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Abstract 

 

Reactions can be monitored in real-time or off-line for qualitative and quantitative 

information on reaction systems under study. The work presented in this dissertation was 

focused on the application of reaction monitoring techniques by means of electrospray 

ionization mass spectrometry (ESI-MS), and ultraviolet-visible (UV-Vis) spectroscopy to 

solve various problems. For example, in a complex petroleum matrix, naphthenic acids 

were selectively derivatized using a charge-tagging technique and all the acid derivatives 

were identified by tandem electrospray ionization mass spectrometry (ESI-MS/MS). To 

understand the increased visibility of analytes profiled with charge-tagged reagents in 

ESI-MS, ESI response of permanently charged analytes of different sizes and structures 

were examined. It turned out that factors, such as the analyte structure, molecular weight 

and solvent could influence the signal strength of analytes. In a separate study on the 

effect of magnesium (Mg2+) on Maillard reaction, ESI-MS was used to characterize 

reaction species, and it was found through UV-Vis spectroscopy that, magnesium can 

accelerate Maillard chemistry in a dose-dependent manner. ESI-MS was also employed 

to investigate hydrolysis of aryltrifluoroborates in real-time complemented by pH 

analysis, whereby a dynamic series of equilibria for numerous ions was determined. As 

well, by using ESI-MS for on-line reaction monitoring, reaction intermediates of a 

palladium-catalyzed cyclization reaction of carbamates, and an acid-catalyzed cyclization 

reaction of benzoxazine were identified.  
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Furthermore, to ensure uniform stirring in reactions conducted simultaneously, a 3D 

printed circular vial holder enabled standardized stirring conditions in ten vials; and ESI-

MS revealed data reproducibility could be achieved through the standardized stirring 

conditions offered by the vial holder. In a nutshell, the findings given provide practical 

considerations, and some insights into fundamental ESI-MS science. 
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Chapter 1 Literature review and research objectives 

 

1.1 Brief history of mass spectrometry  

 

Mass spectrometry is a widely used analytical technique that facilitates identification and 

quantitation of analytes of interest according to their mass-to-charge ratios. The principle 

of mass spectrometry dates back to the 1900s when J.J. Thomson established that neon 

was comprised of two isotopes (20Ne and 22Ne) after separation by means of electric and 

magnetic fields.1 Later, Arthur Dempster designed the first mass spectrometer in 1918 

which served as a foundation for building contemporary mass spectrometers.2 Dempster’s 

contribution to mass spectrometry also included developing an ionization source known 

as electron ionization (EI).2  

 

Figure 1.1. General layout of a mass spectrometer.3 
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1.2 Ionization sources 

 

Electron impact or electron ionization (EI) gained popularity due to its ability to analyze 

neutral organic compounds.2,4,5 The ionization process involves interaction of gas phase 

molecules with energetic electrons; the analyte ejects an electron after absorption of 

energy, and as a result, produces a molecular ion sufficiently energized that fragment ions 

promptly form. The mass spectrum obtained through this technique is interpreted by 

examining the fragmentation pattern of the remaining species. The intensity of the 

molecular ion is often low because of this fragmentation, and accordingly EI is known as 

a ‘hard’ ionization technique. To preserve molecular ions during ionization, ‘soft’ 

ionization techniques, such as chemical ionization (CI), matrix assisted laser desorption 

(MALDI) and electrospray ionization (ESI) were developed. 

CI was developed in the mid-20th century by Munson and Field.6,7 The ionization process 

is an extension of EI but in CI, the beam of energetic electrons collides first with an 

excess reagent gas to generate metastable protonated ions, such as [CH5]
+ that 

(comparatively) gently interact with the neutral analyte.3 The excess amount of reagent 

gas protects the analyte molecules from direct ionization by the energized electrons. The 

ion-neutral molecule interaction produces charged molecules through charge transfer or 

proton transfer. Charge transfer produces a radical ion (M⁺˙) of minimum internal energy 

whereas proton transfer yields protonated [M+H]+ or deprotonated [M-H]− species.3 

Currently the most employed ‘soft’ ionization techniques are MALDI and ESI. MALDI 

was introduced by Tanaka in the late 1980s, and has since become famous in the 

biological community owing to its capability to analyze very large analyte molecules, 
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such as proteins of 200000 Da or more in mass.8–10 It is also a popular technique for 

polymer studies.11 In MALDI, an organic matrix in excess is co-crystallized with an 

analyte on a plate and a UV or IR laser is used to energize the matrix. Upon laser 

irradiation, the sample vaporizes into the gas phase and the analyte molecules interact 

with the matrix in the gas phase to produce charged molecular ions (Figure 1.2). 

 

Figure 1.2. Desorption of a co-crystallized sample in matrix upon laser irradiation.  

 

 

ESI was developed by Yamashita and Fenn12  in the 1980s after its invention by Dole9 in 

1968. In electrospray ionization, a solution of analyte ions is passed through a charged 

capillary (2 − 5 kV) at atmospheric pressure into a chamber.13 As the solution exits the 

capillary, a mist of fine droplets is emitted from a Taylor cone14 (see Figure 1.3).  
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Figure 1.3. Illustration of the electrospray ionization process at a macro level (internal 

diameter of capillary 100 µm). 

 

These droplets gradually shrink in a counterflow of desolvation gas (usually nitrogen) 

which evaporates the solvent, thus increasing the charge density. Surface active ions 

evaporate into the gas phase or the ions in the droplet repel each other as the charge 

increases leading to a Coulombic explosion (charge residue model (CRM)) which 

releases the ions (Figure 1.4).9,15–17 Our group reported that ion evaporation was directly 

observable in a study on lanthanide water clusters.18 

 

 

. 
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Figure 1.4. Illustration of the desolvation process in ESI through either ion evaporation or 

Coulomb explosion. Modified from reference 19. 

 

It has been proposed that the ion evaporation mechanism is more appropriate for small 

ions (such as hydroxonium) while the Coulombic explosion (CRM) is applicable to large 

ions (such as proteins).20 Nevertheless, the ions generated have little or no 

fragmentation.21 Chapter 3 of this dissertation explores further on the ESI process. 

 

ESI-MS has been used for characterizing large molecules, such as protein,22–24 

peptides25,26 and biomolecules27–29 given its soft ionization and its ability to identify 

multiply charged analytes. Also, organometallic systems have been extensively 

investigated, because ESI-MS is very sensitive and can preserve weak intermolecular 

interactions, reveal reaction intermediates; and offers fast analysis and excellent 

separation of different species, allowing the analysis of complex mixtures.30–33 
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Subsequent chapters of this dissertation elaborate diverse applications of this powerful 

technique.  

 

1.3 Mass analyzers 

 

After the ionization process, ions enter the mass analyzer under high to ultra-high 

vacuum (10-3-10-12 mbar) for separation according to their mass-to-charge (m/z) ratios; 

and the sorted ions are then counted and registered by a detector.3 Many mass analyzers 

have been developed since the invention of a mass spectrometer. Some examples are 

magnetic sector, time-of-flight (TOF), quadrupole, quadrupole-TOF (Q-TOF), Fourier 

transform ion cyclotron resonance (FT-ICR) and orbitrap.  

In a magnetic sector mass spectrometer, an ion beam passes through a magnet sector 

whereby it is dispersed according to mass-to-charge ratios due to Lorentz force being 

exerted on the ions in the magnetic field.19 

A quadrupole mass analyzer, as shown in Figure 1.5, comprises four cylindrical metal 

rods parallel to each other. In this analyzer, alternating DC and RF potentials are applied 

between a pair of the metal rods. As a result, yields a dynamic field that influences the 

direction of ions entering the quadrupole and the path of ions through the quadrupole. 

Based on the m/z of the ions, a stable trajectory can be achieved when a set of DC and RF 

potentials is appropriately chosen. In the process of a potential sweep, ions can be sorted 

according to their mass-to-charge ratio.19,34 This principle of separation as well as that of 

the magnetic sector, laid out the foundation for the development of high-resolution mass 

spectrometers with Q-TOF, FT-ICR and orbitrap analyzers.35 



 

 

7 

 

Figure 1.5. Representation of a quadrupole mass analyzer illustrating the trajectory of 

ions in a dynamic field. 

 

TOF instruments were developed by W.C Wiley and I. H. McLaren in the mid-1950s.35 A 

TOF mass analyzer consists of a drift tube through which accelerated pulsed ions from 

the ion source are separated based on their m/z values. The FT-ICR mass analyzer was 

developed by M. B. Comisarow and A. G. Marshall in 1974.35 In FT-ICR, ions 

introduced into the analyzer are trapped in a magnetic field; excited by a radio frequency 

which produces a transient ion image signal, and upon application of a Fourier transform, 

a mass spectrum is generated.3 The Orbitrap mass analyzer was developed by Makarov in 

the late 1990s but was available on the market in 2005.36,37 The Orbitrap is made up of an 

ion trap which contains a central electrode. Ions introduced into an Orbitrap are trapped 

in the ion trap; they orbit around the central electrode, which generates an image current 

signal. After application of a Fourier transform, the m/z of the trapped ions can be 

determined from their individual oscillation frequencies.3 FT-ICR and orbitrap 
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instruments are well-known for their remarkably high resolution (105 to 106) which 

allows accurate mass measurements.38,39  

 

1.4 Tandem mass spectrometry  

 

Tandem mass spectrometry is a technique in which two (MS/MS or MS2) or more (MSn) 

mass analyzers employ tandem in space or a mass analyzer, such as FT-ICR employs 

tandem in time (does not require other analyzers) for mass separation following 

ionization of the analyte under study.40,41 Typical examples of instruments that employ 

MS2 are Q-TOF and triple quadrupole mass spectrometers. In this dissertation, a Waters 

Acquity triple quadrupole detector (TQD) mass spectrometer was used for most of the 

research as well as a quadrupole-time of flight (Q-TOF) SYNAPT G2-Si instrument. The 

TQD features two mass analyzers combined in a linear fashion (with a hexapole collision 

cell in between) to facilitate tandem mass spectrometric experiments. A Q-TOF consists 

of a linear combination of quadrupole and a collision cell (usually a hexapole or an 

octapole) fixed orthogonally to a reflectron TOF (Figure 1.6). The quadrupole and TOF 

scan and sort species according to their m/z values whereas the collision cell plays the 

role of an ion guide or carries out fragmentation of ions with an inert gas and an applied 

collision voltage. For MS/MS experiments in a Q-TOF, a precursor ion is selected in the 

quadrupole (MS1), which undergoes collision induced dissociation (CID) in the collision 

cell, and the product ion spectrum is collected using the TOF (MS2) (Figure 1.6).  
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Figure 1.6. Illustration of an MS/MS in a quadrupole/time-of-flight (Q-TOF) mass 

spectrometer. Modified from reference 19. 

 

In a TQD, the first and last quadrupole are scanning quadrupoles that allow separation of 

species based on their m/z while the second ‘quadrupole’ (in a form of a hexapole or 

octapole) serves as an ion guide or a collision cell for CID experiments. The layout of a 

TQD permits several types of MS/MS experiments, such as product ion scan, precursor 

ion scan, neutral loss scan and selected reaction monitoring (also known as multiple 

reaction monitoring). 
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Figure 1.7. Quadrupole of a Waters Ultima triple quadrupole mass spectrometer. 

 

The product ion scan experiment is the fundamental MS/MS experiment that provides 

structural information of species of interest through CID. In a product ion scan, only ions 

of a specific m/z are selected and filtered through the first mass analyzer (Q1) to the 

collision cell (q2) for CID in the presence of an inert gas and an applied collision voltage. 

The fragments produced are scanned through the last mass analyzer (Q3) to the detector 

(see Figure 1.8). This experiment is useful for characterizing unknown compounds by 

examination of the characteristic product ions formed. 

 

Figure 1.8. Representation of a product ion scan experiment. Modified from reference 42. 
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Precursor ion scan experiments can be conducted after determining a common product 

ion of the species of interest through product ion scan. Hence product ion scan 

complements precursor ion scan. In precursor ion scan, all ions are scanned in Q1, 

undergo CID in q2; and ions with a common product ion are selected in Q3 (Figure 1.9). 

Neutral loss scans reveal precursor ions with a common neutral loss (e.g. H2O). Prior to a 

neutral loss scan experiment, a product ion scan is conducted to determine a common 

neutral loss. This implies that selected ions produce ions at a lower m/z consistent with 

the loss of a neutral moiety at an applied collision voltage. After determining the 

common neutral loss, the neutral loss scan experiment proceeds by scanning all ions in 

Q1. These scanned ions go through q2 where they undergo fragmentation; and ions with 

an offset of the common neutral species are scanned through Q3 to the detector. 

 

Figure 1.9. Representation of a precursor ion scan experiment. Modified from reference 

42. 

 

After determining the precursor and product ions of target species, one or more selected 

reaction(s) can be monitored by means of multiple reaction monitoring (MRM) using a 

triple quadrupole mass spectrometer. This MS/MS experiment involves selecting a 

precursor ion in Q1 to undergo fragmentation in q2, and the product ion of the target 

precursor ion is selected in Q3 for detection. MRM offers increased sensitivity 

considering that only selected masses of species are scanned as compared with a full MS  
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scan that highlights all ions being scanned. As well, increased signal-to-noise ratio can be 

achieved after careful optimization of both cone and collision voltages. Given these 

exceptional features of a triple quadrupole mass spectrometer, it has been extensively 

used for quantitative analytical studies.43–46 

 

1.5 Characteristics of analytes suitable for ESI-MS 

 

A major requirement for analytes in ESI-MS is that they should be charged or capable of 

carrying a charge due to the presence of functional groups.12 Analytes that are inherently 

charged are easily favoured by the electrospray ionization process. In view of this, 

intrinsically-charged reaction intermediates in oxidation reactions of organometallic 

systems have been reported suitable for investigation by ESI-MS.47,48 A compound can 

also be charged by means of protonation, deprotonation, loss of a halide or aggregation 

with alkali metals, such as sodium and potassium (see Figure 1.10); in addition, can be 

charged by installing a permanently charged species through charge-tagging (explored in 

Chapter 2). 
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Figure 1.10. Fundamental Ionization pathways: a) basic site protonation b) association of 

an alkali metal to a basic site c) halide dissociation d) oxidation e) acidic site 

deprotonation. 

 

 Charge-tagging serves as a simple, fast derivatization technique that facilitates 

appearance of usually undetectable species of interest through ESI-MS. This technique 

mimics bioconjugation reactions by which a reactive functional group on a derivatizing 

agent couples to the functional group of specific macromolecules.49  

Production of gas-phase ions in ESI-MS is contingent on ionization efficiency of ions of 

interest; hence, employing a charge-tagging technique is beneficial for increasing the 

ionization efficiency of target analytes.19 In relation to this concept, charge-tagged 

reagents are designed to have a high surface activity. As well, these tags are paired with 

weakly coordinating anions to minimize ion-pairing and promote detection of species 

through ESI-MS. The charge-tagging technique has served as a useful tool for studying 

neutral reaction intermediates via ESI-MS.50–52 Other applications are discussed in 

Chapter 2. 
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1.6 Reaction monitoring with ESI-MS 

 

Reactions can be monitored off-line or on-line in ESI-MS as desired by experimentalists. 

Off-line reaction monitoring is predominantly used for time-dependent reactions by 

diluting a sample aliquot at various stages during a reaction and transferring it into a mass 

spectrometer for analyte characterization. Other analytical techniques, such as UV-Vis 

spectroscopy, IR spectroscopy and NMR also work efficiently with off-line reaction 

monitoring. Although this conventional approach for studying reactions in ESI-MS is 

widely used, a major drawback is its inability to reveal transient or unstable reaction 

intermediates in that sampling is not conducted continuously. Also, data precision could 

be affected when samples must undergo dilution prior to analysis, and decomposition can 

be problematic. These challenges can be resolved when reaction systems are probed on-

line for real-time data. In on-line reaction monitoring, species in a reaction could be 

continuously tracked as they evolve over time (Figure 1.11).  

 

 

 



 

 

15 

 

Figure 1.11. Illustration of reaction monitoring with ESI-MS for the investigation of 

hydrodehalogenation. Reproduced with permission from “A mechanistic investigation of 

hydrodehalogenation using ESI-MS” Z. Ahmadi and J. S. McIndoe, Chem. Commun., 

2013,49, 11488. Copyright © 2013 The Royal Society of Chemistry. 

 

Heitbaum and co-workers performed the first on-line reaction monitoring with a thermal 

spray quadrupole mass spectrometer in 1986 to investigate electrochemical reactions.53 

Covey et al. followed up with an alternative approach for obtaining real-time data by 

direct sample infusion to the ion source of a triple quadrupole mass spectrometer.54 

Membrane interface coupled to a mass spectrometer has been reported for on-line 

monitoring in atmospheric analysis,55 biological systems monitoring,56,57 organic 

synthesis58 and water analysis.59,60  An illumination-assisted droplet spray ionization (IA-

DSI) coupled to a mass spectrometer to track reaction species in a photolytic reaction in 

real-time has also been successful.61 In addition, a miniature mass spectrometer with a 

continuous flow nanoelectrospray ionisation was designed by Cooks and co-workers to 
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monitor several reactions in different reaction vessels concurrently.62 Cooks and co-

workers also used inductive ESI-MS for in situ reaction monitoring of Negishi cross-

coupling, reductive amination and Pd/C-catalyzed hydrogenolysis; they found that it is an 

efficient technique for studying solution-phase air and moisture sensitive organometallic 

reactions as well as organic reactions.32 Another addition to the innovations for ESI-MS 

reaction monitoring is a pressurized sample infusion (PSI) system designed by our group 

to enable transfer of a reaction solution directly into a mass spectrometer.63,64 The PSI 

set-up comprises a Schlenk flask/tube charged with a reaction solution and sealed with a 

rubber septum; the septum is punctured with one end of a PEEK (polyether ether ketone) 

tubing and placed into the reaction mixture; and the other end of the tubing is connected 

to the inlet of a mass spectrometer. The Schlenk flask is pressurized with an inert gas 

(usually argon or nitrogen) which drives a reaction solution through the PEEK tubing into 

the mass spectrometer. The flow rate of the sample entering the mass spectrometer can be 

evaluated by the Hagen-Poiseuille equation using the following parameters: inner 

diameter and length of PEEK tube; viscosity of the solvent used; and pressure applied to 

the tube. The pressure of inert gas and the flow rate of solution can be in the range of 1-5 

psi and 5-10 µl/min, respectively.63,64 This sample introduction resembles the cannula 

transfer technique popularly employed in air-sensitive organometallic chemistry.64 PSI 

has assisted investigation of various reaction systems since its inception; these include, 

air or moisture sensitive reactions65–69 and organic reaction systems.70–73 
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Recently, the PSI set-up has been adapted to include a condenser for experiments 

conducted at reflux (see Figure 1.12).74 Further, the set-up can be tailored to enable 

complementary reaction monitoring with other analytical instruments, such as UV-Vis 

and IR spectrometers.65,75 Various studies on reaction monitoring using PSI-ESI-MS are 

elaborated in Chapters 5, 6 and 7. 

 

Figure 1.12. Representation of a pressurized sample infusion (PSI) customized flask. 
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1.7 Reaction monitoring with UV-VIS spectroscopy 

 

UV-Vis spectroscopy is an analytical technique in which light is absorbed by analytes in 

the UV-Vis region (2-800 nm)76 of the electromagnetic spectrum for qualitative and 

quantitative information. Generally, the presence of light-absorbing groups referred to as 

chromophores and the splitting of d-orbitals in transition metal complexes are responsible 

for the observed optical properties of coloured analytes after absorption of visible 

light.76,77 However, analyte detection is dependent on the analyte’s molecular structure 

and the extent of light absorption (absorptivity). The Beer-Lambert law shows the 

relationship between absorbance and the concentration of an analyte as directly 

proportional.76,77 Absorbance is measured when an electron transitions from a ground 

state (low energy orbitals) to a higher energy excited state (high energy orbitals). The 

energy required for the electronic transition in an analyte depends on the gap between the 

energy levels/orbitals. This implies that, for a large gap, more energy is required for the 

electronic excitation, which results into absorption of light of a shorter wavelength. 

Nevertheless, the exact wavelength of absorption of any species relies on its interaction 

with a quantum of light (photons of corresponding energy).76,77 

In practice, UV-Vis spectroscopy can be employed for studying reaction kinetics of 

reaction systems (typically millimolar concentration range), given that the rate of change 

in concentration of reaction species can be determined by measuring the change in 

absorbance of analytes over time.76 In respect of this, UV-Vis has been used to 

investigate many systems through reaction monitoring (see Figure 1.13); a handful of 
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examples include cross-coupling reactions with Pd nanoparticles,78–80 olefin 

hydrogenation with supercritical CO2,
81 Michael addition reactions82 and olefin 

epoxidation.83 Although UV-Vis is known for good limits-of-detection, it can be 

problematic when absorbing species overlap. However, in relation to identifying neutral 

species that are not detected by ESI-MS, UV-Vis could be of significance. Hence, UV-

Vis has been used simultaneously with ESI-MS to study reactions.65 This dissertation 

features off-line reaction monitoring with UV-Vis spectroscopy in Chapter 4. 

 

 

Figure 1.13. Illustration of reaction monitoring with UV-Vis during the activation of 

Pd2(dba)3 with [TPPMS]−. Modified with permission from “Real-time analysis of 

Pd2(dba)3 activation by phosphine ligands” E. Janusson, H.S. Zijlstra, P.P.T. Nguyen, L. 

MacGillivray, J. Martelino, and J. S. McIndoe, Chem. Commun., 2017, 53, 854. 

Copyright © 2017 The Royal Society of Chemistry. 
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1.8 Summary and objectives 

 

ESI-MS and UV-Vis spectroscopy have found applications in reaction monitoring given 

their sensitivity and rapid analysis. The work in this dissertation aims to: identify target 

analytes in complex matrices with ESI-MS (Chapters 2 and 4); investigate the correlation 

between the concentration of a given analyte and its ESI signal intensity (Chapter 3); use 

UV-Vis spectroscopy to examine a reaction system through off-line reaction monitoring 

(Chapter 4), and ESI-MS to study reaction systems through on-line reaction monitoring 

(Chapters 5, 6 and 7); and develop a method to facilitate execution of small-scale 

experiments (Chapter 6).  
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Chapter 2 Acid-selective mass spectrometric analysis of a 
petroleum fraction 

 

This chapter has been published and appears in the following publication: “Acid-selective 

mass spectrometric analysis of petroleum fractions” I. Omari, H. Zhu, G.B. McGarvey 

and J.S.  McIndoe, International Journal of Mass Spectrometry, 2019, 435, 315-320. 

 

2.1 Introduction 

 

Petroleum is a highly complex matrix, typically composed of hydrocarbons as well as a 

wide variety of polar molecules. The hydrocarbons constitute about 90% whereas the 

polar species form a small fraction of about 10%, incorporating nitrogen, oxygen and 

sulfur heteroatoms as well as heavy metals (vanadium, iron and nickel).84 These polar 

components have been a major concern in the petroleum industry, given their ability to 

corrode refinery units, inhibit catalytic activities in refinery processes and as well, pollute 

the environment.85,86   

   

Naphthenic acids are a fraction of oxygen-containing cyclic compounds in petroleum that 

have recently gained attention, owing to their corrosiveness in oil extraction and 

processing facilities as well as pipelines..87 Naphthenic acids comprise cyclohexyl, 

cyclopentyl and phenyl groups with long chain hydrocarbon backbone attached to a 

carboxylic acid group or long chain hydrocarbons attached to a carboxylic group (Figure 

2.1), which is formed as a result of the oxidation of naphtha in petroleum.88,89 They are 

described with the chemical formula: CnH2n+zO2, where n is the number of carbons and z 

can be zero or a negative integer to indicate the hydrogen deficiency due to the presence 
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of multiple rings.90 Naphthenic acids are present in petroleum in a considerable amount 

of up to 4% by weight.91 The acidity of petroleum is evaluated by measuring the total 

acid number (TAN), which is equal to as the mass of potassium hydroxide required to 

neutralize a given mass of petroleum.92 However, Turnbull and co-workers reported that 

the size and structure of naphthenic acids play a significant role in their corrosiveness.93 

Thus, the TAN method of addressing corrosiveness in crude oil is not a reliable method. 

In view of this, it is imperative to investigate other characterization techniques to account 

for the acid fraction of petroleum. 

 

 

Figure 2.1. Representation of naphthenic acid structures where R is an alkyl chain, and m 

is the number of CH2 units. 

 

Various analytical techniques have been developed to enhance characterization of 

naphthenic acids in petroleum. These include: Fourier transform infrared (FTIR) 

spectroscopic analysis, gas chromatography (GC) and high performance liquid 

chromatography (HPLC).94,95 These techniques are generally employed to determine the 

total naphthenic acid concentration.96,97 Unfortunately, considering only the acid 

concentration in assessing corrosiveness of naphthenic acids in petroleum is not 

sufficient; but employing techniques that will also determine the size and structure of 

naphthenic acids would be a more useful approach. In order to determine the size and 
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structure of naphthenic acids in petroleum, several studies have been conducted using 

state-of-the-art mass spectrometry methods. EI was employed to characterize naphthenic 

acids, and detected about 1500 naphthenic acids.98 As well, chemical ionization (CI),99,100 

fast atom bombardment (FAB),101,102 atmospheric pressure chemical ionization (APCI)103 

and electrospray ionization (ESI) methods were compared to determine the molecular 

distribution of naphthenic acids extracted from petroleum.104,105 However, for the study 

of complex mixtures, soft ionization techniques such as ESI are preferred over hard 

ionization techniques such as EI.106–109 The latter yields similar fragments leading to a 

complicated mass spectrum; whereas the former simplifies the mass spectrum by 

preserving the molecular ion of the species of interest in a complex mixture.110  

 

The use of Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) 

has been a preferred technique for petroleum characterization given its ultra-high 

resolution and ultra-high mass accuracy.111–114 Qian and co-workers combined HPLC 

with ESI-FT-ICR-MS to characterize acid fractions in crude oil and this technique was 

able to identify fifteen different chemical formulas of naphthenic acids.115 Barrow et al. 

employed FT-ICR-MS to conduct a study on the degradation of naphthenic acids in the 

environment.116 Clingenpeel et al. also employed FT-ICR-MS for characterization of 

naphthenic acids; and reported that during the petroleum refining process, naphthenic 

acids could contribute to the formation of stable emulsions.117 In addition, Rowland and 

co-workers used modified aminopropyl silica (MAPS) chromatography coupled with 

negative ion electrospray ultrahigh resolution mass spectrometry to characterize 

naphthenic acids in a petroleum mixture.118 
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In this chapter, a petroleum fraction supplied by Imperial Oil was examined for 

naphthenic acids. Imperial Oil was interested in a fast and sensitive qualitative technique 

that could be employed to detect naphthenic acids in petroleum fractions. Thus, a rapid, 

simple, and inexpensive method by means of ESI-MS was used to characterize model 

naphthenic acids as well as naphthenic acids in a petroleum fraction. ESI is a soft 

ionization technique which can generate positively charged ions when basic species are 

protonated with a weak acid. ESI also generates negatively charged ions when acidic 

species are deprotonated with a weak base.119 Alternatively, derivatization methods could 

be used to promote the detection of species of interest in ESI-MS.73  

A charge-tagging technique which has been successful in detecting thiols and phenols in 

petroleum fractions was employed.72,73 A charge-tagged alcohol (3-[4-(hydroxymethyl) 

benzyl]-1-methylimidazolium hexafluorophosphate) and a charge-tagged carbodiimide 

compound (1-[3-(dimethylamino) propyl]-3-ethylcarbodiimide methiodide) were 

employed in this study for naphthenic acid derivatization reactions. Derivatization of 

naphthenic acid with a charge-tagged alcohol mimics Fischer esterification of carboxylic 

acids, which is a simple and prominent reaction of carboxylic acids.120–122 

 

The role of the charge-tagged alcohol and carbodiimide compounds is to facilitate 

detection of the naphthenic acid derivatives. A carbodiimide is a functional group with 

the chemical formula RN=C=NR.123 Compounds containing the carbodiimide functional 

group are used as a dehydrating agent to activate carboxylic acids for coupling with 

primary amines to yield amide compounds.49 Carbodiimide is also a well-known tool in 

the field of bioconjugation, peptide synthesis and modification of polysaccharides.124,125 

In addition, the charge-tagging technique will be compared with a deprotonation method. 
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The deprotonation method involves the use of ammonium hydroxide to deprotonate 

naphthenic acids present in the petroleum fraction and a commercial naphthenic acid 

mixture. 

 

 2.2 Derivatization and deprotonation of model naphthenic acids 

 

After synthesis of the charge-tagged alcohol (see Figure 2.1), the charge-tagged mixture 

contained impurities such as sodium bromide, which has similar solubility as the charge-

tagged alcohol, so purification was a challenge. Nevertheless, the efficiency of the 

charge-tagged alcohol was tested in an esterification reaction with a model naphthenic 

acid, 2-methoxyphenylacetic acid. The charge-tagged alcohol unexpectedly decomposed 

during the reaction and the derivatized product with m/z 351 was not of sufficient 

intensity to be easily identified (Figure 2.2). The inefficacy of this method of analysis 

could be attributed to low (intended) reactivity of the charge-tagged alcohol, long 

reaction time, solvent restrictions (both charge-tagged and analyte need to be soluble), 

and harsh reaction conditions of esterification and purification problems. Thus, a charge-

tagged carbodiimide (1) was employed as an alternative for derivatization.  

 

 

Scheme 2.1. Representation of esterification reaction between  2-methoxyphenylacetic 

acid (naphthenic acid) and a charge-tagged alcohol. 
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Figure 2.2. Positive ion mode ESI-MS of charge-tagged alcohol after synthesis at 70°C in 

water. 
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Figure 2.3. Positive ion mode ESI-MS mass spectrum after 3-hour esterification reaction 

with a charge-tagged alcohol in dichloromethane. 

 

 

The reactivity of a charge-tagged carbodiimide (1) was studied via on-line reaction 

monitoring in positive ion mode ESI-MS (Scheme 2.2).  

 

Scheme 2.2. Representation of a derivatization reaction between naphthenic acids and a 

charge-tagged carbodiimide (1). 
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This derivatization was conducted by adding a mixture of different model naphthenic 

acids (cyclopentanecarboxylic acid, cyclohexanepentanoic acid and cyclohexaneacetic 

acid in the same molar amount) to a solution containing the charge-tagged carbodiimide 

(1) at 65°C. The reaction between charge-tagged carbodiimide (1) and cyclohexaneacetic 

acid was used to establish a detection limit (Figure 2.3). Response of the naphthenic acid 

derivative was determined to be linear for micro- to millimolar quantities of the 

naphthenic acid. The response of the lowest detectable naphthenic acid derivative was 

used to determine the limit of detection (signal to noise ratio = 3) and limit of 

quantitation (signal to noise ratio = 10); which were found to be 0.7 μM and 2.3 μM 

respectively. However, the reactivity, concentration of target analytes as well as 

differences in petroleum distillate matrices could limit the derivatization process. Thus, 

the detection limit established was only an approximation and will differ between 

matrices.  
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Figure 2.4. Response of naphthenic acid derivative following the reaction between 

cyclohexaneacetic acid and 0.286 mM (1). 

 

Figure 2.5 shows a pseudo zero-order reaction whereby derivatization of 

cyclohexanepentanoic acid (green) was faster than cyclohexaneacetic acid (blue) and 

cyclopentanecarboxylic acid (red). This could be explained by steric hindrance of the 

cyclohexyl and cyclopentyl groups in cyclohexaneacetic acid and cyclopentanecarboxylic 

acid respectively, since both groups are close to the carboxyl group. Hence, the reaction 

rate decreased. In the case of cyclohexanepentanoic acid, the steric effect was relatively 

less due to the presence of four CH2 groups keeping the bulky group away from the 

carboxyl group; therefore, the rate of reaction increased correspondingly. The pseudo 
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zero-order nature of each trace points to a reaction insensitive to the concentration of the 

carbodiimide (1). 

 

Figure 2.5. Positive ion mode ESI-MS of an on-line reaction monitoring between (1) and 

a mixture of three naphthenic acid model compounds (cyclopentanecarboxylic acid, 

cyclohexanepentanoic acid and cyclohexaneacetic acid) at 65°C in methanol. 

 

A commercial naphthenic acid mixture was examined to evaluate the usefulness of the 

charge-tagged carbodiimide (1). The commercial acid mixture served as a model 

petroleum fraction given that it is composed of isolated naphthenic acids from 

petroleum.126,127 Figure 2.6 displays a homologous series of naphthenic acid derivatives 

with m/z from 300 (C16H34N3O2) to 784 (C52H96N3O2); within this range, species with 

between zero and five double bond equivalents (DBE) were observed. 
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Figure 2.6. Positive ion mode ESI-MS spectrum of naphthenic acids in a commercial 

naphthenic acid mixture which were derivatized with (1) in methanol at 65°C. 

 

Constituents of the commercial naphthenic acid mixture were also determined via 

deprotonation with ammonium hydroxide. Deprotonated naphthenic acid species were 

detected as [M-H]− (Figure 2.7). The ESI (-) MS spectrum of Figure 2.7 depicts a 

homologous series of naphthenic acids with m/z from 101 (C4H7O2) to 613 (C43H75O2). 

Within this series, naphthenic acids with m/z from 101 to 339 were identified as species 

with 0 DBE and naphthenic acids with m/z greater than 339 were identified as 5 DBE 

species.  
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Figure 2.7. Negative ion mode ESI-MS spectrum of naphthenic acids in a commercial 

naphthenic acid mixture which were deprotonated with ammonium hydroxide in 

methanol at room temperature. 

    

In a direct comparison between the derivatized and deprotonated commercial naphthenic 

acid mixture (Figure 2.7), naphthenic acid derivatives of relatively low intensities at m/z 

from 500 to 784 were observed, whereas the deprotonated acid species of same 

distribution were more conspicuous. It is possible that the higher mass carboxylates are 

exhibiting considerably higher surface activity than their lower mass counterparts, and 

are hence overrepresented, whereas the relative abundance of the charge-tagged variants 

are dependent more on the nature of the charge-tagged itself (note the masses of the latter 

span ~m/z 300-700, whereas the former are ~m/z 100-500). 
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Figure 2.8. Comparison between a) derivatized naphthenic acid species; and b) 

deprotonated naphthenic acid species (ions with an offset of the charge-tag) of a 

commercial naphthenic acid mixture 
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2.3 Derivatization and deprotonation of naphthenic acids in a petroleum 
fraction 

 

To determine various naphthenic acids present in a petroleum fraction, the charge-tagged 

carbodiimide (1) was employed and its performance was assessed with respect to 

selectivity in a highly complex matrix. On addition of the petroleum fraction to the 

charge-tagged (1), acid derivatives were detected from m/z 328 (C18H38N3O2) to 600 

(C38H70N3O2); but with relatively low intensities (Figure 2.9). An explanation to this 

observation could be low concentration of naphthenic acids present in the petroleum 

fraction (after distillation by Imperial Oil); thus, the naphthenic acids exhibited poor 

signal to noise ratio.  

 

Figure 2.9. Positive-ion ESI-MS of naphthenic acids in petroleum fraction which were 

derivatized with (1) in methanol at 65°C (note: as shown in inset, m/z 328 – 466 and m/z 
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468 – 600 are acid derivatives; but species at m/z 467 is an aggregate of the charge-

tagged species). 

 

 

 

However, a better approach to facilitate assignment of these derivatized species was via 

tandem mass spectrometry; whereby product and precursor ions of species in a complex 

matrix could be deduced. In view of this, a product ion experiment was conducted after a 

full MS scan as shown in Figure 2.10, to determine a common product ion of the 

naphthenic acid derivatives in the petroleum fraction. The common product ion was 

determined as the base peak at m/z 170 (Figure 2.10).  

 

Figure 2.10. Representation of product ions of derivatized naphthenic acids at (a) m/z 

398; (b) m/z 454; (c) m/z 498; and a common product ion at m/z 170. 
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With this established, a precursor ion experiment was conducted to determine the 

precursor ions of the common product ion in the complex matrix. A significant feature of 

this experiment is the improved signal to noise ratio of species of interest. This was 

apparent after the precursor ion experiment by which a variety of acid derivatives from 

m/z 328 (C18H38O2N3) to 600 (C38H70O2N3) with 0 to 7 DBE were detected (Figure 2.11). 

However, after conducting an orbitrap mass spectrometric analysis, naphthenic acid 

species of similar nominal mass were identified with the formulae CnH2n+2O2N3 (n = 26-

29) and CnH2n-12O2N3 (n = 27-30); interpreted as 0 and 8 DBE species respectively (Table 

2.1). 
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Figure 2.11. Representation of precursor ions of derivatized naphthenic acids in 

petroleum fraction with colour-coded acid species from m/z 498 to 510. 

 

Table 2.1. The orbitrap result of acid derivatives with similar nominal mass. 

m/z Composition Accuracy (ppm) 

440.32771 C27H42O2N3 1.3 

440.42511 C26H54O2N3 -1.0 

454.34355 C28H44O2N3 1.6 

454.43623 C27H56O2N3 -0.8 

468.35921 C29H46O2N3 1.6 

468.45224 C28H58O2N3 -0.2 

482.37515 C30H48O2N3 1.2 

482.46791 C29H60O2N3 -0.2 

 

 

 

Petroleum fractions were also deprotonated in a similar fashion as the commercial acid 

mixture; but a complex spectrum was produced (Figure 2.12). As a result, assignment of 

naphthenic acids in petroleum fraction was not as simple as the commercial naphthenic 

acid mixture, in that after deprotonation, all protic species present could be detected. 

Nevertheless, a range of various naphthenic acids from m/z 157 (C9H17O2) to 429 

(C29H49O2) with 0 to 8 DBE were identified; and they were in agreement with results 

obtained by Dalmaschio and co-workers.86  
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Figure 2.12. Negative ion mode ESI-MS spectrum of naphthenic acids in petroleum 

fraction, which were deprotonated with ammonium hydroxide in methanol at room 

temperature. Inset: expansion of the m/z 140-440 range. 
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2.4 Conclusions 

 

Charge-tagging is a simple and selective methodology which facilitates detection of 

desired species through ESI-MS; but considering the performance of the charge-tagged 

alcohol in this study, it can be inferred that Fischer esterification of naphthenic acids with 

a charge-tagged alcohol is problematic given the harsh conditions and solvent restrictions  

(both charge-tagged and analyte need to be soluble) involved. However, charge-tagged 

carbodiimide enhances detection of model naphthenic acids; and as well, offers rapid and 

selective analysis of naphthenic acids in petroleum fractions which is useful for 

qualitative studies. The results of this study have also proved that deprotonation is 

relatively sensitive; but the complexity of mass spectrum involved, in relation to 

petroleum fractions, gives the charge-tagging technique an advantage of selectivity in 

characterizing naphthenic acids. 

 

2.5 Experimental  

 

Chemicals and Samples 

All chemicals and solvents employed were purchased from Sigma-Aldrich or Alfa Aesar. 

The petroleum fraction used in this study is a distillate of crude oil supplied by Imperial 

Oil, Ontario, Canada.  

 

NMR 

A Bruker Avance 300 MHz spectrometer was used to obtain 1H NMR spectra with 

solutions prepared in CDCl3 and CD3OD. 
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ESI-MS 

ESI-MS of the synthesized product as well as the charged-tag reactions with the 

naphthenic acid models, a commercial naphthenic acid mixture and petroleum fractions 

were conducted in the positive ion mode on a Waters Acquity TQ Detector mass 

spectrometer. The parameters used were: capillary voltage, 3 kV; cone voltage, 15 V; 

extraction voltage, 2 V; source temperature, 70°C; desolvation temperature, 170°C; cone 

gas flow rate, 100 L/h; desolvation gas flow rate, 200 L/h. Scan time was set to 1 s. Also, 

ESI-MS of the deprotonated naphthenic acid mixture and petroleum fractions were 

conducted in the negative ion mode using the same instrument parameters. Pressurized 

sample infusion (PSI) experiments using ESI-MS (+) were employed for the 

derivatization reactions. The PSI experiments involved derivatization reactions at 65°C in 

methanol, in a Schlenk flask.  The derivatized material was fed into the ESI source by 

means of PEEK tubing and 3 psi of argon gas. The derivatization reactions included: 

reaction between charge-tagged carbodiimide (1) (1 mmol, 1 eq) and naphthenic acid 

model compounds (10 mmol, 10 eq); reaction between charge-tagged carbodiimide (1 

mM) and a commercial naphthenic acid mixture (10% v/v) as well as petroleum fractions 

(10% v/v). After the PSI experiment for the petroleum fraction, the reaction solution was 

further diluted to 10 ppm using HPLC grade methanol. An Exactive Plus Orbitrap Mass 

Spectrometer from Thermo Fisher Scientific (Waltham, MA, USA) was used to analyze 

the diluted reaction solution in the positive ion mode. The capillary temperature of the 

Orbitrap Mass Spectrometer was set to 250°C, the spray voltage was set to 3.5 kV, sheath 
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gas flow rate was set to 30, auxiliary gas flow rate was set to 10 and the auxiliary gas 

temperature was set to 175°C. A mass accuracy of less than 2 ppm and a resolving power 

of 100,000 (at m/z 400) assisted in data collection over the mass range of m/z 140–2000 

in the full scan mode. An integrated syringe pump was used whereby the flow rate was 

set to 50–100 μL min-1. An integrated syringe pump was used whereby the flow rate was 

set to 50 -100 μL min-1. 

Off-line experiments were also carried out prior to characterization. These involved: 

deprotonation of petroleum fractions (10% v/v); and a commercial naphthenic acid 

mixture (10% v/v) in methanol with ammonium hydroxide (30 μL, 2% v/v in methanol). 

In addition, a charge-tagged alcohol (1 mmol, 1 eq) was used to derivatize a naphthenic 

acid model compound, 2-methoxyphenylacetic acid (10 mmol, 10 eq). A concentrated 

sulfuric acid served as a catalyst through gentle reflux under argon for about 3 hours in 

50 mL of dichloromethane in the presence of activated 4Å molecular sieves. All solutions 

after the off-line experiments were fed into the ESI source by means of a syringe pump 

and an analytical syringe connected to PEEK tubing.  

MS/MS experiments were carried out with a Waters Acquity TQ Detector to obtain 

structural information using the parameters as follows:  collision voltage, 10 V; high 

mass and low mass resolution at 15 V each. Interpretation of the mass spectra was 

facilitated using chemcalc.org.128 

 

Synthesis of 3-(4-(bromomethyl) benzyl)-1-methylimidazolium hexafluorophosphate 

1-Methylimidazole (0.46 mL, 5.77 mmol) reacted with excess α,α′-dibromo-p-xylene 

(2.049 g, 7.76 mmol) through gentle reflux under argon for about 16 hours in 50 mL of 

THF. A white powder was recovered from acetonitrile through vacuum filtration which 
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was vacuum dried for 24 hrs. The 3-(4-bromomethyl)benzyl)-1-methylimidazolium 

bromide (0.220 g) was dissolved in  25 mL of 50% v/v aqueous methanol, followed by 

the addition of sodium hexafluorophosphate (0.330 g). The solution was stirred for 12 

hours. A white powder was recovered from the reaction solution via vacuum filtration 

(28.9% yield).  1H NMR (300 MHz, CD3OD): δ (ppm) = 3.93 (s, 3H), 4.59 (s, 2H), 5.41 

(s, 2H), 7.61-7.40 (m, 6H), 8.95 (s, 1H). QTOF ESI (+): [M]+ m/z 265.1; ESI (-): [M]–  

m/z 145.1. 

 

Synthesis of 3-[4-(hydroxymethyl) benzyl]-1-methylimidazolium 

hexafluorophosphate (charge-tagged alcohol) 

3-(4-(bromomethyl)benzyl)-1-methylimidazolium hexafluorophosphate (0.65 g, 1.59 

mmol)  was reacted with NaOH (6 g, 0.15 mol) solution in 50 mL distilled water at 70°C. 

The solution was mechanically stirred for 10 hrs. The reaction solution was filtered, and 

the filtrate was vacuum dried. The powder was redissolved in a minimum amount of 

methanol and a white precipitate was formed after leaving the solution at 4°C overnight. 

The white precipitate was recovered from the reaction solution through vacuum filtration 

(15% yield). 1H NMR (300 MHz, CDCL3): δ (ppm) = 3.90 (s, 3H), 5.05 (s, 2H), 5.29 (s, 

2H), 7.50-7.29 (m, 6H), 8.64 (s, 1H). QTOF ESI (+): [M] + m/z 202.1; ESI (-): [M] –  m/z 

145.1. 

 

 

 

 

 

 



 

 

43 

 

 

Chapter 3 Structure, anion, and solvent effects on cation 
response in ESI-MS 

 

This chapter has been published and appears in the following publication: “Structure, 

anion, and solvent effects on cation response in ESI-MS” I. Omari, P. Randhawa, J. 

Randhawa, J. Yu and J.S. McIndoe, Journal of the American Society for Mass 

Spectrometry, 2019, 30, 1750-1757. 

 

3.1 Introduction 

 

Electrospray ionization (ESI) is well-known to exhibit differing ion responses depending 

on the nature of the analyte under study.129–131  This effect extends beyond the propensity 

of the analyte to acquire a charge in the solution phase (the more basic a compound is, the 

more readily it is protonated),132 as permanently charged ions provide different intensities 

depending on their structure. Prior studies in this area have principally focused on the 

most intuitively important factor, the extent of ionization of a given analyte, which 

depends on factors such as solution pH and the basicity of the molecule in question.133–135  

Signal strength in a mass spectrum does not transparently reflect solution composition.136 

 

The ion response describes the surface activity of species in a mass spectrum, which 

implies that surface-active analytes have a stronger ESI response than less surface-active 

analytes.137–140 Possible parameters that correlate with the ESI response of analytes 

include morphology of the analyte, cation-anion interaction and solvation strength.141,142 

The nature of the solvent is a contributory factor to the manner of ESI response of 
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species, given that the response is contingent on the solvation strength.141–144   However, 

the extent of solvation of ions may differ in polar and non-polar solvents eligible for ESI-

MS.145–147  Hydrophilic and hydrophobic species tend to be more solvated in polar and 

non-polar solvents respectively, thereby exhibiting poor surface activity. In this regard 

previous work from our research group reported that chloride aggregates of 1-butyl-3-

methylimidazolium [(BMIM)2+Cl]+ showed a better ESI-MS response than bistriflimide 

([NTf2]−) aggregates of the same cation [(BMIM)2+NTf2]
+ in dichloromethane, due to 

lower solvation of the chloride aggregates in the non-polar solvent.148 In an experiment to 

investigate the ESI response of ionic liquids, Bortolini et al. found that a cobalt based 

ionic liquid with bistriflimide counterion was more responsive in methanol than in 

dichloromethane.149  These findings apparently indicate that intensity is related to the 

solvation strength. Strong solvation of analytes can occur because of hydrogen bonding 

and other intermolecular forces.150–156  For example, solvation of chloride in methanol or 

water/acetonitrile systems comes about because of ion-dipole interactions. Spatial effects 

in terms of source geometry can also affect relative ESI-MS response.157 

 

Analytes with flexible alkyl groups are identified as hydrophobic and are likely to occupy 

surface sites in a droplet of polar solvent. Considering the morphology of such analytes, 

Song and co-workers reported an anomaly in a trend of surface activity for quaternary 

ammonium species with flexible alkyl chains in an aqueous sodium chloride system.158 

They suggested that as the alkyl chain length increases (above 14 carbon atoms), 

aggregates are formed with less or no surface activity depending on the environment of 

the species.158 However, their assessment was based on surface tension measurements of 
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Gemini surfactants (also known as dimeric surfactants)158, and not a mass spectrometric 

study. 

 

 

In this chapter, parameters that could influence the ESI response of analytes               

were investigated. An equimolar mixture of six cations                                                     

[cesium, tetraethylammonium, tetrabutylammonium, tridodecylmethylammonium, 

bis(triphenylphosphoranylidene)ammonium and tetradodecylammonium, i.e., Cs+, 

[NEt4]
+ (Et = ethyl), [NBu4]

+ (Bu = butyl), [NDo3Me]+ (Do = dodecyl; Me = methyl), 

N(PPh3)2
+ (Ph = phenyl) and NDo4

+], was paired with various anions (chloride, 

hexafluorophosphate, tetrafluoroborate and bistriflimide, i.e., Cl−, [PF6]−, [BF4]− and 

[NTf2]−) in standard ESI solvents (Figure 3.1).  

 

 

 

Figure 3.1. Representation of various sizes of cations and anions employed in this study. 
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These salts were selected to provide a variety of molecular weights and structural variety. 

Ionic surfactants, such as tetraalkylammonium halides have been reported by Bruins and 

co-workers as suitable model analytes for fundamental ESI-MS studies, given their 

surface activity and insusceptibility to solution pH.159 Salts with counterions larger than 

chloride were prepared by switching the chloride counterion of the six cations by 

employment of silver tetrafluoroborate (AgBF4), silver hexafluorophosphate (AgPF6) and 

silver bistriflimide (AgNTf2), exploiting the very low solubility of AgCl. The correlation 

between rigidity and ESI response of structurally different species was also investigated. 

A solid understanding of these factors is important when using ESI-MS to gather kinetic 

data,33,160–165 because while corrections can be applied when studying solution 

components such as reactants and products (which can be individually isolated and 

measured), such precautions are often impossible when dealing with reactive 

intermediates.166 

 

3.2 ESI response and molar conductivity of analytes in various solvents 

 

An equimolar mixture of cations (Cs+, [NEt4]
+, [NBu4]

+, [NDo3Me]+, [N(PPh3)2]
+, 

[NDo4]
+) was paired with one of four anions (Cl−, [BF4]−, [PF6]−, [NTf2]⁻) in methanol, 

acetonitrile, water/acetonitrile and dichloromethane; however, CsCl in dichloromethane 

was excluded, given its insolubility. This exclusion also included pairing of the other 

anions with cesium in dichloromethane. The relative responses of these species were 

measured in positive mode ESI-MS. 
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Figure 3.2 shows the relative intensities of salts in acetonitrile. The differential response 

with chloride as a counterion (Figure 3.2a) showed high intensity for [NEt4]
+, [NBu4]

+ 

and [N(PPh3)2]
+, moderate intensity for [NDo3Me]+ and [NDo4]

+, and near-zero response 

for Cs+. The low response of Cs+ is possibly due to a high level of solvation and/or ion-

pairing for this ion,167 and the lower response of the ammonium salts with dodecyl groups 

could probably be related to Song’s explanation for the formation of non-surface active 

aggregates in relation to surface activity of long chain ammonium salts.158 Swapping the 

chloride for increasingly hydrophobic counterions (Figure 3.2b, c and d) changes the 

distribution in favour of the lowest molecular weight species, and for [NTf2]−, the 

spectrum is dominated by [NEt4]
+ with the next most intense ion, [NBu4]

+; [N(PPh3)2]
+ 

being less than 25% and all others at baseline levels. At the same time as ion 

differentiation increased, ion intensity dropped overall. 
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Figure 3.2. Positive ion ESI mass spectrum of an equimolar mixture of six cations [NEt4]⁺ 

(m/z 130), Cs⁺ (m/z 132),  [NBu4]⁺ (m/z 242), [N(PPh3)2]⁺ (m/z 538), [NDo3Me]⁺ (m/z 

536), [NDo4]⁺ (m/z 690), paired with various counterions in acetonitrile: a) Cl−; b) [BF4]⁻; 

c) [PF6]⁻; and d) [NTf2]−. 
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A representation of reproducible peak area distribution for species in acetonitrile also 

depicted a similar trend (see Figure 3.3). Also, in a dichloromethane system (Figure 3.4), 

we observed that all cations paired with chloride were over-represented compared to 

cations paired with relatively hydrophobic anions ([BF4]−, [PF6]− and [NTf2]−), 

considering that the cations paired with chloride were less solvated. Comparing the 

relative intensity (Figure 3.2) and peak area (Figure 3.3 and Figure 3.4) of the 

hydrophobic rigid cation [N(PPh3)2]
+ to that of the bulky hydrophobic flexible cations 

[NDo3Me+ and NDo4
+] in both acetonitrile and dichloromethane, the hydrophobic 

flexible species were under-represented, though less so than the Cs+ (in acetonitrile), 

which was almost invisible, suppressed by the more surface-active ions. 

 
Figure 3.3. Peak area distribution in positive ion ESI-MS of salts in acetonitrile. The 

cations are represented as: 1= [NEt4]⁺; 2 = Cs⁺; 3 = [NBu4]⁺; 4 = [N(PPh3)2]⁺; 5 = 

[NDo3Me]⁺; 6 = [NDo4]⁺ and the anions are represented as: a = Cl⁻; b = [BF4]⁻; c = 

[PF6]⁻; and d = [NTf2]⁻. The standard deviation of the mean (n = 3) is represented by the 

vertical bars. 
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Figure 3.4. Peak area distribution in positive ion ESI-MS of salts in dichloromethane. The 

cations are represented as: 1= [NEt4]⁺; 2 = Cs⁺; 3 = [NBu4]⁺; 4 = [N(PPh3)2]⁺; 5 = 

[NDo3Me]⁺; 6 = [NDo4]⁺ and the anions are represented as: a = Cl⁻; b = [BF4]⁻; c = 

[PF6]⁻; and d = [NTf2]⁻. Note: there is no peak area representation for all cesium salts 

given that cesium chloride is insoluble in dichloromethane, hence salt metathesis for the 

other counterions was not conducted. The standard deviation of the mean (n = 3) is 

represented by the vertical bars. 
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In polar solvents, such as, methanol and water/acetonitrile systems, polarity of the 

solvents could have influenced the solvation strength (between chloride and the solvents); 

as well, hydrogen bonding could also contribute to the solvation strength.148 Figure 3.5 

and Figure 3.6 show that cations paired with chloride anions as providing the highest ion 

counts.  

 

Figure 3.5. Peak area distribution in positive ion ESI-MS of salts in methanol. The 

cations are represented as: 1= [NEt4]⁺; 2 = Cs⁺; 3 = [NBu4]⁺; 4 = [N(PPh3)2]⁺; 5 = 

[NDo3Me]⁺; 6 = [NDo4]⁺ and the anions are represented as: a = Cl⁻; b = [BF4]⁻; c = 

[PF6]⁻; and d = [NTf2]⁻. The standard deviation of the mean (n = 3) is represented by the 

vertical bars. 
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Figure 3.6. Peak area distribution in positive ion ESI-MS of salts in water/acetonitrile. 

The cations are represented as: 1= [NEt4]⁺; 2 = Cs⁺; 3 = [NBu4]⁺; 4 = [N(PPh3)2]⁺; 5 = 

[NDo3Me]⁺; 6 = [NDo4]⁺ and the anions are represented as: a = Cl⁻; b = [BF4]⁻; c = 

[PF6]⁻; and d = [NTf2]⁻. The standard deviation of the mean (n = 3) is represented by the 

vertical bars. 

 

It is possible that this is the case due to chloride being more easily oxidized than any of 

the other counterions, thus the ESI process as shown in Figure 3.7, generates a greater 

excess of charge for a given capillary voltage.168–171 
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Figure 3.7. Ion evaporation process during electrospray ionization of analytes in a polar 

solvent. 

 

The highest response exhibited by species paired with chloride anion could be attributed 

to their increase in conductivity as shown in Table 3.1. In respect of this, the molar 

conductivity of all electrolytes examined followed a trend whereby, halide species 

(except CsCl in acetonitrile) had a relatively higher molar conductivity as compared to 

polyatomic species (see Table 3.1). This result could be interpreted as, halide species 

being more conductive in solution; possibly due to a relatively less ion-ion 

interaction172,173 in all solvent systems employed. 
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Table 3.1. Molar conductivities (units in Scm2mol-1) of solutions (10 μM) at room 

temperature. 

 

Salt 

Molar 

conductivity 

measured in 

MeOH  

Molar 

conductivity 

measured in 

H2O: MeCN 

(1:1)  

Molar 

conductivity 

measured in 

MeCN  

Molar 

conductivity 

measured in 

CH2Cl2  

CsCl 101.01 90.91 33.33 - 

CsBF4 89.29 72.46 147.06 - 

CsPF6 95.24 74.07 135.14 - 

CsNTf2 91.74 75.76 117.65 - 

NEt4Cl 117.65 83.33 103.09 47.62 

NEt4BF4 92.59 64.52 65.79 39.53 

NEt4PF6 98.04 66.66 61.73 40.00 

NEt4NTf2 94.34 69.44 106.38 37.59 

NBu4Cl 109.89 65.36 133.33 56.50 

NBu4BF4 86.96 50.00 100.00 54.95 

NBu4PF6 90.91 54.05 99.00 55.55 

NBu4NTf2 83.33 54.64 95.24 52.08 

[N(PPh3)2]Cl 75.76 71.43 101.01 36.36 

[N(PPh3)2]BF4 63.29 56.18 90.91 34.72 

[N(PPh3)2]PF6 66.66 58.48 98.04 35.09 

[N(PPh3)2]NTf2 58.82 60.61 90.09 33.33 

NDo3MeCl 58.48 67.57 86.96 33.33 

NDo3MeBF4 54.64 55.55 83.33 31.75 

NDo3MePF6 54.05 57.14 80.65 32.26 

NDo3MeNTf2 55.55 58.48 84.75 31.06 

NDo4Cl 50.00 62.50 82.64 27.62 

NDo4BF4 45.25 46.51 50.00 26.95 

NDo4PF6 46.51 47.62 46.08 27.03 

NDo4NTf2 40.00 55.55 80.00 26.32 
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In Figure 3.5 and Figure 3.6, it can be observed that the bulky hydrophobic flexible 

cation species [NDo3Me]+ and [NDo4]
+ had a low response again; probably due to the 

formation of less surface-active premicellar species.158
   As shown in Figure 3.3, Figure 

3.5 and Figure 3.6, tetraethylammonium and cesium ions (m/z 130 and m/z 132 

respectively) have different peak area distributions in acetonitrile, methanol, and 

water/acetonitrile systems. Cs+ had a poor response in the polar solvents, probably due to 

strong ion pairing that existed in the cesium species (e.g. CsCl);167,174 as well as the 

overall relatively small size of the cesium species, thereby, the solvation strength was 

larger as compared to the tetraethylammonium species.  

 

Furthermore, [NBu4]
+ species had a better response in acetonitrile and dichloromethane 

as compared to [N(PPh3)2]
+ species, possibly due to a relatively higher molar 

conductivity in acetonitrile and dichloromethane (see Table 3.1); however, was less 

favoured in methanol and water/acetonitrile systems. These observations have clearly 

revealed that when an equimolar mixture of cations of different sizes were paired with 

weakly coordinating counterions ([BF4]⁻, [PF6]⁻, [NTf2]⁻) in polar and non-polar standard 

ESI solvents, there was no striking effect in their ESI response. Discrimination between 

masses of all species employed can be observed regardless of their equal amounts in 

solution due to possible non-uniform ion transmission in the mass analyzer (triple 

quadrupole) employed.175,176  
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Another notable observation was the highest relative intensity and peak area distribution 

for analytes in acetonitrile (Figure 3.2, and Figure 3.3) compared to analytes in the other 

solvent systems. This result agreed with previous findings by our group where it was  

observed that the aprotic polar solvent (acetonitrile) could solvate ions to a somewhat 

similar extent regardless of their morphology.148 

 

3.3 Relationship between rigidity and response of analytes in ESI-MS 

 

The correlation between rigidity and response of analytes was investigated by assessing 

an equimolar mixture of structurally different species of approximately the same 

molecular weights (m/z 353±14) in both polar and non-polar ESI solvents as shown in 

Figure 3.8.  
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Figure 3.8. Positive ion ESI mass spectrum of an equimolar mixture of four cations 

paired with bromide counterion in: a) acetonitrile; b) water/acetonitrile; c) methanol; and 

d) dichloromethane. 

 

 

 In Figure 3.8, it can be observed that phosphonium species with rigid groups at m/z 339, 

[PPh4]+ and m/z 347, [PPh3C6H13]+ were more responsive than the ammonium species 

with flexible alkyl chains at m/z 354, [N(C6H13)4]+ in both polar and non-polar solvents; 

however, a difference in design of the phosphonium species at m/z 367, 

[Ph3PCH2C6H4CH3]+ affected its response (relatively less surface-active) in all solvents 

employed.  
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These observations were also apparent in Figure 3.9, where [PF6]⁻ was the counterion, i.e. 

the counterion seems to play only a minor role in affecting the relative response of the 

various cations.  

 

 

Figure 3.9. Positive ion ESI mass spectrum of an equimolar mixture of four cations 

paired with hexafluorophosphate counterion in: a) acetonitrile; b) water/acetonitrile; c) 

methanol; and d) dichloromethane. 
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The structural effect was further probed by evaluating an equimolar mixture of 

phosphonium salts in the form of [Ph3PCH2C6H4R]+[X]ˉ, where R = H, CH3, CH(CH3)2, 

CO2CH3; X = [PF6]⁻, in both polar and non-polar solvents. In this case, all four ions share 

a common structural feature. We have previously shown that such ions tend to show 

similar responses in reactions tracked by ESI-MS, whether measured directly52 or 

observable by a flat total ion current for the duration of the transformation of one ion into 

another.160,177,178 Figure 3.10 captures the relative intensities of the phosphonium analytes 

examined.  

 

Figure 3.10. Positive ion ESI mass spectrum of an equimolar mixture of four 

phosphonium species paired with hexafluorophosphate counterion in: a) acetonitrile; b) 

water/acetonitrile; c) methanol; and d) dichloromethane. 
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 In relation to Figure 3.10, the relative intensities of the species decreased upon changes 

in R group (H > CH3 > CH(CH3)2 > CO2CH3) in acetonitrile, water/acetonitrile, and 

dichloromethane solvents. In methanol, hydrophobic species at m/z 395, [Ph3PCH2C6H4 

CH(CH3)2]
+; m/z 367, [Ph3PCH2C6H4CH3]

+; and m/z 353, [Ph3PCH2C6H5]
+ (decreasing 

hydrophobicity from higher mass to lower mass) were all more responsive than the ester-

functionalized phosphonium ion at m/z 411, [Ph3PCH2C6H4CO2CH3]
+. The higher 

polarity of this species increases its affinity for the solvent, making it less likely to 

migrate to the surface of the droplet and in turn migrate to the gas phase through ion 

evaporation. 

 

3.4 Conclusions 

 

An examination of a variety of solvents, cation structures, cation functionality, and 

counterion identities in the context of electrospray ionization response has revealed that 

all these factors play a part in dictating peak height. Polar protic solvents tend to 

discriminate between different ions most strongly; contrastingly, acetonitrile was the best 

in terms of most closely representing concentration with peak area. Smaller species tend 

to have higher responses overall, most likely due to an increase in conductivity and/or 

ease of oxidation. These effects were particularly marked for species paired with chloride 

over the other analytes investigated (all polyatomic). Any effect due to reduced ion 

pairing due to a larger counterion seems very minor. Cations that have long flexible 

groups are significantly under-represented in mass spectra compared to rigid ions of the 
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same m/z ratio. Cations with functional groups capable of forming stronger 

intermolecular forces with the solvent are also likely to be under-represented. 

Collectively, these observations should provide experimentalists with some explanatory 

power in explaining discrepancies between different analytes; and help them design 

experiments to either mitigate or exacerbate these effects as desired. 

 

3.5 Experimental 

 

All chemicals were purchased from Sigma-Aldrich and employed as received. Salts with 

hexafluorophosphate [PF6]⁻, tetrafluoroborate [BF4]⁻ and bistriflimide [NTf2]⁻ 

counterions were prepared by reaction of an equimolar mixture of the salts with AgBF4, 

AgPF6 and AgNTf2 in methanol (MeOH), acetonitrile (MeCN), water/acetonitrile 

(H2O/MeCN 1:1) and dichloromethane (CH2Cl2) at room temperature. For example, the 

salt with hexafluorophosphate counterion in methanol was prepared by reaction of an 

equimolar mixture of the chloride salts (1 equivalent, 10 mmol in methanol) with silver 

hexafluorophosphate (1 equivalent, 10 mmol in methanol) at room temperature; a gray 

precipitate was formed and removed by gravity filtration. The filtrate was characterized 

by electrospray ionization mass spectrometry (ESI-MS) whereby [PF6]⁻ counterion was 

identified as m/z 145 in the negative ion mode (see Appendix B). This procedure was 

carried out in acetonitrile, water/acetonitrile, and dichloromethane.  
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Phosphonium salts were prepared by a general procedure as follows:  

Triphenylphosphine (10 mmol) and a bromobenzyl compound (10 mmol) were dissolved 

in 20 mL of toluene; were stirred at room temperature under nitrogen for 48 hrs. The 

precipitate was filtered out of solution by vacuum filtration which produced a white solid. 

A saturated aqueous solution of the product obtained was added to a saturated aqueous 

sodium hexafluorophosphate solution to swap the bromide counterion for 

hexafluorophosphate counterion at room temperature; a white precipitate was recovered 

through vacuum filtration. 

  

Prior to ESI-MS analysis, all analytes were further diluted to 10 μM. The ESI-MS spectra 

were obtained by means of a Waters Acquity Triple Quadrupole Detector (TQD). The 

instrument parameters employed were: capillary voltage, 2.5 kV; cone voltage, 15 V; 

extraction voltage, 1.0 V; source temperature was, 80°C for methanol; 110°C for 

water/acetonitrile; 90°C for acetonitrile; and 50°C for dichloromethane; desolvation 

temperature was 180°C for methanol; 200°C for water/acetonitrile; 190°C for acetonitrile 

and 150°C for dichloromethane. Cone gas flow rate, 100 L/h; desolvation gas flow rate, 

100 L/h. Scan time was 3 s. All diluted analytes were fed into the mass spectrometer with 

a gastight analytical syringe connected to PEEK tubing and a syringe pump at a flow rate 

of 10 μL/min. A conductivity experiment was also carried out by measuring the solution 

resistances of analytes at room temperature using a potentiostat (Gamry Instruments, 

Reference 600, Warminster, PA, USA); the solution resistances measured were converted 

to molar conductivities. 
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Chapter 4 Magnesium-accelerated Maillard reactions in beer 
brewing 

 

This chapter has been published and appears in the following publication: 

“Magnesium-accelerated Maillard reactions drive differences in adjunct and all-malt 

brewing” I. Omari, H. Charnock, A. Fugina, E. Thomson, and J.S. McIndoe, Journal of 

the American Society of Brewing Chemists, 2020. 

 

4.1 Brief background on Maillard reaction 

 

Maillard reaction is a non-enzymatic browning reaction discovered by Louis Maillard in 

the early 20th century.179 The reaction occurs when sugar (or a compound with carbonyl 

group) reacts with amino acid (or a compound with amino group) in the presence of 

heat.179 The Maillard reaction is responsible for the formation of colour, flavour and 

aroma in foods.179  

The colour compounds formed during Maillard reaction are nitrogenous or non-

nitrogenous low molecular weight (LMW) compounds, and high molecular weight 

(HMW) polymeric compounds (>5 kDa).180,181 The LMW compounds are formed 

because of the decomposition of Amadori products whereas the HMW compounds 

(known as melanoidins) are formed due to enolization, decarboxylation, condensation, 

and polymerisation of the LMW compounds.182 The colour produced (colour ranges from 

pale yellow to dark brown) during Maillard reaction is influenced by the reactants 

involved in the reaction and the reaction time;183–185 and the flavour and aroma  
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compounds (such as, Strecker aldehydes, furfurals and furanones) formed during the 

reaction is attributed to the decomposition of amino acid and sugar (termed, “Strecker 

degradation”).180,186  

Following Maillard’s discovery, Amadori investigated further and found that N-

glycosides were reactive products of Schiff bases in a Maillard reaction.179 These reactive 

products were later referred to as “Amadori products”.179 However, Heyns also identified 

a variant of Amadori product from ketoses which was termed “Heyns product”.187  

Scheme 4.1 shows the first reaction scheme of the Maillard reaction proposed by John 

Hodge188 in 1953. 

 

Scheme 4.1. Proposed Maillard reaction scheme by Hodge.188 
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4.2 Magnesium-catalyzed Maillard reaction in beer brewing 

 

Beer is traditionally brewed with malted barley because of its high enzymatic content, 

which enables the fast conversion of starch to fermentable sugars that give rise to alcohol, 

carbon dioxide and flavour compounds during fermentation by yeast. As the industry has 

evolved, brewers have introduced alternative or adjunct grains and derivatives such as 

corn, rice, sorghum, wheat, oats, corn syrup and corn starch, which in the absence of 

malted barley are generally incapable of producing full starch conversion. Brews falling 

short of sufficient enzyme activity for starch conversion typically require exogenous 

enzyme addition; therefore, it is technically possible for a beer to contain a greater 

proportion of adjunct grains than malted barley. While certain of these materials serve 

cost efficiency motives, each contributes different textures and flavours to beer along 

with micronutrients required by yeast in fermentation.189 In relation to flavours in beer, 

divalent cations such as calcium and magnesium are known to play key roles in pH, 

mouthfeel and bitterness in beer brewing.190–194 Grains are the primary source of cations 

in beer and in the early stages of brewing are milled and mixed with hot water to trigger 

enzyme activity. Typically, brewers account for calcium shortfalls by adding calcium 

chloride and calcium sulfate, and the balance of these can impact bitterness and body in 

the finished product.191,195–198 Despite the growing consensus among food scientists that 

magnesium plays an important role in Maillard chemistry,199–201 gaps remain in our 

understanding of its impact on beer flavour development.  
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Magnesium concentration is known to have diverse impacts on quality outcomes of 

brewing.194 Its impact on bitterness was documented half a century ago in a study 

demonstrating that at 158 ppm, magnesium drives humulone isomerization 200-fold 

above background levels in a model solvent system.190 Likewise, Bastgen et al. recently 

showed that hop utilization, measure of the heat-induced isomerization of hop acids that 

serves as the main driver of bitterness in beer, is pushed beyond the 30-40% limit 

typically observed by brewers by increasing the concentration of magnesium by 40 

ppm.202 Magnesium was shown to promote the activity of proteinases during barley and 

sorghum germination, key steps in the malting process, indicating a potential parallel role 

in the low-temperature mashing steps that define many traditional and craft brewing 

operations.203 Impacts of magnesium on yeast physiology have been explored.204,205 

Although one group found no effect of modifying the magnesium to calcium ratio on 

yeast fermentation performance,206 Walker was able to demonstrate a protective effect of 

magnesium on yeast viability following ethanol and heat shock.205 Magnesium was also 

found to counteract the agglomerating effect of calcium on yeast cells.206 

 

While these studies illustrate the diversity of impacts that magnesium exerts on various 

qualities of beer, its effects on food science more generally are far-reaching. The 

acceleration of Maillard chemistry by magnesium is proposed to occur through reduction 

of water mobility.207,208 An increase in the rate of browning (melanoidin pigment 

formation) using model Maillard reactions (e.g. xylose-glycine system) in the presence of 

magnesium has been reported.200 Melanoidins exhibit both antioxidant and pro-oxidant  
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properties, which contribute to the stabilization of colour, aroma, flavour and foam.209–217 

While pale beers were assumed to have shorter shelf life than dark beers, given the  

relatively low concentration of melanoidin present in pale beers,212,218 recent work 

indicates increased oxidative potential in beer containing darker malts owing to the heat-

triggered release of bound iron during specialty malt processing.219,220 It stands to reason 

that these impacts would extend to other foods (nuts, coffee, and meats, for example) that 

depend on development of Maillard reactions for sensory qualities.  

 

During routine analysis of soluble metals concentration by staff at Phillips Brewing & 

Malting Co. (Figure 4.1), high magnesium levels in unfermented beer compared with 

other metals (see Figure 4.2) led to an investigation of magnesium levels in commercial 

beers brewed from barley and mixed grains, such as a combination of rice, corn and 

barley. 
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Figure 4.1. Sampling and experimental events associated with brewing process steps at 

Phillips Brewing & Malting Co. To generate a nutrient-rich sugar solution suitable 

fermentation by brewing yeast, grain is milled to a flour consistency (1), mashed with 

water at approximately 65°C (2), and filtered to remove grain particulate (3). At this 

stage, the liquid is known as wort, which is boiled after the addition of hops for 

approximately 1 hour (4) prior to chilling and fermentation by yeast (5). Upon 

completion of fermentation, solids including yeast and hops are removed by filtration (6) 

to generate finished beer ready for packaging (7). Arrows above processes indicate 

sampling points in this study. 
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 In their examination, they found a relatively high magnesium content in beers brewed 

from barley compared with that of mixed grains (see Figure 4.3). At this point, they were 

interested in understanding the importance of magnesium concentration in brewing, with 

a focus on Maillard chemistry, which contributes to the flavour quality of beer. In this 

chapter, the influence of magnesium on colour formation during key brewing steps was 

studied by simulating Maillard chemistry under optimized reaction conditions. Model 

systems combined maltose with amino acids proline, phenylalanine, and leucine, 

subjected to increasing concentrations of magnesium. The Maillard reaction products 

were characterized using electrospray ionization mass spectrometry (ESI-MS). 

Ultraviolet-visible spectroscopy (UV-Vis) was used to monitor changes in colour during  

reactions. Results obtained from the model systems provided a benchmark for analysis of 

brewhouse wort, a grain extract comprising a complex assortment of sugars, amino acids, 

and micronutrients. This work describes chemical mechanisms that may underpin colour 

formation driven by magnesium in both simplified reaction systems and simulated 

brewhouse chemistry. 
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Figure 4.2. Metal concentration in wort (unfermented beer). These concentrations were 

measured by means of flame atomic absorption spectroscopy (FAAS) by staff at Phillips 

Brewing & Malting Co. 
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Figure 4.3. Magnesium content of commercial beers brewed with barley plus adjunct 

grains (17 beers) or 100% barley (21 beers). The top and bottom of each box represents 

the first and third quartiles, respectively, with the interior horizontal line representing the 

median (exclusive) distance between regions. The upper and lower whiskers represent the 

maximum and minimum, respectively, with calculated outliers positioned outside of the 

whiskers. The mean is indicated with a cross marker. Star denotes significant difference 

between groups. These concentrations were measured by means of flame atomic 

absorption spectroscopy (FAAS) by staff at Phillips Brewing & Malting Co. 
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4.3 Analysis of Maillard chemistry by UV-Vis spectroscopy 

 

UV-Vis spectroscopy was employed to measure appearance of Maillard reaction products 

at various concentrations using model systems and brewhouse wort, with increasing 

absorbance at 430 nm indicating the formation of coloured Maillard reaction products. 

All model systems produced visible yellow colour during the reaction, indicating 

Maillard product formation. Correspondingly, absorbance values increased with reaction 

time (Figure 4.4, Figure 4.5). The presence of magnesium in the Maillard reaction 

increased the absorbance values with reference to the control (0 ppm Mg2+), and when 

magnesium concentration was increased from 2 ppm through 200 ppm, absorbance 

values increased correspondingly. The trend shown matched results obtained for the 

maltose-leucine system (see Appendix C). The maltose-phenylalanine system (Figure 

4.5) shows slightly higher absorbance values than the maltose-proline (Figure 4.4) and 

maltose-leucine systems (Figure 4.6) after 10 minutes, possibly due to differences in the 

reactivity of the amino acids as established by Kwak et al.,221 where phenylalanine was 

found to be more reactive than proline and leucine (phenylalanine>proline~leucine).221 
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Figure 4.4. Influence of magnesium on absorbance (430 nm) of a maltose-proline model 

system. Standard deviation (n = 3) is represented by vertical bars. 

 

 
 

 

Figure 4.5. Influence of magnesium on absorbance (430 nm) of a maltose-phenylalanine 

model system. Standard deviation (n = 3) is represented by vertical bars. 
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In the maltose-proline-phenylalanine-leucine model system (Figure 4.6), regardless of the 

presence of magnesium, absorbance values were higher for all reaction times than those 

shown in single amino acid systems (Figure 4.4, Figure 4.5, Figure 4.6). This likely 

reflects increased complex species formation from a greater diversity of Maillard reaction 

products. 

 

 

Figure 4.6. Influence of magnesium on absorbance (430 nm) of a maltose-proline-

phenylalanine-leucine model system. Standard deviation (n = 3) is represented by vertical 

bars. 
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To test these model system findings against simulated brewing conditions, the effect of 

magnesium concentration on Maillard chemistry was investigated at different 

concentrations in boiling wort. The wort used had an amber colour prior to the reaction, 

and unlike in model systems, it showed no visible colour change in the course of reaction. 

However, similar to the results for the model systems (Figure 4.4, Figure 4.5, Figure 4.6), 

absorbance values increased across the reaction period for all treatments (Figure 4.7). 

This suggests a central position of magnesium relative to other metals in catalyzing 

Maillard reactions, given that in this system the spiked magnesium was supplementary to 

the existing metal content of the wort (as shown in Figure 4.2). The higher starting 

absorbance of wort (0.240) than that measured in the model systems is due to the 

contribution of Maillard reaction products from specialty kilned and toasted malts in the 

brew recipe. The complex mixture of unreacted maltose, other reducing sugars and amino 

acids in the wort222,223 is likely responsible for the additional Maillard reactions observed 

during the boil. 
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Figure 4.7. Representation of the influence of Mg2+ on the change of absorbance over 

time of wort. Standard deviation (n = 3) is represented by the vertical bars. 

 

Change in absorbance at 430 nm serves as a proxy for change in concentration of the 

Maillard reaction products over time, given the direct relationship between absorbance 

and concentration.224,225 This suggests that the increased absorbance values in the 

presence of magnesium is related to an increase in concentration of Maillard reaction 

products. The influence of magnesium could be explained by the findings of Matiacevich 

et al., whereby magnesium chloride was employed to decrease water mobility and 

increase Maillard reaction rates of a model system.207 In the context of their findings, it is 

likely that as the magnesium concentration increased from 2 ppm through 200 ppm, the 

water mobility decreased correspondingly, and accelerating Maillard reactions in all 

systems. However, for the wort system, other salts present could have possibly 

contributed to the decrease in water mobility (diffusion of water molecules).193 In 

addition, the presence of magnesium ions in Maillard reaction could facilitate 
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nucleophilic addition reactions between the carbonyl groups and amino groups after 

Lewis acid activation of the carbonyl group,226 given that Maillard chemistry occurs 

between carbonyl groups of reducing sugars and amino groups of amino acids, peptides 

or proteins.223,227–229  

 

In all reactions studied - model systems and wort alike - the highest rate occurred early, 

followed by a change in slope to a value that was essentially uniform for all magnesium 

concentrations. Nonetheless, the reaction rate at early stages of the reaction is substantial, 

giving the Maillard reaction a substantial kickstart. One possible explanation is that 

magnesium ions get effectively sequestered by chelating agents generated through 

Maillard reactions or already present in the mixture,230–232 and the magnesium ions lose 

efficacy as rate accelerators. This was modeled by adding 20 ppm magnesium at the start 

of the reaction and adding repeat aliquots of 20 ppm magnesium at 20, 40, 60 and 80 

minutes (Figure 4.8). Additions at 20 minutes and onward had no effect on absorbance 

measurements, suggesting that deactivating agents are present in sufficient quantity to 

render additional magnesium ineffective.  
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Figure 4.8. Representation of the influence of Mg2+ on the change of absorbance over 

time on the reaction between maltose and phenylalanine. Four experiments are 

represented here: no added Mg2+, 20 ppm added Mg2+, 200 ppm added Mg2+, and 20 ppm 

Mg2+ repeatedly spiked at 0, 20, 40, 60 and 80 minutes. 
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4.4 Characterization of Maillard reaction products with ESI-MS 

 

Investigation by ESI-MS revealed Maillard reaction species in the positive ion mode in a 

Mal/Pro system (Figure 4.9.). The reaction products were identified as low molecular 

weight species. The base peak in Figure 4.9 represents a protonated proline species at m/z 

116.1167 (C5H10NO2). A reaction scheme leading to the formation of the observed ions is 

shown in Scheme 4.2. The other model systems followed a similar reaction scheme (see 

Scheme 4.3 and Scheme 4.4) 

 

 

Figure 4.9. Positive ion mode ESI-MS of the Maillard reaction species of a maltose-

proline system after reflux at 130oC for 1 hour. Inset: expansion of the m/z 368-488 

range. 
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The Maillard reaction proceeded through a nucleophilic addition between the carbonyl 

group of the reducing sugar and the amino group of the amino acid to produce a Schiff 

base which rearranged to form an Amadori product,227,233–236 seen at m/z 440.0258 

(C17H30NO12) (Figure 4.9). The reaction continued via decarboxylation and dehydration 

to yield products at m/z 396.0127 (C16H30NO10) and m/z 378.0646 (C16H28NO9) 

respectively. The Amadori product further reacted with maltose to produce the species at 

m/z 799.5289 (C29H53NO24). The species at m/z 364.6972 (C15H30N3O7) was identified as 

an aggregate of proline and water; this aggregate ion formed a cluster with maltose, 

observed at m/z 706.9716 (C27H53N3O18). An aggregate ion comprising the Amadori 

product and water was seen at m/z 458.0182 (C17H32NO13). A cluster of the 

decarboxylated product at m/z 396.0127 (C16H30NO10) and water was identified at m/z 

414.0393 (C16H33NO11). This species also formed a cluster with proline, and the 

aggregate ion was observed at m/z 529.6497 (C21H42N2O13). In addition, the observed ion 

at m/z 870.4815 (C33H64N2O24) represented an aggregate ion of maltose and the species at 

m/z 529.6497 (C21H42N2O13).  
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To obtain further information on the reaction products, product ion scan experiments 

(ESI-MS/MS) were carried out. For example, the Amadori product at m/z 440.0258 

(C17H30NO12) produced a product ion at m/z 422.0425 (C17H28NO11) by losing 18 Da 

(H2O) (Figure 4.10). This implied that the Amadori product readily undergoes 

dehydration. 

 

 

Figure 4.10. ESI-MS/MS spectra of the Amadori product (precursor ion) at: A) m/z 

440.0258 and a product ion at m/z 422.0425 of a maltose-proline system; B) m/z 

456.0224 and a product ion at m/z 438.2437 of a maltose-leucine system; C) m/z 

490.0257 and a product ion at m/z 472.0215 of a maltose-phenylalanine system. 
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Scheme 4.2. Maillard reaction scheme of a maltose-proline system with mass-to-charge 

ratios of the reaction species. 
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Scheme 4.3. Maillard reaction scheme of a maltose-phenylalanine system with mass-to-

charge ratios of the reaction species. 
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Scheme 4.4. Maillard reaction scheme of a maltose-leucine system with mass-to-charge 

ratios of the reaction species. 

 

Furthermore, no difference was observed in mass spectra for the various reaction times 

employed at reflux (5 mins through 105 mins); meanwhile, varying the magnesium 

concentration did not change the distribution of species in the mass spectra of all systems 

(see Figure 4.11 and Appendix C) It is likely that any high molecular weight species 

formed were less surface active, thereby exhibiting poor ESI response. We have 

previously reported that such behaviour can occur depending on the environment of the 

analytes under study.237 Also, a significant difference in the mass spectra could have been 

achieved for longer reaction times (ten hours or more) as reported by Hemmler et al.238 

However, not more than 105 mins was employed in order to simulate real world effects, 

whereby wort is typically boiled for 45-90 mins before yeast fermentation.239  
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Figure 4.11. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

proline system after reflux at 130oC for 105 mins with various concentrations of 

magnesium. 
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4.5 Conclusions 

 

Addition of magnesium at levels typically found in barley facilitates Maillard reactions 

between sugars and amino acids by acting as a Lewis acid catalyst. Low molecular 

weight Maillard reaction species were characterized by ESI-MS. Examination of the 

reaction by UV-Vis spectroscopy showed that the catalytic effect of magnesium is 

significant but short-lived, persisting for about 20 minutes, at which point all reactions 

proceeded at the same rate regardless of magnesium supplementation. Further additions 

of magnesium at later stages in the reaction also had no accelerating effect on the rate of 

reaction. The results suggest that a contributing factor to the colour and flavour of beer is 

the concentration of magnesium present at the start of the wort boil and that monitoring 

magnesium could offer improved control over Maillard product formation in beers for 

flavour and colour development. 
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4.6 Experimental 

 

Chemicals and reagents 

Maltose monohydrate (95%), ʟ-proline (99%), ʟ-leucine (⩾ 98%), ᴅ-phenylalanine (⩾ 

98%), magnesium chloride (MgCl2) and formic acid were purchased from Fisher 

Scientific (Ottawa, ON). Brewhouse wort was supplied by Phillips Brewing & Malting 

Co. (Victoria, BC, Canada). All chemicals were used as received. Deionized water was 

obtained from a Millipore Milli-DI water purification system.  

 

Maillard reaction 

Model systems of maltose-proline [Mal (10 mmol, 10 eq)/Pro (1 mmol, 1 eq)], maltose-

phenylalanine [Mal (10 mmol, 10 eq)/Phe (1 mmol, 1 eq)], maltose-leucine [Mal (10 

mmol, 10 e)/Leu (1 mmol, 1 eq)] and maltose-proline-phenylalanine-leucine [Mal (10 

mmol, 10 eq)/Pro (1 mmol, 1 eq)/Phe (1 mmol, 1 eq)/Leu (1 mmol, 1 eq)] were prepared. 

Deionized water containing 0 ppm, 2 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, 100 ppm or 

200 ppm MgCl2 was added to the model systems and to brewhouse wort. Maltose was 

chosen as reducing sugar given its predominance in brewing worts.222 Amino acids were 

selected based on the ability of brewing yeast to produce them from exogenous sources, 

where proline is non-essential, leucine is important and phenylalanine is vital to yeast 

growth and healthy fermentation.240 However, each of these amino acids could contribute 

to the flavour or visual quality of beer.241,242 The range of magnesium concentration (0 – 

200 ppm) was selected to exceed the range of magnesium concentrations measured in 

commercial beers (as shown in Figure 4.3). All analytes were prepared in triplicate and 
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heated to reflux at 130⁰C for 5 mins, 10 mins, 15 mins, 30 mins, 45 mins, 60 mins and 

105 mins; and cooled to room temperature. 

 

UV-Vis spectroscopy 

Prior to absorbance measurements, the cooled analytes were gravity filtered, and the 

filtrates were diluted with deionized water. Spectroscopy was performed using an ASEQ 

Instruments LR-1 compact spectrometer (version 2.1, Configuration B). Absorbance was 

measured at 430 nm for all analytes. 

 

ESI-MS 

Prior to ESI-MS analysis, the cooled analytes were gravity filtered; the filtrates were 

diluted to 0.001% v/v with deionized water, and 0.1% v/v formic acid was added to the 

analytes. The ESI-MS spectra were obtained by means of a quadrupole-time of flight (Q-

TOF) SYNAPT G2-Si instrument (Waters Corp., Manchester, UK). Instrument 

parameters were set as follows: capillary voltage 3 kV, cone voltage 20 V, source offset 

30 V, source temperature 100°C, desolvation temperature 200°C, cone gas flow rate 100 

L/h, desolvation gas flow rate 100 L/h, nebuliser 2.5 bar, scan time 3 s. All analytes were 

fed into the mass spectrometer with a Hamilton GASTIGHT® syringe connected to PEEK 

tubing and a syringe pump at a flow rate of 10 μL/min. MS/MS experiments were 

performed with a trap collision energy between 2-20 V. Interpretation of mass spectra 

was facilitated using chemcalc.org.243 
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Chapter 5 Dynamic ion speciation during hydrolysis of 
aryltrifluoroborates 

 
 This chapter has been published and appears in the following publication: “Dynamic ion 

speciation during hydrolysis of aryltrifluoroborates” I. Omari, L.P.E.Yunker, J. Penafiel, 

D. Gitaari, A.S. Roman and J.S. McIndoe, Chemistry – A European Journal, 2020. 

5.1 Introduction 

 

Many organoboronic acids are known to be inherently unstable to oxidation or protolytic 

deboronation; making their benchtop handling and storage difficult.244,245 As an 

alternative, chemists sometimes use stable, easy to handle organoborate salts. As such, 

organotrifluoroborates, along with N-methyliminodiacetic acid (MIDA) boronates,246–249 

have become common organoboron sources in the Suzuki-Miyaura reaction.250–259 They 

require hydrolysis260–262 prior to the coupling reaction and the Lloyd-Jones research 

group has extensively studied this hydrolysis reaction by nuclear magnetic resonance 

(NMR).263–265 They proposed that in THF-water (including a base), a biphasic system 

with three mechanisms of hydrolysis is at work (Scheme 5.1). The hydrolysis is catalyzed 

in path A by acid and is correspondingly retarded by base.263 Fluoride dissociation by 

path B is accelerated by base, and a third path C is active in the aqueous phase for 

hydrophilic substituents and is accelerated by base.263 They noticed that the biphasic 

system needed to reach a critical pH (induction period) for the reaction to start through 

path A.263 Considering that organotrifluoroborates are anionic, the dynamics of ions 

formed during its hydrolysis (i.e. [RBFn(OH)3-n]−, n = 0-3) were investigated by 

pressurized sample infusion (PSI) coupled with electrospray ionization mass 
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spectrometry (ESI-MS).64,266 In addition, changes in pH due to speciation during 

hydrolysis could be measured in parallel using a pH meter. 

 

  

 

Scheme 5.1. Trifluoroborate hydrolysis pathways proposed by Lloyd-Jones and Perrin (R 

= alkyl, aryl).263,267 

 

 

 

 

 

 

 

 

 

 



 

 

91 

5.2 Real-time monitoring of trifluoroborate hydrolysis by ESI-MS and pH 
analysis 

 

Five organotrifluoroborate potassium salts (p-tolyltrifluoroborate, p-

methoxyphenyltrifluoroborate, cyclohexyltrifluoroborate,  isopropyltrifluoroborate and 

phenyltrifluoroborate) were employed for the investigation. The first four borates were 

shown by Perrin267 and Lloyd-Jones263 to be the fastest hydrolyzing examples, and 

therefore were the best match for our methodology (PSI-ESI-MS gathers spectra on a 

timescale of seconds, so dense data can be collected in minutes). However, we also 

explored the reactivity of  phenyltrifluoroborate (found to be a slow hydrolyzing example 

by Perrin267 and Lloyd-Jones263), for an insight into its rate of hydrolysis using our 

technique. The hydrolysis was studied with a 1:3 ratio of organotrifluoroborate to base 

(Cs2CO3) and a THF/H2O ratio of 10:1. In order to avoid saturation issues in our mass 

spectrometer, concentration of the borate was kept at 1.8 mM. The reaction at slow (~168 

rpm) and fast (~600 rpm) stir rates were examined in a round-bottomed flask and in a 

Schlenk tube. Reactions were also monitored separately using a pH meter.  

 

The anionic speciation profile of the reaction mixture prior to addition of base and water 

was simple, showing signals only for [ArBF3]− (Figure 5.1A) and its corresponding 

aggregate ion [(ArBF3)2K]− (generated due to an increase in concentration of the borate in 

the droplet formed during the electrospray ionization process268–270). Addition of base and 

water soon resulted in a profusion of new peaks (Figure 5.1B). These peaks could be 

assigned to partially hydrolyzed, dehydrated, and aggregate ions. 
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Figure 5.1. (A) negative ion mass spectrum of KArBF3 in THF. (B) negative ion mass 

spectrum of the same solution, 20 minutes after addition of water and Cs2CO3. Inset: 

magnification of the [ArBFn(OH)3-n]
– (n = 0-3) region of the spectrum at t = 20 minutes. 
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Table 5.1. Mass and assignment of species observed during hydrolysis of potassium p-

methoxyphenyltrifluoroborate substrate. 

 

m/z Assignment 

175 [ArBF3]− 

173 [ArBF2(OH)]− 

171 [ArBF(OH)2]− 

169 [ArB(OH)3]− 

151 [ArBO2H]− 

285 [(ArB)2O3H]− 

305 [(ArB)2O3H2F]− 

323 [(ArBO2H2)2F]− 

389 [(ArBF3)2K]− 

483 [(ArBF3)2Cs]− 

 

 

Each progressive species in the conversion from [RBF3]− (1) through to [RB(OH)3]− (7) 

(Scheme 5.3) was expected, but the equilibria are more complex. Aggregates, such as 

[(RBF3)2M]− (M = K or Cs), dehydrated species, such as [RBO2H]− (8) and [R2B2O3H]−  

(9); and mixed dimers, such as [R2B2O3H2F]− (10) were observed. Given that dehydrated 

boronic acids are known to adopt cyclic structures,271–274 9 was assigned as a hydrogen-

bond stabilized boroxine-type structure.  
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Scheme 5.2. Proposed equilibria for trifluoroborate hydrolysis. Highlighted species are 

ionic and observable by ESI-MS. Structural connectivity is proposed based on structures 

of these molecular formulae in the literature.275 

 

Species 8 is of relevance for a Suzuki-Miyaura reaction, as it is structurally part of a pre-

transmetallation intermediate proposed by Denmark.275,276 For substrates with electron 

withdrawing R groups,267 such as phenyltrifluoroborate, p-methoxyphenyltrifluoroborate 

or p-tolyltrifluoroborate, the formation of 8 will be more favored (due to RB(OH)2 being 

less stabilized)263  than for the cyclohexyltrifluoroborate and isopropyltrifluoroborate 

(RB(OH)2 is more stabilized due to π-donation or hyperconjugation263) salt hydrolysis.  

The ratio of intensities for ions 7:8 was found to vary for each different R group of the 

borates in all reactions, and also varied with pH (Figure 5.2).  
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Figure 5.2. Representation of ratio of 7:8 during hydrolysis of potassium salts of A) p-

methoxyphenyltrifluoroborate B) p-tolyltrifluoroborate C) cyclohexyltrifluoroborate in 

THF/H2O (10:1) containing Cs2CO3; reaction was conducted in a Schlenk tube and 

round-bottomed flask at fast and slow stir rates. 7 and 8 represents [ArB(OH)3]− and 

[ArBO2H]− respectively. Fully shaded bars represent fast stir rate while the half-shaded 

bars represent slow stir rate. 
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No species corresponding to [KF2]−, [CsF2]−, [BF4]−, nor [B(OH)4]− were observed. 

[KF2]− and [CsF2]− are byproducts of path A,263 and [BF4]− and [B(OH)4]− are 

protodeboronation byproducts.277  All numbered species exhibited dynamic behaviour 

and could be classified into different types according to their degree of hydrolysis. All 

species related to each [ArBF3-n(OH)n]− (n = 0-3, i.e., 1, 3, 5 and 7 respectively) through 

aggregation or dehydration were grouped together for the sake of simplicity of 

interpretation. Since different ions provide different ESI-MS response,278 and neutrals are 

not detected at all (unless associated with a charged entity), traces of species in this study 

do not directly correspond to concentrations. Rather, they indicate the approximate 

proportion of the charged components of a mixture that can be attributed to a particular 

ion (or group of related ions).  

 

The combination of pH measurements with ESI-MS confirmed the relation between pH 

and the system’s dynamics. Upon addition of a base to a THF solution of the 

trifluoroborates, the pH increased immediately from approximately 7 to 10 with a brief or 

long induction period (induction period here is the interval between the time when the 

base is added to the system and the time when the substrate begins to decay) which 

agreed with ESI-MS results in most cases (Figure 5.3-5.5). The end of the induction 

period was indicated by an abrupt pH drop for most substrates (Figure 5.3-5.5 and 

Appendix D), possibly due to mopping up of HF by the base.263 After the pH drop, there 

was a slow pH recovery and expansion. In a parallel analysis with ESI-MS, a first order 

decay in trifluoroborate was observed in most cases at the end of the induction period. 
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Figure 5.3. Relative species intensity and pH values for the hydrolysis of potassium p-

methoxyphenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction 

was performed in: a) Schlenk tube (fast stir rate); b) Schlenk tube (slow stir rate); c) rbf 

(fast stir rate); d) rbf (slow stir rate). The relative intensity values were determined by 

multiplying the intensities of F containing species by the number of F available; the sum 

of the result from each species represents the relative intensities of the [ArBF3]− trace 

(green trace). 
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Figure 5.4. Relative species intensity and pH values for the hydrolysis of potassium p-

tolyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube (fast stir rate); b) Schlenk tube (slow stir rate); c) rbf (fast 

stir rate); d) rbf (slow stir rate). The relative intensity values were determined by 

multiplying the intensities of F containing species by the number of F available; the sum 

of the result from each species represents the relative intensities of the [ArBF3]− trace 

(green trace). 
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Figure 5.5. Relative species intensity and pH values for the hydrolysis of potassium 

cyclohexyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube (fast stir rate); b) Schlenk tube (slow stir rate); c) rbf (fast 

stir rate); d) rbf (slow stir rate). The relative intensity values were determined by 

multiplying the intensities of F containing species by the number of F available; the sum 

of the result from each species represents the relative intensities of the [ArBF3]− trace 

(green trace). 
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5.3 Effect of flask geometry and stirring rate on hydrolysis profiles of the 
aryltrifluoroborates 

 

It was also observed that different reaction vessels (Schlenk tube vs. round-bottomed 

flask) and changes in stirring rate could substantially affect the reaction rate. Reactions 

conducted in a Schlenk tube mostly had relatively low rates of hydrolysis compared with 

a round-bottomed flask (see Figure 5.6, Figure 5.7, and Appendix D). Lloyd-Jones263 and 

Hartwig279 determined that, in a Schlenk tube better phase contact is achieved between 

the bulk solvent and the basic aqueous solution. The rate of base transfer into the bulk 

medium is comparatively increased in a Schlenk tube which could suppress hydrolysis;263 

but hydrolysis of K[p-MeOC6H4BF3] and K[CyBF3] in a Schlenk tube at fast and slow stir 

rates respectively did not show the same behaviour (see Figure 5.7 and Appendix D). 

 
 

 

 

Figure 5.6. Relative species intensity for the hydrolysis of potassium 

cyclohexyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube; and b) rbf at a fast stir rate. The [ArB(OH)3]− trace is a 

sum of intensities of all species with F = 0. i.e. 7 + 8 + 9 + ½10. 
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In addition, changes in stirring rate affected the induction periods. Figure 5.8a shows an 

example where hydrolysis of potassium p-tolyltrifluoroborate at a fast stir rate never 

reached the catalytic regime; whereas at a slow stir rate (Figure 5.8b), a gradual 

conversion was observed with an induction time of approximately 10 minutes, followed 

by catalytic hydrolysis. With increased stir rates, Lloyd-Jones and co-workers found that 

the transfer of base from aqueous to organic phase is possibly facilitated which could 

retard acid catalytic activity by sequestering HF.263 However, in this study,  we observed 

that the rates of hydrolysis for K[p-MeOC6H4BF3] and K[CyBF3] increased under fast 

stirring conditions which was unexpected (see Figure 5.7). This discrepancy with their 

findings could be attributed to differences in reaction vessels (PTFE vs. glass vessel in 

this study), stirring rate (100 rpm vs. 168 rpm for slow stirring rate and 500 rpm vs. 600 

rpm for fast stirring rate), and the concentration of the reagents used (8 mM vs. 1.8 mM 

for the borates and 24 mM vs. 5.5 mM for the base).  
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Nonetheless, it was generally observed that the rate of hydrolysis increased with acidity 

of the system after addition of the base (see Appendix D). This implies that a brief 

induction period (as shown in the pH analysis, see Appendix D) and a drop in pH can be 

indicators of increased rate of solvolysis leading to consumption of [ArBF3]− and 

sequestering of HF.263 Also, a further drop in pH, could be attributed to less retardation of 

hydrolysis by the base, and vice versa.  In respect of this, the fast hydrolysis of K[p-

MeOC6H4BF3] in a Schlenk tube at fast stir rate could be explained by the further drop in 

pH (pH dropped from 10.5 to 7.2 at the end of the induction period, see Figure 5.3), as 

compared with the hydrolysis at slow stirring rate  (pH dropped from 10.5 to 8 at the end 

of the induction period, see Figure 5.3). Also, the increased rate of hydrolysis at fast 

stirring conditions for K[CyBF3] can be explained by the slow pH recovery which 

indicates less hindrance by the base (see Figure 5.5). 
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Figure 5.7. Representation of rate constants for the hydrolysis of potassium salts of A) p-

methoxyphenyltrifluoroborate B) p-tolyltrifluoroborate C) cyclohexyltrifluoroborate in 

THF/H2O (10:1) containing Cs2CO3; reaction was conducted in a Schlenk tube and 

round-bottomed flask at fast and slow stir rates. Rate constants were determined by linear 

regression of In(relative intensity) versus time (see Figure D 13 – D 22). Fully shaded 

bars represent fast stir rate while the half-shaded bars represent slow stir rate. 
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Figure 5.8. Relative species intensity for the hydrolysis of potassium p-

tolyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3; performed at (A) a fast stir 

rate and (B) a slow stir rate. Inset in (A) represents hydrolyzed species; and the 

[ArB(OH)3]− trace is a sum of intensities of all species with F = 0. i.e. 7 + 8 + 9 + ½10. 
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As expected, the R group had a significant effect on the conversion rate of the 

trifluoroborates. As shown in Figure 5.7, the reaction rate for phenyltrifluoroborate was 

slower than that of p-tolyltrifluoroborate, p-methoxyphenyltrifluoroborate, 

cyclohexyltrifluoroborate and isopropyltrifluoroborate; and as well, the induction period 

was relatively longer for the same substrate (see Figure 5.8 and Appendix D). This 

implied that the phenyl group could stabilize the borate better than the R group of the 

other substrates,267 hence the order of reactivity was C6H5BF3K < p-MeC6H4BF3K < p-

MeOC6H4BF3K < CyBF3K ~ i-PrBF3K. These results are consistent with previous 

studies.263,267 
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5.4 Conclusions 

 

Real time analysis of the hydrolysis of aryltrifluoroborates using ESI-MS confirms many 

of the behaviours previously revealed by 19F NMR, including sensitivity to stir rates and 

flask geometry and the existence of significant induction periods following the addition 

of base. ESI-MS reveals additional details: the presence of a complex soup of reaction 

products, including not just partially hydrolyzed products, but also dehydrated products 

and aggregate species thereof. The system eventually settles into a complex equilibrium 

in which a wide array of species is simultaneously present. This complex speciation 

points to an equally complex system when aryltrifluoroborates are used as an aryl source 

in Suzuki-Miyaura reactions; what might on paper seem to be a single-component 

addition may instead have a complicated effect on the catalytic system.  
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5.5 Experimental  

 

Reagents were purchased from Sigma-Aldrich and were used without further purification. 

Gases used were purchased from Airgas. Tetrahydrofuran was distilled over CaH2 and 

stored under an inert atmosphere prior to use. The instrument used for all monitored 

reactions was a Waters Acquity Triple Quadrupole Detector. All ESI experiments were 

performed in the negative ion mode. ESI source parameters were as follows: capillary 

voltage was held at 3 kV, cone voltage at 12.0 V, and extraction cone at 1 V. The 

following settings were used to obtain optimal desolvation conditions: desolvation gas 

flow rate 200 L/hr, cone gas flow rate 100 L/hr, source temperature 100°C, desolvation 

temperature 180°C. The detector gain was set to an optimal voltage of 470 V. Scan time 

was set to 1 s, with an inter-scan time of 0.1 s. The collision gas flow (high purity argon) 

was switched off except in tandem mass spectrometric experiments (MS/MS). MS/MS 

experiments were conducted with a collision energy between 2-15 V. Predicted isotope 

pattern was overlaid on the experimental isotope pattern (see Appendix D) using an 

isotope pattern overlay python script.280,281 IKA RCT B hot plate magnetic stirrer was 

used for all experiments. The pH measurements were recorded with an HI 2020-01 pH 

meter equipped with HI 10430 digital pH electrode.  
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A typical reaction for trifluoroborate hydrolysis is as follows. A PSI-ESI(-)-MS setup 

was prepared under an inert atmosphere with a potassium trifluoroborate salt (12 µmol, 1 

eq) in tetrahydrofuran in a Schlenk tube and a round-bottom style flask. The reaction 

mixture temperature was raised to 55°C, stirring rate was set identically to all other 

experiments (~168 rpm and ~600 rpm for slow and fast stir rate experiments 

respectively). The reaction mixture was connected to the ESI source by a piece of FEP 

tubing, and acquisition was initiated. Cesium carbonate (36 µmol, 3 eq) was dissolved in 

distilled water and injected into the reaction mixture (tetrahydrofuran : water ratio 10:1). 

Prior to addition of the base at both stir rates, there is no phase separation. After addition 

of the base at both stir rates, there is a brief phase separation (lasts for about 5 seconds or 

less) which disappears (solution looks well mixed). The capillary sampling the solution is 

close to the bottom of the flask (~5-10 mm above the stirrer bar). Reactions were carried 

out for potassium salts of p-tolyltrifluoroborate (p-MeC6H4BF3), p-

methoxyphenyltrifluoroborate (p-MeOC6H4BF3), cyclohexyltrifluoroborate (CyBF3), 

phenyltrifluoroborate (C6H5BF3), and isopropyltrifluoroborate (i-PrBF3). Real-time pH 

experiments were also carried out separately following the same procedure as described 

for the ESI-MS experiments. Methodological optimization and careful experimental 

technique were required to obtain reliable equilibrium behaviour between reactions, but 

the observed hydrolysis species were consistent between reactions and across substrates. 
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Chapter 6 Standardized stirring for small scale surveys  
 

Portions of this chapter are reproduced from a submitted manuscript “Standardized 

stirring for small scale surveys” I. Omari, M. Paul and J.S. McIndoe. 

 

6.1 Introduction 

 

Catalytic reactions are sensitive to a wide range of experimental conditions, even in 

homogeneous systems.30,282–289 These conditions include variables, such as concentration 

of reactants and catalyst,290 stirring rate,291 reaction time and temperature,292 which 

contribute to the outcome of a catalytic system after optimization. This chapter focuses 

on the influence of stirring in a small-scale cross-coupling reaction. 

 

The effect of stirring on the rate of coupling reactions is well-established.293–295 Lloyd-

Jones and co-workers found that in the hydrolysis of organotrifluoroborates, differences 

in stirring rate had an impact on the reaction kinetics.294 Gonzalez and co-workers also 

reported the effect of stirring rate during hydrolysis of MIDA boronates (N-

methylimidodiacetic boronic acid esters) in a biphasic system.295  In this chapter, a 

heterogeneous variant of the copper-free Sonogashira reaction296–305 was studied on-line 

at different stirring rates, and the effect of changing the distance of a reaction vial from 

the centre of a stir plate was examined off-line by testing the ability of 3D printed vial 

holders to facilitate identical stirring conditions.  
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The reaction species in both cases were identified by ESI-MS. 3D printed circular and 

linear vial holders were designed for 10 vials.  These vial holders are expected to ensure 

identical stirring conditions and therefore maximize the reproducibility and reliability of 

small-scale screening experiments,306–310 where small differences may attract significant 

attention. The vial holders can be scaled up or down easily to handle larger or smaller 

reaction vials. 

 

6.2  Reaction monitoring of a copper-free Sonogashira reaction at different 
stirring rates 

 

In searching for heterogeneous variants of the copper-free Sonogashira reaction reported 

previously,296 it was reasoned that changing the base used from 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) to caesium carbonate (Cs2CO3) will be the 

simplest modification. However, under diluted conditions for ESI-MS, caesium carbonate 

completely dissolved. Owing to this, calcium carbonate (CaCO3) was selected; though 

less commonly used, it was a suitable candidate for the purpose of this work. 
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Scheme 6.1. Copper-free Sonogashira reaction in methanol at 70°C, employing a 

permanently charged aryl iodide and phenyl acetylene. The Sonogashira product (later 

shown in green) and the byproduct (later shown in red) as well as the first and second 

intermediate (later shown in light blue and light red) are also permanently charged and 

therefore detectable by ESI-MS. 

 

The experimental conditions were then optimized to accommodate CaCO3 (Scheme 6.1), 

and reactions were conducted in real-time at different stirring rates (60 rpm vs. 400 rpm) 

but otherwise under the same conditions. The differences between the reactions were 

subtle but real (see Figure 6.1), with the faster stir rate resulting in a slightly higher yield.  
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Figure 6.1. Two kinetic profiles of the copper-free Sonogashira reaction with 6 mol% of 

catalyst being employed. Top, at a relatively fast stirring rate and bottom, at a relatively 

slow stirring rate. For the purpose of illustration, the intensities of palladium 

intermediates were multiplied by 100. Traces were normalized to the sum of all species. 
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6.3 Standardizing stirring using 3D printed vial holders 

 

It is very common in optimization of organometallic reactions (different solvents, 

additives, ligands, or metal centres) to charge e.g. 24 vials in a 6 × 4 grid and stir them all 

together in the same oil bath. Nonetheless, the position of a stir bar from the centre of the 

stir plate determines how well the reaction is stirred. In a worst-case scenario, all 

reactions within such an optimization attempt could stir differently and the best 

combination might be excluded in the next optimization step. 

 

 

 

 

Figure 6.2. Left: Vial holder for unequal stirring. Position 0 is centred above the middle 

of the stir plate. Right: Vial holder for equal stirring. The middle of the holder is centred 

above the middle of the stir plate. 
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Due to this, the extent of error in differently stirred reactions was investigated. A vial 

holder that can hold 10 reactions at once but at deliberately different positions (see Figure 

6.2, left) was designed as part of this investigation. In this setup, the vial directly next to 

the centre and the vial farthest from the centre were stirred most consistently, while in 

most others the stir bar performed a clicking or walking motion. To compare these 10 

inconsistently stirred reactions, another holder was designed for equal stirring (see Figure 

6.2, right). For consistency, all vials in this configuration were placed in every other slot 

at the same distance from the centre as the one farthest from the centre in the setup for 

unequal stirring. Figure 6.3 depicts the outcome obtained by means of ESI-MS after 

reactions were performed in vials using 3D printed linear and circular vial holders to 

standardize stirring. 
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Figure 6.3. Percent yields of species of a Sonogashira reaction with a heterogeneous base 

(CaCO3) under slow and fast stirring conditions (60 rpm and 400 rpm respectively) using 

3D printed linear and circular vial holders to standardize stirring. Percent yields were 

calculated with the relative intensities of species obtained by ESI-MS. Distances in 

millimetres represent the distance from the centre of the holders to each slot for the vials. 

The box-and-whisker plot depicts data obtained when a circular vial holder is employed 

while all other data points describe results obtained when a linear vial holder is used. 
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As shown in Figure 6.3A, it can be observed that both under slow (60 rpm) and fast 

stirring (400 rpm), reactions stirred at the centre of the holder (0 mm) had a much lower 

content of the residual starting material Ar+I than reactions farther away from the centre. 

Not surprisingly, the yields of the desired product Ar+C2Ph (Figure 6.3B) and the 

byproduct Ar+H (Figure 6.3C) were higher at the centre. Vials placed at 24 mm through 

79 mm under both stirring conditions showed a similar trend in changes in yield from one 

distance to the next in most cases. Also, in Figure 6.3A, at 60 rpm and 400 rpm, a range 

of 0.5% and 0.2% respectively can be observed when a circular vial holder was used. In 

addition, Figure 6.3B showed a range of 0.5% at 60 rpm and 0.2% at 400 rpm when a 

circular vial holder was employed. Further, Figure 6.3C displayed a range of 0.3% at 60 

rpm; and 0.1% at 400 rpm when a circular vial holder was used. Also, as shown in Table 

6.1, the margin of error when a circular vial holder is used for reactions stirred at 400 rpm 

was relatively smaller than reactions stirred at 60 rpm. 

 

Table 6.1. Margin of error (95% confidence interval) when a circular vial holder is used. 

Stirring rate (rpm) Ar+I (%) Ar+C2Ph (%) Ar+H (%) 

60 ± 0.10 ± 0.12 ± 0.05 

400 ± 0.04 ± 0.04 ± 0.01 

 

The low amounts of residual Ar+I and higher yields of Ar+C2Ph shown at 0 mm using a 

linear vial holder can be attributed to a faster conversion rate. It is reasonable to assume 

that this is because the stir bar is stirring the fastest directly above the stir plate. Although 

experiments performed in ten vials with a linear vial holder are somewhat different from 
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each other (distance from the centre of the holder to each vial slot varies), more 

reproducible data could probably be achieved at 60 rpm considering that in Figure 6.3, 

the outcome of slowly stirred reactions (linear vial holder) in most cases was within 95% 

confidence interval of the results at same stirring rate when a circular vial holder was 

used (see Table 6.2).  

 

Table 6.2. 95% confidence interval of the percent yields when a circular vial holder is 

used. 

Stirring rate (rpm) Ar+I (%) Ar+C2Ph (%) Ar+H (%) 

60 (63.78, 63.98) 

 

(34.32, 34.55) 

 

(1.63, 1.73) 

 

400 (59.32, 59.40) 

 

(37.44, 37.51) 

 

(3.16, 3.18) 

 

 

 

The tight distribution of results revealed by employing a circular vial holder at both 

stirring rates demonstrates that data reproducibility could be attained with this vial 

holder. 
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6.4 Conclusion 

 

Based on the results presented, a 3D printed circular vial holder can be recommended as a 

useful tool which facilitates standardized stirring and offers high precision in small-scale 

experiments. 
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6.5 Experimental 

All chemicals were purchased from Sigma-Aldrich and used as received except for the 

HPLC grade methanol and tetrahydrofuran which were dried over calcium hydride and 

distilled under nitrogen before use. Argon (UHP200) was obtained from Airgas (Calgary, 

Canada) and employed without further purification. 

In this study, both on-line and off-line experiments were carried out for fast and slow stir 

rate reactions. For on-line experiments, phenylacetylene (12 µmol, 1.2 eq) and calcium 

carbonate (0.5 mmol, 50 eq) were added to a solution of [I(C6H4)CH2PPh3][PF6] (10 

µmol, 1 eq) in methanol (7 mL) in a vial charged with a stir bar under inert conditions 

and brought to 70°C in an oil bath. The reaction was initiated by addition of a THF 

solution of  Pd(PPh3)4 (6 mol%)  by syringe through a septum. The vial was pressurized 

with 3 psi argon and the reaction solution was transferred into a mass spectrometer 

through PEEK tubing.64,266 An IKA C-MAG HS 7 hot plate magnetic stirrer was used for 

all experiments. Stirring rate was set to 400 rpm for fast stirring reactions and 60 rpm for 

slow stirring reactions. For off-line experiments, all reagents were prepared as described 

for the on-line experiments and placed in 20 vials with stir bars under inert conditions in 

a glovebox; however, the experiments were conducted outside the glovebox. Two sets of 

vials (10 vials per set) from the glovebox were arranged in a linear and circular vial 

holder; immersed in a heated oil-bath (70°C) for 10 minutes at both fast and slow stirring 

rates. The reaction was quenched after 10 min by placing the hot vials in an ice-bath for 

20 min; the quenched samples were filtered and diluted with cold methanol to 1% v/v. 

These samples were loaded into a Hamilton GASTIGHT® syringe and transferred 
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through PEEK tubing directly into the mass spectrometer at a rate of 10 µL/min. The vial 

holders were printed on a CR-10 3D printer. 

Electrospray ionization mass spectra were collected on a Waters Acquity Triple 

Quadrupole Detector mass spectrometer in positive ion mode. Instrument source 

parameters were as follows: capillary voltage was held at 3 kV, cone voltage at 10 V, and 

extraction cone at 0.5 V. The following settings were used for desolvation conditions: 

desolvation gas flow rate, 200 L/h; cone gas flow rate, 100 L/h; source temperature, 

80°C; desolvation temperature, 200°C. The detector gain was set to 470 V. Scan time was 

set to 5 s, with an inter-scan time of 0.5 s. Low and high mass resolutions were set to 17. 

The relative intensities of species recorded were used for percent yield calculation. 

Percent yield was calculated by multiplying the ratio of the intensity of species (intensity 

of species of interest : total intensity of all species) by 100. 
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Chapter 7 Miscellaneous studies  

 

This chapter comprises a collaborative research work with Francisco Ribeiro (visiting 

PhD student from  Universidade de São Paulo) on the cyclization reaction of carbamate 

and benzoxazine by ESI-MS. My contribution to this work involved employing ESI-MS 

reaction monitoring for the investigation of the cyclization reactions. The study on the 

cyclization reaction of carbamate is a portion of a submitted manuscript; “Regio- and 

Diastereoselective Pd-Catalyzed Aminochlorocyclization of Allylic Carbamates: Scope, 

Derivatization, and Mechanism” by B. P. Spadafora, F. W. M. Ribeiro, J. E. Matsushima, 

E. M. Ariga, I. Omari, P. M. A. Soares, D. de Oliveira-Silva, E. Vinhato, J. S. McIndoe, 

T. C. Correra, and A. Rodrigues. 
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7.1 Real-time analysis of cyclization reaction of carbamate by ESI-MS 

 

Palladium mediated reactions are ubiquitously used in synthetic chemistry, due to their 

catalytic role in  cross-coupling reactions.311–313 Among these reactions are Heck314–316 

and Suzuki317–319 reactions, which are well-known palladium mediated reactions; and 

intramolecular cyclization reactions mediated by palladium320,321. Cyclization of 

carbamates mediated by Pd (II)/Cu (II) in the presence of LiCl was reported in 2004 by 

Liu and co-workers.322 In the context of their study, this work aimed at employing ESI-

MS to investigate their proposed reaction mechanism (scheme 7.1). 

 

Scheme 7.1. Proposed catalytic cycle for the Pd mediated cyclization reaction by Liu et 

al.322 
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 7.1.1 On-line reaction monitoring of the cyclization reaction 

 

 

Scheme 7.2. General scheme for the cyclization reaction of carbamate (1) with reaction 

conditions used in this work. 

 
To determine the reaction intermediates and products formed during the cyclization reaction of 

carbamate, PSI-ESI-MS was employed. Figure 7.1 shows real-time data of  the cyclization 

reaction mediated by PdCl2(CH3CN)2. 

 

Figure 7.1. Left – Reaction mechanism for the cyclization of carbamate in CH3CN at 

70°C. Right – Evolution of species vs. reaction time. 
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The reaction proceeded after addition of PdCl2 to a stirring solution of carbamate in 

acetonitrile. In Figure 7.1, it can be seen that upon addition of PdCl2, there was a fast 

conversion of the carbamate which resulted into the formation of  [PhC4H5NO2TsPdCl3]− 

(green trace), [PdCl3]− (red trace),  [PhC4H4NO2Ts]− (blue trace), [PhC4H4NO2TsPdCl2]− 

(orange trace) and [PhC4H4NO2TsCl]− (pink trace). Additions of Bu4NOAc and CuCl2 

did not show any significant change in the ion intensities; but there was a small increase 

in the [PdCl3]− intensity caused by Cl− addition at 6 min (Figure 7.1). Upon addition of 

LiCl, the ion intensities of all products increased, meanwhile a slow decay of the 

intermediate [PhC4H4NO2TsPdCl2]− (orange trace) occurred. The sudden rise in intensity 

of the deprotonated carbamate after addition of LiCl could possibly be attributed to the 

increased chloride concentration. Product ion scan experiment (MS/MS) was also 

conducted in this work for structural information as shown in Figure 7.2. The speciation 

revealed in the on-line reaction monitoring gave insights into the proposed mechanism by 

Liu et al.322 
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Figure 7.2. MS/MS of reaction intermediates at a collision energy of 15 V. 
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 7.1.2 Experimental 

 

All chemicals were purchased from Sigma-Aldrich and used without any further 

purification. The experiment was conducted by charging a vial with 10 mL of CH3CN, 

0.02 mol/L (1.0 mL) of carbamate, a solution of the PdCl2(CH3CN)2 catalyst (0.004 

mmol in 1.0 mL of CH3CN diluted to a final carbamate concentration of 5%), 20 nmol/L 

(1.0 mL) of tetrabutylammonium acetate, 30.0 µmol/L (1.0 mL) of CuCl2 and 0.07 mol/L 

(1.0 mL) of LiCl and a stir bar. The reaction was kept at 70°C for a total time of 20 min. 

 

The reaction was studied by electrospray ionization mass spectrometry (ESI-MS) coupled 

with  pressurized sample infusion (PSI), using a Waters Acquity Triple Quadrupole 

Detector (TQD) mass spectrometer. PSI-ESI-MS allowed  real-time analysis of reaction 

by applying 5 psi of N2 to the reaction vessel which enabled transfer of the reaction 

mixture to the ESI source via a PEEK tubing. The MS parameters used were as follows: 

capillary voltage 3.0 kV; cone voltage 15 V; extraction voltage 3.0 V; temperature source 

90°C; cone gas flow rate 100 L/h; desolvation gas flow rate, 100 L/h; scan time was set 

to 5 s. MS/MS experiments were carried out with high purity argon and a collision energy 

between 5 to 20 V. 
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7.2 Cyclization reaction of benzoxazine promoted by acid catalysis 

 

Benzoxazines are a class of thermosetting resins that were initially synthesized by Holly 

and Cope in 1944.323,324 They are generally synthesized via Mannich condensation when 

phenol reacts with an amine and formaldehyde (example shown in Scheme 7.3).323,325 

Aversa et al., synthesized N-(2-hydroxy-3,5-dimethylbenzyl)-aminopropanoic acid 

through a Mannich reaction where 2,4-dimethylphenol reacted with formaldehyde and 3-

aminopropanoic acid in ethanol and sulfuric acid.325  

 

 

Scheme 7.3. Reaction scheme for the synthesis of a benzoxazine in ethanol and sulfuric 

acid.325 
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In this work ESI-MS was employed to investigate the formation of 3,4-dihydro-2H-1,3-

benzoxazines in real-time. The reaction involved phenol reacting with formaldehyde and 

aniline in the presence of formic acid; with acetonitrile as the solvent at 80°C for 1 hour 

(Scheme 7.4). 

 

Scheme 7.4. Reaction scheme for the cyclization reaction of benzoxazine with reaction 

conditions used in this work. 
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 7.2.1 On-line reaction monitoring of benzoxazine formation 

 

By employment of PSI-ESI-MS, speciation leading to the formation of  3,4-dihydro-2H-

3-phenyl-1,3-benzoxazine was examined. Figure 7.3 indicates species observed in real-

time during the benzoxazine formation catalyzed by formic acid.  

 

 

Figure 7.3. Representation of the observed speciation in real-time during the formation of  

benzoxazine promoted by acid catalysis. Inset: traces of a by-product and benzoxazine. 
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Figure 7.4. By-products observed in the on-line reaction monitoring during the formation 

of  benzoxazine promoted by acid catalysis. 

 

The reaction proceeded after addition of formaldehyde to a solution of formic acid, 

aniline and phenol in acetonitrile. Prior to the addition of formaldehyde, a protonated 

aniline [PhNH3]+ (red trace) emerged when aniline reacted with the formic acid. The 

protonated aniline species was gradually consumed in about 30 minutes following 

addition of the formaldehyde. As a result, [PhNHCH2]+ (green trace), 

[PhNH2CH2OH]+ (deep blue trace) and benzoxazine (orange trace) were observed. In 

addition, two by-products were seen as light red and purple traces which were interpreted 

in Figure 7.4. Collectively, the observed speciation provided information for the proposed 

reaction meachanism in Scheme 7.5.   
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Scheme 7.5. Reaction mechanism for the cyclization of benzoxazine promoted by acid 

catalysis. 
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 7.2.2  Experimental 

 

All chemicals were purchased from Sigma-Aldrich and used without any further 

purification. For reaction monitoring of  benzoxazine formation  (3,4-dihydro-2H-3-

phenyl-1,3-benzoxazine), a vial was charged with 7.0 mL of CH3CN,  1.0 mL of 0.1% 

formic acid (when needed), 0.18 mmol  phenol, 0.18 mmol aniline and a stir bar. The vial 

was sealed with a rubber septum punctured with one end of a PEEK tube; the PEEK tube 

was placed in the reaction solution and the other end was connected to the mass 

spectrometer. Finally, the vial was pressurized with 5 psi of N2 to facilitate transfer of the 

reaction solution into the mass spectrometer; 0.37 mmol formaldehyde was added and the 

mixture was stirred for 35 minutes at 80°C. All reagents were diluted in 1.0 mL of 

acetonitrile. 

 

A Waters Acquity Triple Quadrupole Detector mass spectrometer (TQD) was used for 

the investigation. The MS parameters used were as follows: capillary voltage 3.0 kV; 

cone voltage 15 V; extraction voltage 3.0 V; temperature source 90°C; gas flow rate  100 

L/h;  desolvation gas flow rate, 100 L/h. The detector gain was set to an optimal voltage 

of 470 V. Scan time was set to 1 s, with an inter-scan time of 0.1 s. MS/MS experiments 

were carried out with high purity argon and a collision energy between 5 to 20 V.  

 

 

 

 

 



 

 

133 

Chapter 8 Conclusions 
 

This dissertation addressed disparate industrial problems, provided contributions and 

empirical considerations as additions to applications offered by ESI-MS and UV-Vis 

spectroscopy. 

In an analysis of naphthenic acids in a petroleum matrix (Chapter 2), charge-tagging 

proved useful in selectively derivatizing target analytes for characterization by tandem 

ESI-MS/MS without chromatography. Despite the encouraging performance of the 

charge-tagged species, suppression of target analyte derivatives could be a major 

drawback due to interference of unreacted charge-tagged species. Therefore, it is 

necessary to optimize reaction conditions, such that the charge-tagged reagent is used as a 

limiting reagent. Nonetheless, the charge-tagging technique and tandem ESI-MS/MS may 

prove useful in the context of profiling the naphthenic acid components of complicated 

matrices, and as well, could be employed as a protocol for screening target analytes in 

quality control agencies. 

To understand why an equimolar matrix of analytes, such as permanently charged 

reagents of different sizes and structure produces non-uniform response in ESI-MS, 

Chapter 3 described contributing factors, such as the morphology of an analyte, 

molecular weight, solvent and the conductivity of an analyte as parameters that can 

influence the signal of an analyte. These observations will provide insights into designing 

charge-tagged reagents for analyte characterization, and a predictive power when 

accounting for analytes that for reasons of high reactivity can not be isolated. 
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In addition, Chapter 4 employed UV-Vis spectroscopy for kinetic information on the 

influence of magnesium (Mg2+) on Maillard reaction through off-line reaction 

monitoring, and ESI-MS for rapid identification of Maillard reaction species. Magnesium 

served as a Lewis acid catalyst, and inhibited diffusion of water molecules during the 

Maillard reaction. The findings in this work will enlighten brewers on the downstream 

impacts of magnesium ion concentrations in beer brewing. Also, the results indicate that 

both UV-Vis spectroscopy and ESI-MS could be used to investigate other metal-driven 

impacts of grain recipe variations in brewing that contribute to differences in colour and 

flavour outcomes of beer. 

Further, Chapter 5 used ESI-MS to study the hydrolysis of organotrifluoroborates in real-

time, complemented by pH analysis (not conducted simultaneously). Although 

meaningful data were obtained using these two separate techniques, some discrepancies 

in induction periods were observed comparing data from both techniques. Discrepancies 

in in-situ monitoring whereby different analytical techniques are used separately for an 

investigation of a reaction system could be resolved by combining the techniques without 

disturbing the reaction system, hence, in Chapter 5, an integration of ESI-MS with pH 

analysis could provide real-time data on speciation due to hydrolysis of the substrates as 

well as changes in pH simultaneously. Chapter 7 could also use ESI-MS coupled with 

UV-Vis spectroscopy (given the presence of unsaturated groups) to investigate the 

cyclization reactions of carbamate and benzoxazine. UV-Vis spectroscopy will provide 

information on species that are not detectable by ESI-MS but have light-absorbing 

groups. Thus, the employment of other analytical techniques concurrently with ESI-MS 
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could provide additional information on elusive reaction intermediates and facilitate 

interpretation of ESI-MS results.  

Finally, the challenge in ensuring identical stirring conditions when conducting reactions 

in many reaction vials simultaneously, was addressed by employing a 3D printed circular 

vial holder (Chapter 6). In Chapter 6, the differential stirring effects detected in small-

scale heterogeneous catalytic reactions (based on distance of the reaction vial from the 

central stirring point) were small and could be mitigated (though not eliminated) by 

ensuring reasonably fast stir rates.  Also, to completely eliminate differential stirring as a 

cause for variation in results, circular vial holders of variable size can be 3D printed 

inexpensively and without the use of support material to reduce stirring effects to a 

minimum and to improve reproducibility in small-scale surveys. 
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Appendix A 

Acid-selective mass spectrometric analysis of petroleum 

fractions 

 

Section A1. NMR spectra for synthesized imidazolium salts 

 

 
 

Figure A.1. 1H NMR (300 MHz, CD3OD) spectrum of 3-(4-(bromomethyl) benzyl)-1-

methylimidazolium hexafluorophosphate, CD3OD solvent; 298 K. 

 

 
 

Figure A.2. 1H NMR (300 MHz, CDCl3) spectrum of 3-(4-(hydroxymethyl) benzyl)-1-

methylimidazolium hexafluorophosphate, CDCl3 solvent; 298 K. 
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Appendix B 

Structure, anion, and solvent effects on cation response in ESI-

MS 

 

Section B1. ESI-MS spectra for synthesized salts and analyte 

response 

 

 

Figure B.1. Negative ion ESI mass spectrum of the synthesized salts in methanol: a) 

[BF4]⁻; b) [PF6]⁻; and c) [NTf2]⁻. 
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Figure B.2. Negative ion ESI mass spectrum of the synthesized salts in water/acetonitrile: 

a) [BF4]⁻; b) [PF6]⁻; and c) [NTf2]⁻. 

 
 
 
 

 
 

Figure B.3. Negative ion ESI mass spectrum of the synthesized salts in acetonitrile: a) 

[BF4]⁻; b) [PF6]⁻; and c) [NTf2]⁻. 
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Figure B.4. Negative ion ESI mass spectrum of the synthesized salts in dichloromethane: 

a) [BF4]⁻; b) [PF6]⁻; and c) [NTf2]⁻. 
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Figure B.5. Positive ion ESI mass spectrum of an equimolar mixture of six cations 

[NEt4]⁺ (m/z 130), Cs⁺ (m/z 132),  [NBu4]⁺ (m/z 242), [N(PPh3)2]⁺ (m/z 538), [NDo3Me]⁺ 

(m/z 536), [NDo4]⁺ (m/z 690), paired with various counterions in dichloromethane: a) Cl⁻; 

b) [BF4]⁻; c) [PF6]⁻; and d) [NTf2]⁻. 
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Figure B.6. Positive ion ESI mass spectrum of an equimolar mixture of six cations 

[NEt4]⁺ (m/z 130), Cs⁺ (m/z 132),  [NBu4]⁺ (m/z 242), [N(PPh3)2]⁺ (m/z 538), [NDo3Me]⁺ 

(m/z 536), [NDo4]⁺ (m/z 690), paired with various counterions in water/acetonitrile: a) 

Cl⁻; b) [BF4]⁻; c) [PF6]⁻; and d) [NTf2]⁻. 
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Figure B.7. Positive ion ESI mass spectrum of an equimolar mixture of six cations 

[NEt4]⁺ (m/z 130), Cs⁺ (m/z 132),  [NBu4]⁺ (m/z 242), [N(PPh3)2]⁺ (m/z 538), [NDo3Me]⁺ 

(m/z 536), [NDo4]⁺ (m/z 690), paired with various counterions in methanol: a) Cl⁻; b) 

[BF4]⁻; c) [PF6]⁻; and d) [NTf2]⁻. 
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Appendix C 

Magnesium-accelerated Maillard reactions in beer brewing 

 

Section C1. ESI-MS/MS of Maillard reaction species 

  

 
Figure C.1. ESI-MS/MS spectra of a precursor ion at m/z 800.0308 and a product ion at 

m/z 458.0179 of a maltose-proline system. 
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Figure C.2. ESI-MS/MS spectra of a precursor ion at m/z 850.0030 and a product ion at 

m/z 508.0730 of a maltose-proline system. 
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Figure C.3. ESI-MS/MS spectra of a precursor ion at m/z 816.0049 and a product ion at 

m/z 474.1030 of a maltose-leucine system. 
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Section C2. Change of absorbance over time 

 

 

 

Figure C.4. Representation of the influence of Mg2+ on the change of absorbance over 

time of a maltose-leucine model system. The standard deviation of the mean (n = 3) is 

represented by the vertical bars. 

 

 

 

 

 

 

 

 



 

 

197 

Section C3. ESI-MS Mass Spectra 

 

 
Figure C.5. Positive ion mode ESI-MS of the Maillard reaction species of maltose-proline 

system at room temperature with various concentrations of magnesium. 

 

. 
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Figure C.6. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

phenylalanine system at room temperature with various concentrations of magnesium. 
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Figure C.7. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

phenylalanine system after reflux at 130oC for 105 mins with various concentrations of 

magnesium. 
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Figure C.8. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

leucine system at room temperature with various concentrations of magnesium. 
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Figure C.9. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

leucine system after reflux at 130oC for 105 mins with various concentrations of 

magnesium. 
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Figure C.10. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

proline/phenylalanine/leucine system at room temperature with various concentrations of 

magnesium. 
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Figure C.11. Positive ion mode ESI-MS of the Maillard reaction species of maltose-

proline-phenylalanine-leucine system after reflux at 130oC for 105 mins with various 

concentrations of magnesium. 
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Figure C.12. Positive ion mode ESI-MS of the Maillard reaction species of wort at room 

temperature with various concentrations of Mg2+ (2 ppm through 200 ppm); and a control 

(no Mg2+ added). 
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Figure C.13. Positive ion mode ESI-MS of the Maillard reaction species of wort after 

reflux at 130oC for  105 mins with various concentrations of Mg2+ (2 ppm through 200 

ppm); and a control (no Mg2+ added). 
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Appendix D 

Dynamic ion speciation during hydrolysis of aryltrifluoroborates 

 

Section D1. Effect of flask geometry and stirring rate on hydrolysis 

profiles of the aryltrifluoroborates 

 

 

 

Figure D.1. Relative species intensity for the hydrolysis of potassium p-

methoxyphenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction 

was performed in: a) Schlenk tube; and b) rbf at a fast stir rate. The [ArB(OH)3]− trace is 

a sum of intensities of all species with F=0. i.e. 7 + 8 + 9 + ½10. An example where 

hydrolysis of potassium p-tolyltrifluoroborate at a fast stir rate never reached the catalytic 

regime is shown in (a). 
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Figure D.2. Relative species intensity for the hydrolysis of potassium p-

tolyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube; and b) rbf at a fast stir rate. The [ArB(OH)3]− trace is a 

sum of intensities of all species with F=0. i.e. 7 + 8 + 9 + ½10.  

 

 

 

 
 

Figure D.3. Relative species intensity for the hydrolysis of potassium salts of a) p-

methoxyphenyltrifluoroborate; b) 4-tolyltrifluoroborate; c) cyclohexyltrifluoroborate  in 

THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was performed in a Schlenk tube at 

a slow stir rate. The [ArB(OH)3]− trace is a sum of intensities of all species with F=0. i.e. 

7 + 8 + 9 + ½10. 
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Figure D.4. Relative species intensity for the hydrolysis of potassium salts of a) p-

methoxyphenyltrifluoroborate; b) 4-tolyltrifluoroborate; c) cyclohexyltrifluoroborate  in 

THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was performed in a round-

bottomed flask (rbf) at a slow stir rate. The [ArB(OH)3]− trace is a sum of intensities of 

all species with F=0. i.e. 7 + 8 + 9 + ½10. 
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Figure D.5. Relative species intensity for the hydrolysis of potassium 

isopropyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube; and b) rbf at a slow stir rate. The [ArB(OH)3]− trace is a 

sum of intensities of all species with F=0. i.e. 7 + 8 + 9 + ½10. 

 

 

Figure D.6. Relative species intensity for the hydrolysis of potassium 

isopropyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube; and b) rbf at a fast stir rate. The [ArB(OH)3]− trace is a 

sum of intensities of all species with F=0. i.e. 7 + 8 + 9 + ½10. 
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Figure D.7. Relative species intensity for the hydrolysis of potassium 

phenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube; and b) rbf at a slow stir rate. The [ArB(OH)3]− trace is a 

sum of intensities of all species with F=0. i.e. 7 + 8 + 9 + ½10. 

 

 

Figure D.8. Relative species intensity for the hydrolysis of potassium 

phenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube; and b) rbf at a fast stir rate. The [ArB(OH)3]− trace is a 

sum of intensities of all species with F=0. i.e. 7 + 8 + 9 + ½10. 
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Figure D.9. Relative species intensity and pH values for the hydrolysis of potassium 

isopropyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube (slow stir rate); b) Schlenk tube (fast stir rate); c) rbf (slow 

stir rate); d) rbf (fast stir rate). The relative intensity values were determined by 

multiplying the intensities of F containing species by the number of F available; the sum 

of the result from each species represents the relative intensities of the [ArBF3]− trace 

(green trace). 
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Figure D.10. Relative species intensity and pH values for the hydrolysis of potassium 

phenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in: a) Schlenk tube (slow stir rate); b) Schlenk tube (fast stir rate); c) rbf (slow 

stir rate); d) rbf (fast stir rate). The relative intensity values were determined by 

multiplying the intensities of F containing species by the number of F available; the sum 

of the result from each species represents the relative intensities of the [ArBF3]− trace 

(green trace). 
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Section D2. Additional MS data 

 

 

Figure D.11. Negative ion mass spectrum of the hydrolysis of potassium 

cyclohexyltrifluoroborate in THF (55°C) after 20 minutes of addition of water and 

Cs2CO3. 
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Table D.1. Mass and assignment of species observed during hydrolysis of potassium 

cyclohexyltrifluoroborate substrate 

 

m/z Assignment 

151 [ArBF3]− 

149 [ArBF2(OH)]− 

147 [ArBF(OH)2]− 

145 [ArB(OH)3]− 

127 [ArBO2H]− 

236 [(ArB)2O3H]− 

258 [(ArB)2O3H2F]− 

276 [(ArBO2H2)2F]− 

341 [(ArBF3)2K]− 

435 [(ArBF3)2Cs]− 
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Figure D.12. Negative ion mass spectrum of the hydrolysis of potassium p-

tolyltrifluoroborate in THF (55°C) after 20 minutes of addition of water and Cs2CO3. 
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Table D.2. Mass and assignment of species observed during hydrolysis of potassium p-

tolyltrifluoroborate substrate. 

m/z Assignment 

159 [ArBF3]− 

157 [ArBF2(OH)]− 

155 [ArBF(OH)2]− 

153 [ArB(OH)3]− 

135 [ArBO2H]− 

254 [(ArB)2O3H]− 

274 [(ArB)2O3H2F]− 

292 [(ArBO2H2)2F]− 

357 [(ArBF3)2K]− 

451 [(ArBF3)2Cs]− 
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Section D3. First-order plots 

 

 
 

Figure D.13. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium p-

methoxyphenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction 

was performed in a Schlenk tube at: a) a slow stir rate; b) a fast stir rate. 

 

 

 

 

 

Figure D.14. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium p-

methoxyphenyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction 

was performed in a rbf at: a) a slow stir rate; b) a fast stir rate. 
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Figure D.15. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium 

cyclohexyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in a Schlenk tube at: a) a slow stir rate; b) a fast stir rate. 

 

 

 

 
 

Figure D.16. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium 

cyclohexyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in a rbf at: a) a slow stir rate; b) a fast stir rate. 
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Figure D.17. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium p-tolyltrifluoroborate 

in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was performed in a Schlenk tube 

at: a) a slow stir rate; b) a fast stir rate. 

 

 

 

 

Figure D.18. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium p-tolyltrifluoroborate 

in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was performed in a rbf at: a) a 

slow stir rate; b) a fast stir rate. 
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Figure D.19. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium 

isopropyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in a Schlenk tube at: a) a slow stir rate; b) a fast stir rate. 

 

 

 

 

Figure D.20. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium 

isopropyltrifluoroborate in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was 

performed in a rbf at: a) a slow stir rate; b) a fast stir rate. 
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Figure D.21. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium phenyltrifluoroborate 

in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was performed in a Schlenk tube 

at: a) a slow stir rate; b) a fast stir rate. 
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Figure D.22. Linear regression of In(relative intensity) versus time. The first order plot 

was determined for [ArBF3]− as a result of hydrolysis of potassium phenyltrifluoroborate 

in THF/H2O (10:1) containing Cs2CO3 at 55°C; reaction was performed in a rbf at: a) a 

slow stir rate; b) a fast stir rate. 
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Section D4. Overlaid isotope patterns 

 

 

 

 

Figure D.23. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[ArBF3]− (green),  [ArBF2(OH)]− (blue), [ArBF(OH)2]− (purple) and [ArB(OH)3]− (red). 

Species are from hydrolysis of potassium cyclohexyltrifluoroborate in THF/H2O. 
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Figure D.24. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[(ArBO2H2)2F]− (red). Species is from hydrolysis of potassium cyclohexyltrifluoroborate 

in THF/H2O. 
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Figure D.25. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[(ArB)2O3H]− (red). Species is from hydrolysis of potassium cyclohexyltrifluoroborate in 

THF/H2O. 
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Figure D.26. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[ArBO2H]− (red). Species is from hydrolysis of potassium cyclohexyltrifluoroborate in 

THF/H2O. 
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Figure D.27. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[(ArB)2O3H2F]− (red). Species is from hydrolysis of potassium cyclohexyltrifluoroborate 

in THF/H2O. 
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Figure D.28. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[(ArBF3)2K]− (green). Species is from hydrolysis of potassium cyclohexyltrifluoroborate 

in THF/H2O. 
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Figure D.29. Overlaid predicted isotope pattern on the experimental isotope pattern for 

[(ArBF3)2Cs]− (green). Species is from hydrolysis of potassium cyclohexyltrifluoroborate 

in THF/H2O. 
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Section D5. ESI-MS/MS of aggregate species 

 
 
 

 
 

Figure D.30. MS/MS product ion spectrum of [(ArBO2H2)2F]− (mixed dimer) from 

hydrolysis of potassium p-methoxyphenyltrifluoroborate substrate. Mixed dimer 

comprises: [ArBF(OH)2]− and ArB(OH)2 (neutral species, not observed). 
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Figure D.31. MS/MS product ion spectrum of [(ArBO2H2)2F]− (mixed dimer) from 

hydrolysis of potassium cyclohexyltrifluoroborate substrate. Mixed dimer comprises: 

[ArBF(OH)2]− and ArB(OH)2 (neutral species, not observed). 
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Figure D.32. MS/MS product ion spectrum of [(ArBO2H2)2F]− (mixed dimer) from 

hydrolysis of potassium p-tolyltrifluoroborate substrate. Mixed dimer comprises: 

[ArBF(OH)2]− and ArB(OH)2 (neutral species, not observed). 

 
 
 

 

 

 

 


