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ABSTRACT

Presently, much research has been completed focusing on metal coordination
complexes in the liquid phase but very little in terms of the gas phase. The purpose of this
research is to further investigate these conditions and learn more about the reactions that
can occur using Electrospray lonization Quadrupole Time-of-Flight Mass Spectrometry
(ESI QToF MS). This research focuses on Nickel (II) and Iron (lll) Nitrate solutions in
combination with five ligands: 2,2-Bipyridine, 4,4’-Bipyridine, 2,2’-Bipyridine-4,4’-
Dicarboxylic Acid, 1,10-Phenanthroline and the Baker Group’s SNS Ligand. Observations
of these complexes were restricted to the monocations. Those combinations that
successfully coordinated in the gas phase were subjected to further analysis to determine
their fragmentation pathways under specific conditions. To investigate their interactions,
studies were conducted using three different mixing techniques. These techniques
included a pre-mixed single-spray solution, a dual-spray injection method, and the TRESI
(time-resolved electrospray ionization) method. By using all three methods, the
compounds’ ability to react in solution over time can be compared to real-time mixing in
both the gas and liquid phases, via dual-spray and TRESI techniques respectively.
Further experimentation took place on target complexes, created by each of the ten
combinations of starting compounds, to further investigate the gas phase properties and
fragmentation patterns that exist. It was observed that most experiments with the Nickel
(II) Nitrate solution were successful with all three methods, while the Iron (Ill) Nitrate
however created some problems. In general, single-spray analysis gave the best results
compared to dual-spray, which was ineffective for some combinations, particularly the

2,2’-Bipyridine-4,4’-Dicarboxylic Acid and SNS ligands. It was found that both the 2,2’-



i
Bipyridine and 4,4’-Bipyrdine combinations produced very similar results despite their
respective bidentate and bridging coordination tendencies. The TRESI method provided
limited information due to the delayed reaction times with some combinations. Overall,
this work proved useful in its ability to compare metal coordination complex formation in

solution and gas phases.
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CHAPTER 1 - INTRODUCTION AND BACKGROUND

1.1 Introduction

Mass spectrometry is a significant and versatile technique that can be used to
analyze a wide range of chemical compounds. It is an extremely helpful technique as it
can identify unknown compounds and aid in the discovery of their structure by
determining the elemental composition of a molecule.’? In doing so, combinations of
samples can be investigated and new unknown molecules can be identified using a
variety of techniques mass spectrometry has to offer. Using mass spectrometry as a
method of experimentation allows researchers to employ a variety of techniques and
parameters within the instrument in order to achieve the best results possible.

Although it is a destructive technique, very little sample is required to acquire
extremely precise results.* Additionally, mass spectrometry can be used on both
inorganic and organic molecules, including those of organometallic nature, as long as
they are volatile enough to fragment into molecular ions.*® Oftentimes, electrospray
ionization is coupled with mass spectrometry when working with metal coordination
complexes and other covalent compounds.®® Therefore, electrospray ionization mass
spectrometry is an advantageous technique to employ when studying mixtures of

organometallic compounds.



1.2 Background
1.2.1 Coordination Compounds

Coordination compounds are created by the covalent bonding of a ligand to a
central metal atom. They are the product of a Lewis acid-base reaction whereby a metal
cation accepts an electron pair from a neutral or anionic ligand.* Some transition metals
have a higher affinity to specific elements present in these ligands, such as nickel which
has a higher affinity for nitrogen-containing ligands.” These complexes are extremely
important as they are often used in catalysis and biochemistry.8°

Coordination chemistry was first discovered in 1891 by Alfred Werner.'%'" His early
work, for which he won the Nobel Prize for in 1913, laid the foundation for what is now
referred to as a coordination number.#8 Up until his discovery, it was assumed that the
valence number of a metal was the same as its coordination number.2 Werner referred to
these as the primary and secondary valence numbers, respectively.® Werner's theories
of geometric isomerism within coordination compounds led to monovalent [M]X, divalent
[M]X2 and trivalent [M]Xs complex configurations.’® This was the basis for the
Bloomstrand-Jorgensen’s chain theory of bonding in coordination compounds that also
accounted for the three-dimensional nature of compounds and their stereochemistry.’

Coordination numbers can range from two to nine, depending on the metal.® Those
with low coordination numbers have a greater energy difference in their stereochemical
arrangements when compared to complexes with higher coordination numbers.2

There is little research conducted in regard to coordination chemistry analysis in
the gas phase, specifically using mass spectrometry techniques. There are several

studies involving metal-ligand synthesis in aqueous media, specifically involving nickel



coordination and other metals such as cobalt, copper, iron and zinc.'>'* These studies
detail the findings of the coordination in solution using techniques such as IR (infrared)
and UV-Vis (ultraviolet-visible) spectroscopy, DFT (discrete Fourier transform) analysis,
IRMPD (infrared multiple photon dissociation) action spectroscopy, NMR (nuclear
magnetic resonance) spectroscopy and X-ray crystallography.'>15-20 All of these studies
focus specifically on the physical analysis of the synthesized complexes in their aqueous
or solid phases. However, there are limited studies that have used mass spectrometry as
an analysis technique. Beginning with a study conducted in March 2000, the researchers
did in fact use collision-induced dissociation techniques within an electrospray ionization
quadrupole ion trap mass spectrometer (ESI QTrap MS).2" Their results indicated a
decrease in the coordination number of the metal in relation to the loss of a coordinated
functional group and the formation of such product ions, as is to be expected when using
this technique.?! Those that did not decrease in coordination number assumes that the
lost functional group is not involved in the coordination to the metal complex.?! A study
conducted in May 2005, again uses quadrupole ion trap mass spectrometry (QTrap
MS).?2 Their results indicated that the gas-phase kinetics of the reactions are influenced
by the functional groups bound to the metal ion, depending on their electron density.??
They also found that these ligand groups can be displaced very easily in the gas phase.??
A study from 2010, focusing on electrospray mass spectrometry found that aqueous
solutions of divalent transition metals (MXz2), when mixed with a nitrogen containing ligand
led to monocations with the coordinated monovalent counterion [M(L)nX]*.” The mass
spectra also typically showed a large signal for the protonated ligand complex (LH*).”

Finally, a study from 2018 that used dual-electrospray synthesis concluded that many



unique species are formed in the gas phase, including those with two additional hydrogen
atoms for many of the ligands studied.?® Although few studies exist, the results are
expected to be consistent throughout the course of this research.

There are also very few mentions of these specific compounds of interest studied
in the literature. Although there are several studies that use the ligands of interest in this
research, there were limited studies found to support all the combinations of complexes
used. Nickel and iron metals have been found to be successful when creating ligand-
coordinated complexes as well as their derivatives.'* Phenanthroline is a common
compound used in a variety of different contexts including in the coordination to nickel.?42°
A study from March 2021 used Nickel (I1) Nitrate in its study and the complex coordination
proved to be successful.?* Pyridine and dipyridyl ligands are also popular choices to
synthesize complexes with iron, nickel and other transition metals.?6-2 Of the above
mentioned research papers, none use mass spectrometry as an analysis method.
Therefore, no judgments can be made as to the effectiveness of the coordination of these
complexes in the gas phase as opposed to the previously used liquid phases.

1.2.2 Mass Spectrometry

In general, mass spectrometers measure the mass-to-charge ratio of ions.* A
mass spectrometer is made of three components; the ionizer, the ion analyzer and the
detector.?® In the ionizer or ion source, the sample is converted into gas-phase ions. The
analyzer then sorts the ions according to their mass to charge ratios (m/z). Finally, the
detector measures the ions and reports them in the form of a mass spectrum.

Many types of mass analyser techniques exist including, but not limited to, time-

of-flight (ToF), quadrupole (Q), magnetic sector, ion trap and tandem mass spectrometry



(MS/MS).?° There are also several types of ionization methods such as electron impact
(El), electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and
matrix assisted laser desorption ionization (MALDI).?° Each technique and method have
their own advantages and disadvantages, depending on the type of sample being
analysed.

The theory of mass spectrometry (MS) was first developed in 1912 and has been
a crucial part of the scientific world ever since.?° It was developed by J.J. Thomson and
called a parabola spectrograph that he used to report the first evidence of non-radioactive
isotopes.3° In Thomson’s model, today’s concepts of mass-to-charge ratios still applied
although denoted as e/m rather than today’s abbreviation of m/z.3' He determined these
ratios based on the positive ions formed in cathode ray tubes when an electrostatic field
was applied.3?3" In 1946, the first concept of the time-of-flight-mass spectrometer was
presented at an American Physical Society meeting in Massachusetts by William
Stephens.®%3" Up until this time, mass spectrometers were predominantly used by
physicists and it was not until the 1940s that these instruments were commercially
available to more scientists, specifically industrial chemists.3" The quadrupole mass filter
and ion trap were introduced in 1953 by Wolfgang Paul.3! In the 1960s, the resolution
was improved by the development of electrospray ionization and further again in 1985 by

the development of matrix-assisted laser desorption/ionization.*°



1.2.2.1 Electrospray lonization

Electrospray ionization (ESI) is a great tool for analysing organometallic
compounds that are soluble in a polar solvent.3?33 |t is an easy way of introducing
organometallic complexes to the gas face and providing reproducible and reliable results
when compared to other techniques.®

Electrospray ionization is known as a soft ionization method.?® In other words, little
energy is used in the fragmentation of molecules so to preserve the integrity of the
complex. This is achieved by ionizing droplets of the molecules that are further desolvated
in the instrument.?* In ESI, gas-phase ions are created by spraying the solution through
a charged capillary needle while using a nebulizer gas, which is often nitrogen, to produce
either positively or negatively charged droplets.># As the droplets leave the sprayer, the
vacuum chamber evaporates the solvent, leaving behind individually charged ions as

seen in Figure 1.1.4
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Figure 1.1 Overview of positive mode electrospray ionization.



With each method, only molecules with at least one respective charge can be
detected.®® In positive mode, basic analytes that are easily ionized make adducts with
protons, meaning that the precursor ion still contains all original atoms, with the addition
of a proton.3® These ions can be singly or multiply protonated although usually found as

singly protonated when in the lower total mass range, typically below 2000 Da.>35

1.2.2.2 Quadrupole Time-of-Flight Mass Spectrometry

In a quadrupole time-of-flight mass spectrometer (QToF), there are two different
mass analysers that the sample must pass through before reaching the detector. The first
being the quadrupole which provides good sensitivity while the time-of flight portion
provides high resolution.3¢

Within the quadrupole chamber there are four parallel circular electrodes that use
a combination of alternating current (AC) and direct current (DC) to filter ions of a
particular mass range.3%-3 Only ions that are within the set mass range, the resonant
ions, will oscillate within the rods with a constant amplitude in order to exit the quadrupole
and move through the instrument.®® All others, the non-resonant ions, are filtered out and
do not move forward.

Resonant lon (detected)

Non-Resonant lon (filtered out)
Figure 1.2 Quadrupole mass analyser.



In the time-of-flight portion, ions are separated based on their kinetic energy and
velocity.3® This is achieved by using a flight or drift tube and allowing the ions to travel
through. lons from the source are exposed to an electric field which accelerates their
movement as they enter the tube, all to similar kinetic energies proportional to their
charge.3¢:3% As the ions travel through the tube, those with smaller masses and mass-to-
charge ratios have a greater velocity and will reach the detector first while the larger ions
will travel the slowest, as seen in Figure 1.3.36:3940 This overall process occurs quite

quickly where tens of thousands of flights can occur per second.3®

acceleration area field free drift zone

Q-0 '0Q Q9 o
00050 @ O o°

—» detector

Figure 1.3 Overview of time-of-flight mass spectrometry.

By using the reflectron as seen in Figure 1.4, the resolution of the time-of-flight
analyser is increased without lengthening the drift tube or losing sensitivity.3840 By
applying an electric potential to an ion mirror, the ions are reflected back in the opposite

direction, towards the detector.*°
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Figure 1.4 Time-of-flight drift tube employed in the Waters Synapt instrument.36

1.2.3 Time-Resolved Electrospray lonization
In time-resolved electrospray ionization (TRESI), two syringes are connected
together using a three-way junction allowing the monitoring of the reaction times of two
solutions mixed together as they enter the instrument, as seen in Figure 1.5.4142 Each
syringe is connected to a capillary tube, one outer and one inner. While the outer tube
has a fixed conformation, the inner tube can be adjusted to increase the allotted reaction
time. When the inner capillary is pulled back, the mixing volume is increased and therefore

the sample has a longer reaction time before it enters the source.*'4? This technique
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allows the user to monitor milli-second timescale reactions.*! This technique was modeled

after the previously completed work by the lab of Derek Wilson of York University.

Inner capillary  Outer capillary

| —

Syringe 1 || [ 1

Three-Way  Mixing
junction chamber

Syringe 2 |} |

Figure 1.5 TRESI device setup.*’

1.2.4 Collision Induced Dissociation

Collision induced dissociation (CID) is one of the most common activation
techniques used today.*® It is a method of fragmentation that breaks the chemical bonds
of the precursor ion in order to form smaller pieces or fragments.3¢ An applied electric
potential gives the molecules high kinetic energy from which a portion is used in the
collision.3644 This typically happens under vacuum in the instrument where the ions can
collide with a neutral gas such as nitrogen or argon and the kinetic energy causes the
bond to break and product or fragment ions to form.36:4344 This can be performed at
varying energies with single or multiple collisions.*® This information is extremely useful
as it demonstrates to the researcher the structure of the precursor and fragments ions as

well as the relative energies of the bonds themselves.*
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1.3 Goals

The aim of this research project was to use mass spectrometry as a technique to
further investigate base metal complexes and ligand coordination, particularly focusing
on nitrogen containing ligands. To do so, we wanted to use a variety of different
combinations of metals and ligands to observe the possible interactions of each mixture.
We also wanted to use different techniques in order to have multiple points of comparison
within the sample groups. By replicating these experiments with a variety of combinations,
much can be learned from the results of these studies. This will include comparing mixing
in the gas versus liquid phases, as well as real-time mixing versus extended reaction
times in solution.

The goals of this study are outlined as follows. First, to investigate the stability of
the target complexes in solution and in the gas phase. Second, to compare the ability of
mass spectrometry as a technique to detect the target complexes of interest. Lastly, to
determine the fragmentation patterns and breakdown pathways of the target complexes
using mass spectrometry. By making these comparisons, it should become evident as to
which combinations and techniques result in the most stable complexes and which
provide the most clear fragmentation pathways when subject to specific conditions. It will
also indicate which complexes perform best using mass spectrometry and under which
conditions and states. It can be hypothesised that the size, type of functional group,
acidity, solubility and other properties of the complexes will play a role in determining their
effectiveness to be analysed via mass spectrometry techniques.

It is important to note that only the monocations were studied during this research.

Doubly and triply charged ions typically create smaller peak clusters than those that are
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singly charged.*® Doubly charged molecules can be distinguished by their half-integer
values when determining their mass-to-charge (m/z) ratios. However, complexes with
even molecular weights will have their doubly charged ions found at one half the value,
for dinuclear complexes this is the same mass peak as the singly charged ion.* For these
reasons, only singly-charged ions were chosen to be the focus and for the purpose of
simplicity when comparing results. Although the metals of interest will form double and
triple charged ions, limiting the scope of this research to monocations will simplify the
data generated.
1.3.1 Project Development

The focus for this research project was inspired by the research conducted by
Shaan Rashid and Paul Mayer published in their paper Dual-electrospray synthesis: A
method of studying unique coordination complexes in the gas phase.?® In attempting to
recreate this paper to observe the mass spectrometry techniques of the dual-spray
method with Iron (II) Oxalate and 2,2’-Bipyridine solutions that were previously used, we
were unable to observe the same results. This was attributed to the degradation of the
stored oxalate sample over time. Instead, we chose to proceed with the 2,2’-Bipyridine
ligand and experiment with the metal complex.

During the development process, Iron (Il) Oxalate, Iron (lll) Oxalate and Tin (II)
Oxalate were all unsuccessful in creating the expected metal-ligand compounds when
dual-sprayed with the 2,2’-Bipyridine ligand. It was determined that the stored samples of
oxalate materials were no longer useable for research purposes. Finally, Nickel (II) Nitrate

was used and found to be successful and was therefore chosen to use moving forward.
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Iron (IIl) Nitrate was also chosen due to its nitrate group as well as its relation to the Baker
Group research with Iron-SNS complexes.

Based on the success of the 2,2’-Bipyridine ligand, three other ligands were
chosen to investigate for their similar chemical structures. Of course, 1-10-Phenanthroline
was chosen as it was also used in the 2017 paper, in addition to 4,4’-Bipyridine and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid. Furthermore, we chose to experiment with the Baker

Group SNS ligand to further investigate our research goals.

1.4 Compounds of Interest

The compounds of interest for this research project are as follows; Nickel (Il)
Nitrate, Iron (lll) Nitrate, 2,2’-Bipyridine, 4,4’-Bipyridine, 1,10-Phenanthroline, 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid, and the Baker Group’s SNS ligand. It is important to
note that unlike the other ligands, the SNS ligand exists as a cyclic proligand that binds
to metals in its “open” form.*® Chemical structures for these compounds can be found in
Figure 1.6. All relevant information including chemical formula and molecular weight, as
well as additional information pertaining to each compound can be found in Table 1.1 and

1.2.
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Figure 1.6 Chemical structures of all compounds of interest.
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Table 1.1 Metal compounds of interest.”-5"
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Molecular

small quantities, usually
found in the form of solid
violet crystals.4%%0

Chemical . Density Boiling Melting .
Compound Formula Weight (g/em?) Point (°C) | Point (°C) Key Features Main Uses
(g/mol)
Nickel (II) Nitrate Ni(NOs)2 * 182.70 * 2.05 136.7 56.7 A corrosive, non- Often used to make
Hexahydrate 6H20 combustible and oxidative | nickel catalysts for
compound, usually found | the manufacturing of
in the form of solid green | other chemicals.*
crystals. 4748
Iron (1) Nitrate Fe(NOs)s * 241.86 * 1.68 47 125 An oxidative and non- Often used for
Nonahydrate 9H20 combustible material in chemical analysis

and in medicine.%®

* Indicates the molecular weight of the compound without water.



Table 1.2 Ligands of interest.5>-%°
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Chemical

Molecular

Boiling Point

Melting Point

Compound Formula Weight (g/mol) Density (g/cm?®) (°C) (°C) Main Uses
2,2’-Bipyridine C1oHsN2 156.18 ~1.3 72 273.5 Often used in the determination
of metals.>?
4,4’-Bipyridine C1oHsN2 156.18 ~1.3 305 112 Often used in the preparation of
polymers.5*
2,2’-Bipyridine-4,4’- C12HsN204 244.20 ~1.3 387 310 Often used in chemical
Dicarboxylic Acid synthesis.®®
1,10-Phenanthroline C12HsN2 180.20 ~1.3 300 117 Often used as an enzyme
inhibitor, cathode buffer,
chelator and versatile ligand.?®-%°
Baker Group SNS C1aH13NS2 259.38
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CHAPTER 2 - MATERIALS AND METHODS

2.1 Reagents and Supplies
All samples and reagents were provided by the J. L. Holmes Mass Spectrometry
Facility and the University of Ottawa. Samples were all purchased from Sigma-Aldrich or

Strem Chemicals. All reagents used were HPLC grade.

2.1.2 Sample Preparation
All samples were weighed using an analytical balance. Each solution was made to
a concentration of approximately 0.5 mg/mL. Stock solutions were made as required and
in HPLC grade methanol unless otherwise stated. All solutions were analysed each day
prior to experimentation to ensure stability and that no degradation occurred.
A 50:50 v/v mixture of HPLC water and methanol was used to clean all laboratory
equipment and HPLC acetonitrile was used to clean the instrument so as to prevent cross-

contamination and carryover.

2.2 Instrumentation

The instrument of choice was the Waters Synapt G1 High-Definition Mass
Spectrometer (Figure 2.1). High performance tandem mass spectrometry is achieved by
the inclusion of the triwave components as well as time-of-flight (TOF) analyser.®° After
the sample enters the source, the configuration of the trap, ion mobility separation (IMS)
and transfer T-Wave cells control the ion trapping and separation of molecules to be

analysed in the time-of-flight chamber in a W or V pattern.
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Figure 2.1 Waters Synapt G1 High Definition Mass Spectrometer (Electrospray lonization) instrument and operation
diagram.®®
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For the purpose of this research, the trap and transfer T-Wave cells were the main
focus. All samples were analysed in positive mode electrospray ionization (ESI+) in a V
pattern in the TOF analyser. A full list of instrument parameters can be found in Table
2.1. Automated syringe pumps operating at 20 yL/min were used in order to ensure
precision and accuracy within sample runs.

Table 2.1 Waters Synapt G1 High Definition Mass Spectrometer (Electrospray
lonization) Default Operation Parameters

ES+ Instrument
Source Collision Energy
Capillary (kV) | 3.00 Trap CE | 6.0
Sampling Cone | 50 Transfer CE | 4.0
Extraction Cone | 2.0
Temperatures (°C) Source | 18 mL/min
Source | 100 Trap | 1 mL/min
Desolvation | 250 TOF
Detector | 1900
Cone | 40 L/h Resolving Quadrupole
LM Resolution | 15.0
Desolvation | 176 L/h

2.3 Data Analysis
Data analysis was conducted using the MassLynx Software. Screen captures of

the output spectra are included throughout this document.

2.4 Experiment Overview
Ni?* and Fe3* were the metal ions of interest for this research in the form of Nickel
(1) Nitrate and Iron (lll) Nitrate. Each metal was analysed with a series of five ligand

compounds using multiple methods: 2,2’-Bipyridine, 4,4’-Bipyridine, 1,10-Phenanthroline,
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2,2’-Bipyridine-4,4’-Dicarboxylic Acid, and the Baker Group’s SNS ligand, pictured
previously in Figure 1.6.
Each of the analysis outputs for the following methods can be compared within its

metal group as well as across ligand groups, and between other methods of analysis.

2.4.1 Single-Spray Analysis (SS)

The first method uses a prepared solution 50:50 v/v mixture of each metal-ligand
combination (approximately 0.5 mg/mL), analysed via positive mode Electrospray
lonization Quadrupole Time-of-Flight Mass Spectrometry (QToF MS). In this method of
analysis, the compounds are mixed in the liquid phase and allowed to go to completion.
The reaction time and stability of each mixture was tested at one, 24 and 48 hours after
mixing. After such time, the solutions are injected into the instrument and analysed. The
most effective reaction time was chosen based on the greatest signal intensity of peaks
of interest. By comparing all four target complexes in the mass spectrum in relation to
their change in intensity over time, the ideal reaction time could be decided. The spectra
that had the greatest signal intensity on average at all four target masses, without a
significant amount of distortion from background noise or other formed complexes was

chosen moving forward. This mixture was used for further experimentation.

2.4.2 Dual-Spray Analysis (DS)
This method uses two stock solutions, one metal and one ligand at approximately
0.5 mg/mL each, analysed via positive mode Electrospray lonization Quadrupole Time-

of-Flight Mass Spectrometry (QToF MS). In this method of analysis, the compounds are
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mixed in the gas phase as they enter the source, leaving much less time for the reactions

to go to completion before analysis occurs.

2.4.3 Collision-Induced Dissociation (CID)
Within each of these sample runs for both single-spray and dual-spray analysis,
Collision-Induced Dissociation (CID) experiments were performed on each of the four
masses and their major isotopes; the metal and one ligand, the nitrated metal and one

ligand, the metal and two ligands, and the nitrated metal and two ligands (Table 2.2).



Table 2.2 Metal-ligand combinations and their major isotope masses to be analysed.
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Nickel (ll) Nitrate

Mass (Da)
. Nitrated Metal + . Nitrated Metal +
Metal + One Ligand One Ligand Metal + Two Ligands Two Ligands
2,2'-Bipyridine 213.9 215.9 275.9 277.9 370.0 372.0 432.0 434.0
4.,4'-Bipyridine 213.9 215.9 275.9 277.9 370.0 372.0 432.0 434.0
1,10-Phenanthroline 237.9 239.9 299.9 301.9 418.0 420.0 480.0 482.0
2,2'-Bipyridine-4,4'-Dicarboxylic Acid 301.9 303.9 363.9 365.9 544.9 546.9 607.9 609.9
SNS 316.9 318.9 378.9 380.9 576.0 578.0 638.0 640.0
Iron (lll) Nitrate
Mass (Da)
. Nitrated Metal + . Nitrated Metal +
Metal + One Ligand One Ligand Metal + Two Ligands Two Ligands
2,2'-Bipyridine 211.9 274.0 368.0 430.0
4.,4'-Bipyridine 211.9 274.0 368.0 430.0
1,10-Phenanthroline 235.9 297.9 416.0 478.0
2,2'-Bipyridine-4,4'-Dicarboxylic Acid 299.9 361.9 542.9 605.9
SNS 314.9 376.9 574.0 636.0
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Unless otherwise stated, samples were run at increasing increments of 5 eV in
each the trap and transfer until the signal was lost or 100 eV was reached. When the
signal was lost, this indicated that the amount of voltage applied exceeded the amount
required to fragment the precursor ion and still detect its fragments. While experimenting
in the trap, the transfer cell was maintained at 4 eV with the trap gas increased to 5
mL/min. While experimenting in the transfer, the trap cell was maintained at 6 eV and the
trap gas at 1 mL/min. Argon gas is used in the trap when performing these experiments
while Nitrogen gas is always used in the source.

Using this data, breakdown diagrams were creating for each of the experiments
conducted. The intensities of each of the peaks of interest was recorded and normalized
according to the data set. This was done by dividing the intensity of each peak by the total

sum of intensities for a given collision energy, seen in the following equation:

Peak Intensity

Relative Intensity = — : —
Sum of Intensities at Given Collision Energy

This value was plotted on the y-axis. On the x-axis, the Centre of Mass Frame, or
the real collision energy, was plotted. The collision energy determined by the instrument
is a theoretical amount of kinetic energy which does not consider the other parameters in
the lab. By using the following equation, we can take into account the types of gases used
as well as the precursor ion (PIl) of focus in each experiment to find the real collision

energy, which is the experimental amount of kinetic energy given.

Ecom = ELAB( — )

Mmart+mpy



24

2.4.4 Time-Resolved Electrospray lonization Analysis (TRESI)

This method again used two stock solutions, one metal and one ligand at
approximately 0.5 mg/mL, and analysed via Quadrupole Time-of-Flight Mass
Spectrometry (QToF MS). In this final method, the compounds are mixed in the liquid
phase but immediately enter the source as seen in the previous Figure 1.5.

The time at which the solutions are allowed to mix can be varied, increasing the
reaction time before the solution enters the instrument. Table 2.3 displays the factors
involved in the TRESI method based on the standard flow rate of 20 uL/min used in these

experiments. CID experiments were not conducted on these combinations.

Table 2.3 TRESI mixing volumes and reaction times for each capillary length at a flow
rate of 20 yL/min.

Length (cm) Volume (uL) Time (sec)
0 0.00 0.00
1 2.03 6.09
2 4.06 12.18
3 6.09 18.27
4 8.12 24.36
5 10.15 30.45
6 12.18 36.54
7 14.21 42.63
8 16.24 48.72
9 18.27 54.81
10 20.30 60.90
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CHAPTER 3 — METHOD COMPARISON:
SINGLE-SPRAY, DUAL-SPRAY AND TRESI

Three different injection methods were chosen for the purpose of this research.
The first method was a single-spray of a pre-mixed solution of the metal-ligand mixture.
The second was using simultaneous dual-spray injections of both the metal and ligand
solutions. The third used a time-resolved device known as the TRESI which involved
mixing the solutions as they enter the instrument.

For the single-spray method, a 50:50 v/v mixture of each ligand and metal
combination was made in methanol and analysed via positive mode ESI QToF after one,
24 and 48 hours. Within this experiment, the appropriate reaction time for each individual
solution was discovered using a stability study. The ideal reaction time was determined
to be when the signal for the mass-to-charge ratios (m/z) of interest were large enough
to perform further experimentation but before the signal began to drop out, having other
minor peaks dominate the spectrum. By comparing the mass spectrums, focused on the
four target complexes, a visual comparison could be made to select the time scale with
the most intense peaks on average to undergo further experimentation. This time varied
by combination, but most solutions completed their reaction within the first hour. An

example of such spectra can be seen in Figure 3.1 below.
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Figure 3.1 Sample single-spray spectrum of Nickel (Il) Nitrate 2,2’-Bipyridine 50:50 v/v mixture in methanol (50-500 Da)
taken using Electrospray lonization (QToF) Mass Spectrometry.
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Using this information, a sample spectrum was taken and used to confirm the
formation of the four target m/z to be analysed. This included the 1:1 metal to ligand
complex, the nitrated 1:1 metal to ligand complex, the 1:2 metal to ligand complex and
the nitrated 1:2 metal to ligand complex, for each combination respectively. The target
masses for each combination can be found in Table 2.2. A sample spectrum can be seen

in Figure 3.2 below.

213.9

a) - 215.9

Figure 3.2 Sample single-spray spectrum of Nickel (Il) Nitrate 2,2’-Bipyridine 50:50 v/v
mixture in methanol focused on the 1:1 metal to ligand complex at 213.9 m/z and its
isotope at 215.9 m/z taken using Electrospray lonization (QToF) Mass Spectrometry
comparing a) the expected isotope pattern as generated by the MassLynx software
isotope modeling tool, to b) the acquired sample.

For the dual-spray method, two syringes containing either the ligand or metal
solutions in methanol were injected simultaneously and analysed via positive mode ESI
QToF. Within this experiment, each sample spectra for the same four target m/z were

taken as the solutions mixed in the gas phase of the source. The spectral outputs look

similar to that of the single-spray mixtures seen in Figures 3.1 and 3.2.
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Finally, in the TRESI method, a single mixture entered the source after each ligand

and metal solution in methanol mixed in the liquid phase using the TRESI device as seen

in Figure 1.5. Again, the samples were analysed via positive mode ESI QToF. Samples

were analyzed for one minute increments, starting at Ocm, before the inner tubing was

pulled back 1 cm further from the point of contact. This was repeated several times for

each experiment in order to increase the mixing volume within the device and increase

the allotted reaction time for each of the samples. Parameters can be found in Table 2.3.

Figure 3.3 below shows a sample mass spectra for the TRESI technique. Additional

spectra can be found in the appendix.
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Figure 3.3 Sample TRESI mass spectra of Nickel (lI) Nitrate 2,2’-Bipyridine 50:50 v/v
mixture in methanol taken using Electrospray lonization (QToF) Mass Spectrometry at

a)0cm,b)1cm,c)2cm,d)3cm, e)4cm,andf) 5 cm.
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3.1 Metal Solutions

Nickel (Il) Nitrate, Ni(NOz3)2, has a molecular mass of 182.70 g/mol. Figure 3.4
below displays the mass spectrum (50-1000 Da) taken of the compound when mixed in
methanol at a concentration of approximately 0.5 mg/mL. Although the entire complex is
not visible intact, the peak cluster at 57.9 m/z can be seen and confirms the presence of

the Nickel ion (Ni*) and its major isotope at 59.9 m/z.
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Figure 3.4 Spectrum of Nickel (II) Nitrate in methanol taken using Electrospray lonization
(QToF) Mass Spectrometry.

Iron (1) Nitrate, Fe(NOz3)3, has a molecular mass of 241.86 g/mol. Figure 3.5 below
displays the mass spectrum (50-1000 Da) taken of the compound when mixed in

methanol at a concentration of approximately 0.5 mg/mL.
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Figure 3.5 Spectrum of Iron (lll) Nitrate in methanol taken using Electrospray lonization
(QToF) Mass Spectrometry.

There are several other peaks present in both Figure 3.4 and Figure 3.5. They are
likely due to the many possible fragments of each of the complexes, as well as the
interaction of other particles present within the instrument at the time of the sample
analysis. The overall pattern of each of the clusters is at most times consistent, meaning
that the metal isotopes are indeed present in each of those clusters. These types of

patterns indicate the compound is not stable in solution and may not be totally dissolved.
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3.2 2,2’-Bipyridine
2,2’-Bipyridine, C10HsN2, has a molecular mass of 156.18 g/mol. Figure 3.6 below

displays the mass spectrum (50-400 Da) taken of the compound when mixed in methanol

at a concentration of approximately 0.5 mg/mL.
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Figure 3.6 Spectrum of 2,2’-Bipyridine in methanol focused on the CioHsN2H* ion
focused at 157.0 and 158.0 m/z taken using Electrospray lonization (QToF) Mass
Spectrometry comparing a) the expected isotope pattern as generated by the MassLynx
software isotope modeling tool, to b) the acquired sample.

After mixing the 2,2’-Bipyridine solution with the Nickel (Il) Nitrate solution 50:50
v/v, a stability study was performed, the results of which can be seen in Figure 3.7 below.

The stability study of the Iron (lIl) Nitrate and 2,2’-Bipyridine 50:50 v/v solution can be

found in Figure 3.8.
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Figure 3.7 Stability study of Nickel (ll) Nitrate 2,2’-Bipyridine 50:50 v/v mixture in methanol at a) one, b) 24, and c) 48
hours.
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Figure 3.8 Stability study of Iron (lll) Nitrate 2,2’-Bipyridine 50:50 v/v mixture in methanol at a) one, b) 24, and c) 48 hours.
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It was determined that the reaction of Nickel (Il) Nitrate 2,2’-Bipyridine reached
completion within the first hour after mixing. The signal intensity begins to drop in the
higher m/z regions after the first 24 hours. At the 24 hour mark, it can be seen that many
of the lower intensity clusters have dropped out, specifically the 1:2 complex
(NiC10H8N2C10HgN2*) at 370.0 m/z and the cluster at approximately 242 m/z. Also,
everything less than 150 m/z and greater than 450 m/z has significantly decreased in
intensity. After 48 hours, many of the clusters have disappeared and those with medium
intensities after one hour have now started to disappear while some have significantly
increased in intensity. Therefore, less than 24 hours was determined to be the ideal
reaction time for this mixture to undergo further experimentation.

When looking at the mixture with Iron (lll) Nitrate, the same conclusion was made.
After one hour, there is a signal of both compounds of interest with the 1:1 metal to ligand
ratios, FeC1oHsgN2*" and FeC10HgsN2NOs*. There is very little signal at the compounds with
the 1:2 ratio, however the signal does not increase significantly with time. It is important
to note that a visible colour change was observed in the solution within the first hour after

mixing, as shown in Figure 3.9.

Figure 3.9 Iron (lll) Nitrate 2,2’-Bipyridine solution approximately one minute after mixing
(left) as compared to approximately one hour after mixing (right).
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It is understood that this colour change indicates an oxidation reaction has occurred. The
speed at which this took place proves the overall reaction also occurred quite quickly. At
the 24 hour mark, other peaks have started to grow in and distort the signal of the
compounds of interest. After 48 hours, many of the lower intensity clusters have begun
to disappear. The most prominent peaks throughout the spectra include the Iron (lll)
Nitrate cluster, Fe(NO3)sH*, at 243.0 m/z and the 2,2’-Bipyridine ligand, C1oHsN2H", at
157.0 m/z. Overtime, the ligand cluster does begin to decrease in intensity, but the pattern
of the 243.0 m/z cluster begins to shift and distort. Therefore, less than 24 hours was
determined to be the ideal reaction time for this mixture.

Figures 3.10 and 3.11 below compare the three methods of injection overall, the
single-spray mixture, dual-spray and TRESI with both the Nickel and lron solutions

respectively.
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Figure 3.10 A comparison study of the spectra of Nickel (Il) Nitrate 2,2’-Bipyridine for a) 50:50 v/v mixture in methanol, b)
the dual-spray method, and c) the TRESI method.
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Figure 3.11 A comparison study of the spectra of Iron (lll) Nitrate 2,2’-Bipyridine for a) 50:50 v/v mixture in methanol, b)
the dual-spray method, and c) the TRESI method.
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In terms of the Nickel (II) Nitrate mixture from Figure 3.10, it is clear that the single-
spray mixture had the greatest intensity for all four target masses overall after letting the
reaction occur for between one and 24 hours. The dual-spray method produced a large
amount of nitrated compounds in comparison to the non-nitrated, although they were still
present. The TRESI method produced similar results as the nitrated 1:1 complex had the
greatest intensity, followed by the nitrated 1:2 complex, however the 1:1 complex has
almost no ion counts at all. In all three techniques, the ligand alone is notably present.

From this data, it can be concluded that the combination of these two solutions
needs some time to react properly. Although the instant mixing in the gas phase via-dual-
spray does produce ions of interest, the nitrogen gas strongly influences the mixing
resulting in the high intensity of the nitrated complexes. However, the intensity ratios are
comparable to that of the single-spray mixture. When the compounds mix in the liquid
phase, much fewer complexes are formed. As previously stated, the nickel metal has a
high affinity for nitrogen-containing compounds, which could explain the larger intensity
of the formed nitrated complexes. Overall, all three methods were relatively effective at
creating the complexes of interest for the Nickel (II) Nitrate 2,2’-Bipyridine combination.

When looking at the Iron (lIl) Nitrate mixture from Figure 3.11, it can be learned
that the single- and dual-spray techniques produced roughly the same amount of target
ions. This included a medium intensity cluster at both 1:1 complexes and very little to
none at the 1:2 complexes. As for the TRESI technique, the target clusters appear at
slightly higher mass-to-charge ratios than was expected. In general, the TRESI method

had the least amount of Iron (lll) Nitrate ions lingering in solution, likely meaning more
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particles had reacted which could explain the abundance of clusters in the 179-190 m/z
range. In all three techniques, the ligand alone is again notably present.

These two solutions needed very little time to react. The almost immediate change
in colour helps explain the similarities between the single- and dual-spray methods. Also
similar to the nickel solution, the presence of nitrogen gas influences the mixture by giving
the nitrated compound at 274.0 m/z (FeC1oHsN2NO3*) a higher intensity than the non-
nitrated 1:1 complex at 211.9 m/z (FeC1oHsN:"). Overall, the TRESI method was very
ineffective at creating the target compounds while both single- and dual-spray techniques

were both moderately effective.
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3.3 4,4-Bipyridine
4.,4’-Bipyridine, C10HgN2, has a molecular mass of 156.18 g/mol. Figure 3.12 below
displays the mass spectrum (50-400 Da) taken of the compound when mixed in methanol

at a concentration of approximately 0.5 mg/mL.

157.07

158.07

Figure 3.12 Spectrum of 4,4’-Bipyridine in methanol focused on the C1oHgN2H* ion
focused at 157.0 and 158.0 m/z taken using Electrospray lonization (QToF) Mass
Spectrometry comparing a) the expected isotope pattern as generated by the MassLynx
software isotope modeling tool, to b) the acquired sample.

After mixing the 4,4’-Bipyridine solution with the Nickel (Il) Nitrate solution 50:50
v/v, a stability study was performed, the results of which can be seen in Figure 3.13 below.
It is important to note the difference between the 4,4’-Bipyridine mixture and the 2,2’-
Bipyridine mixture previously discussed. In this mixture, the non-nitrated 1:2 complex has
one less hydrogen, NiC10HgN2C10H7N2*, for a m/z ratio of 369.0 instead of 370.0 as seen
in the previous 2,2’-Bipyridine mixture. These compounds are almost identical and

therefore no reasonable explanation for this difference is evident. A stability study of the

ligand and Iron (lIlI) Nitrate 50:50 v/v, was also completed and displayed in Figure 3.14.
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Figure 3.13 Stability study of Nickel (ll) Nitrate 4,4’-Bipyridine 50:50 v/v mixture in methanol at a) one, b) 24, and c) 48
hours.
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It was determined that from Figure 3.13, the reaction of Nickel (lI) Nitrate 4,4’-
Bipyridine reached completion within the first hour after mixing. After the first 24 hours,
the signal intensity of the higher m/z regions begins to drop while it increases in the lower
m/z regions. At the 24 hour mark, it can be seen that many of the mid m/z range clusters
have begun to drop out, specifically the 200-400 m/z region. After 48 hours, many of the
clusters have disappeared or have significantly decreased in intensity. However, the two
clusters at 369.0 m/z (NiC1oHsN2C10H7N2") and 432.0 m/z (NiC10HsN2C10HsN2NO3*) have
increased considerably in intensity. Therefore, between one and 24 hours was
determined to be the ideal reaction time for this mixture to undergo further
experimentation.

In Figure 3.14, it is discovered that the reaction of Iron (lIlI) Nitrate 4,4’-Bipyridine
also reached completion within the first hour after mixing. There is little to no change after
one, 24 and 48 hours of analysis indicating this mixture is quite stable over time. This is

confirmed by the lack of colour change in solution as depicted in the figure below.

Figure 3.15 Iron (lll) Nitrate 4,4’-Bipyridine solution approximately one minute after
mixing (left) as compared to approximately one hour after mixing (right).
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However, only the nitrate 1:1 complex produced a significant signal intensity while
the other three compounds of interest are barely visible. Again, the ligand alone
dominates the spectra at 157.0 m/z, C1oHgN2H".

Figures 3.16 and 3.17 below compare the three methods of injection overall, the
single-spray mixture, dual-spray and TRESI with both the Nickel and lIron solutions

respectively.
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Figure 3.16 A comparison study of the spectra of Nickel (Il) Nitrate 4,4’-Bipyridine for a) 50:50 v/v mixture in methanol, b)

the dual-spray method, and c) the TRESI method.
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From Figure 3.16, it is clear that once again the single-spray mixture had the
greatest intensity for all four target masses overall after letting the reaction occur for
between one and 24 hours for the Nickel (1) Nitrate mixture. Although still visible, the non-
nitrated compounds show significantly less intensity than their nitrated counterparts when
examining the dual-spray method. The TRESI method also showed greater intensity
when nitrated but only in the 1:2 complex (NiC10HgN2C10HsN2NO3*) while the other three
are very low in intensity. Again, in all three techniques, the ligand alone is notably present.

It can be determined from the above data that like the 2,2’-Bipyridine mixture, these
two solutions need time to completely react. Both the real-time mixing in the liquid and
gas phases did produce complexes of interest, however the single-spray mixture overall
worked most effectively. Both real-time methods had higher intensities with the nitrated
complexes as seen previously and attributed to nickel’s affinity for nitrogen-containing
compounds. It is interesting to note that both dual-spray and TRESI methods made little
to no ions for the 1:1 complex at 213.9 m/z (NiC10HsN2*), as well as the non-nitrated 1:2
(NiC10HsN2C10HsN2*) complex at 369.0 m/z only in the dual-spray method. Overall, all
three methods were relatively effective at created the complexes of interest.

For the Iron (lll) Nitrate combination in Figure 3.17, it can be learned that the single-
and dual-spray techniques are both moderately effective at producing the compounds of
interest. Both spectra look quite similar, indicated that the mixing in the gas phase is
equally as effective as a pre-mixed solution. The TRESI method also produced
compounds of interest but created many other clusters as well, making the spectrum

extremely noisy. In all three spectra, the ligand is once again present.
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When specifically looking at target complexes, all three methods seem to be
relatively effective meaning they are not limited by reaction time. However, in both the
single- and dual-spray methods, the ligand alone is the dominant peak. In the TRESI
method, the cluster of 229.0 m/z dominates the spectrum. It is clear that the real-time
mixing in the liquid phase creates a different resulting spectrum. Many of the medium
intensity clusters are present in very low quantities in the other two spectra or simply not
present at all. Overall, all three methods were relatively effective at creating the

complexes of interest although the TRESI spectrum was not as clean as the others.
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3.4 2,2'-Bipyridine-4,4’-Dicarboxylic Acid

2,2'-Bipyridine-4,4’-Dicarboxylic Acid, C12HsN204, has a molecular mass of 244.20
g/mol. Figure 3.18 below displays the mass spectrum (50-400 Da) taken of the compound
when mixed in methanol at a concentration of approximately 0.5 mg/mL. It can be noted
that the entire complex is not visible in the expected m/z region. However, fragments of
the overall compound are visible at both 202.0 m/z (C11HsN202H>*) as well as 157.0 m/z

(C10HsN2H™), which confirm the complex is present in solution.

202.07

203.07

30150160 70 18,
157.07

158.07

Figure 3.18 Spectrum of 2,2’-Bipyridine-4,4’-Dicarboxylic Acid in methanol taken using
Electrospray lonization (QToF) Mass Spectrometry comparing a) the expected isotope
pattern of C11HgN202H>* at 202.0 and 203.0 m/z as generated by the MassLynx software
isotope modeling tool, and b) the expected isotope pattern of C1oHsN2H* and at 157.0 and
158.0 m/z from MassLynx, to c) the acquired sample.

After mixing the 2,2’-Bipyridine-4,4’-Dicarboxylic Acid with the Nickel (Il) Nitrate
solution 50:50 v/v, a stability study was performed, the results of which can be seen in
Figure 3.19 below. A stability study with Iron (l1l) Nitrate was also completed and shown

in Figure 3.20.
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Figure 3.19 Stability study of Nickel (II) Nitrate 2,2’-Bipyridine-4,4’-Dicarboxylic Acid 50:50 v/v mixture in methanol after a)
one, b) 24, and c) 48 hours.
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Figure 3.20 Stability study of Iron (l1l) Nitrate 2,2’-Bipyridine-4,4’-Dicarboxylic Acid 50:50 v/v mixture in methanol after a)
one, b) 24, and c) 48 hours.
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It was determined from Figure 3.19 that the reaction of Nickel (II) Nitrate 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid reached completion between 24 and 48 hours after
mixing. After the first hour, there are no target complexes formed and very little ions
above the 300 m/z region. After 24 hours, the signal intensities of the 1:1 complexes are
quite strong. There are also very small signals for the 1:2 complexes at this time and it is
clear that a reaction has occurred. After 48 hours, the signal intensities of complexes
above the 380 m/z region begin to disappear and any other signals of medium intensity
begin to drop out. Although the signal of the nitrated 1:1 complex (NiC12HsN204NO3*) still
appears strong, the non-nitrated 1:1 complex (NiC12HgN204") and the 1:2 complexes are
less visible. In all three spectra, the bipyridine portion of the ligand is present, however in
much lower quantities at the 24 hour mark. This could potentially mean that more of the
ligand had reacted with the metal solution at this point. However, after 48 hours, more of
the ligand began to appear, meaning the new complexes were no longer stable.
Therefore, between 24 and 48 hours was determined to be the ideal reaction time for this
mixture to undergo further experimentation.

From Figure 3.20 it is learned that very little reaction has occurred, if at all, for the
Iron (111) Nitrate 2,2’-Bipyridine-4,4’-Dicarboxylic Acid combination. The bipyridine portion
of the ligand was a dominating cluster in all three spectra, also suggested very little of the
solution had reacted with the metal. This is confirmed by Figure 3.21 which shows no
observable change in the solution. The cloudiness of the solution suggests the two

solutions did not mix well and therefore would not produce a reaction.
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Figure 3.21 Iron (lIl) Nitrate 2,2’-Bipyridine-4,4’-Dicarboxylic Acid solution approximately
one minute after mixing (left) as compared to approximately one hour after mixing (right).

After one and 24 hours, the spectra look fairly similar with small intensity clusters
around the 1:1 (FeCi2HsN204") complex as well as the nitrated 1:1 complex
(FeC12HgN204NO3*). There is no signal at the expected 1:2 complex m/z regions. At the
24 hour mark, many of the low intensity peaks have grown in creating a noisy and unclear
spectra. After 48 hours, the signals of the two clusters became more intense, however
the m/z is slightly off from the expected pattern. Therefore, a reaction time between one
and 24 hours was used for further experimentation.

Figures 3.22 and 3.23 below compare the three methods of injection overall, the
single-spray mixture, dual-spray and TRESI with both the Nickel and lIron solutions

respectively.
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Figure 3.22 A comparison study of the spectra of Nickel (lI) Nitrate and 2,2’-Bipyridine-4,4’-Dicarboxylic Acid for a) 50:50
v/v mixture in methanol, b) the dual-spray method, and c) the TRESI method.
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Figure 3.23 A comparison study of the spectra of Iron (lll) Nitrate and 2,2’-Bipyridine-4,4’-Dicarboxylic Acid for a) 50:50 v/v
mixture in methanol, b) the dual-spray method, and c) the TRESI method.



56

From Figure 3.22, it can be learned that the single-spray mixture method is the
only relatively effective method of analysing the combination of Nickel (1) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid. As determined by the stability study, the reaction
needed a minimum of 24 hours to go to completion, making the real-time methods
insignificant. It is clear that the dual-spray method of mixing compounds in the gas phase
produced little to no ion complexes of interest. However, it is surprising to note that the
TRESI method of mixing ions in the liquid phase did indeed produce some target
complexes. The figure shows that there is signal produced for the 1:1 complexes at the
301.9 m/z (NiC12HsN204") and 363.9 m/z (NiC12HsN204NO3*) regions. Overall, only the
single-spray mixture method was effective while the TRESI method had some success
and the dual-spray method had little to no success at creating the complexes of interest.

It is seen in Figure 3.23 both the single- and dual-spray methods of the Iron (lII)
Nitrate combination were both relatively ineffective at creating target complexes. Although
some 1:1 complexes are present, there is very little signal in these regions and the m/z is
one or two mass units lower than expected in each case. When looking at the TRESI
method, only a small signal is produced at the non-nitrated 1:1 complex around 299.9
m/z, FeC12HsN204". As determined by the stability study, very little reaction occurred over
time, if at all. With that knowledge it is not unexpected that the real-time mixing in both
the liquid and gas phases did not produce any viable signal. Therefore, no method tested

was successful in creating the target compounds of interest.
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3.5 1,10-Phenanthroline

1,10-Phenanthroline, C12HsN2, has a molecular mass of 180.20 g/mol. Figure 3.24
below displays the mass spectrum (50-400 Da) taken of the compound when mixed in
methanol at a concentration of approximately 0.5 mg/mL.

181.07

182.07

Figure 3.24 Spectrum of 1,10-Phenanthroline in methanol focused on the C12HgN2H* ion
at 181.0 and 182.0 m/z taken using Electrospray lonization (QToF) Mass Spectrometry
comparing a) the expected isotope pattern as generated by the MassLynx software
isotope modeling tool, to b) the acquired sample.

After mixing the 1,10-Phenanthroline with the Nickel (ll) Nitrate solution 50:50 v/v,
a stability study was performed, the results of which can be seen in Figure 3.25 below.

The stability study of the Iron (lIl) Nitrate and 1,10-Phenanthroline 50:50 v/v solution can

be found in Figure 3.25.
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Figure 3.25 Stability study of Nickel (II) Nitrate 1,10-Phenanthroline 50:50 v/v mixture in methanol after a) one, b) 24, and
c) 48 hours.
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Figure 3.26 Stability study of Iron (lll) Nitrate 1,10-Phenanthroline 50:50 v/v mixture in methanol after a) one, b) 24, and c)

48 hours.
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It was determined from Figure 3.25 that the reaction of Nickel (II) Nitrate 1,10-
Phenanthroline was complete within the first 24 hours after mixing. After the first hour, all
complexes of interest are present, but the non-nitrated compounds are at very low signal
intensities. After 24 hours, the signal of the non-nitrated 1:1 complex seems to improve
but not the 1:2. There is little to no intensity lost for any other compounds present with the
addition of a few more ions in the lower m/z regions. After 48 hours, there is a drop in
intensity for the non-nitrated 1:2 complex as well as those compounds in the lower m/z
regions. The ligand is present in all three spectra, but at the lowest intensity in the 24 hour
spectra, suggesting more of the compound had reacted. Generally, there is very little
difference in the stability of the mixture overtime, but between one and 24 hours was the
ideal reaction time for this combination to undergo further experimentation.

From Figure 3.26 it is learned that there is very little change over time for the Iron
(Ill) Nitrate 1,10-Phenanthroline combination. One hour after mixing, there are signals
present at each of the four target complexes and in very similar ratios to the Nickel
solution. Again, the non-nitrated 1:1 and 1:2 complexes have very little intensities. After
24 hours, the intensities increase slightly but become distorted by the 48 hour mark,
specifically the non-nitrated 1:2 complex. Figure 3.27 confirms the quick reaction time by
the colour change beginning in the first hour of mixing. Again, this suggests an oxidation

reaction and the rapid change indicates the completion of the reaction fairly early on.
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Figure 3.27 Iron (lIl) Nitrate 1,10-Phenanthroline solution approximately one minute after

mixing (left) as compared to approximately one hour after mixing (right).

Taking the colour change and relative intensities of the spectra into account, it was

decided that between one and 24 hours was the ideal reaction time for this mixture.
Figures 3.28 and 3.29 below compare the three methods of injection overall, the

single-spray mixture, dual-spray and TRESI with both the Nickel and lIron solutions

respectively.
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Figure 3.28 A comparison study of the spectra of Nickel (I1) Nitrate 1,10-Phenanthroline for a) 50:50 v/v mixture in methanol,

b) the dual-spray method, and c) the TRESI method.
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Figure 3.29 A comparison study of the spectra of Iron (lIl) Nitrate 1,10-Phenanthroline for a) 50:50 v/v mixture in methanol,

b) the dual-spray method, and c) the TRESI method.
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From Figure 3.28, the single-spray mixture method of Nickel (llI) Nitrate
Phenanthroline again seems to be the most effective method of analysing this
combination. Although very similar to the spectrum from the TRESI method, the
intensities of both non-nitrated compounds are larger in the single-spray method. This is
also true for the dual-spray method, both non-nitrated complexes have little to no
intensity. However, the nitrated 1:2 complex also has very little intensity. In all three
techniques, the ligand alone is notably present.

It is known that the 1,10-Phenanthroline mixture also takes some time to complete
its reaction. Mixing with the Nickel (lI) Nitrate in both the liquid and gas phases did
however produce some ions for the complexes of interest, just in lower intensities than
with the pre-mixed solution. Overall, only the single-spray mixture method was effective
while the TRESI method had some success and the dual-spray method had very little
success at creating the complexes of interest.

In Figure 3.29, it is seen that the Iron (lll) Nitrate Phenanthroline combination
produces similar results to the Nickel combination. While the single-spray method is quite
effective, the TRESI method is also very effective, specifically when looking at the 1:1
complexes. Both methods produced greater signals for the 1:1 complexes than for the
1:2 complexes. Interestingly, the TRESI method produced a much more intense signal
with a more complete isotope pattern for the non-nitrated 1:1 complex (FeC12HgN2*) than
the single-spray method. However, when observing the 1:2 complexes, both methods
produced significantly less intense signals and the TRESI method was much more
distorted at the non-nitrated 1:2 complex (FeC12HsN2C12HsN2") than was the single-spray

mixture. Furthermore, the dual-spray method produced some signal for the 1:1 complexes
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but little to no signal for the 1:2 complexes. Also, the spectrum is very noisy and somewhat
unclear in the 150-400 m/z range making the data less reliable.

Knowing that the mixture needed some time to react, it is no surprise that the real-
time mixing in the gas phase produced little usable results in the dual-spray method. It is
surprising however that the TRESI method of real-time mixing in the liquid phase was so
successful. It produced very similar if not better results than the pre-mixed solution and
single-spray method. Clearly these compounds react very well in the liquid phase and not
as much in the gas phase. Overall, the single-spray and TRESI methods were very
effective in creating the target compounds of interest while the dual-spray method had

very little success.
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3.6 SNS
The Baker Group’s SNS Ligand, C14H13sNS2, has a molecular mass of 259.38
g/mol. Figure 3.30 below displays the mass spectrum (50-400 Da) taken of the compound

when mixed in methanol at a concentration of approximately 0.5 mg/mL.

258.04

Figure 3.30 Spectrum of SNS Ligand, less one hydrogen (C14H12NS2*), in methanol
taken using Electrospray lonization (QToF) Mass Spectrometry comparing a) the
expected isotope pattern as generated by the MassLynx software isotope modeling tool,
to b) the acquired sample.

After mixing the SNS Ligand with the Nickel (II) Nitrate solution 50:50 v/v, a stability
study was performed, the results of which can be seen in Figure 3.31 below. The stability

study of the Iron (lll) Nitrate and the SNS Ligand 50:50 v/v solution can be found in Figure

3.31.
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Figure 3.31 Stability study of Nickel (llI) Nitrate SNS 50:50 v/v mixture in methanol at a) one, b) 24, and c) 48 hours.
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Figure 3.32 Stability study of Iron (lll) Nitrate SNS 50:50 v/v mixture in methanol at a) one, b) 24, and c) 48 hours.
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It was determined that the reaction of Nickel (I) Nitrate SNS was complete within
the first hour after mixing. After the first hour, all complexes of interest are present,
although in very low intensities compared to the dominant peak of the non-nitrated 1:1
complex (NiC14H12NS2*). After both 24 and 48 hour periods, very few changes occur
within the spectrum meaning that this mixed complex is quite stable over time. The ligand
alone less one hydrogen, C14H12NS2", is also visible with a relatively high intensity at 258
m/z at all analyzed times. Knowing the ligand is only visible missing one mass unit less
due to a hydrogen atom loss, it is no surprise that the non-nitrated 1:1 and 1:2 complexes
are also found one mass unit less. When looking at the nitrated 1:1 complex,
NiC14H11NS2NO3™, it is found at 376.9 m/z, meaning it has lost two hydrogen atoms. The
same pattern follows for the nitrated 1:2 complex as it is found to have lost four hydrogen
atoms, NiC14H11NS2C14H11NS2NO3* at 633.9 m/z. The ligand less one hydrogen,
C14H12NS2", is visible in all three spectra. Therefore, one hour was chosen to be the ideal
reaction time for this mixture to undergo further experimentation.

When looking at Iron (lll) Nitrate SNS, the same conclusion was made. The
spectrum after one hour has the greatest average intensity of all four complexes of
interest. Again, both nitrated complexes have lost two and four hydrogens respectively as
seen in the nickel mixture, FeC14H11NS2NO3* and FeC14H11NS2C14H11NS2NO3*. This
time, the 1:1 non-nitrated complex appears two hydrogens less than expected,
FeC14sH11NS2*, but the 1:2 non-nitrated appears three hydrogens more,
FeC14H13NS2C14H16NS2*. At 577.0 m/z, it has very little intensity after one hour but does
not increase with time. It also does not follow the pattern of the rest and likely means the

complex is not the target of interest. Although the nitrated 1:1 complex does increase over
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time, the nitrated 1:2 complex signal significantly decreases after the first hour. The 1:1
complex at 312.9 m/z, FeC14H11NS2", is fairly consistent throughout the spectra. There is
no image of the solution for this mixture. The ligand less one hydrogen C14H12NS2", is
again visible in all three spectra. Therefore, one hour was chosen for this mixture as well
to be the ideal reaction time to undergo further experimentation.

Figures 3.33 and 3.34 below compare the three methods of injection overall, the
single-spray mixture, dual-spray and TRESI with both the Nickel and lron solutions

respectively.
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Figure 3.33 A comparison study of the spectra of Nickel (II) Nitrate SNS for a) 50:50 v/v mixture in methanol, b) the dual-
spray method, and c) the TRESI method.
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Figure 3.34 A comparison study of the spectra of Iron (lll) Nitrate SNS for a) 50:50 v/v mixture in methanol, b) the dual-
spray method, and c) the TRESI method.
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From Figure 3.33, it can be learned that the single-spray mixture method and the
TRESI method are almost equally as effective when analysing this combination. In the
single-spray mixture, only the 1:1 complex has a relatively high intensity while the other
three are present but in low quantities. In the TRESI method, both the non-nitrated and
nitrated 1:1 complexes are present in similar intensities but much lower than other intense
peaks within the spectra. Also, the non-nitrated 1:2 complex is present with a small
intensity while the nitrated 1:2 shows little to no ions produced. Alternatively, the dual-
spray method shows little to no ions of interest produced overall. There is a small signal
produced for the 376.9 m/z, the nitrated 1:1 complex (NiC1sH11NS2NO3*), but the
spectrum is mainly comprised of other compounds in the lower m/z regions. Overall, only
the single-spray was relatively effective as was the TRESI method while the dual-spray
method had little to no success at creating the complexes of interest.

When looking at the Iron (lll) Nitrate SNS combination from Figure 3.34, similar
patterns are present. The single-spray mixture and TRESI method similarly produced
moderate ions of interest while the dual-spray method produced little to no target signals
overall. Both nitrated complexes appear at higher intensities with the single-spray method
over the TRESI method, but each method would still be considered successful. Therefore,
the dual-spray method was the least effective, followed by the TRESI method, making the

single-spray method the most effective technique to create complexes of interest.
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Below is a summary of the previous results, indicating which techniques were

relatively successful at created complexes of interest versus those that were

unsuccessful.

Table 3.1 Summary of method comparison results.

Nickel (Il) Nitrate

Ligand Single-Spray | Dual-Spray TRESI
2,2"-Bipyridine v v W4
4.4’-Bipyridine

2,2’-Bipyridine-4,4’-Dicarboxylic Acid

1,10-Phenanthroline

SISIS S

X S| X | S

SIS XS

SNS
Iron (lll) Nitrate
Ligand Single-Spray | Dual-Spray TRESI
2,2"-Bipyridine v/ v/ X
4.4’-Bipyridine

2,2’-Bipyridine-4,4’-Dicarboxylic Acid

1,10-Phenanthroline

SNS

SIS XS

X S |[X | S

SIS XS
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CHAPTER 4 — GAS PHASE REACTIVITY OF METAL COMPLEXES:
BIPYRIDINE LIGANDS

Collision Induced Dissociation (CID) experiments were performed within both the
single- (mixture) and dual-spray methods. They were performed on each of the four target
complexes. In the case of Nickel, the experiments were repeated on both dominant
isotopes, the 57.9 and 59.9 m/z containing compounds. Each experiment was performed
by adjusting parameters in both the trap and transfer cells unless otherwise stated. This
began at 5 eV and continued until the signal was lost or 100 eV was reached. The data
was then analysed, and breakdown diagrams were created to display such results,
plotting relative intensity against the Ecom (eV) values of the known m/z. Complexes
marked with an asterisk (*) indicate the presence of Nickel as confirmed by the breakdown
diagram of the second isotope containing complex (see appendix).

Each of the three bipyridine ligands, 2,2’-Bipyridine, 4,4’-Bipyridine and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid gave somewhat similar results which will be discussed
in this chapter.

The following figures and tables detail the possible skeletal fragments observed in
the mass spectra. It is important to note that they are merely potential dissociation pieces
and do not reflect the final form of the ion. They were simply posed as possibilities based
on the calculated mass of the elemental composition of each peak of interest in the

performed experiments.
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4.1 2,2’-Bipyridine

In the single-spray (mixture) method with the Nickel (Il) Nitrate solution, the 1:1
metal: ligand complex, NiC1oHgN2", was observed at 213.9 and 215.9 m/z. The nitrated
1:1 complex, NiC19HsN2NOs*, was observed at 275.9 and 277.9 m/z. The 1:2 complex,
NiC10HsN2C1oHgN2", was observed at 370.0 and 372.0 m/z. Finally, the nitrated 1:2
complex, NiC1oHsN2C10HsN2NO3*, was observed at 432.0 and 434.0 m/z. All results can

be found in the following figures, as well as in the appendix.
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Figure 4.1 Breakdown diagram for the 1:1 complex of Nickel (II) Nitrate and 2,2’-
Bipyridine (NiC10HsN2*) at 213.9 m/z in the trap from 0-55eV, single-spray.
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Figure 4.2 Breakdown diagram for the 1:1 complex of Nickel (II) Nitrate and 2,2’-
Bipyridine (NiC10HsN2*) at 213.9 m/z in the transfer from 0-50eV, single-spray.

From Figures 4.1 and 4.2, it can be seen that the single-spray experiment in the
transfer gives much more clear results than that of the trap. It was discovered that when
the experiment is performed in the trap, the resulting fragments coordinate to water
molecules before reaching the detector, creating signals with an additional 18.0 Da such
as the fragment at 231.9 m/z.

In the dual-spray method with the Nickel (I) Nitrate solution, the same compounds
as previously stated were also observed with the exception of the 1:2 compound observed
at 369.0 and 371.0 m/z, resulting in NiC10HsN2C1oH7N2* from the loss of a hydrogen atom.
Due to the coordination of water and to yield better results, these experiments were only
performed in the transfer cell. The results of the first complex can be seen below in Figure

4.3.
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Figure 4.3 Breakdown diagram for the 1:1 complex of Nickel (II) Nitrate and 2,2’-
Bipyridine (NiC10HsN2*) at 214.0 m/z in the transfer from 0-50eV, dual-spray.

All three experiments prove to give very similar results. Several of the same
fragments can be observed within each of the experiments. By the end of the experiment,
almost all of the initial complex has been fragmented into the nickel ion (Ni*) at 57.9 m/z
as to be expected. Other fragments to note can be found in Table 4.1. Some of the

potential structures of these fragments can be found in Figure 4.4.
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Table 4.1 Nickel (I) Nitrate and 2,2’-Bipyridine fragment mass-to charge values and their
possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
231.9* NiC1oHsN2H20*
213.9* NiC1oHsN2*
186.9* NiCgoH7N2*
178.9* NiCsH11N2*
160.9* NiC7HsN2*
155.0 CioH7N2*
135.9* NiCsH4N*
130.0 CoHsN*
126.9* NiC4H7N*
108.9* NiCsHN*
78.0 CsH4aN*
57.9* Ni*

/7 \_/ \ /7 \_/ \ /7 \_/ \

N NS |

Ni
Chemical Formula: C4gH1gN,NiO*  Chemical Formula: CgHgNoNi ™ Chemical Formula: CgHZNNi*
Exact Mass: 232.0147 Exact Mass: 214.0041 Exact Mass: 186.9932
/ \e
7/ N\_/ \ / /7 N\_J \,
—\ &
—N N—Cgqg | —N
Ni
Chemical Formula: C4gH7N5* Chemical Formula: CsH4NNi* Chemical Formula: CgHgN*
Exact Mass: 155.0604 Exact Mass: 135.9692 Exact Mass: 130.0651

/ / N\ e
— c
| Q
Ni N
Chemical Formula: C4H,/NNi ™ Chemical Formula: CsH4N*

Exact Mass: 126.9932 Exact Mass: 78.0338

Figure 4.4 Possible skeleton ion fragments formed by collision induced dissociation of
Nickel (I1) Nitrate and 2,2’-Bipyridine.



80

The following figures depict the single- and dual-spray experiments for the nitrated

1:1 complex.
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Figure 4.5 Breakdown diagram for the nitrated 1:1 complex of Nickel (I1) Nitrate and 2,2’-
Bipyridine (NiC1oHsN2NO3*) at 275.9 m/z in the trap from 0-100eV, single-spray.
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Figure 4.6 Breakdown diagram for the nitrated 1:1 complex of Nickel (I1) Nitrate and 2,2’-
Bipyridine (NiC10HsN2NO3*) at 275.9 m/z in the transfer from 0-100eV, single-spray.
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From Figures 4.5 and 4.6, it can be seen that the results from the trap and transfer
cells are much more similar and significantly more clear than that of the previous complex.
Again, as per the previous discovery, the dual-spray experiment was only performed in

the transfer to avoid the coordination of water.
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Figure 4.7 Breakdown diagram for the nitrated 1:1 complex of Nickel (I1) Nitrate and 2,2’-
Bipyridine (NiC1oHsN2NO3*) at 276.0 m/z in the transfer from 0-80eV, dual-spray.

When comparing the results from single- and dual-spray experiments, the general
trend of each graph looks fairly similar. Also, many of the same fragments appear in all
three breakdown diagrams. Several of these fragments also appear in the previous set of
experiments. As they are only seen in the trap, the fragments at 248.0, 220.0, 192.9,
153.9 and 126.9 m/z can be explained by the addition of water to fragments at 229.9,
202.0, 174.9, 135.9 and 108.9 m/z respectively, which are also visible in the other
diagrams. Additional fragments to note can be found in Table 4.2. Some of the potential

structures of these fragments can be found in Figure 4.8.
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Table 4.2 Nickel (II) Nitrate and 2,2’-Bipyridine fragment mass-to charge values and their
possible molecular formulas, continued.

Mass-to-Charge Value Possible Molecular Formula

275.9* NiC10HsN2NO3*
229.9* NiCsH10N2NO3*
202.0* NiC4HsN2NO3*
174.9* NiCsH7NNO3*
161.9* NiC2H4NNO3*
144.0 CoHaN2"
117.0 CsH7N2"
96.0 CsHsN2*
90.0 CH2NNO3*
89.0 CHNNOgz*

/7 N\_/ \ ®_<] N/

=N N=— —N T
\Ni—N03 rln Ni—NO,

Chemical Formula: C4gHgN3NiO3*

Chemical Formula: CgH;NNi*
Exact Mass: 275.9919

Chemical Formula: CoH4NoNiO3*
Exact Mass: 174.9932

Exact Mass: 161.9575

- NO
o "o i
Chemical Formula: CgHgN,*

Chemical Formula: CgH;N*
Exact Mass: 144.0682

Chemical Formula: CHN,O3*
Exact Mass: 117.0573

Exact Mass: 88.9982

Figure 4.8 Possible skeletal ion fragments formed by collision induced dissociation of
Nickel (I1) Nitrate and 2,2’-Bipyridine, continued.
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Moving to the 1:2 complex, the results are as follows.
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Figure 4.9 Breakdown diagram for the 1:2 complex of Nickel (II) Nitrate and 2,2’-
Bipyridine (NiC10HsN2C10HgN2*) at 370.0 m/z in the trap from 0-100eV, single-spray.
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Figure 4.10 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 2,2’-
Bipyridine (NiC10HsN2C10HgN2*) at 370.0 m/z in the transfer from 0-100eV, single-spray.
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Figure 4.11 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 2,2’-
Bipyridine (NiC10HsN2C10H7N2*) at 369.1 m/z in the transfer from 0-100eV, dual-spray.

Again, we see the coordination of water in the trap cell with fragments 232.0, 178.9,
153.9 and 126.9 m/z. For the single-spray experiments the 1:1 complex is the dominant
fragment of each of the breakdown diagrams almost immediately. With increasing
collision energy, the Nickel ion slowly starts to appear and dominates the transfer cell
experiment. This confirms the main breakdown pathways of these complexes as well as
helps in proving the reproducibility of these experiments. It is interesting to note that in
the dual-spray experiment, the target complex was one hydrogen less than what as
expected, and this trend continues within the breakdown diagram. The dominant peaks
to start were at 369.0 and 368.0 m/z, likely after the loss of another hydrogen. Within the
graph it is seen that there is again a pair of fragments at the 213.0 and 214.0 m/z,
indicating the 1:1 complex fragment also followed the same pattern. The molecular

structures of the added complexes can be seen in Figure 4.12.
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Chemical Formula: CogH15N4Ni*  Chemical Formula: CogHgN4Ni*
Exact Mass: 369.0645 Exact Mass: 370.0728

N=—"7 N
/
Ni
AN
N
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Figure 4.12 Possible skeletal ions made from the Nickel (II) Nitrate and 2,2’-Bipyridine
analysis.

Finally, the nitrated 1:2 complex results are found below.
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Figure 4.13 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine (NiC1oHsN2C10HsN2NO3*) at 432.0 m/z in the trap from 0-100eV, single-
spray.
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Figure 4.14 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine (NiC10HsN2C10HsN2NO3s*) at 432.0 m/z in the transfer from 0-100eV,
single-spray.
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Figure 4.15 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine (NiC1oHsN2C10HsN2NO3*) at 432.1 m/z in the transfer from 0-100eV, dual-
spray.
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As with all previous results, many of the fragments created in the trap have
coordinated with water while many of the others remain the same. The trends of all three
graphs again follow similar patterns and very clearly depict the main pathways of the
breakdown of this large fragment, for which the molecular structure can be found in Figure

4.16.

\ 7/ \ _/

Chemical Formula: CogH4gNsNiO3™*
Exact Mass: 432.0607

Figure 4.16 Possible skeletal ion made from the Nickel (llI) Nitrate and 2,2’-Bipyridine
analysis.

The same experiments were repeated, instead using Iron (llI) Nitrate as the metal
solution. This time, all experiments took place in the transfer cell to avoid water
coordination as previously learned. Also, only one isotope of iron was used at 55.9 m/z.
In both the single- and dual-spray experiments, the 1:1 metal: ligand complex,
FeC1oHsN2*, was observed at 211.9 m/z. The nitrated 1:1 complex, FeC1oHsN2NOs*, was
observed at 274.0 m/z. The 1:2 complex, FeC10HsN2C10HsN2*, was observed at 416.0
m/z. Finally, the nitrated 1:2 complex, FeC1oHsN2C10HsN2NO3*, was observed at 478.0

m/z. All results can be found in the following figures.
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Figure 4.17 Breakdown diagram for the 1:1 complex of lron (lll) Nitrate and 2,2’-
Bipyridine (FeC1oHsN2") at 211.9 m/z in the transfer from 0-50eV, single-spray.
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Figure 4.18 Breakdown diagram for the 1:1 complex of lron (lll) Nitrate and 2,2’-
Bipyridine (FeC1oHsgN2") at 212.0 m/z in the transfer from 0-25eV, dual-spray.
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From Figures 4.17 and 4.18, it can be seen that both experiments provide little to
no usable data for the breakdown pathways of the 1:1 complex. There are fragments of
interest present within the graphs that confirm the breakdown of the ligand as seen in the
Nickel (II) Nitrate experiments. However, with the combination of low relative intensities
as well as low collision energies reached within the experiments, the information provided
is extremely unreliable. As seen in Chapter 3, there was very little complex formed from
each of the overall mass spectra making a collision-induced dissociation experiment very
difficult to complete. Even so, fragments to note can be found in Table 4.3. Their potential
structures can be found in Figure 4.19.

Table 4.3 Iron (lll) Nitrate and 2,2’-Bipyridine fragment mass-to charge values and their
possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
212.0 FeC1oHsN2*
197.9 FeCioHsN™*
157.9 FeC7H4N*
130.0 CoHsN*
72.9 FeNHs*
55.9 Fe*

7 N\_/ \ /N _J ¢ 20—

Fe

Chemical Formula: C1gHgFeN,™ Chemical Formula: CoHgFeN,* Chemical Formula: C;H4FeN*
Exact Mass: 212.0037 Exact Mass: 197.9875 Exact Mass: 157.9688

o

Exact Mass: 130.0651 Exact Mass: 72.9615

Figure 4.19 Possible skeletal ion fragments formed by collision induced dissociation of
Iron (111) Nitrate and 2,2’-Bipyridine.
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The following figures depict the single- and dual-spray experiments for the nitrated

1:1 complex.

07
06
05
o-2740
z 2440
2
H 2420
H 2280
H
b1 x 2120
& o 1550
03
+1300
- 1170
559
02
o
& 3 o« +
o - & ®
0.1 o o +
5 + + © -
- +
+
& + -
> o O
00 = % 0 | |
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100 1.0
Ecom (eV)

Figure 4.20 Breakdown diagram for the nitrated 1:1 complex of Iron (Ill) Nitrate and 2,2’-
Bipyridine (FeC10HsN2NO3*) at 274.0 m/z in the transfer from 0-80eV, single-spray.
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Figure 4.21 Breakdown diagram for the nitrated 1:1 complex of Iron (IIl) Nitrate and 2,2’-
Bipyridine (FeC10HsN2NO3*) at 274.0 m/z in the transfer from 0-40eV, dual-spray.
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From Figures 4.20 and 4.21, it can be learned that the single-spray experiment
was much more effective than the dual-spray although some valid results are observed.
The fragments of each breakdown diagram are quite similar to each other as well as those
observed in the Nickel (Il) Nitrate experiments, attributing them to the breakdown of the
ligand itself without the coordination of iron. In both instances, the overall complex at
274.0 m/z, the non-nitrated 1:1 complex at 212 m/z, as well as the Iron ion at 55.9 m/z,
are all observed. Fragments to note can be found in Table 4.4. Their potential structures
can be found in Figure 4.22.

Table 4.4 Iron (lll) Nitrate and 2,2’-Bipyridine fragment mass-to charge values and their
possible molecular formulas, continued.

Mass-to-Charge Value Possible Molecular Formula
274.0 FeC1oHsN2NO3*
244.0 FeC1oHsN2CH3OH*
228.0 FeC1oHsN2NH2*
155.0 C1oH7N2*
117.0 CgH7N*
e—NO3 e—CH3OH
Chemical Formula: C4gHgFeN3O03*  Chemical Formula: C4qH{,FeN,O*
Exact Mass: 273.9915 Exact Mass: 244.0299
Chemical Formula: CoH/N,*™ Chemical Formula: CgH;N*
Exact Mass: 155.0604 Exact Mass: 117.0573

Figure 4.22 Possible skeletal ion fragments formed by collision induced dissociation of
Iron (111) Nitrate and 2,2’-Bipyridine, continued.
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Next, the 1:2 complex experiment results are displayed in the following figures.
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Figure 4.23 Breakdown diagram for the 1:2 complex of lron (lll) Nitrate and 2,2’-
Bipyridine (FeC10HsN2C1oHgN2") at 368.0 m/z in the transfer from 0-100eV, single-spray.
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Figure 4.24 Breakdown diagram for the 1:2 complex of lron (lll) Nitrate and 2,2’-
Bipyridine (FeC1oHsN2C10HgN2") at 368.0 m/z in the transfer from 0-50eV, dual-spray.
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When comparing the results from the single and dual-spray experiments, it is again
seen the single-spray was more effective than the dual-spray since much high collision
energies were reached. However, the data was not as clean as many of the other
breakdown diagrams have been previously. Regardless, the graphs confirm the pathway
from the 1:2 complex, to the 1:1 complex, to the iron ion alone. Other fragments of interest
are noted in Table 4.5 and their possible structures can be found in Figure 4.25.

Table 4.5 Iron (lll) Nitrate and 2,2’-Bipyridine fragment mass-to charge values and their
possible molecular formulas, continued.

Mass-to-Charge Value Possible Molecular Formula
368.0 FeC1oHsN2C1oHsN2*
158.9 FeC7HsN*

/7 N\_/ \

=)= @E

/ |

——N N— Fe
Chemical Formula: C7HsFeN*
\ / \ / Exact Mass: 158.9771

Chemical Formula: CooHqgFeN, ™
Exact Mass: 368.0724

Figure 4.25 Possible skeletal ion fragments formed by collision induced dissociation of
Iron (111) Nitrate and 2,2’-Bipyridine, continued.
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Finally, the following figures display the results of the nitrated 1:2 complex.
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Figure 4.26 Breakdown diagram for the nitrated 1:2 complex of Iron (Ill) Nitrate and 2,2’-
Bipyridine (FeC10HgN2C10HsN2NO3*) at 430.0 m/z in the transfer from 0-100eV, single-

spray.
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Figure 4.27 Breakdown diagram for the nitrated 1:2 complex of Iron (Ill) Nitrate and 2,2’-
Bipyridine (FeC1oHsN2C10HsN2NO3*) at 430.0 m/z in the transfer from 0-50eV, dual-spray.
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It is made clear that the single-spray results are much more clear than that of the
dual-spray. Fragments of both the other compounds of interest and many of the expected
pieces of the ligand are visible in both breakdown diagrams, as well as the iron ion alone.
The nitrated 1:2 complex at 430.0 m/z is quickly broken down into the nitrated 1:1 complex
at 274.0 m/z, closely followed by the fragment at 128.0 m/z and then by several smaller
ligand fragments and the iron ion at 55.9 m/z. The additional structures can be seen in

Figure 4.28 below.

/7 N\_ ¢\

—N N=— /
\Fe/—NOS <;
7N\ =N

—N N—
Fe_N03

\ / \ / Chemical Formula: C3HsFeN,O3*
Exact Mass: 170.9488

Chemical Formula: CyoH;gFeNsO3"
Exact Mass: 430.0603
Figure 4.28 Possible skeletal ions made from the Iron (lll) Nitrate and 2,2’-Bipyridine
analysis.

In summary, when comparing the trap and transfer cells, experiments performed
in the trap were less reliable overall as the fragments created coordinated with water
before reaching the detector. When looking at the complexes created with Nickel (ll)
Nitrate as compared to those created with Iron (lll) Nitrate, the nickel complexes were
typically more consistent and could tolerate higher collision energies making for more
accurate breakdown diagrams. More specifically, the iron complexes created via dual-

spray did not withstand collision energies about 50 eV and therefore gave less information

and less accuracy. Those created in single-spray created much better graphs as a whole.
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This could be due to the fact that the iron complexes needed the full hour to complete
their reaction, as established by the mixture, and the mixing in the gaseous phase was
not enough time to create ions of interest to undergo further experimentation. However,
both the single- and dual-spray experiments of the nickel complexes created very similar
results. This establishes that the reaction time is significantly less than that of the iron
complexes and the mixing of solutions in the gas phase as they enter the instrument does

not negatively affect the outcome of the experiments performed.
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4.2 4,4-Bipyridine

In both the single- and dual-spray methods with the Nickel (11) Nitrate solution, each
complex was observed at the same m/z ratios as was seen in the 2,2’-Bipyridine
combination with the exception of the non-nitrated 1:2 complex that was seen at one
mass unit less (NiC1o0HsN2C1oH7N2") at 369.0 m/z, as previously stated. It is interesting to
note that the collision induced dissociation experiment could not be performed on the
non-nitrated 1:1 complex (NiC1oHsN2") only with the single-spray method. Many attempts
to create these ions of interest were tried with unfortunately no success. The dual-spray
method however was successful although to a relatively low collision energy.

All single-spray experiments were performed in both the trap and transfer while the
dual-spray experiments were solely performed in the transfer for the issues previously
discovered with the coordination of water. All results can be found in the following figures,
as well as in the appendix. When looking at the fragment ions created from these
experiments, most of them are also the same as those found in the previous experiments
with the 2,2’-Bipyridine ligand. This is extremely interesting to note as the orientation of
the 2,2’-Bipyridine ligand would result in bidentate ligands, having both nitrogen atoms
coordinated to the metal. This is just not possible with the orientation of the 4,4’-Bipyridine
ligand as it would result in monodentate coordination to the ligands to create ditopic
complexes. These orientation results are not clear in the mass spectrum as the results
are solely based on mass rather than on structural orientation.

The following table details the major fragments of interest and their likely chemical
structures. Not listed are the ions that are likely created due to the addition of water at 18

mass units which include, 387.0, 293.9, 266.9, 232.0, 219.9 and 192.9 m/z.
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Table 4.6 Nickel (II) Nitrate and 4,4’-Bipyridine fragment mass-to charge values and their
possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula

432.0* NiC10HsN2C10HsN2NO3*
369.0* NiC1oHsN2C10H7N2*
275.9* NiC10HsN2NO3*
229.9* NiCsH10N2NO3*
202.0* NiC4HsN2NO3*
214.0* NiC1oHsN2*
186.9* NiCgH7N2*

174.9 NiCgH7NNO3*

155.0 C1oH7N2*

144.0 CoHsN2"

130.0 CoHgN*

117.0 CsH7N2*

89.0 CHNNO3*
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. : S

Figure 4.29 Breakdown diagram for the 1:1 complex of Nickel (lI) Nitrate and 4,4’-
Bipyridine (NiC10HsN2*) at 214.0 m/z in the transfer from 0-40eV, dual-spray.
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Figure 4.30 Breakdown diagram for the nitrated 1:1 complex of Nickel (llI) Nitrate and
4,4’-Bipyridine (NiC10HgN2NO3*) at 275.9 m/z in the trap from 0-70eV, single-spray.
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Figure 4.31 Breakdown diagram for the nitrated 1:1 complex of Nickel (llI) Nitrate and
4,4’-Bipyridine (NiC1oHgN2NO3*) at 275.9 m/z in the transfer from 0-100eV, single-spray.
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Figure 4.32 Breakdown diagram for the nitrated 1:1 complex of Nickel (llI) Nitrate and
4,4’-Bipyridine (NiC10HgN2NO3*) at 275.9 m/z in the transfer from 0-60eV, dual-spray.
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Figure 4.34 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 4,4’-
Bipyridine (NiC10HsN2C10H7N2*) at 369.0 m/z in the transfer from 0-100eV, single-spray.
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Figure 4.35 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 4,4’-
Bipyridine (NiC10HsN2C10H7N2*) at 369.0 m/z in the transfer from 0-100eV, dual-spray.
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Figure 4.36 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
4,4’-Bipyridine (NiC1oHsN2C10HsN2NO3*) at 432.0 m/z in the trap from 0-100eV, single-
spray.
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Figure 4.37 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
4,4’-Bipyridine (NiC1oHsN2C10HsN2NO3*) at 432.0 m/z in the transfer from 0-100eV,
single-spray.
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Figure 4.38 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
4,4’-Bipyridine (NiC1oHsN2C10HsN2NO3*) at 432.0 m/z in the transfer from 0-100eV, dual-

spray.

In both the single- and dual-spray methods with the Iron (lll) Nitrate solution, each
complex was observed at the same m/z ratios as was seen in the 2,2’-Bipyridine
combination. Again, the collision induced dissociation experiment could not be performed
on the non-nitrated 1:1 complex only with the single-spray method. However, some
success to a relatively low collision energy was possible with the dual-spray method.

Most of the fragment ions were again similar to those found in the previous
experiments with the 2,2’-Bipyridine ligand. All experiments were solely performed in both
the transfer. All results can be found in the following figures, as well as in the appendix.
The following table details the major fragments of interest and their likely chemical

structures.
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Table 4.7 Iron (lll) Nitrate and 4,4’-Bipyridine fragment mass-to charge values and their
possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
430.0 FeC1oHsN2C10HsN2NO3*
368.0 FeC1oHsN2C1oHsN2*
274.0 FeC1oHgN2NO3*
244 .0 FeC1oHgN2NO3s*
242.0 FeC1oHgN2NO3*
228.0 FeC1oHsN2NH2*
212.0 FeC1oHsN2*

157.9 FeC7H4N*
144.0 CoHsN2*
130.0 CoHgN*
72.9 FeNHs-
55.9 Fe*

Figure 4.39 Breakdown diagram for the 1:1 complex of lron (lll) Nitrate and 4,4’-
Bipyridine (FeC1oHsN2") at 211.9 m/z in the transfer from 0-25eV, dual-spray.
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Figure 4.40 Breakdown diagram for the nitrated 1:1 complex of Iron (Ill) Nitrate and 4,4’-
Bipyridine (FeC10HsN2NO3*) at 274.0 m/z in the transfer from 0-60eV, single-spray.
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Figure 4.41 Breakdown diagram for the nitrated 1:1 complex of Iron (lll) Nitrate and 4,4’
Bipyridine (FeC10HsN2NO3*) at 274.0 m/z in the transfer from 0-50eV, dual-spray.
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Figure 4.42 Breakdown diagram for the 1:2 complex of lron (lll) Nitrate and 4,4’-
Bipyridine (FeC10HsN2C1oH7N2") at 369.9 m/z in the transfer from 0-80eV, single-spray.
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Figure 4.43 Breakdown diagram for the 1:2 complex of lron (lll) Nitrate and 4,4’-
Bipyridine (FeC1oHsN2C1oH7N2") at 368.0 m/z in the transfer from 0-40eV, dual-spray.
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Figure 4.44 Breakdown diagram for the nitrated 1:2 complex of Iron (Ill) Nitrate and 4,4’-
Bipyridine (FeC1oHsN2C10HsN2NO3*) at 430.0 m/z in the transfer from 0-80eV, single-

spray.
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Figure 4.45 Breakdown diagram for the nitrated 1:2 complex of Iron (Ill) Nitrate and 4,4’-
Bipyridine (FeC1oHsN2C10HsN2NO3*) at 430.0 m/z in the transfer from 0-50eV, dual-spray.
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In summary, as was the same with the 2,2’-Bipyridine ligand, experiments
performed in the trap were less reliable due to the coordination with water before reaching
the detector. Similarly, the level of collision energy reached in each experiment was
significantly higher with Nickel (ll) Nitrate combination over the Iron (llIl) Nitrate
combinations. The data collected from the nickel experiments was also much clearer and
more consistent than that of the iron. Again, the iron dual-spray experiments did not
tolerate collision energies about 50 eV. The iron single-spray experiments were better but
were still noisy and not very accurate. The inconstancies are likely related to the stability
of the compound as well as its inability to react in the gas phase. The combination needed
time to react but quickly deteriorated in solution. Therefore, the nickel solution was
definitely a more successful and stable combination overall, specifically in the single-

spray mixture as opposed to the dual-spray method.
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4.3 2,2’-Bipyridine-4,4’-Dicarboxylic Acid

In the single-spray (mixture) method with the Nickel (Il) Nitrate solution, the 1:1
metal: ligand complex, NiC12HgN204*, was observed at 301.9 and 303.9 m/z. The nitrated
1:1 complex, NiC12HsN204NO3*, was observed at 363.9 and 365.9 m/z. The 1:2 complex,
NiC12HsN204C12HgN204*, was observed at 544.9 and 546.9 m/z. Finally, the nitrated 1:2
complex, NiC12HsN204C12HsN204NO3*, was observed at 607.9 and 609.9 m/z. All results
can be found in the following figures. As learned from Chapter 3, the dual-spray method
for this combination was unsuccessful. An attempt was made on the 1:1 complex but two
mass units less than expected and can be seen in Figure 4.47.

Many of the fragment ions created were the same as those found in the other two
bipyridine ligands. This is likely due to the fact that the carboxylic acid groups break from
the main ligand fairly easily as seen in the spectrum of 2,2’-Bipyridine-4,4’-Dicarboxylic
Acid alone. The following table details the major fragments of interest and their likely
chemical structures. All results can be found in the following figures, as well as in the

appendix.
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Table 4.8 Nickel (II) Nitrate and 2,2’-Bipyridine-4,4’-Dicarboxylic Acid fragment mass-to
charge values and their possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
607.9* NiC12HsN204C12HsN20sNO3*
544.9* NiC12HgN204C12H7N204*
501.0* NiC12HgN204C11H7N202*
363.9* NiC12HsN20O4sNO3*
333.9* NiC12HsN204CH3OH"*
319.9* NiC12HsN204HO*
301.9* NiC12HgN204*

201.0* NiC4H5N2NO3*
178.9* NiC7Hs5N2H0O*
144.0 CoHsN2*
128.0 CoHsN"
116.0 CgHsN2"

95.9 CsHsN2*

78.0 CsHsN*
57.9* Ni*

Chemical Formula: C4,HgN,NiO4*
Exact Mass: 301.9838

Chemical Formula: CosH15N4NiOg* Chemical Formula: Cy3Hq5N4NiOg" |
Exact Mass: 545.0243 Exact Mass: 501.0345 NO3

Chemical Formula: C4H5N3NiO3
Exact Mass: 200.9684

an 8
—N \N
—N
Ni—H,0
Chemical Formula: CgHgN,NiO* Chemical Formula: CsH4N*
Exact Mass: 179.9828 Exact Mass: 78.0338

Figure 4.46 Some possible skeletal ion fragments made from the Nickel (II) Nitrate and
2,2’-Bipyridine-4,4’-Dicarboxylic Acid analysis.
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Figure 4.47 Breakdown diagram for the 1:1 complex of Nickel (lI) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid (NiC12HsN204") at 301.9 m/z in the trap from 0-60eV,
single-spray.
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Figure 4.48 Breakdown diagram for the 1:1 complex of Nickel (lI) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid (NiC12HsN204*) at 301.9 m/z in the transfer from 0-60eV,
single-spray.
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The figure below is the only collision induced dissociation performed on the dual-
spray method of this combination. Very low collision energies were achieved on an ion
that was two mass units less than the expected target ion. Many of the fragments formed
also appear two mass units less than in other experiments. However, the Nickel ion is still

visible at 57.9 m/z.
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Figure 4.49 Breakdown diagram for the 1:1 complex of Nickel (lI) Nitrate and 2,2’-

Bipyridine-4,4’-Dicarboxylic Acid (NiC12HeN204*) at 299.9 m/z in the transfer from 0-35eV,
dual-spray.

0.0

Below are the rest of the breakdown diagrams for this combination.
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Figure 4.50 Breakdown diagram for the nitrated 1:1 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine-4,4’-Dicarboxylic Acid (NiC12HsN20O4NO3*) at 363.9 m/z in the trap from O-
75eV, single-spray.
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Figure 4.51 Breakdown diagram for the nitrated 1:1 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine-4,4’-Dicarboxylic Acid (NiC12HsN204NO3*) at 363.9 m/z in the transfer
from 0-75eV, single-spray.
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Figure 4.52 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid (NiC12HsN204C12HgN204") at 544.9 m/z in the trap from
0-100eV, single-spray.
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Figure 4.53 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid (NiC12HsN204C12HgN204") at 544.9 m/z in the transfer
from 0-100eV, single-spray.
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Figure 4.54 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine-4,4’-Dicarboxylic Acid (NiC12HgN204C12HgN2O4NO3*) at 607.9 m/z in the
trap from 0-100eV, single-spray.
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Figure 4.55 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
2,2’-Bipyridine-4,4’-Dicarboxylic Acid (NiC12HgN204C12HgN2O4NO3*) at 607.9 m/z in the
transfer from 0-100eV, single-spray.
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As in the Nickel (Il) Nitrate combination, the dual-spray method was again
unsuccessful with the Iron (Ill) Nitrate solution. Another attempt was made on 297.9 m/z
as it as visible in the overall spectrum, but no usable data was collected. Interestingly,
although visible in the overall spectrum, the 1:2 complexes of interest were unsuccessful
at undergoing collision induced dissociation in the single-spray method.

Many of the fragment ions were again similar to those found in the previous
experiments with the 2,2’-Bipyridine and 4,4’-Bipyridine ligands. All results can be found
in the following figures, as well as in the appendix. The following table details the major
fragments of interest and their likely chemical structures.

Table 4.9 Iron (lll) Nitrate and 2,2’-Bipyridine-4,4’-Dicarboxylic Acid fragment mass-to
charge values and their possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
360.9 FeC12H7N204NO3*
328.9 FeC12H7N202NO3*
298.9 FeC12H7N204*
252.0 FeC11HaN202*
236.0 FeC11HasN2O*
206.9 FeC7H7N202*
190.9 FeCeH3sN2CH3OH*
158.9 FeCeH3N2"
144.9 CoHoN2"
130.0 CoHgN*
127.9 CsHaN2*
111.9 FeCsHsN*
86.9 FeNNHs*
72.9 FeNHs*

55.9 Fe*




Fe—NO;

Chemical Formula: C4,H;FeN3;0;*
Exact Mass: 360.9628

()¢

N

@

Fe— CH4OH

Chemical Formula: C;H;FeN,O*
Exact Mass: 190.9902

Chemical Formula: C4,H;FeN,0,*
Exact Mass: 298.9750

O<_y

Chemical Formula: CgHsN5*
Exact Mass: 128.0369
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Figure 4.56 Some possible skeletal ion fragments made from the Iron (lll) Nitrate and

2,2’-Bipyridine-4,4’-Dicarboxylic Acid analysis.
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Figure 4.57 Breakdown diagram for the 1:1 complex of lron (lll) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid (FeC12H7N204*) at 298.9 m/z in the transfer from 0O-
60eV, single-spray.
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Figure 4.58 Breakdown diagram for the 1:1 complex of lron (lll) Nitrate and 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid (NiC12HeN204*) at 297.9 m/z in the transfer from 0-75eV,

dual-spray.
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In summary, the 2,2’-Bipyridine-4,4’-Dicarboxylic Acid combinations proved to be
quite difficult to work with. With both Nickel (II) Nitrate and Iron (lIl) Nitrate solutions, they
require a significant amount of reaction time making real-time mixing using the dual-spray
method extremely ineffective. With the little data collected, the results still support the
main breakdown pathways as the metal ion was always visible.

As seen in the previous figures, the iron combination was very ineffective in the
performed experiments. The target ions were not found at the expected ion ratios and the
breakdown diagrams were extremely messy. Therefore, this combination was not
successful in reacting as was to be expected.

Looking at the nickel combination, when comparing the trap and transfer cells there
was very little difference in the appearance of the breakdown diagrams. Of course, the
coordination of water made for a more complex data analysis as previously learned. In
addition, the coordination of methanol was observed. However, there was much less
coordination with water than with the other bipyridine ligands. This can likely be attributed
to the extra complexity within the carboxylic acid ligand and the addition of many free-
floating ions within the instrument during these collision induced dissociation experiments.
Moreover, all CID experiments were successful at least until 50 eV which is higher than
either of the other two bipyridine combinations were able to achieve, specifically with the
iron solution. Having the pre-mixed solution react for a minimum of 24 hours, increased
the number of ions formed in solution, making the experimentation and fragment of the

target complexes much easier.



120

4.4 Summary of Results
Below is a table summarizing the results of Chapter 4. It details the expected and
analysed mass-to charge ratio of the target complexes and which were successful at

undergoing collision induced dissociation.

Table 4.10 Summary of bipyridine ligand collision induced dissociation results.

Nickel (ll) Nitrate

; Analysed .
Ligand Metaggtgg and | eypected m/z naysedme
Single-Spray Dual-Spray
M:1L 213.9 213.9 214.0
Mno.: 1L 275.9 275.9 276.0
2,2’-Bipyridine
M:2L 370.0 370.0 369.0
Mno.:2L 432.0 432.0 432.0
M:1L 213.9 X 214.0
Mno.: 1L 275.9 275.9 275.9
4.4’-Bipyridine
M:2L 370.0 369.0 369.0
Mno.:2L 432.0 432.0 432.0
M:1L 301.9 301.9 299.9
2 2 Bipyridine-4.4' Mno.:1L 363.9 363.9 X
Dicarboxylic Acid M:2L 5449 544 9 x
Mno.:2L 607.9 607.9 X
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Iron (lll) Nitrate

, Analysed m/z
Ligand MetalRtgtll__olgand Expected m/z
Single-Spray Dual-Spray
M:1L 211.9 211.9 212.0
Mno:: 1L 274.0 274.0 274.0
2,2’-Bipyridine
M:2L 368.0 368.0 368.0
Mno.:2L 430.0 430.0 430.0
M:1L 211.9 X 211.9
Mno:: 1L 274.0 274.0 274.0
4.4’-Bipyridine
M:2L 368.0 369.0 368.0
Mno.:2L 430.0 430.0 430.0
M:1L 299.9 298.9 297.9
2 2 Bipyridine-4.4' Mno.:1L 361.9 360.9 X
Dicarboxylic Acid M:2L 542 9 x x
Mno.:2L 605.9 X X
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CHAPTER 5 — GAS PHASE REACTIVITY OF METAL COMPLEXES:
PHENANTHROLINE LIGAND
5.1 Data and Results

Collision Induced Dissociation (CID) experiments were again performed within
both the single- and dual-spray methods on each of the four target complexes. In the case
of the Nickel (1) Nitrate combination, complexes marked with an asterisk (*) confirm the
presence of Nickel by the breakdown diagram of the second isotope containing complex
(see appendix).

In the single-spray (mixture) method with the Nickel (Il) Nitrate solution, the 1:1
metal: ligand complex, NiC12HgN2", was observed at 237.9 and 239.9 m/z. The nitrated
1:1 complex, NiC12HsN2NOs*, was observed at 299.9 and 301.9 m/z. The 1:2 complex,
NiC12HsN2C12HgN2", was observed at 418.0 and 420.0 m/z. Finally, the nitrated 1:2
complex, NiC12HgN2C12HsN2NO3s*, was observed at 480.0 and 482.0 m/z. All results can

be found in the following figures, as well as in the appendix.
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Figure 5.1 Breakdown diagram for the 1:1 complex of Nickel (Il) Nitrate and 1,10-
Phenanthroline (NiC12HsN2*) at 237.9 m/z in the trap from 0-40eV, single-spray.
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Figure 5.2 Breakdown diagram for the 1:1 complex of Nickel (Il) Nitrate and 1,10-
Phenanthroline (NiC12HsN2*) at 237.9 m/z in the transfer from 0-40eV, single-spray.
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Figure 5.3 Breakdown diagram for the 1:1 complex of Nickel (Il) Nitrate and 1,10-
Phenanthroline (NiC12HsN2*) at 238.0 m/z in the transfer from 0-50eV, dual-spray.

The single-spray experiment in the trap was seen to have little success with the
1,10-Phenanthroline ligand. However, both single- and dual-spray in the transfer give very
similar results. Fragments to note can be found in Table 5.1. Some of the potential
structures of these fragments can be found in Figure 5.4.

Table 5.1 Nickel (Il) Nitrate and 1,10-Phenanthroline fragment mass-to charge values
and their possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
269.9* NiC12HsN2CH3OH*
256.0* NiC12HsN2H20*
237.9* NiC12HsN2*
210.9* NiC1oHsN2*
184.9* NiCgHsN*
179.0 C12H7N2*
57.9* Ni*
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Ni— CH5OH

Chemical Formula: C13H4,N,NiO* Chemical Formula: C1,H1gNoNiO™  Chemical Formula: CqoHgNoNi*
Exact Mass: 270.0303 Exact Mass: 256.0147 Exact Mass: 238.0041

|
Ni
Chemical Formula: CogHsNNi * Chemical Formula: C1oH;N,*
Exact Mass: 184.9775 Exact Mass: 179.0604

Figure 5.4 Possible structures of fragments formed by collision induced dissociation of
Nickel (I1) Nitrate and 1,10-Phenanthroline.

The following figures depict the single- and dual-spray experiments for the nitrated
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Figure 5.5 Breakdown diagram for the nitrated 1:1 complex of Nickel (II) Nitrate and
1,10-Phenanthroline (NiC12HgN2NO3*) at 299.9 m/z in the trap from 0-100eV, single-

spray.
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Figure 5.6 Breakdown diagram for the nitrated 1:1 complex of Nickel (II) Nitrate and
1,10-Phenanthroline (NiC12HgN2NO3*) at 299.9 m/z in the transfer from 0-100eV, single-
spray.
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1,10-Phenanthroline (NiC12HgN2NO3*) at 300.0 m/z in the transfer from 0-70eV, dual-
spray.
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As has been the trend, all three of breakdown diagrams looks fairly similar with
many of the same fragments. Again, water appears coordinated in the trap experiment.
In the others, the target ion is quickly destroyed with the 141.0 m/z ion dominating a large
portion of remainder. As usual, the nickel ion is present and makes up a large percentage

of the relative intensities by the end of the experiments.
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The results of the 1:2 complex and the nitrated 1:2 complex are as follows.
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Figure 5.8 Breakdown diagram for the 1:2 complex of Nickel (Il) Nitrate and 1,10-
Phenanthroline (NiC12HgN2C12HgN2") at 418.0 m/z in the trap from 0-100eV, single-spray.
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Figure 5.9 Breakdown diagram for the 1:2 complex of Nickel (Il) Nitrate and 1,10-
Phenanthroline (NiC12HsN2C12HsN2*) at 419.0 m/z in the transfer from 0-100eV, single-
spray.
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Figure 5.10 Breakdown diagram for the 1:2 complex of Nickel (lI) Nitrate and 1,10-
Phenanthroline (NiC10HsN2C10HsN2*) at 418.0 m/z in the transfer from 0-80eV, dual-

spray.

In the single-spray experiments, it is interesting to note that the 418.0 and 420.0
m/z (NiC1oHsN2C10HgN2*) were visible in the trap while the 419.0 and 421.0 m/z
(NiC10H8N2C10HsN2H*) were visible in the transfer. All four ions were visible in the dual-
spray experiment in the transfer. These experiments were performed on different days
making lab conditions a possible factor in their differences. However, it is highly unusual
that this discrepancy occurred as an overall mass spectrum was taken each day before
experimenting confirming the difference in expected ion masses. The other breakdown
diagrams are visible in the appendix. Nonetheless, the fragments of each diagram are all

fairly similar and reflect the same overall pathways of the breakdown on the 1:2 complex.
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Figure 5.11 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
1,10-Phenanthroline (NiC12HsN2C12HsN2NO3*) at 480.0 m/z in the trap from 0-100eV,
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Figure 5.12 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
1,10-Phenanthroline (NiC12HsN2C12HsN2NO3*) at 480.0 m/z in the transfer from 0-100eV,
single-spray.
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Figure 5.13 Breakdown diagram for the nitrated 1:2 complex of Nickel (llI) Nitrate and
1,10-Phenanthroline (NiC12HsN2C12HsN2NO3*) at 480.0 m/z in the transfer from 0-100eV,
dual-spray.

A very similar pattern is present in the trends of all three graphs once again. The
main breakdown pathways are confirmed by the repetition in experiments. The potential

fragments and their molecular structures can be found in Table 5.2 and Figure 5.14.
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Table 5.2 Nickel (ll) Nitrate and 1,10-Phenanthroline fragment mass-to charge values
and their possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula

480.0* NiC12HgN2C12HsN2NO3*
418.0* NiC12HsN2C12HgN2*
300.0* NiC12HgN2NO3*
254.0* NiC12HsN2NH2*
238.0* NiC12HsgN2*
224.9* NiC12HoN*
217.0* NiC11HsNH2O*
209.9* NiC11HsN*
202.9* NiC1oH11N*
198.9* NiC1oH7N*
168.0 C11HsN2*
154.0 C1oHsN2"
141.0 C1oH7N*
114.9 C1gHsN*
89.0 CeHaN"*
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Ni
Chemical Formula: C1,HgNoNi™  Chemical Formula: C14HgNNi*  Chemical Formula: C4oH;NNi*
Exact Mass: 238.0041 Exact Mass: 209.9848 Exact Mass: 198.9926
ava
N N—— —
N®
Chemical Formula: Cq4HgNy* Chemical Formula: CqgHgN,* Chemical Formula: CqgH;N*
Exact Mass: 168.0682 Exact Mass: 154.0525 Exact Mass: 141.0573
~ C@
/ \ Co / \
—\ —N
Chemical Formula: CgHsN* Chemical Formula: CgHsN*
Exact Mass: 115.0417 Exact Mass: 89.0260

Figure 5.14 Possible skeletal ion fragments made from the Nickel (Il) Nitrate and 1,10-
Phenanthroline.

Iron (lll) Nitrate was used as the metal solution to repeat this experiment, only
taking place in the transfer cell to avoid water coordination. In both the single- and dual-
spray experiments, the 1:1 metal: ligand complex, FeCi2HgN2", was observed at 235.9
m/z. The nitrated 1:1 complex, FeC12HsN2NO3*, was observed at 297.9 m/z. The 1:2
complex, FeCi2HsN2C12HsN2*, was observed at 416.0 m/z. Finally, the nitrated 1:2
complex, FeC12HsN2C12HgN2NO3*, was observed at 478.0 m/z. All results can be found

in the following tables and figures.
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Table 5.3 Iron (lIl) Nitrate and 1,10-Phenanthroline fragment mass-to charge values and
their possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
478.0 FeC12HgN2C12HsN2NO3s*
416.0 FeC12HsN2C12HsN2*
353.9 FeC12HgN2C7HsN2*
291.9 FeC12HsN2CsHsN*
297.9 FeC12HgN2NO3s*
267.9 FeC12HgN2CH3OH*
252.0 FeC12H7N2OH*
235.9 FeC12HsN2*

221.9 FeC11HsN2*
208.9 FeC1oHsN2*
182.9 FeCoHsN*
179.0 C12H7N2*
154.0 C1oHsN2"
127.0 CoHsN*
101.0 C7H3N*
77.0 CsHaN*
55.9 Fe*
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N4

Fé——CHyOH
Chemical Formula: C4,HgFeN3O3* Chemical Formula: Cq3H{,FeN,O*
Exact Mass: 297.9915 Exact Mass: 268.0299

Chemical Formula: CosHgFeN, ™
Exact Mass: 416.0724

Fe
Chemical Formula: C1,HgFeN,"  Chemical Formula: Cq4HgFeN,*
Exact Mass: 236.0037 Exact Mass: 221.9875
C® //C
/7 \__J 72
N /NEC T
\Fe Fe
Chemical Formula: CqoHsFeNy* Chemical Formula: CgHsFeN* Chemical Formula: C4oH;N,*
Exact Mass: 208.9797 Exact Mass: 182.9771 Exact Mass: 179.0604
®
C C
/7 N\__J/ Vi 7N\
/7 N\_ 4 :
¢ /
N N=— - N
N® ®
Chemical Formula: C4oHgN2* Chemical Formula: CgHsN* Chemical Formula: CsH3N*
Exact Mass: 154.0525 Exact Mass: 127.0417 Exact Mass: 77.0260

Figure 5.15 Possible skeletal ion fragments formed by collision induced dissociation of
Iron (111) Nitrate and 1,10-Phenanthroline.
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Figure 5.16 Breakdown diagram for the 1:1 complex of Iron (lll) Nitrate and 1,10-
Phenanthroline (FeC12HgN2") at 235.9 m/z in the transfer from 0-20eV, single-spray.
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Figure 5.17 Breakdown diagram for the 1:1 complex of Iron (lll) Nitrate and 1,10-
Phenanthroline (FeC12HoN2") at 236.9 m/z in the transfer from 0-30eV, dual-spray.
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It is interesting to note that the target ion in dual-spray was found one mass unit
above expected 236.9 m/z (FeC12HgN2"). Neither breakdown diagram in Figures 5.16 and
5.17 are very clear, as well as quite noisy and are therefore unreliable data. However,
many of the same fragments appear in the other figures for both single- and dual-spray

methods for this combination.
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Figure 5.18 Breakdown diagram for the nitrated 1:1 complex of Iron (lll) Nitrate and 1,10-
Phenanthroline (FeC10HsN2NO3*) at 297.9 m/z in the transfer from 0-80eV, single-spray.
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Figure 5.19 Breakdown diagram for the nitrated 1:1 complex of Iron (lll) Nitrate and 1,10-
Phenanthroline (FeC1o0HsN2NO3™) at 298.0 m/z in the transfer from 0-50eV, dual-spray.
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Figure 5.20 Breakdown diagram for the 1:2 complex of lron (lll) Nitrate and 2,2’-
Bipyridine (FeC10HsN2C1oHsN2") at 416.0 m/z in the transfer from 0-100eV, single-spray.

08
X
07 %
Q
06
05
X ©—4160
> o
i ° . 3539
£ N 307.9
e 04
H ° 2919
g * 2360
4
02008
¢ +-1810
03 - 559
+
& +
02
0.1 o "
+
00 =X % % 3 3 : . e ——
0.0 1.0 20 3.0 4.0 5.0
Ecom (eV)

Figure 5.21 Breakdown diagram for the 1:2 complex of lron (lll) Nitrate and 2,2’-
Bipyridine (FeC1oHsN2C10HgN2") at 416.0 m/z in the transfer from 0-50eV, dual-spray.
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Figure 5.22 Breakdown diagram for the nitrated 1:2 complex of Iron (Ill) Nitrate and 2,2’-
Bipyridine (FeC10HgN2C10HsN2NO3*) at 478.0 m/z in the transfer from 0-100eV, single-

spray.
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Figure 5.23 Breakdown diagram for the nitrated 1:2 complex of Iron (Ill) Nitrate and 2,2’-
Bipyridine (FeC1oHsN2C10HsN2NO3*) at 477.9 m/z in the transfer from 0-50eV, dual-spray.
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In summary, both the Nickel (1) Nitrate and Iron (lIl) Nitrate combinations with 1,10-
Phenanthroline overall were successful at creating their target complexes. The exception
to this is the 1:1 metal: ligand compound for each of the combinations as the intensity in
the breakdown diagram is not as clear as the rest and very low collision energies were
reached. The nickel combination gave clear and consistent results across all breakdown
diagrams, regardless of trap or transfer experiments. Also, although the iron combination
created a constant pattern in the breakdown diagrams formed from the collected data,
the dual-spray method was much less effective at giving clear and accurate data.
Therefore, the nickel combination was more reactive in both the gas and liquid phases of

mixing whereas the iron preferred the liquid phase with ample time to react.

5.2 Summary of Results

Table 5.4 Summary of results for the phenanthroline ligand.

1,10-Phenanthroline

3 Analysed .
Metal Solution Meta/RtgtlLolg 2 Expected m/z nayseq mz
! Single-Spray Dual-Spray
M:1L 237.9 237.9 238.0
Mno.: 1L 299.9 299.9 300.0
Nickel (I1) Nitrate
M:2L 418.0 418.0 418.0
Mno.:2L 480.0 480.0 480.0
M:1L 235.9 X X
Mno.: 1L 297.9 297.9 297.9
Iron (I11) Nitrate

M:2L 416.0 416.0 416.0
Mno.:2L 478.0 478.0 478.0
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CHAPTER 6 — GAS PHASE REACTIVITY OF METAL COMPLEXES:
SNS LIGAND

6.1 Data and Results

In the single-spray (mixture) method with the Nickel (Il) Nitrate solution, the 1:1
metal: ligand complex less one hydrogen, NiC14H12NS2*, was observed at 315.9 and
317.9 m/z. The nitrated 1:1 complex less two hydrogens, NiCisH11NS2NO3*, was
observed at 376.9 and 3789 m/z. The 1:2 complex less one hydrogen,
NiC14H13NS2C14H12NS2*, was observed at 575.0 and 577.0 m/z but only in the single-
spray method. Finally, the nitrated 1:2 complex less four hydrogens,
NiC14H13NS2C14HoNS2NO3*, was observed at 633.9 and 635.9 m/z but again only in the
single-spray method. Complexes marked with an asterisk (*) confirm the presence of
Nickel by the breakdown diagram of the second isotope containing complex. All results

can be found in the following figures, as well as in the appendix.
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Table 6.1 Nickel (Il) Nitrate and SNS ligand fragment mass-to charge values and their
possible molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
633.9* NiC14H13NS2C14H9NS2NO3*
619.0* NiC14H13NS2C13HsNS2NO3*
604.0* NiC14H13NS2C14H11NSNO3*
575.0* NiC14H13NS2C14H13NS2*
392.9* NiC14H13NC1oHsN"*
376.9* NiC14H11NS2NO3*
330.9* NiC13HoNSNO3*
315.9* NiC14H12NS2*
281.9* NiC14H1oNS*

267.9* NiC13HsNS™
240.9* NiC13H13N*
224.0 C14H10NS*
212.0 C13H10NS*
181.9* NiCeHsNS*
152.0 C11HeN*
135.0 C7HsNS*
122.9* NiCsH3N*
109.0 CeHsS*
77.0 CeHs"
57.9 Ni*
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Figure 6.1 Possible skeleton ion fragments formed by collision induced dissociation of
Nickel (I1) Nitrate and SNS ligand.
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Figure 6.2 Breakdown diagram for the 1:1 complex of Nickel (II) Nitrate and SNS ligand
(NiC14H12NS2*) at 315.9 m/z in the transfer from 0-80eV, single-spray.
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Figure 6.3 Breakdown diagram for the 1:1 complex of Nickel (II) Nitrate and SNS ligand
(NiC14H12NS2*) at 315.9 m/z in the transfer from 0-60eV, dual-spray.
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Figure 6.4 Breakdown diagram for the nitrated 1:1 complex of Nickel (II) Nitrate and SNS
ligand (NiC14H11NS2NO3*) at 376.9 m/z in the transfer from 0-80eV, single-spray.
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Figure 6.6 Breakdown diagram for the 1:2 complex of Nickel (II) Nitrate and SNS ligand
(NiC14H13NS2C14H12NS2™) at 575.0 m/z in the transfer from 0-80eV, single-spray.
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Figure 6.7 Breakdown diagram for the 1:2 complex of Nickel (II) Nitrate and SNS ligand
(NiC14H13NS2C14H9NS2NO3™) at 633.9 m/z in the transfer from 0-80eV, single-spray.
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Using only one isotope of iron, the experiments were repeated using Iron (lll)
Nitrate as the metal solution. In both the single- and dual-spray experiments, the 1:1
metal: ligand complex less two hydrogens FeC14H11NS2*, was observed at 312.9 m/z.
The nitrated 1:1 complex less two hydrogens, FeC14H11NS2NO3*, was observed at 374.9
m/z. The 1:2 complex plus three hydrogens, FeC14H13NS2C14H16NS2*, was observed at
577.0 m/z but for single-spray only. Finally, the nitrated 1:2 complex less four hydrogens,
FeC14H13NS2C14HoNS2NO3*, was observed at 631.9 m/z but for single-spray only. All
results can be found in the following figures.

Table 6.2 Iron (lll) Nitrate and SNS fragment mass-to charge values and their possible
molecular formulas.

Mass-to-Charge Value Possible Molecular Formula
632.0 FeC14H13NS2C14H9NS2NO3*
375.0 FeC14H11NS2NOs*
345.0 FeC14H13NSNO3*
326.9 FeC13H7NSNO3*
312.9 FeC14aH11NS2*

298.9 FeC13H9oNS,*
283.0 FeC1aH13NS*
266.0 FeC13HsNS*
189.9 FeC11H12NS*
173.9 Ci1oHsNS*
163.9 CoH10NS*
157.9 FeC7H4N*
107.9 CeH4S*
55.9 Fe*
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Figure 6.8 Possible skeletal ion fragments formed by collision induced dissociation of
Iron (111) Nitrate and SNS Ligand.
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Figure 6.9 Breakdown diagram for the 1:1 complex

of Iron (Ill) Nitrate and SNS

(FeC14H11NS2") at 312.9 m/z in the transfer from 0-60eV, single-spray.
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Figure 6.10 Breakdown diagram for the 1:1 complex of Iron (lll) Nitrate and SNS
(FeC14H11NS2") at 312.9 m/z in the transfer from 0-55eV, dual-spray.
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Figure 6.11 Breakdown diagram for the nitrated 1:1 complex of Iron (I1l) Nitrate and SNS
(FeC14H11NS2NO3") at 374.9 m/z in the transfer from 0-60eV, single-spray.
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Figure 6.13 Breakdown diagram for the nitrated 1:1 complex of Iron (I1l) Nitrate and SNS
(FeC14H11NS2NO3*) at 375.0 m/z in the transfer from 0-75eV, dual-spray.
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Figure 6.14 Breakdown diagram for the 1:2 complex of Iron (lll) Nitrate and SNS

(FeC14H13NS2C14H16NS2*) at 577.0 m/z in the transfer from 0-100eV, single-spray.
Although Figure 6.14 displays some expected patterns and similar fragments, the

targetion complex is not at all like the rest of the ions analyzed and therefore is not reliable

data to compare to the other results.
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Figure 6.15 Breakdown diagram for the nitrated 1:2 complex of Iron (I1l) Nitrate and SNS
(FeC14H13NS2C14HoNS2NO3*) at 632.0 m/z in the transfer from 0-100eV, single-spray.

In summary, both the Nickel (II) Nitrate and Iron (llI) Nitrate combinations with the
Baker Group SNS ligand were overall successful at creating their target complexes when
looking at the single-spray method. On the other hand, the dual-spray method was only
successful for the 1:1 metal: ligand compounds for each combination. It was evident in
the breakdown diagrams that the dual-spray method was much less effective and created
much noisier results even with the compounds it was successful with. It is made clear that
these compounds do not react as effectively in the gas phase as they do in the liquid

phase, particularly with time to go to completion.
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6.2 Summary of Results

Table 6.3 Summary of results for the SNS ligand.

SNS
i Analysed /.
Metal Solution Metall?tgtlgg 2 Expected m/z Ll
! Single-Spray Dual-Spray
M:1L 316.9 315.9 315.9
Mno.: 1L 378.9 376.9 376.9
Nickel (I1) Nitrate
M:2L 576.0 575.0 X
Mno.:2L 638.0 633.9 X
M:1L 314.9 312.9 312.9
Mno.: 1L 376.9 374.9 375.0
Iron (111) Nitrate
M:2L 574.0 577.0 X
Mno.:2L 636.0 632.0 X
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CHAPTER 7 — CONCLUSIONS AND FUTURE DIRECTIONS

Electrospray lonization paired with Quadrupole Time-of-Flight mass spectrometry
has proven to be a valuable method of analysing coordination complexes with Nickel and
Iron Nitrate solutions. Dual-spray and TRESI techniques deliver unique data and allow
comparisons between gas- and liquid-phase real-time mixing of solutions. However,
these techniques are not always successful as they require relatively fast reaction times
for the compounds being analysed. TRESI has the distinctive ability to adjust mixing
volumes in order to prolong the reaction time before the solution enters the instrument,
however, small adjustments do not generally impact the results. The dual-spray method
proved to give very similar results as compared to the single-spray mixture solutions. It
was found that the compounds of choice do not largely differ in their breakdown pathways
when subjected to these techniques.

Overall, smaller ligands such as the 2,2’-Bipyridine, 4,4’-Bipyridine and 1,10-
Phenanthroline were more successful in all three techniques as compared to the larger
or more complex ligands such as 2,2’-Bipyridine-4,4’-Dicarboxylic Acid and the Baker
Group’s SNS ligand. The ligand combinations with the Iron (lll) Nitrate solution typically
posed more problems and less results than the Nickel (II) Nitrate solution combinations.
The SNS ligand was unable to undergo dual-spray analysis as was the case with the 2,2’-
Bipyridine-4,4’-Dicarboxylic Acid ligand. The SNS ligand also proved difficult to analyze
using the proposed methods due to its “open” form anionic properties. The 2,2’-Bipyridine-
4.4’-Dicarboxylic Acid ligand gave the most resistance to analysis overall and was only

successful with the Nickel (Il) Nitrate solution in the single-spray method. This is likely
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due to the size and solubility of the molecule itself. It needed the most time to react and
did not flow through the instrument as easily as the other solutions used in this research.
It was proven that the functional groups do indeed play a role in the coordination of such
complexes. Itis likely that acidic functional groups interfere with these interactions making
the complex less successful in these techniques.

Additionally, the TRESI technique provided an excellent comparison method
between the single- and dual-spray techniques. However, little to no change was seen
across the spectra (see appendix) for each combination. More work should be done to
investigate this technique further in regard to coordination complexes as it may prove to
be an invaluable resource. Perhaps more length should be added to the inner capillary,
or use a wider capillary entirely, to provide a larger capacity for mixing and extend the
reaction time of a solution before it undergoes analysis. It was learned that many reactions
are complete within the first hours of mixing but only 60 seconds of reaction time is
provided with a capillary length of 10 cm. This technique should also be applied to other
combinations of metals and ligands known to react quickly in solution.

When performing collision induced dissociation experiments, only the transfer cell
should be used so as to avoid the coordination of water to the complexes of interest.
Other free-floating molecules such as methanol, hydrogen and nitrogen atoms were
observed to coordinate as well but could not be avoided. Many fragments across
breakdown diagrams appeared to differ by one or more hydrogen atoms. This is likely
due to the excess of ions within the instrument. However, the isotopic patterns of each of

the skeletal ions also play a role in this difference.
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In the future, more analysis could be conducted into these unexplained
coordination problems. It is currently unclear why certain ions coordinate to the fragments
after they have dissociated from the precursor ion of interest and not others. It was
established that the water fragment came from somewhere in the trap cell, but it is
unknown as to why. Additionally, the methanol fragments are explained by the
compounds being dissolved in this solution. However, there is no pattern as to which
fragments become coordinated.

It would also be helpful to further analyse the differences in fragmentation patterns
between the 2,2’-Bipyridine and 4,4’-Bipypridine orientations. The similar results of these
two complexes proved to be an interesting discovery as one typically chelates a single
metal while the other bridges two metals. Since mass spectrometry can only analyze the
molecular weight of these compounds, other techniques would need to be used in order
to discern the differences expected between these two combinations.

Moreover, it would be interesting to see this experiment replicated with other metal
solutions, including those not containing nitrate molecules. The target complexes of
interest in this research included the nitrated versions of the monovalent and divalent
complexes. It can be hypothesized that using another solution such as an oxalate would
create different target complexes and quite possibly very interesting results. It would also
be interesting to use ligands that do not contain nitrogen with the nitrate metal solution.
As mentioned previously, those compounds that contain nitrogen tend to create
monocations with the coordinated monovalent counterion [M(L)mX]*.” This was proven

throughout the duration of this research and would be interesting to investigate further.
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In conclusion, this research only begins to explore some of the possible
combinations of metal-ligand coordination complexes observed in electrospray mass
spectrometry. There are many studies that came before this and many that will come
after. As previously discussed, many studies have only focused on the coordination of
these complexes in solution, or they used mass spectrometry as a confirmation technique
rather than an experimental method. The key is to combine these areas of research to
develop a more multifaceted understanding of the behaviours of these coordination
complexes in the gas phase. Mass spectrometry is a highly valuable tool in the analysis

of coordination chemistry and will only continue to develop in the future.
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APPENDICES

Appendix I. TRESI mass spectra for Nickel (Il) Nitrate.

A1.1 TRESI mass spectra for 2,2’-Bipyridine for 0 cm (top) to 7 cm (bottom).
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A1.2 TRESI mass spectra for 4,4’-Bipyridine for 0 cm (top) to 7 cm (bottom).
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A1.3 TRESI mass spectra for 2,2’-Bipyridine-4,4’-Dicarboxylic Acid for 0 cm (top) to 7 cm (bottom).
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A1.4 TRESI mass spectra for 1,10-Phenanthroline for 0 cm (top) to 7 cm (bottom).
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A1.5 TRESI mass spectra for SNS for 0 cm (top) to 8 cm (bottom).
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Appendix Il. TRESI mass spectra for Iron (lIl) Nitrate.

A2.1 TRESI mass spectra for 2,2’-Bipyridine for 0 cm (top) to 9 cm (bottom).
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A2.2 TRESI mass spectra for 4,4’-Bipyridine for 0 cm (top) to 8 cm (bottom).
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A2.3 TRESI mass spectra for 2,2’-Bipyridine-4,4’-Dicarboxylic Acid for 0 cm (top) to 7 cm (bottom).
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A2.4 TRESI mass spectra for 1,10-Phenanthroline for 0 cm (top) to 9 cm (bottom).
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A2.5 TRESI mass spectra for SNS for 0 cm (top) to 8 cm (bottom).
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Appendix lll. Breakdown diagrams for Nickel (II) Nitrate and 2,2’-Bipyridine, single-spray.

A3.1 Breakdown diagram for the 1:1 complex (NiC1oHsN2") at 215.9 m/z in the trap from 0-55eV.
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A3.2 Breakdown diagram for the 1:1 complex (NiC1oHsN2*) at 215.9 m/z in the transfer from 0-45eV.
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A3.3 Breakdown diagram for the nitrated 1:1 complex (NiC10HsN2NOs*) at 277.9 m/z in the trap from
0-100eV.
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A3.4. Breakdown diagram for the nitrated 1:1 complex (NiC10HsN2NOs*) at 277.9 m/z in the transfer
from 0-100eV.
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A3.5. Breakdown diagram for the 1:2 complex (NiC1o0HsN2C1oHsN2") at 372.0 m/z in the trap from 0-
100eV.
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A3.6. Breakdown diagram for the 1:2 complex (NiC10HsN2C10HsN2*) at 372.0 m/z in the transfer from
0-100eV.
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A3.7. Breakdown diagram for the nitrated 1:2 complex (NiC1oHsN2C10HsN2NO3*) at 434.0 m/z in the
trap from 0-100eV.
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A3.8. Breakdown diagram for the nitrated 1:2 complex (NiC1o0HsN2C10HsN2NO3*) at 434.0 m/z in the
transfer from 0-100eV.
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Appendix IV. Breakdown diagrams for Nickel (I1) Nitrate and 2,2’-Bipyridine, dual-spray.

A4.1. Breakdown diagram for the 1:1 complex (NiC1oHsN2*) at 216.0 m/z in the transfer from 0-35eV.
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A4.2. Breakdown diagram for the nitrated 1:1 complex (NiC10HsN2NOs*) at 277.9 m/z in the transfer
from 0-100eV.
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A4.3. Breakdown diagram for the 1:2 complex (NiC10HsN2C10H7N2*) at 371.1 m/z in the transfer from
0-80eV.
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A4.4. Breakdown diagram for the nitrated 1:2 complex (NiC10HsN2C10HsN2NO3*) at 434.0 m/z in the
transfer from 0-100eV.
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Appendix V. Breakdown diagrams for Nickel (1) Nitrate and 4,4’-Bipyridine, single-spray.

A5.1 Breakdown diagram for the nitrated 1:1 complex (NiC10HsN2NOs*) at 277.9 m/z in the trap from
0-90eV.
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A5.2. Breakdown diagram for the nitrated 1:1 complex (NiC10HsN2NOs*) at 277.9 m/z in the transfer
from 0-75eV.
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A5.3. Breakdown diagram for the 1:2 complex (NiC1oHsN2C1o0H7N2") at 371.0 m/z in the trap from 0-
100eV.
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A5.4. Breakdown diagram for the 1:2 complex (NiC10HsN2C10H7N2*) at 371.0 m/z in the transfer from
0-100eV.
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A5.5. Breakdown diagram for the nitrated 1:2 complex (NiC10HsN2C10HsN2NO3*) at 434.0 m/z in the
trap from 0-100eV.
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A5.6. Breakdown diagram for the nitrated 1:2 complex (NiC10HsN2C10HsN2NO3*) at 434.0 m/z in the
transfer from 0-100eV.
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Appendix VI. Breakdown diagrams for Nickel (I1) Nitrate and 4,4’-Bipyridine, dual-spray.

AB6.1. Breakdown diagram for the 1:1 complex (NiC1oHsN2*) at 216.0 m/z in the transfer from 0-30eV.
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A6.2. Breakdown diagram for the nitrated 1:1 complex (NiC10HsN2NOs*) at 277.9 m/z in the transfer
from 0-60eV.
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AB.3. Breakdown diagram for the 1:2 complex (NiC10HsN2C10H7N2*) at 371.0 m/z in the transfer from

0-100eV.
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A6.4. Breakdown diagram for the nitrated 1:2 complex (NiC10HsN2C10HsN2NO3*) at 434.0 m/z in the
transfer from 0-100eV.
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Appendix VII. Breakdown diagrams for Nickel (II) Nitrate and 2,2’-Bipyridine-4,4’-
Dicarboxylic Acid, single-spray.

A7.1. Breakdown diagram for the 1:1 complex (NiC12HsN204") at 303.9 m/z in the trap from 0-60eV.

06
3
&
Q
05
04
°-3219
A o 3039
A 2759
2
] 257.9
g o> X » 2489
e 03
H 02309
K] X
g +-2209
<
v, © - 2029
N - 1720
©1440
> o
02 X 0-99.0
4599
+ &
+
_ +
/ <k X .
01 ¥ o— < X e e s
o + e
o A
< 5 o
% ) o > o A N
o & 7 8 o H o o =
= — — - —~ 143
00 m B - 3 g ! A 4
0.0 1.0 20 3.0 40 5.0 6.0 7.0
Ecou (V)

A7.2. Breakdown diagram for the 1:1 complex (NiC12HsN204") at 303.9 m/z in the transfer from 0-
60eV.
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A7.3. Breakdown diagram for the nitrated 1:1 complex (NiC12HsN204NO3*) at 365.9 m/z in the trap
from 0-75eV.
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A7.4. Breakdown diagram for the nitrated 1:1 complex (NiC12HsN204NO3*) at 365.9 m/z in the transfer
from 0-75eV.
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A7.5. Breakdown diagram for the 1:2 complex (NiC12HsN204C12HsN204") at 546.9 m/z in the trap from
0-100eV.
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A7.6. Breakdown diagram for the 1:2 complex (NiC12HsN204C12HsN204") at 546.9 m/z in the transfer
from 0-75eV.

09
°
08
u]
07
06 o 5470
o 5030
5020
> 4570
g 05 d * 3039
H ] o 2760
H R +—2589
5 04 -—2579
’ - 2309
2010
o-1819
03 21720
. %1280
[ R\ - - - - 59.9
X
02 * X N ) = -
y - «
o 2
B ° o h ” o &
&> O *
01 o / R 17} -
% ’ A ~ o
%4 (o} - F X & ¥* o
X - + 8 o
o g % = S
0.0 —— % ———3 X ? B—r 8 . & 3 ==
0.0 1.0 20 30 40 50 60

Ecom (eV)



187

A7.7. Breakdown diagram for the nitrated 1:2 complex (NiC12HsN204NiC12HsN204NO3*) at 609.9 m/z
in the trap from 0-100eV.
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A7.8. Breakdown diagram for the nitrated 1:2 complex (NiC12HsN204NiC12HsN204NO3*) at 609.9 m/z
in the transfer from 0-100eV.
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Appendix VIII.

single-spray.
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Breakdown diagrams for Nickel (Il) Nitrate and 1,10-Phenanthroline,

A8.1 Breakdown diagram for the 1:1 complex (NiC12HsN2*) at 239.9 m/z in the trap from 0-40eV.
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A8.2 Breakdown diagram for the 1:1 complex (NiC12HsN2*) at 239.9 m/z in the transfer from 0-60eV.
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A8.3 Breakdown diagram for the nitrated 1:1 complex (NiC12HsN2NOs*) at 301.9 m/z in the trap from
0-100eV.
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A8.4. Breakdown diagram for the nitrated 1:1 complex (NiC12HsN2NOs*) at 301.9 m/z in the transfer
from 0-100eV.
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A8.5. Breakdown diagram for the 1:2 complex (NiC12HsN2C12HsN2") at 420.0 m/z in the trap from 0-
100eV.
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A8.6. Breakdown diagram for the 1:2 complex (NiC12HsN2C12HoN2*") at 421.0 m/z in the transfer from
0-100eV.
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A8.7. Breakdown diagram for the nitrated 1:2 complex (NiC12HsN2C12HsN2NO3*) at 482.0 m/z in the
trap from 0-100eV.
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A8.8. Breakdown diagram for the nitrated 1:2 complex (NiC12HsN2C12HsN2NO3*) at 482.0 m/z in the
transfer from 0-100eV.
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Appendix IX. Breakdown diagrams for Nickel (llI) Nitrate and 1,10-Phenanthroline, dual-
spray.

A9.1. Breakdown diagram for the 1:1 complex (NiC12HsN2") at 240.0 m/z in the transfer from 0-40eV.
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A9.2. Breakdown diagram for the nitrated 1:1 complex (NiC12HsN2NOs*) at 302.0 m/z in the transfer
from 0-100eV.
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A9.3. Breakdown diagram for the 1:2 complex (NiC12HsN2C12HsN2*) at 420.0 m/z in the transfer from
0-80eV.
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A9.4. Breakdown diagram for the nitrated 1:2 complex (NiC12HsN2C12HsN2NO3*) at 482.0 m/z in the
transfer from 0-100eV.
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Appendix X. Breakdown diagrams for Nickel (I1) Nitrate and SNS, single-spray.

A10.1 Breakdown diagram for the 1:1 complex (NiC14H12NS2*) at 317.9 m/z in the trap from 0-75eV.
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A10.2 Breakdown diagram for the 1:1 complex (NiC14H12NS2NO3*) at 378.9 m/z in the transfer from
0-75eV.
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