ketene ion shown in scheme 4.8.
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Scheme 4.8: The fragmentation of m/z 183 ion to m/z 155 ion through the loss of carbon monoxide.

4.4 Dissociation Pathway of the m/z 155 ion

The ketene group on the m/z 155 ketene ion is able to pick up water through the same
process outlined in scheme 4.3. The water addition occurs at the ketene and leads to the m/z 173
water adduct. The m/z 155 ketene ion is able to also undergo the loss of carbon suboxide similar
to the mechanism shown in scheme 4.6. There is initially a proton transfer followed by the
subsequent loss of carbon suboxide leaving the m/z 87 fragment. The m/z 87 ion then rearranges
to the resonance structure shown in scheme 4.1. The m/z 87 ion is generated through the loss of
carbon suboxide from the m/z 155 or from the loss of carbon monoxide from the m/z 115 ion as
previously shown. The m/z 87 ion then fragments to the m/z 59 ion through the loss of carbon
monoxide, following the process outlined in schemes 4.7 and 4.8.

4.5 Effect of Tautomerization on the Fragmentation between Groundwater and
Synthetic Thiotetronic Acids
Initially it was assumed that the synthetic thiotetronic acid would have similar tautomeric
configurations as the groundwater TAs. However, it was determined that the synthetic TA can
potentially accommodate four tautomer forms (Figure 4.2). The reason these tautomers exist is
due to the one substituting group at the C5 position and a polar group at the C3 position. This
allows the double bond between C5 and C4 to form. The C5 has hydrogen bonding acceptor
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capabilities and favours the hydroxyl groups at C4. Consequently, the tautomer that is observed
in the gas-phase is tautomer B, that contains the diene. The formation of the diene is the reason
the fragmentation pattern of this synthesized compound is different than the TA found in
groundwater.

Figure 4.2: The theoretical tautomers of the synthetic thiotetronic acid. B is the only tautomer that
could exist based upon the structure established.

4.6 Conclusion
The synthetic thiotetronic acid was very labile and had to be examined using very gentle
settings in ESI-FAIMS-QTOF. The synthetic thiotetronic acid investigated here was
substantially less stable in solution compared to the groundwater thiotetronic acid examined
previously. The ease of fragmentation and ion-water reactions in the collision cell proves the
fragile nature of this compound. The fragmentation pathway for the synthetic thiotetronic acid is
very different from the groundwater TA. It experienced the loss of carbon suboxide and carbon
monoxide neither of which were seen in the fragmentation of the groundwater TA. The
difference in tautomerization capabilities between the synthetic TA and the groundwater TA
explains the vast difference in dissociation pathways. However, both the groundwater and
synthetic TAs developed at ketene ion, which was then able to pick up water from the collision
cell. The formation of a ketene in the dissociation of the synthetic TA is due to the R1 group,
comparatively, the groundwater TA is capable of forming a ketene group through the ring
opening of the enol tautomer. The subsequent fragmentation of the TAs diverge after they
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experience the addition of water. Therefore, the tautomerization can be determined based upon
the dissociation pathways. After determining the tautomerization, the R groups can be reasonably
determined depending on if they cause the formation of a diene.
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5.0 The Reactivity of N-Nitrosodialkylamines in the Gas-Phase Ion Trap
5.1 N-Nitrosodialkylamines

In 1956, it was reported that N-Nitrosodimethylamine had carcinogenic effects on rats. It
was later found that 90% of N-nitrosamine compounds have some carcinogenicity56. NNitrosamine compounds have been found in a large variety of foods, cigarettes, soil, drinking
water, cosmetics, pacifiers and drug formulations. They are highly carcinogenic, mutagenic and
teratogenic56. They are so prevalent due to their ease of formation and the numerous amine
precursors available in the environment57,58. The main N-Nitrosodialkylamine (NDAA) structure
is shown in figure 5.1 A, where R1 and R2 are alkyl groups61. NDAAs have been shown to be
carcinogenic in rats, murines, hamsters, guinea pigs, rabbits, ducks, fish, frogs, newts, and dogs;
therefore, the International Agency for Research on Cancer has classified N-nitrosamine as the
B2 group; probable carcinogen to humans56,59. Due to the probable carcinogenicity the EPA has
set a maximum admissible concentration of N-Nitrosodimethylamine (NDMA) as 7 ng/L and NNitrosodiethylamine (NDEA) as 2 ng/L56.

(A)

(B)

Figure 5.1 Resonance structures of N-dialkylnitrosamines.

For NDAA’s to become carcinogens they are activated when metabolized58,61. Most Nnitrosamine derivatives are hydroxylated by cytochrome P450’s (CYP450) to form an αhydroxyalkylnitrosamine, which is unstable and undergoes a fragmentation to an aldehyde and a
diazonium ion58(Figure 5.2).
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Figure 5.2 Metabolism of N-Nitrosodiethylamine in biological systems.

The highly reactive diazonium ion acts as the genotoxic metabolite60. It has been proven
that as the length of the aliphatic chain increases, the carcinogenicity of the compound decreases;
the exception being N-Nitrosodiethylamine (NDEA)56. N-Nitrosodimethylamine (NDMA) and
N-Nitrosodiethylamine (NDEA) can be oxidized to their genotoxic metabolites by CYP 450
enzymes. The activation of NDMA is specifically catalyzed by CYP 450 2E1, causing Ndemethylation of NDMA. Activation (hydroxylation) of NDEA is caused mostly by CYP 450
2A658. The metabolism of these N-Nitrosodialkylamines leads to the formation of alkylating
agents. These alkylating agents form adducts with DNA bases, which if not repaired correctly
can cause mispairing during replication, generating altered DNA sequences; leading to
mutation60. The metabolism of NDAA compounds mainly occurs in the liver, which is why liver
cancer is the most common cancer formed from NDAA exposure61. Most N-Nitrosamines
compounds generate carcinogenicity due to the alkylation of DNA bases62. Methylating and
ethylating agents both react with oxygen and nitrogen. The methylating agent (diazomethane)
favours N7-alkylation of guanine, generating 7-methylguanine, however, a fraction methylates
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O6-methylguanine61,62. The ethylating agent favours the O6-alkylation of guanine and possibly
the O4-alkylation of thymine. The alkylation at the oxygen sites are critical mutagenic events,
where as the alkylation of N7 is more innocuous, though still carcinogenic. The difference in the
selectivity of sites is predominately due to the lower selectivity of the more potent ethylating
agent60. The O6-alkylguanine generates transcriptional errors in both DNA and RNA. NDAA are
detoxified through denitrosation63.
NDAA’s and their alkylation products may be directly studied in the gas phase using
mass spectrometry. For instance, the ionization of diazomethane has allowed the methane
diazonium ion to be generated and analysed in mass spectrometry58. The protonation of NDMA
and subsequent tandem MS generates a methanediazonium ion that can be detected and studied
in tandem mass spectrometry42. The reaction pathways of butyl, propyl, ethyl and methyl NNitrosodialkylamines in CID should also lead to their corresponding alkylating agents and their
alkylation potential can be observed in reaction with water as a nucleophile. Additionally, the E
isomer for these compounds once they lose one alkyl group, is very reactive in solution; only
their products are seen. This makes the reactions these isomers experience difficult to study and
subsequently difficult to determine their metabolism parallels.

5.2 Site of Protonation on N-Nitrosodialkylamine

The

structures

of

N-Nitrosodibutylamine,

N-Nitrosodipropylamine,

N-

Nitrosodiethylamine and N-Nitrosoethylmethylamine are presented in figure 5.3. The site of
protonation caused by electrospray ionisation (ESI) has to be determined before the dissociation
pathway of any N-Nitrosodialkylamine’s can be established. The site of protonation determines

68

(A)

(B)

(C)

(D)

Figure 5.3: N-Nitrosodibutylamine (A). N-Nitrosodipropylamine (B). N-Nitrosodiethylamine (C). NNitrosoethylmethylamine (D).

the fragmentation patterns. In figure 5.1, the A structure is the common structure of NDAA’s; the
amino nitrogen group is in a trigonal planar arrangement, with the lone pair of electrons
remaining above the plane of the nitro group. Figure 5.1B show the resonance structure when the
lone pair of electrons on the nitrogen get delocalized into the pi-system. The real structure of
aliphatic nitrosamines exists in an intermediate structure, that is a combination of the singly
bonded and doubly bonded structure. Partial double bond character of nitrosamines is reflected in
energy barrier to the N-N bond rotation was found to range from 23-29 kcal/mol, depending on
the molecular structure and the solvent involved. Increasing the size of the alkyl groups in the R1
and R2 positions, causes a slight increase in barrier to rotation65,66. The two resonances structures
show that the configuration must be planar or nearly planar containing the N-N-O group on the
same plane, with the C-N-C group on an almost perpendicular plane66. NDAA are significantly
less basic than similar amines, and therefore their protonation can only be observed in super
strong acids (HSO3F)58. There are three possible sites of protonation, the two nitrogens’ or the
oxygen; the oxygen site has been shown to be the favourable site of protonation68. Based on
NMR studies, the oxygen containing conjugate acid was the only conjugate acid peak
observed67. Through the formation of the O-conjugated NDAA, the partial double bond of N-N
shortens, showing greater delocalization of the lone pair of electrons. The initial protonation site
of NDAA is on the oxygen atom, the same as the protonation site in the presence of super strong
acids.
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5.3 Gas Phase Fragmentation of N-Nitrosodibutylamine (NDBA)

N-Nitrosodibutylamine (NDBA) was analysed using ESI-quadrupole-ion trap to examine
the fragmentation pattern through a series of sequential tandem mass spectrometry experiments.
MSn spectra for NDBA are displayed in Figure 5.4. MS2 spectrum of the m/z 159 ion
representing protonated N-di-n-butyl, nitrosamine (Figure 5.4A). This m/z 159 ion then loses a
butene generating the Z and E isomers of the m/z 103 ions, and the m/z 57 ion, which then
fragments to form the allyl ion at m/z 41. Figure 5.4B shows the MS3 spectrum of the m/z 103
ion. The m/z 103 ion fragments into the m/z 57 ion, m/z 47, m/z 41 and m/z 33 fragments. The
subsequent MS3 spectrum of the m/z 57 ion, shows that the m/z 41 ion is a result of the
dissociation of the mz 57 ion. The MS4 spectrum of the m/z 47 ion shows that the m/z 33 and
m/z 19 ions are a result of the fragmentation of the m/z 47 ion.
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Figure 5.4: Tandem Mass Spectrometry of m/z 159 N-Nitrosodibutylamine ion with a NCE of 19 V
(A). Tandem MS3 of the m/z 103 ion with a NCE of 16 V (B). Tandem MS3 of the m/z 57 butanylium
ion with a NCE of 5 V(C). Tandem MS4 of the m/z 47 ion with an NCE of 5 V(D).

In the fragmentation pathway of the m/z 159 ion (scheme 5.1), there is initially the
tautomerization of the m/z 159 ion from the hydroxydiazenium form to the nitrosoammonium
form. Collisional activation of the m/z 159 ion is expected to cause a decrease in the nitrogennitrogen bond order, leading to an increase in the order of the nitrogen-oxygen bond. This
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decrease in the nitrogen-nitrogen bond order still allows the hindered N-N bond rotation so that
the lone pair of electrons on the amino nitrogen can enter the same plane as the proton on the
oxygen; leading to a proton transfer. A six-membered ring transition state of the nitrosamine ion
tautomer exhibits the proton transfer to the oxygen atom resulting in the elimination of butene; to
form the E and Z isomers of the m/z 103 N-n-butyl-hydro, N’-hydroxydiazenium ion. The E
isomer is prone to further fragmentation. The difference in stability between isomers is because
the arrangement of the E isomer allows the oxygen and the hydrogen on the amino-nitrogen to be
in close proximity; this permits for easy dissociation. The m/z 103 E isomer ion then has a proton
transfer to the oxygen, forming N-n-butyl-diazene, N’-hydronium which then eliminates water
and nitrogen gas to produce the m/z 57 butanylium ions. The m/z 57 ion then rearranges through
a 1,3-H transfer to a secondary butanylium ion which can accommodate a five-membered cyclic
transition structure allowing the loss of methane, generating the m/z 41 ion, as shown in scheme
5.1. The MS3 on the m/z 57 ion is shown in figure 5.4C. This spectrum confirms that the m/z 41
peak is a direct result of the dissociation of the m/z 57 ion.

Scheme 5.1: The dissociation pathway of NDBA m/z 159 ion to the m/z 41 ion.
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The subsequent tandem MS3 of the m/z 103 ion is displayed in figure 5.3B; it shows the
alternative pathway for the E isomer and the dissociation of the Z isomer of the N-n-butyl-hydro,
N’-hydroxydiazenium m/z 103 ion. The E isomer tautomerizes from the hydroxydiazenium
structure to the nitrosammonium structure. There is then the proton transfer which ultimately
results in the loss of butene. This forms the m/z 47 peak as shown in scheme 5.2A; which is not
seen in the MS2 of NDBA in figure 5.4A but is present in the MS3 spectra of the dissociation of
the m/z 103 ion. Additionally, the Z isomer is able to experience a similar pathway to the E
isomer as shown in scheme 5.2B. The m/z 47 ion then decomposes to a proton that
accommodates a solvent molecule (water and methanol).

Scheme 5.2: The dissociation of the m/z 103 E isomer to the m/z 47 ion (A). The Dissociation of the
m/z 103 Z isomer to the m/z 47 ion (B). The production of a proton from the dissociation of the m/z 47
ion to protonate water and methanol (C).

It has previously been shown that there are gas phase reactions with the trace levels of
H2O and CH3OH in the collision cell with reactive product ions42,69. These contaminants are
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present as ultra-trace contaminants in the helium gas, which is constantly added to the ion trap;
additionally, water comes from the stainless-steel tubing25. The m/z 47 ion reacts by having a
proton transfer from the amino-nitrogen to the oxygen atom to form a reactive diazene, N’hydronium intermediate ion which then eliminates a water molecule and nitrogen gas. This
produces a reactive proton, which is then able to react in situ with water and methanol at trace
levels, which generates the m/z 33 and m/z 19 peaks. Figure 5.4 D shows the MS4 of the m/z 47
ion; which confirms that the formation of protonated methanol, m/z 33 and protonated water
resulting in the m/z 19 peak which is shown in scheme 5.3B.

5.4 Gas Phase Ion Chemistry of N-Nitrosodipropylamine (NDPA)
Figure 5.5 shows the spectral data collected from the sequential tandem MSn performed
on NDPA that had been protonated in ESI. The tandem MS of the N-di-n-propyl, N’hydroxydiazenium m/z 131 ion was displayed in figure 5.4A. Similar to what is seen in NDBA
in scheme 5.1, the m/z 131 ion fragments first by losing an alkyl group. Initially, there is a
tautomerization from the hydroxydiazenium form to the nitrosoammonium form; then collisional
activation leads to rotation of the N-N bond that supports a proton transfer from the oxygen to
the amino nitrogen. The propene elimination is initiated by the amino-nitrogen charged site,
which occurs in a six-membered transition site, which involved the transfer of a proton from the
β-carbon of the propyl chain to the oxygen group resulting in the loss of propene. This results in
the formation of the m/z 89 N-propyl-hydro-N’-hydroxydiazenium ion as shown in scheme 5.3.
This process generates two isomers of the m/z 89 ion, through the same mechanism discussed
previously of NDBA. There is also the formation of the m/z 43 propanylium ion and the m/z 41
allyl ion which is further investigated using additional tandem MS.
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Figure 5.5: Tandem Mass Spectrometry of m/z 131 N-Nitrosodipropylamine ion with an NCE of 19V(A).
Tandem MS3 of the m/z 89 ion with an NCE of 16V (B). Tandem MS3 of the m/z 43 propanylium ion
with an NCE of 5V (C). Tandem MS4 of the m/z 47 ion with an NCE of 5V (D).
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Scheme 5.3: The dissociation pathway for NDPA m/z 131 ion to the m/z 41 ion.

Figure 5.5B shows the dissociation of the m/z 89 ion using tandem MS3. Parallel to the
process seen in scheme 5.2A, the E isomer experiences collision induced activation allows the
charge to redistributed to the amino-nitrogen, allowing further rotation of the N-N bond, which
leads to the lone pair on the amino-nitrogen coming into the same plane as the hydrogen on the
oxygen atom. This allows the hydrogen to be transferred to the amino-nitrogen group, resulting
in the formation of a N-propyl-nitrosoammonium intermediate ion. Due to the single N-N bond,
the intermediate ammonium-tautomer can form a six-membered ring arrangement using the
propyl group, which leads to a proton transfer from the propyl group, the loss of propene and the
formation of the m/z 47 ion (scheme 5.4A). The Z isomer goes through a similar process:
tautomerization, proton transfer followed by the six-membered ring state, allowing for the
oxygen to pick up a hydrogen from the propyl group, eliminating propene, resulting in the m/z47
fragment, as shown in scheme 5.4B. The hydrozydiazenium m/z 47 ion is symmetrical, therefore
has no isomers. While this process is very similar to the dissociation of m/z 131 seen in scheme
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5.3; the dissociation of the N-propyl-hydro, N’-hydroxydiazenium m/z 89 ion requires a much
lower activation energy (NCE of 16V) compared to the activation energy required for N-di-npropyl, N-hydroxydiazenium m/z 131 ion (NCE of 19V). The dissociation of m/z 47 follows the
same pattern discussed in section 5.3 in scheme 5.2B, where the m/z 47 ion decomposes to a
reactive proton which reacts with trace levels of methanol and water in the ion trap to produce
protonated methanol at m/z 33, and protonated water m/z 19. This is confirmed through the
tandem MS4 performed on the m/z 47 ion in Figure 5.5D.

.

Scheme 5.4: The dissociation of the m/z 89 E isomer to the m/z 47 ion (A). The dissociation pf the
m/z 89 Z isomer (B). Following the similar pathways to NDBA in scheme 4.2.

The formation of the N-propyl-hydro, N’-hydroxydiazenium m/z 89 ion and the
hydroxydiazenium m/z 47 ions and their subsequent dissociations are generated through the
propene elimination pathway, however, the formation of propanylium m/s 43 and the allyl m/z
41 ions are generated through the same alkylation pathway that is observed for NDBA, however
H2 is lost opposed to methane as shown at the end of scheme 5.3.

5.5 Gas Phase Ion Chemistry of N-Nitrosodiethylamine (NDEA)

The tandem MS spectra for the analysis of the gas phase ion chemistry of protonated NNitrosodiethylamine (NDEA) and its fragmentation products using ESI-ion trap MS is presented
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in Figure 5.6. The dissociation of NDEA follows a pathway very similar to what is discussed in
NDBA and NDPA. Figure 5.6A shows the fragmentation of m/z 103 N-diethyl, N’hydroxydiazenium ion. The dissociation starts with the elimination of ethene (similar to the loss
of butene and propene discussed previously) from the m/z 103 N-diethyl, N’-hydroxydiazenium
ion. The m/z 103 ion tautomerizes to the nitrosoammonium orientation, followed by a proton
transfer, leading to the elimination of ethene and subsequent generation of the Z and E isomers
of the m/z 75 N-ethyl-hydro, N’-hydroxydiazenium ion; this process is shown in scheme 5.5A,
following the same mechanism as shown in scheme 5.1. The m/z 75 E and Z isomers then
fragments to the m/z 47 hydroxydiazenium ion through the elimination of the remaining ethene
as shown in scheme 5.5. Parallel to the fragmentation of NDBA and NDPA, the m/z 47
hydroxydiazenium ion dissociates to a reactive proton which forms protonated methanol m/z 33
and protonated water m/z 19 by reacting with trace amounts of methanol and water in the ion
trap as seen in scheme 5.2B. These results are confirmed by the tandem MS 4 spectra presented in
figure 5.6C.

Scheme 5.5: The dissociation of NDEA m/z 103 ion to the m/z 75 ion to the m/z 47 ion.
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The tandem MS3 spectra for m/z 75 is presented in Figure 5.6B. The m/z 75 N-ethyl,
hydro, N’-hydroxydiazenium Z isomer isomerizes to the E confomer in order to progress through
the pathway. The m/z 75 N-ethyl-hydro, N’-hydroxydiazenium ion E isomer then dissociates;
initially there is a proton transfer from the amino-nitrogen to the hydroxyl moiety. This generates
the formation of N-ethyldiazene, N’-hydronium ion. This intermediate then follows two distinct
pathways. The first pathway which requires lower activation energy is shown in scheme 5.6A;
first there is the elimination of water which generates m/z 57 ethanediazenium ion. The
ethanediazenium ion is a very strong alkylating agent, which is capable of ethylating water and
methanol compounds in the ion trap. Protonated ethanol m/z 47 is produced from the ethylation
of water, and protonated ethylmethylester m/z 61 is due to the ethylation of methanol as shown
in scheme 5.6A.
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Figure 5.6: Tandem Mass Spectrometry of m/z 103 N-Nitrosodiethylamine ion with an NCE of
19V(A). Tandem MS3 of the m/z 75 ion with an NCE of 16V (B). Tandem MS4 of the m/z 47 ion
with an NCE of 5V (C).
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Scheme 5.6: The low activation energy pathway of the dissociation of the m/z 75 ion, which can react
with water and methanol in the collision cell (A). The high activation energy pathway of the
dissociation of the m/z 75 ion, that reacts with water in the collision cell (B).

The second pathway, which requires a higher activation energy is presented in scheme
5.6B; starting with the initial loss of water and nitrogen gas resulting in the formation of the m/z
29 ethylium ion. The m/z 29 ethylium ion is then able to react with water in the gas phase in the
ion trap to produce protonated methanol at m/z 47. The MS3 spectrum of the m/z 75 ion (figure
5.6B), represents dissociation of both isomers of the m/z 75 ion under conventional collision
induced activation, with the m/z 75 ions oscillating in the quadrupole ion trap accumulating
energy through collisions with helium gas. Conversely, the MS2 spectra in figure 5.6A is the
dissociation of the m/z 75 ion during a collisional cooling period when the m/z 75 ion was
returning to the center of the ion trap. The energy accumulated during the collision cooling
period is lower than that during the conventional activation step. Therefore, the presence of the
m/z 29 ion at higher activation energies only (figure 5.6B), indicates that the ion comes from
decomposition of the ethane diazonium ion. The m/z 57 ethanediazenium ion is an extremely
fragile ion, and therefore tandem MS experiments were not able to be further performed on the
m/z 57 ion due to it decomposing during its isolation in the ion trap.
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5.6 Gas Phase Ion Chemistry of N-Nitrosoethylmethylamine (NEMA)
The three previously discussed compounds (NDBA, NDPA, and NDEA) all were
symmetrical with the same two aliphatic groups attached to the amino-nitrogen. NNitrosoethylmethylamine (NEMA) is asymmetrical and can exist as either the E or Z congener.
The rotational barrier of the N-N bond in NEMA is 100 kJ/mol, which is closer to an amide bond
of 75kJ/mol70 than to the rotational barrier of a C=C at 169kJ/mol71; therefore, the
interconversion between isomers occurs at room temperature in solution. Consequently, it is
difficult to separate the two isomers, and they have to be studied together. Figure 5.7 shows the
tandem MS spectra for the analysis of the E and Z isomers of NEMA. The tandem MS2 of the E
and Z isomer of N-ethylmethyl, N-hydroxydiazenium m/z 89 ion is shown in figure 5.7A.
Initially there is the tautomerization from the hydroxydiazenium ion to the nitrosoammonium
ion. Due to tautomerization, there is then free rotation around the N-N bond. A six-membered
ring intermediate forms and a proton transfers from the ethyl group to the oxygen leading to a
loss of ethene. This generates the m/z 61 N-methyl-hydro-N’-hydroxydiazenium ion as shown in
scheme 5.7A.

The m/z 61 E isomer ion then has a proton transfer which results in the

elimination of water to produce the m/z 43 methanediazonium ion. This process is shown in
scheme 5.7B.

Scheme 5.7: The dissociation pathway of the NEMA m/z 89 ion when it loses an ethane (A). The
fragmentation of the m/z 61 ion, through the loss of water forming the m/z 43 ion (B).
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Figure 5.7: Tandem Mass Spectrometry of m/z 89 N-Nitrosoethylmethylamine ion with an NCE of
19V (A). Tandem MS3 of the m/z 61 ion with an NCE of 16V (B). Tandem MS4 of the m/z 43 ion
with an NCE of 5V (C).

The m/z 43 methanediazenium ion reacts with trace levels of water and methanol that is
available in the gas phase of the ion trap. Through an Sn2 reaction the oxygen atom in both the
water and methanol acts as the nucleophile; it attacks the carbon atom in the methanediazenium
ion, causing nitrogen gas to be released. This reaction with water generates protonated methanol
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at m/z 33 as shown in scheme 5.8. The reaction with methanol generates dimethyl ether at m/z
47 as shown in scheme 5.8. The tandem MS3 spectra of the Z N-methyl-hydro, N’hydroxydiazenium ion at m/z 61 is displayed in Figure 5.6B. This spectrum clearly shows that
the dissociation of the m/z 61 ion results in the formation of the methanediazonium m/z 43 ion
and the products of its reactions with water and methanol generating the m/z 33 and m/z 47 ions,
respectively. The methanediazonium m/z 43 ion is reactive, but stable enough to be selected and
activated for tandem MS4 to be performed. Figure 5.7C confirms that the m/z 47 ion and m/z 33
ion are formed in reaction with the m/z 43 methanediazonium ion. This means that the m/z 47
ion is not generated through the loss of both alkenes from aliphatic functional groups, contrasting
to the previously analysed compounds. This methanediazonium ion is very important in the role
of mutagenicity in biological systems. The methyl transfer from the methanediazenium ion to the
O-sites of guanine in DNA is critical to carcinogenicis72. The water and methanol that are found
in the ion trap at trace level are comparable to the nucleophilic site of DNA; in the way in which
they interact with methanediazonium.

Scheme 5.8: The reaction of the methanediazonium m/z 43 ion with free water and methanol in the
collision cell forming the m/z 33 and m/z 47 ions, respectively.

5.7 Reaction of Alkylation Products with Water in the Ion Trap
Through the analysis of four N-Nitrosoalkylamines, the stability and reactivity of
diazonium ions and the reaction pathways for the isomers of the N-alkyl-hydro,N’hydroxydiazenium ions have been established. These compounds typically lead to reactive
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alkylating agents or alternatively to nonreactive decomposition products (alkenes, nitrogen gas or
water). The aliphatic substituent group (butyl, propyl, ethyl, methyl) will determine what type of
alkylating agent will be produced from the alkylation dissociation pathway. It was shown that
butanylium, propanylium, ethanylium, ethanediazonium and methanediazonium ions are all
generated in their respective pathways. The alkylating potential of each of these compounds was
determined through their interaction with the gas-phase ion molecules that exist at trace levels in
the ion trap. Butanylium and propanylium both rearrange quickly to secondary carbocations;
which do not alkylate water or methanol molecules. The formation of the alkanylium ions occurs
through the heterolytic cleavage of the C-N bond of the diazonium ion, resulting in the positive
charge being distributed on the α-carbon and the electron density on the nitrogen moiety. During
the intermediate step of elongation of the C-N bond, before bond cleavage, the positive charge
on the α-carbon is stabilized by the inductive effect of the aliphatic group. It is further stabilized
through hyperconjugation of the electrons in the sigma bond of the β-carbon with the empty
orbital in the α-carbon. The stronger stabilization of the positive charge causes lower energy of
the transition state, lower activation energy for the bond cleavage and therefore higher rate of the
fragmentation process. The larger the aliphatic group, the larger the stabilization effects, which
causes the diazonium ion to be less stable and more stabilization of the prone to dissociation
transition state. The methyl group cannot be stabilized through inductive effect or through
hyperconjugation and is therefore the methane diazonium ion is more stable than its larger
aliphatic counterparts (figure 5.8). This is the reason why the formation of butanylium and
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propanylium ions are observed favourably; furthermore, aromatic diazonium ions are not
mutagenic because they are very stable and unreactive towards nucleophiles.

Figure 5.8: The Diazonium ions theorized for NDBA, NDPA, NDEA and NEMA.

The ethanylium and ethanediazonium primary carbocations are both alkylating agents,
able to react with water molecules. However, the ethanylium ion requires more activation energy
than ethanediazonium ions as discussed in section 5.5. The ethanediazonium and
methanediazonium ions are both strong alkylating agents and therefore both are able to react
with water and methanol which are available in the gas-phase in the ion trap MS. The high
kinetic barrier for formation of the methyl carbocation causes the methanediazonium ion to be
preferred. The positive charge on the α-carbon is better stabilized by the ethanediazonium ion
making it less stable than the methanediazonium ion counterpart.

5.8 Further Investigation of the Dissociation of NDAAs using Isotopically Labelled
N-Nitrosodipropylamine

N-Nitrosodi-n-propyl-d14-amine (NDPA-d14) was run through sequential tandem mass
spectrometry the same was as the rest of the NDAAs, to further investigate the mechanisms of
their dissociation. The isotopically labelled NDPA-d14 was used to confirm the eliminations
previously discussed and for further information on the reactions taking place. Figure 5.9A
shows the spectra for the dissociation of the m/z 145 N-di-n-propyl-d14, N’-hydroxydiazenium
ion (DP-d14-HD). Initially there is the loss of propene-d6 generating the m/z 97 ion, the m/z 50
propan-d7-ylium ion and the m/z 46 allyl-d5 ion. The dissociation from m/z 145 to m/z 97
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follows the previously discussed pathways, it is initiated by tautomerization, which then allows
hindered rotation around the N-N bond, leaving the lone pair of electrons of the amino nitrogen
to be in the same plane as the oxygen atom; generating a proton transfer. A six-membered ring
state forms with a propyl group, resulting in the elimination of propene-d6. Creating two isomers
of the m/z 97 N-propyl-d7-hydro-N’-deuteroxydiazenium ion. The E isomer of the m/z 97 ion
then transfers the proton from the amino nitrogen to the oxygen atom due to them being in the
same plane, which leads to the loss of nitrogen gas and partially deuterated water, forming the
m/z 50 propan-d7-ylium ion. The m/z 50 ion then rearranges through a 1,2-D transfer to the
secondary propan-d7-ylium ion, which forms a five-membered cyclic transition state, bringing
the two deuterium atoms close together, resulting in the elimination of D2 gas and the allyl-d5 ion
at m/z 46 is quenched as shown in scheme 5.9. The dissociation pathway of the m/z 50 ion is
confirmed in the spectrum in figure 5.9C.
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Figure 5.9: Tandem Mass Spectrometry of m/z 145 N-di-n-propyl-d14, N’-hydroxydiazenium ion
with an NCE of 19V (A). Tandem MS3 of the m/z 97 ion with an NCE of 16V (B). Tandem MS4 of
the m/z 50 ion with an NCE of 5V (C). The Tandem MS4 of the m/z 49 ion with an NCE of 5V (D).
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Scheme 5.9: The dissociation of the m/z 145 N-di-n-propyl-d14, N’-hydroxydiazenium ion to the m/z
97 ion, which further fragments to the m/z 50 ion followed by the m/z 46 ion.

Fragmentation of the m/z 97 ion generates a m/z 50 ion, m/z 46 ion, and a diazonium m/z
49 ion. The E isomer of the m/z 97 ion goes though the alkylation pathway previously discussed
in scheme 5.9. The m/z 97 Z isomer goes through the previously discussed pathway,
tautomerization followed by a proton transfer and formation of a six-membered ring transition
state, leading in the loss of propene-d6, generating the m/z 49 N-deutero-hydro, N’deuteroxydiazenium ion as shown in scheme 5.10A. This is confirmed through figure 5.7B.
Figure 5.9D then shows that the m/z 49 N-deutero-hydro, N’-deuteroxydiazenium dissociates to
a proton or a deuterium ion, which then reacts with water and methanol in solution this generates
protonated methanol and water at m/z 33 and m/z 19 respectively (scheme 5.10B) and
deuterium+ with methanol and water at m/z 34 and m/z 20 respectively as shown in scheme
5.10C.
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Scheme 5.10: The dissociation of the m/z 97 ion to the m/z 49 ion (A). The dissociation of the m/z 49
ion to a proton which then reacts with methanol and water (B). The dissociation of the m/z 49 ion to a
deuterium ion which reacts with methanol and water (C).

The dissociation processes between the N-Nitrosodipropylamine and the N-Nitrosodi-npropyl-d14-amine follow the same patterns. However, the intensities of the corresponding peaks
vary, and extra ions are observed. In figure 5.9B, there is a m/z 34 peak, this suggests that the
m/z 49 ion was able to dissociate to form D+; because deuterated methanol is a result of the
dissociation of the E isomer of the m/z 49 ion, it can be concluded that it is the E isomer which is
dissociating at the low activation conditions. Additionally, in Figure 5.9D there is a small m/z 48
peak. This peak is due to the tautomerization of the m/z 49 precursor ion, similar to the
previously discussed proton transfer from the oxygen atom to the amino nitrogen, except this
mechanism is aided through water in the gas phase, which results from the water picking up a
deuterium atom and the amino nitrogen taking a proton from the water molecule (scheme 5.11).
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In figure 5.9B, the m/z 97 ion has a small m/z 96 peak, and in figure 5.9C, the m/z 50 peak has a
small m/z 49 peak; this suggests that the other tautomerization reactions occur through a similar
mechanism as seen in scheme 5.11.

Scheme 5.11: The Formation of the m/z 48 ion from the m/z 49 ion

Additionally, the spectral intensities allow for some kinetic information to be determined.
The structural intensities of the unlabelled NDPA and labelled NDPA-d14 can be compared. The
fragmentation spectra for the m/z 89 N-propyl-hydro, N’hydroxydiazenium ion (Figure 5.5B)
and the m/z 97 N-propyl-hydro, N’deuteroxydiazenium ion (Figure 5.9B) show very different
spectral intensities despite being obtained at the same experimental conditions. The dissociation
of the m/z 97 ion generates the m/z 49 ion in lower spectral intensity than the corresponding m/
47 ion produced from the dissociation of the m/z 89 ion. The formation of the m/z 47 ion from
the m/z 89 ion occurs through the same mechanism as the formation of the m/z 49 ion from the
m/z 97 ion. They are generated from the tautomerization of the hydroxydiazenium ion to the
nitrosoammonium ion, followed by a proton/deuterium transfer; the only difference being the
transfer of a proton in the m/z 89 ion compared to a deuterium transfer in the m/z 97 ion.
Significant reaction rate difference from the same fragmentation reaction of isotopologues is a
result of the primary kinetic isotopic effect (PKIE); when hydrogens or deuterium ions are
involved in breaking the same bond, different intensities means it is the rate limiting step. This is
due to the breaking of the deuterium bond occurring at a slower rate than the hydrogen bond.
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This means that the proton/deuteron transfer from the oxygen to the amino-nitrogen is the rate
limiting step.

5.9 N-Nitrosodialkylamine Conclusion

The

analysis

of

the

gas-phase

reactions

of

the

four

different

N-

Nitrosodialkylamines with increasing chain length was performed. ESI-Quadrupole-Ion trap MS
was used to perform sequential tandem mass spectrometry. The analysis of NDBA, NDPA,
NDEA and NEMA led to their fragmentation pathways in the gas-phase. All of the compounds
experienced the tautomerization from the hydroxyydiazenium ion orientation to the
nitrosoammonium ion orientation; followed by a proton transfer from the oxygen to the aminonitrogen. NDAA’s reactivity is dependent on the aliphatic groups attached, this is due to the
inductive effect that they generate, steric hindrance and possible hyperconjugation. This helps to
explain why electron withdrawing moieties on NDAA’s are important in increasing their
reactivity; which is significant due to their use as anticancer pharmaceuticals. An isotope of
NDPA was run and their spectral intensities were compared. This showed that the proton transfer
was the rate limiting step.

Their ability to interact with the ultra-trace levels of water and methanol that are present
in the collision cell of the ion trap was determined. The formation of the m/z 48 peak from the
m/z 49 peak, shows that the proton transfers from the oxygen to the amino nitrogen are mediated
by water in the collision cell. Additionally, due to the fragmentation pathways of NDBA and
NDPA, they are able to donate a proton to water and methanol. NDEA is able to alkylate water
and methanol; at low activation energy the ethanediazonium ion reacts with both water and
methanol. At higher activation energies the ethanylium ion can alkylate water molecules. NEMA
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is not able to form an alkanylium ion and therefore can only form a methanediazonium ion;
which is reactive with water and methanol in the ion trap, resulting in their subsequent
methylation. This can help explain why different NDAA’s have different alkylation potentials
and therefore have varying mutagenicity in biological systems.

6.0 Conclusion
The result of my research provides numerous examples of the participation of water in
reactions observed in MS. Thiotetronic acids (TA) were studied using a soft mass spectrometry
technique (nESI-FAIMS-QTOF), to determine their fragmentation pathways and to compare the
dissociation of ground water and synthetic TA’s. Their structure and subsequent dissociation
patterns were established. The synthetic TA’s were found to experience the loss of carbon
suboxide, HCCOH and carbon monoxide, while the groundwater TA’s experienced the loss of
water, HCCOH and their R2 group (CH2CNH). However, both synthetic and groundwater TA’s
experienced the formation of ketene ions and the addition of water to form covalently hydrated
ions. The nucleophilic attack by water in the gas-phase demonstrates the labile nature of TAs.
Ketene ions were generated through the opening of the TA ring in naturally occurring
groundwater TAs or by the neutral elimination of substituent groups in the synthetic TA. The
respective tautomeric configurations were determined based upon the substituent groups, the ion
molecule collisions and the dissociation products from CID. Recognition of the tautomeric
configuration is important for the determination of biological activity in TAs.

The N-Nitrosodialkylamines have been known carcinogens, but the details of the
chemical species in their metabolism are unknown. The reactivity of NDAA’s in the gas-phase
was observed using Electrospray Ionization-Quadrupole- Ion Trap MS. This technique allowed
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the dissociation mechanism of diazonium ions and their precursor ions to be examined. The gasphase CID products parallel the metabolites of NDAAs produced in biological systems. The
larger the aliphatic group the greater the stabilization of the positive charge and therefore have
limited alkylation potential; smaller NDAAs had greater alkylation potentials. Similar to the
thiotetronic acids, the NDAA’s are able to interact with the free water available in the collision
cell. NDBA and NDPA are able to protonate water. NDEA and NEMA are able to alkylate water
and methanol present in the collision cell. The nucleophilic attack by the oxygen atom in water
and methanol on the alkyl group of the NDAA is analogous with the alkylation of the oxygen of
guanine in DNA. This has provided further understanding of the carcinogenesis by NDAA’s in
biological systems. The use of an isotopic analogue showed that the protonation of the diazoic
acid is the rate limiting step of the NDAAs dissociation pathways, leading to critical points of the
alkylation pathway or toward harmless products (water, nitrogen gas). Additionally, the use of
the isotope analogous showed that water dimers mediate the proton transfer.
The water addition in both NDAA’s and TA’s has further expanded our knowledge of
addition reactions that occur in the mass spectrometer. This proved that water adducts are more
common in MS than previously expected; suggesting the gas-phase chemistry reactions of
ketenes and water addition should become common knowledge of analytical chemists.

From this point there are numerous directions that the work needs to be taken. Further
examination of compounds that react with water in the mass spectrometer need to be examined.
Furthermore, analytes that have already been analysed but have failed to explain the addition of
m/z 18 as water addition to fragments needs to be corrected. We were planning to look at the
biological activity of synthetic TAs that are analogues of groundwater TAs due to the current
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instability of pharmaceutical TAs. The decomposition products of thiotetronic acids when kept in
solution for long periods of time (months) needs to be examined to determine comparative
stability to groundwater TAs. Studies are emerging around the reactions of different solvents
reactions that occur in the MS; looking at the effect of dissociation of ions compared to the
dissociation of ions that have reacted with water in the collision cell.
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7.0 Appendix
Chapter 3 Supporting Information
(A)

(B)

(C)

Figure 1: MS mode spectra of a water sample collected in Canada(A). The MS/MS spectra with the
product ion of m/z 184 at CV= 4V (B). The MS/MS spectra of the product ion of m/z 184 at CV=20V
(C).
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(A)

(B)

(C)

(D)

Figure 2: The MS/MS spectra with the product ion of m/z 161 (A) The MS/MS spectra of the m/z 143
ion (B). The MS/MS spectra of the m/z 101 ion(C). The MS/MS spectra of the m/z 83 ion (D).

97

Figure 3: The MS/MS spectra with the product ion of m/z 179 at CV= 4V .

Scheme 1: The proposed reaction of the opening of the ring in the m/z 184 ion.

Scheme 2: The reaction of water with the m/z 184 ion to form the m/z 202 ion.

Scheme 3: The fragmentation of m/z 184 to m/z 143 through the loss of H2CCNH.
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Scheme 4: The addition of water to the m/z 143 ion to form the m/z 161 ion

Scheme 5: The loss of CH2CNH from the m/z 202 ion to form the m/z 161 ion, which then
rearranges. This m/z 161 ion is the same as produced by the fragmentation of m/z 143 ion.

Scheme 6: The hydration of the m/z 161 ion to form the m/z 179 ion.
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Scheme 7: The loss of HCCOH from the m/z 143 ion to form the m/z 101 ion followed by the
hydration of the m/z 101 ion to form the m/z 119 ion.

Scheme 8: The fragmentation of m/z 101 ion to m/z 83 through the loss of the water.

Scheme 9: The fragmentation of m/z 184 to m/z 142 through the loss of the HCCOH.
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Scheme 10: The loss of water from the m/z 142 ion to form the m/z 124 ion.

Scheme 11: The fragmentation of m/z 142 ion to m/z 101 ion through the loss of CH2CNH
followed by the hydration of the m/z 101 ion to form the m/z 119 ion.

Scheme 12: The fragmentation of m/z 101 ion to m/z 83 ion through the loss of water, which then
dissociates to a proton.
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Chapter 4 Supporting Information

(A)

(B)

(C)

Figure 4: Tandem Mass spectrometry results for the synthetic compound. The tandem mass spectra
of the molecular ion peak at m/z 247 (A). The tandem mass spectra of the m/z 219 fragment (B). The
tandem mass spectra of the m/z 201 ion (C).
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(C)

Figure 5: The tandem mass spectra of the peak at m/z 183 ion (A). The tandem mass spectra of the
m/z 173 fragment (B). The tandem MS spectra of the m/z 155 ion (C).
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(A)

(B)

Figure 6: The tandem mass spectra of the peak at m/z 87 ion (A). The tandem mass spectra of the
m/z 59 fragment (B).

Scheme 13: The formation of a ketene group in the synthetic thiotetronic acid forming the m/z 201
ion.
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Scheme 14: The addition of water to the ketene group in the synthetic thiotetronic acid generating the
m/z 219 ion.

Scheme 15: The fragmentation of m/z 183 to m/z 155 through the loss of carbon monoxide.

Scheme 16: The fragmentation of m/z 183 to m/z 115 through the loss of carbon suboxide.

Scheme 17: The fragmentation of m/z 183 to m/z 141 through the loss of a ketene group.
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Scheme 18: The addition of water to the m/z 155 ion generating the m/z 173 ion.

Scheme 19: The dissociation of the m/z 155 ion to the m/z 87 ion.

Scheme 20: The dissociation of the m/z 115 ion to the m/z 87 ion.
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Scheme 21: The dissociation of the m/z 87 ion to form the m/z 59.
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