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ABSTRACT 

Author: Ayrton, Stephen T. Ph.D. 
Institution: Purdue University 
Degree Received: November 2017 
Title: Chemical Reactions in the Gas Phase, Solution Phase and at Interfaces to Facilitate Mass 
           Spectrometric Analysis and Rapid Synthesis 
Major Professor: R. Graham Cooks 

Chemical derivatization is the act of taking an analyte and transforming it into something 

with more desirable properties, typically for analytical purposes. In the cases presented here, the 

desirable properties are those which increase the ionization efficiency of the species of interest or 

those which facilitate the discrimination of isomers.  

Nanoparticles are often utilized in biological assays, but unless they are made of metal such 

that they can be ionized directly by inductively coupled plasma (ICP) ionization, they are 

undetectable by mass spectrometry. Surface functionalization of silica nanoparticles (SiNPs) 

facilitates the reversible binding of highly ionizable molecules which can serve as reporters for the 

presence of the particle. This constitutes chemical derivatization. In this dissertation, the synthesis 

of imidazolium salts for use as chemical derivatization reagents (mass labels) is reported. They 

were designed to be synthesized quickly and cheaply and bind reversibly to amine and diol 

functionalized nanoparticles. The “pre-charged” (imidazolium) nature of the labels facilitates 

excellent limits of detection (1 nM). Binding and release of the mass labels from nanoparticles is 

demonstrated and analysis of the loading and release efficiency is conducted. 

Isobaric amino acids in the backbone of a peptide are difficult to determine. The prime 

example of a problematic isobaric pair of amino acids is the coding aspartic acid (Asp) and the 

product of its post-translational modification, isoaspartic acid (isoAsp). Reported here is the use 

of a common reagent which binds carboxylic acids, substituted carbodiimide, to determine the 
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percentage of isoAsp in a sample of peptide. The carbodiimide is added to a solution of the peptide 

and it binds the carboxylate of the Asp or isoAsp residue. The resulting acylisourea (AiU) is ionzed 

and, in the gas phase, it rearranges via a 1-3 acyl shift to yield an N-acylurea (NAU). The AiU and 

NAU yield different fragment ions and so even though they are isobaric, they can be differentiated 

via collision induced dissociation (CID) product ion mass spectrometry. Importantly, the AiU 

derived from isoAsp rearranges more slowly to NAU than the AiU from derived from Asp. The 

rearrangement occurs on the timescale of the MS experiment (milliseconds) and so can be affected 

by the residence time of ions in the ion trap, the bandwidth of the isolation waveform, the potential 

offset applied to the transfer optics in the high-pressure region of the atmospheric pressure 

interface and the amplitude of the activation waveform. 

Saturated alkanes are a third example of analytes which pose a problem to mass 

spectrometry. They are completely inaccessible to spray-based ionization methods and often 

require specialized equipment or niche methods for ionization. Field ionization persists as the gold-

standard in hydrocarbon ionization and atmospheric pressure chemical ionization (APCI) 

continues to develop in the field. Typical products of APCI of saturated hydrocarbons are hydride 

abstraction ([M-H]+), nitric oxide addition ([M+NO]+) or electron abstraction (M+.). This 

dissertation reports the chemical derivatization of saturated hydrocarbons by selective fixation of 

nitrogen (to generate ions of the formula [M+N]+) or oxygen (to generate ions of the formula 

[M+O-H]+). The standard Waters APCI-Gas Chromatography (APGC) ion source was used to 

affect this chemistry. The oxidation process was shown to be regioselective and energetic enough 

to induce C-C bond cleavage. The off-line collection of ketones and aldehyde fragments of those 

ketones is reported. Subsequent analysis of the collected species shows that even outside of the 

mass spectrometry experiment, the chemistry is regioselective. The ion chemistry leading to 
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oxidation is elucidated as an ion/molecule reaction between charged hydrocarbons and neutral 

ozone. 

Spray-based mass spectrometry has yielded interesting insights into the acceleration of 

reaction rates at the interface between small charged droplets and air. Other developments have 

included accelerated reactions in thin films. The phase of the reaction at the point of acceleration 

is explored in this dissertation by utilizing the Fischer Indole Synthesis under conditions which 

produce different products depending on the phase in which the reaction takes place.  

Reaction acceleration has typically been conducted on the small-scale. Production of 

milligrams of material per hour has been demonstrated with spray-based ionization sources but 

this scale still does not represent synthetically useful quantities. Discussed herein is the scale-up 

of the accelerated Claisen-Schmidt and Katritzky reactions as well as the acceleration of ester 

hydrolysis and imine formation in a rotary evaporator. The Suziki reaction is also demonstrated to 

undergo reaction acceleration at the interface of chloroform and water; a biphasic system 

commonly encountered in a separating funnel during the normal workflow of the synthetic organic 

chemist.  
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CHAPTER 1. INTRODUCTION 

1.1 Overview 

As long as an analytical technique exists, there will be a drive to apply it to the analysis of 

difficult and apparently inaccessible analytes. Analytical chemists do battle with limits of detection 

on a daily basis, adapting and refining known methodologies to better serve the requirements of 

the study. Mass spectrometry (MS) has proven time and again to be an exceptionally sensitive 

technique, with good linear dynamic range. The analytical limits of detection achieved by MS are 

exceptional for most species, depending on the ionization method, reaching parts-per-billion levels 

routinely and its ability to provide information on chemical structure through the analysis of data 

produced by tandem mass spectrometry (MS/MS or MSn) experiments is remarkable1-2 . 

Collision induced dissociation, the technique which elevated mass spectrometry from niche 

analytical technique to widespread analytical tool, represented at the time a way to detect structural 

characteristics of ions which were otherwise undetectable by mass spectrometry3-5 . 

The dissociation of ions led researchers to mix-and-match sector components in order to 

make a plethora of different measurements. Notably, thermochemical measurements became 

feasible6-7 . Prior to this development, the ability to determine the energy associated with the 

cleavage of a bond within an ion represented a completely inaccessible measurement.  

As the analytical challenges presented to mass spectrometry became more and more complex, 

so too did the instrumentation and the theory driving the research. Originally, sector 

instrumentation, which was relatively easy to understand but difficult to tune, was replaced with 

electrodynamic devices such as the quadrupole mass filter, which are difficult to understand but 

easy to tune (though only by virtue of the control software). In the same stroke, it took the 

mainstream of mass spectrometric analysis from the high mass accuracy of sectors to the low mass 
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accuracy of quadrupoles. The onward march to high resolution electrostatic analyzers led back to 

high mass accuracy; time of flight (ToF) and Orbitrap mass analyzers are now being used to detect 

the previously undetectable in the realms of proteomics8-9 ,  to name  but one significant field of  

research. 

Mass accuracy can contribute only so much, however, and detection of molecular properties 

such as chirality remained out of the reach of mass spectrometry until the kinetic method10, which 

relies on the chemical association and subsequent fragmentation characteristics of metals and 

organic molecules, was appropriately applied. The resulting measurement is thermochemical in 

nature and has been refined and applied to monitoring chiral degradation11 as well as the analysis 

of every naturally occurring hexose12; previously indistinguishable by MS. 

Chemical cross-linkers, which report spatial relationships between the residues of a protein 

and preserve those relationships for detection after digestion, probably represent the most prolific 

field of research into chemical derivatization13-14 . This is a clear example of the utility of clever 

chemical derivatization to detect the otherwise undetectable. 

Electrospray ionization (ESI)15, which serves to create a nebulous plume of charged 

droplets from a solution containing, usually, the polar analyte(s) of interest, represented a major 

breakthrough in the field of mass spectrometry. Understanding ESI has proven to be no easy task16-

19 and still, it is not fully understood. The efforts to derivatize reagents in preparation for 

electrospray-based MS analysis has received no small amount of attention, as a series of reviews 

by Van Berkel demonstrates20-23 . 

One significant challenge that remains is the analysis of post translational modifications in 

proteins and peptides, specifically those which produce isobaric structural isomers. Often, isobaric 

peptides reside within a complex mixture of other peptides from a protein digest and can only be 
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ionized by ESI. Chapter 2 of this thesis deals with the determination of isoaspartate (which is 

almost always indistinguishable from its aspartate precursor24) in a peptide backbone. 

Nanoparticles are ever more frequently being utilized for drug delivery25 and bioassays26-

27, amongst a multitude of other things. The detection of naoparticulate matter in general will likely 

present itself as one of the major analytical challenges of the 21st century28. Mass spectrometry has 

the ability to report on metal nanoparticles when coupled with inductively coupled plasma 

ionization (ICP)29, where metals of any kind are ablated to their oxidized constituent atoms. 

Though ESI-mass spectrometry is blind to silica nanoparticles, the paradigm of chemical 

derivatization may be able to facilitate their detection by mass spectrometry if an appropriate 

combination of chemistries is implemented. Chapter 3 of this dissertation demonstrates a new way 

of combining functionalized silica nanoparticles with appropriately designed small molecules to 

form the foundation of what could be used for nanoparticulate assays in the future.  

The analysis of saturated hydrocarbon species poses a particular challenge to mass 

spectrometrists. Not only are hydrocarbon samples some of the most complex in nature30, most of 

the components are not ionizable and ESI can only access the polar components31. There has been 

a plethora of ionization methods and derivatization chemistries reported for such samples31-38, and 

many of these are very effective, but they are generally restricted to research laboratories.  

So resistant is the problem of hydrocarbon analysis to general solution by mass spectrometry 

that the decades-old technique of field ionization (FI) is still considered to be the gold-standard of 

analysis39-41 . Ambient plasmas are currently under study for their figures of merit with regard to 

the ionization of these difficult substrates, but carefully controlled conditions are necessary in 

order to generate reproducible results42-43 . 
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Chapter 4 of this dissertation details the oxidation of saturated hydrocarbons in a standard, 

commercial atmospheric pressure chemical ionization source with only one, simple, non-

destructive addition to the setup; the addition of a line through which air can be leaked. The 

complex chemistry leading to oxidation is explored and reported in the hope that it provides a 

foundation for further understanding of the complex nature of the interactions between ambient 

plasmas and hydrocarbons.  

After the development of electrospray ionization (ESI), the concept of ambient ionization 

was a sizeable step towards simplifying and making available ionization sources which were not 

only versatile, but cheap2, 44. From desorption electrospray ionization (DESI)45 to paper spray 

ionization44, fast analysis in the open air has become a paradigm of its own in mass spectrometry.  

The observation of unusually fast reactions, first recorded using DESI46, has provoked the 

study of such phenomena46-52 . If reaction rates can be accelerated in a general sense, without the 

need of a specific chemical catalyst, then the synthesis of many important molecules might be done 

in a green and efficient fashion. 

In some cases, the systems typically employed to accelerate reactions, such as thin films53 

and emulsions54, could conceivably be found in the every-day workflow of the synthetic organic 

chemist, rather than in the niche, charged microdroplet environment. In a rotary evaporator, for 

instance, thin films are generated as solvent is removed under reduced pressure. In a separating 

funnel, temporary micro-emulsions are formed which constitute a system similar to that studied 

by Sharpless et al.54. Chapter 5 of this dissertation presents an initial exploration of reaction 

acceleration under such conditions, including the acceleration of the metal-catalyzed Suzuki 

reaction in an emulsion.  
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In summary, this dissertation covers reactions between chemicals in the gas phase, the 

solution phase, and at interfaces to facilitate chemical analysis of difficult substrates and fast 

chemical synthesis at scale. 
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CHAPTER 2. DETERMINATION OF ISOBARIC PEPTIDES 

2.1 Introduction 

Mass spectrometry dominates the field of peptide and protein sequencing, with the 

proteomics field basing its success on the chemical specificity and selectivity of the technique1-3 . 

Isobaric amino acids pose particular analytical challenges to mass spectrometric analysis4. Their 

significance is clear; if protein structure and therefore function is to be understood, then the 

sequence of that protein must be known unambiguously. Isomers in general can confound accurate 

assignment of structure by mass spectrometry, particularly when they do not produce different 

spectral features upon fragmentation.  

Isobaric amino acids don’t only include coding residues such as leucine and isoleucine, but 

also include the precursor and product of one post translational modification; aspartate and 

isoaspartate, which is a non-coding  amino acid. This residue can pose significant problems to 

mass spectrometry; not only is it difficult to determine from its isomer, it is often present only at 

low abundance relative to aspartate. 

In vitro and in vivo isomerization of aspartate (Asp) to isoaspartate (isoAsp) is one of the 

main routes to protein degradation. The spontaneous, post-translational generation of isoAsp poses 

an immediate problem to the development of biopharmaceuticals4-5, where shelf-life and activity 

may be directly affected. In fact, isoAsp generation is one of the most common contributors to 

heterogeneity in protein-based drugs. Factors which promote the generation of isoAsp include pH, 

secondary and tertiary protein structure and method of formulation.  

Methods for the detection of isoAsp vary in complexity. An enzymatic, fluorescence based 

assay has recently been reported by Puri et al.6; it has a significant time requirement. HPLC has 

been used to separate Asp/isoAsp containing peptides; the success of this method largely relies on 
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changes in the secondary structures of medium or large peptides associated with isomerization7. 

Circular dichroism, X-Ray crystallography and nuclear magnetic resonance are primary tools for 

the study of  peptides8-9. Mass spectrometric methods also not uncommon. Specifically, they 

include electron transfer dissociation (ETD), electron capture dissociation (ECD) and 18O labeling. 

ETD10 and ECD yield specific fragment ions for isoAsp, facilitating detection. Methods of 18O 

labeling4 involve the selective enzymatic conversion of isoAsp to the succinimide intermediate, 

followed by hydrolysis with H2
18O. 

Recently, matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has 

been utilized to differentiate beta peptides11. Utilizing in-source decay, a pseudo tandem mass 

spectrometry technique, Yu et al. were able to observe specific reaction and subsequent 

fragmentation of Asp/isoAsp with 1,5-diaminonaphthalene (1,5-DAN)11. This method yielded 

similar fragmentation to that of ETD, but did not require specialized equipment. Issues with 

MALDI include poor signal/noise in the low mass range and poor performance with regard to 

quantitation. High resolution ion mobility has also very recently been documented as a viable 

technique for the determination of aspartate and isoaspartate12. The results from this technique are 

apparently excellent, but the equipment is still not widely available. 

One of the oldest questions in tandem mass spectrometry has been whether an ion undergoes 

a specific rearrangement before dissociation. McLafferty in 1959 reported the best-known version 

of this paradigm with the (subsequently) eponymous McLafferty rearrangement13. That example 

permitted the determination of the structural arrangements of functional groups in particular ions.  

Rearrangements, if non-specific, can also be detrimental13, for example deuterium 

scrambling can convolute isotope dilution experiments or the interpretation of fragmentation 
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pathways. Some of the more important rearrangements arise from fragmentation of intermediates 

known as ion-neutral complexes14. 

This study utilizes typical carboxylic acid coupling reagents, namely carbodiimides, to 

derivatize aspartate/isoaspartate bearing peptides. The discussion will focus on the use of 1-ethyl-

3-(3-dimetylaminopropyl)carbodiimide (EDC). While this reagent is usually used to couple 

carboxylic acids with amines to form amides, it also exhibits by-product formation by 

rearrangement15. The major by-product of EDC-bound peptides (which are acylisoureas, AiUs) is 

N-acylurea (NAU) formed by O–N migration at the carboxylate to which EDC is bound.  

Some groups have studied this rearrangement for synthetic purposes, while others have 

studied it because it interferes with the intended coupling reaction15-24 . In the former case, some 

specific examples exist of the formation of isocyanates and amides as by-products under elevated 

temperatures in the condensed phase23. This reactivity has parallels to the results presented here. 

In any case, Studies of AiU are difficult because it is thought to exist kinetically as a steady-state 

intermediate in reactions in which it participates18. 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was used in this work to label the 

carboxylate group of an aspartate/isoaspartate residue within a peptide backbone. The ionized 

molecule undergoes interconversion through a 1,3-acyl shift in the gas-phase. The AiU to NAU 

conversion is shown to occur at a higher rate for aspartate relative to iso-aspartate, facilitating 

semi-quantitative determination of the ratio of the isomeric residues in otherwise equivalent 

peptides. 
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2.2 Results and Discussion 

2.2.1 Gas-phase Ion Chemistry to Determine isoAspartate in a Peptide Backbone 

Peptides bearing an Asp residue have a very specific arrangement of functional groups 

relative to those bearing the isoAsp residue. IsoAsp is a peptide while Asp is a naturally 

occurring  peptide. This difference changes the chemistry of the residue, particularly with regard 

to the sterics of the system. 

Figure 2.1 shows the CID product ion mass spectra of Ala-Leu-Asp-Gly-Lys (ALDGK) 

and Ala-Leu-isoAsp-Gly-Lys (ALDisoGK), each bound to EDC.  

Detected in the mass spectra is the ratio of isobaric fragments. AiU fragments differently 

to NAU, so even though they are isobaric, the ratio of the fragments can be used to calibrate the 

amount of each species present. The fragmentation pathways are shown in Scheme 2.1. 

Scheme 2.1 Loss of urea from protonated AiU ions and loss of isocyanate from NAU ions. Red 
structures correspond to the isoAsp pathway. Green structures correspond to the Asp pathway. 
Purple structure is the common succinimide fragment. Blue arrows are the preferred reaction 

pathways 
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The two spectra shown in Figure 2.1 are distinctly different; that of the isoAsp containing 

peptide is dominated by the fragment of AiU to give a succinimide product at m/z 485, while the 

spectrum of the Asp containing peptide is dominated by the fragment of NAU to give an amide 

product ion at m/z 587. A less-dominant fragment ion signal corresponds to the loss of 3-

dimethylaminopropylisocyanate (m/z 530), which simply corresponds to the fragment of NAU 

when the N-O migration sequesters the other available nitrogen in the EDC moiety.  

Figure 2.1 Product ion MS/MS spectra due to CID of the protonated peptides (left) Ala-Leu-
isoAsp-Gly-Lys (ALDisoGK) and (right) Ala-Leu-Asp-Gly-Lys (ALDGK) giving characteristic 

fragment ions 1 (m/z 485) and 2 (m/z 587), respectively, the structures of which are shown in 
Scheme 1 

It is possible that the EDC could bind the C-terminal of the peptide, and that it does so 

preferentially for either aspartate or isoaspartate. Fragmentation of the hypothetical AiU resulting 

from C-terminus binding of EDC could in principle produce an ion at m/z 485. This fragment 

would not be diagnostic, as it would not be the result of fragmentation of the isomeric residue, so 

it was necessary to obtain evidence of the structure of the ion which yields that signal. 

The MS3 spectrum of the postulated succinimide fragment ion (m/z 485) was recorded. In 

the full scan (i.e. from the bulk material in solution), a signal corresponding to the dehydrated 

peptide is also present at m/z 485. The MS2 product ion spectrum of the dehydrated peptide in the 
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bulk solution was compared with the MS3 spectrum recorded from the corresponding ion generated 

from the first stage of fragmentation of ALDGK-EDC. These two spectra are shown in Figure 2.2. 

Figure 2.2: MS2 spectrum of the ion corresponding to the mass of dehydrated peptide in the bulk 
ALDGK-EDC solution (left) and MS3 spectrum of the ion corresponding to the mass of 
dehydrated peptide produced by fragmentation of carbodiimide bound ALDGK(right) 

While the spectra are not identical, they share the same signals. In this case, where one of 

the spectra is produced by a second stage of fragmentation, the mismatch in spectral profiles is 

understandable. In all likelihood, these ions have the same structure. To probe the structure of the 

bulk-phase material (and so extrapolate to the structure of the fragment), phenylhydrazine was 

added to the solution. Phenylhydrazine was chosen as a reagent to open the succinimide according 

to Figure 2.3. The product ion mass spectrum of the reacted species was then recorded and 

interpreted. 

The fragment ions at m/z 390 and 392 correspond to structures which contain a bond 

between phenylhydrazine and the carboxylate functional group of aspartate.  

The only way these ions could be produced is via succinimide ring opening with 

phenylhydrazine. The ion at m/z 485 corresponds to ejection of the phenylhydrazine via re-

formation of the succinimide and the ion at m/z 467 corresponds to subsequent fragmentation of 

that species, as do ions at m/z 301 and 283 (see MS2 spectra in Figure 2.2).  
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Figure 2.3 MS2 spectrum of the phenylhydrazine derivatized, dehydrogenated peptide and 
important structures corresponding to the signals 
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The ion at m/z 204 corresponds to Gly-Lys, the two residues at the C-terminus of the 

peptide, which illustrates that phenylhydrazine was is not bound to the C-terminal of the peptide 

ion which produced this fragment. The ion at m/z 447 corresponds to the neutral loss of Lys, which 

is the C-terminal residue, which illustrates the same point.  

The ion at m/z 409 is, in this case, non-diagnostic, as it corresponds to the loss of the N-

terminal Ala-Leu residues from the phenylhydrazine-bound precursor ion, which would not 

exclude the possibility of phenylhydrazine binding to the C-terminus of the peptide.  

Taken together, this evidence demonstrates that at least some portion of the population of 

ions which reacted with phenylhydrazine were the succinimide derived from the aspartate residue. 

The difference in fragmentation ratios of EDC-bound peptides (as in Figure 2.1) can be 

recorded from a range of peptides, the data for which is presented in Table 2.1. Also included is 

data from a range of different carbodiimides, susch as dicyclohexyl- and diisopropyl-.  

There remains the question of how the rearrangement from AiU to NAU takes place. In 

particular, it was necessary to determine whether it was a gas-phase or a solution-phase process 

and to what extent and by what means it could be controlled, and also why there was a difference 

between aspartate and isoaspartate derived AiU.  

Figure 2.4 summarizes the effects of instrumental prarameters on the relative abundance 

of the fragment of AiU to the fragment of NAU. Three different MS operating parameters are used 

to vary the energy deposited in the EDC-bound pentapeptide ions.  

The three parameters are: (i) The simplest and most common way to vary the energy 

deposition in ion trap CID experiments; the amplitude of the ac resonance signal used to excite the 

precursor ions. (ii) The isolation width used in the CID experiment; by decreasing the width of the 

isolation window, one is effectively heating the trapped ion population, a well-known effect. (iii) 
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The injection time (effectively the residence time of the ions before fragmentation); increasing this 

parameter allows the ions to undergo many more collisions and so obtain energy.  

As the CID ac amplitude is increased in the case of the EDC adduct derived from 

ALDisoGK, the AiU fragment (giving m/z 485) is gradually matched in intensity by the NAU 

fragment (giving m/z 587). The same experiment with ALDGK shows that the fragment of NAU 

(m/z 587) is relatively competitive with the fragment of AiU (succinimide ion m/z 485) at any 

energy, i.e. it has appreciable abundance even at low ac amplitude, illustrating its greater 

propensity for rearrangement.  

Figure 2.4 Relative formation of the two fragment ion m/z 485 and m/z 587 with repect to  
energy deposition varied by three instrunment parmeters 1) collison energy (arbitary CID 

energy), 2) isolation widow width, 3) injection time. 

As the isolation width used in the MS/MS experiment is decreased, the ion population is 

expected to obtain more energy, though not enough to fragment, thereby facilitating rearrangement. 

Considering that the Asp containing peptide rearranges very efficiently regardless of the deposition 

of energy deposition, the effect of this parameter on peptides bearing that residue (as opposed to 

isoAsp) is relatively small (Figure 2.4). The effect of isolation width on the EDC-adduct of 
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ALDisoGK is pronounced, illustrating that the deposition of energy into that structure causes 

rearrangement of the ion population from AiU to NAU. 

The result of changing the injection time parallel those of the other two methods; there is 

little effect on the Asp bearing peptide, as it rearranges so efficiently that it needs no 

encouragement, while the effect on isoAsp bearing peptides is profound. The final deposition of a 

large amount of energy into the structure to induce fragmentation facilitates the detection of the 

relative amount of AiU to NAU, which illustrates that the rearrangement takes place on a time 

scale far longer than that of a bond vibration. 

The observation of strong influence of the reported operating parameters demonstrates that 

the rearrangement happens in the gas phase and that it happens on the timescale of the MS 

experiment (milliseconds), otherwise, such strong effects which differentiate Asp from isoAsp 

would not be encountered. 

Mechanistically, there seems to be little to discriminate aspartate from isoaspartate as both 

can rearrange by a 1,3-acyl shift. Silverstein et al. have investigated this process and ruled out the 

production of NAU via a bimolecular reaction15 (where an active carboxylic acid in AiU reacts 

directly with the nitrogen of another molecule of carbodiimide), which is supported in this 

experiment by the fact that it is highly unlikely that there would be effective collisions to generate 

such reactions between positively charged species in the ion trap, where the conversion between 

species can be affected. The apparent answer for the differential rate in the rearrangement of AiUs 

derived from Asp/isoAsp is sterics. Scheme 2.2 illustrates the steric argument. Simply put, there 

should be a higher steric barrier to the formation of NAU in the case of isoAsp, so AiU should be 

a more favorable structure, hence the observation of dominant fragments of AiU and the 

requirement of extra energy deposition to encourage conversion to NAU when isoAsp is present 
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in the peptide. In order to determine the validity of this hypothesis, different carbodiimides with 

different steric demands were used, and the effect recorded. 

Scheme 2.2 Steric hindrance to rearrangement in isoAsp (top) and lack thereof in Asp (bottom) 

Using the peptide system ALDGK, which by virtue of the aspartate residue should in this 

argument favor rearrangement without the requirement of extra energy deposition, and using 

instrumental conditions which provided the least opportunity for rearrangement (large isolation 

window, low injection time), the mass spectra of both EDC and DCC-bound ions were recorded. 

EDC-bound ions produced signals corresponding to the fragmentation of AiU and NAU, i.e. the 

ratio m/z 485 to m/z 587, was recorded. This ratio was about 1:5 (Figure 2.1). When DCC, a more 

sterically demanding carbodiimide, was used, the signal corresponding to the fragmentation of 

AiU was dominant in the mass spectrum; the recorded ratio was 1:0.22 in this case, on the order 

of a 10-fold difference (Table 2.1). 

These results are interpreted as evidence that the more sterically demanding carbodiimide 

rearranges to the NAU less favourably. It should be noted that there was still a significant 

difference between the mass spectra of the DCC adducts of ALDGK and ALDisoGK, with the 
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fragments of the NAU ion in the Asp-bearing species being just under 10x that of the isoAsp-

bearing species (Table 2.1). 

Protonation is the typical route to positively charged ions. It was mechanistically 

interesting to determine if the proton was important to the differences in the kinetics of 

rearrangement. Protons, if properly situated, could promote rearrangement. One way to deal with 

positive ions without the need for protonation is to use the quaternary ammonium species. To do 

this the methiodide form of EDC (MIEDC) was tested and its behavior recorded to determine if a 

proton was necessary in the gas-phase rearrangement mechanism. In this case, the discrimination 

between Asp and isoAsp-bearing peptides was severely diminished. There are two possible 

explanations for this. The increased steric demand of the extra methyl group relative to EDC 

diminished the rearrangement to NAU in both cases or a proton is mechanistically required.  

It is asserted that this experiment reveals the importance of a proton. The experiments with 

DCC show that the steric bulk of the substituents of the carbodiimide does not hinder the 

discriminating power of the method. Use of DCC showed a change in ratio of over an order of 

magnitude in the ion ratios produced from Asp/isoAsp, while with MEIDC, the difference in ion 

ratios was just over 2x. This trend persists for other peptide pairs (Table 2.1). Presumably, the 

proton must be bound close to the reactive site of the AiU moiety, i.e. it is likely to be associated 

with the nitrogen in the carbodiimide structure, which would also facilitate interaction with the 

reactive carbonyl in the 1,3-acyl shift which converts AiU to NAU. 

If that carbonyl does indeed have a proton associated with it, in principle it would serve to 

enhance its lability towards nucleophilic attack; it would promote the formation of the succinimide 

which is the fragment ion associated with AiU. This activation presumably brings the relatively 

unfavourable succinimide formation into a regime where it effectively competes with 
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rearrangement to NAU but computation and further investigation would undoubtedly be required 

to confirm this hypothesis.  

The observed processes, then, can be summarized as follows; AiU ions can rearrange to 

NAU ions quite favorably, with small differences in rate due to steric effects. Protonated AiU ions 

can also expel urea molecules by ring-closure to form a succinimide at a comparable rate to NAU 

formation.  

Scheme 2.3 Protonated ions considered to be important in the observed chemistry 

The question remains; can the method be used for calibration? Figure 2.5 shows a 

calibration plot for the ALD(iso)GK system, the GD(iso)LLLK system and the ID(iso)A system. 

The percentage of isoaspartate to aspartate is calibrated in these plots. 

The calibration illustrates that this method has strong semi-quantitative potential. In each 

case, the linearity of the plots is good but there are obvious deviations. These deviations are likely 

to be due to the fact that the system under study is highly dynamic, so changes in the atmosphere 

or in the timing of the experiment on the millisecond timescale (once the ions are born) can affect 

the result. 
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Table 2.1 shows the ratios of discriminating ions in the CID product ion mass spectra of 

peptides bound to different diimides (small peptides have different discriminating fragmentation 

pathways). The data shows that in all cases studied, the production of fragments of NAU is always 

preferred in the case of peptides bearing an aspartate residue, while fragments of AiU are preferred 

for isoaspartate bearing peptides. 
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Figure 2.5 Calibration of ALD(iso)GK (top) ID(iso)A (middle) and GD(iso)LLLK (bottom) 
based on characteristic fragment ion ratio in MS/MS  



 

 

 

   

 

26 

Table 2.1 Ratio of fragment ions (iAU fragment/NAU fragment) for various peptide-diimide 
pairs 

Peptide EDC DCC DIC MEIDC 

DL  0:1  - - -

DisoL 1:0 - - -

LDA 1:1000 1:5 1:0.2 1:20 

LDisoA 1:5.88 1:0.1 1:0.01 1:100 

ALDGK 1:5 1:0.22 1:3.7 1:0.15 

ALDisoGK 1:0.5 1:0.03 1:0.43 1:0.35 

ALDEK 1:4.0 1:4.9 1:25.5 1:32.6 

ALDisoEK 1:2.2 1:1 1:20 1:32.9 

ADLGK 1:6.6 1:4.0 1:19 1:49 

ADisoLGK 1:1.7 1:0.28 1:1 1:26 

ALDGE 1:4.9 1:1.41 1:0.29 1:131 

ALDisoGE 1:0.78 1:1.17 1:0.04 1:4 

GLDLLK 1:2.3 1:19 1:30 1:96 

GLDisoLLLK 1:0.39 1:3.3 1:4 1:26 

GDLLLK 1:1.1 1:0.4 1:0.13 1:0.05 

GDisoLLLK 1:0.2 1:0.3 1:2.1 1:0.4 

There are limitations to the presented method. Due to the nature of the adduct of interest 

(it exists in low abundance), solutions of high concentration are required. Due to the fact that this 

method is geared towards the analysis of peptide maps, sample handling and preparation is 

controllable and so this should be taken into account during sample handling procedures. 
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A second limitation is the requirement of very strictly controlled ion source parameters for 

good calibration. Since this system is dynamic and is based on kinetics on the time scale of the MS 

experiment, there is low tolerance for variance of the MS parameters or ion source setup.  

One further limitation is that of a limit on the length of the peptide that can be analyzed; 

while the definitive length has not been established, it has been observed that the method fails for 

a pentadecapeptide. This may be explained simply by the fact that the steric reasons for the 

differences in the rates of conversion of AiU to NAU are overwhelmed when the peptide chain is 

too long. 

2.2.2 Gas-phase Ion Chemistry to determine isoAspartate at the Peptide N-terminus 

Before mass spectrometry became the primary tool for peptide sequencing, the Edman 

degradation was the method of choice25. The Edman degradation exploits a reaction between the 

N-terminal residue in a peptide chain and phenylisothiocyanate, which induces cyclization and 

cleavage of that single residue to yield a phenylthiohydantoin analogue (Scheme 2.4), which is 

detectable by fluorimetry. 

The selective addition of phenylisothiocyanate (PITC) to the N-terminus of the peptide and 

subsequent cyclization which utilizes the carbonyl function of the same residue is the process 

which facilitates Edman sequencing. It is apparent that the natural arrangement of functional 

groups in the peptide backbone facilitates this reaction. It was hypothesized that if this arrangement 

were to be disturbed, i.e. if the peptide were a  peptide, the cyclization chemistry would occur 

with either far lower efficiency or not at all. It was also hypothesized that the reaction to produce 

the cleaved, cyclized species would proceed in the gas phase for  amino acid residues.  
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Scheme 2.4 Mechanism of the Edman degradation 

To test these hypotheses, the Edman reagent needed to be adapted to facilitate mass 

spectrometric analysis. To increase the ionization efficiency of the adduct, PITC was switched for 

its pyridine analogue, pyridylisothiocyanate (PyITC). The aromatic heteroatom in this species 

facilitates ionization in the positive ion mode. 

The isobaric adduct of each dipeptide with PydITC was ionized by nanoelectrospray 

ionization. The precursor ion was isolated and fragmented and the collision induced dissociation 

product ion mass spectrum was recorded (Figure 2.6). 

The difference between the spectra is the additional peak in the case of the PyITC-DL adduct. 

This peak corresponds to a cleaved D residue from the dipeptide. Deposition of energy into the ion 

corresponding to the adduct of PyITC-DisoL did not affect the same cleavage reaction, instead, it 

cleaved across a C-N thiourea bond to yield the dominant ion at m/z 247, which is the protonated 

dipeptide (Scheme 2.5). 
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Figure 2.6 CID product ion mass spectra of the PyITC adduct of DL (left) and DisoL (right) 

Scheme 2.5 PyITC was mixed at stoichiometric equivalence with DL or DisoL in a 1:1 
methanol:water solution and subsequently analyzed by nanoelectrospray ionization. CID yielded 

the ions shown 

The rationale for this is that in isoaspartae, a   peptide, the arrangement of functional 

groups does not facilitate Edman chemistry, so residue cleavage does not occur in the gas phase 
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(and likely not in the solution phase either). This constitutes a quick and easy test for N-terminal 

isoAspartate. 

2.3 Experimental 

EDC, MIEDC, DCC, phenylisothiocyanate and pyridylisothiocyanate were acquired from 

Sigma Aldrich and used as received. Ethanol was acquired from Makron fine chemicals LTD.. The 

peptide samples were purchased from Anaspec Inc. (Fremont, CA) and used as received. 

Nanoelectrospray emitters were prepared using a micropipette tip puller (Sutter instruments, 

Novato, CA). Analysis was conducted on a standard linear ion trap (LTQ, Thermo Scientific, San 

Jose CA) or an Orbitrap (LTQ-Orbitrap XL, Thermo Scientific, San Jose, CA) instrument. 

2.3.1 General Method to Prepare and Analyze Peptide-Carbodiimide Conjugates 

A stock solution of carbodiimide was prepared in (10 mM in 1:1 EtOH:H2O). A sample of 

the peptide was prepared (1 mM in 1:1 EtOH:H2O). Standard solutions for analysis by 

nanoelectrospray were prepared which contained both the peptide (500 M, 1 eq.) and the 

carbodiimide (1 mM, 2 eq.). Analysis was conducted by loading a 10 L sample into a 

nanoelectrospray emitter and then applying a potential of 1.5 kV.  

The instrumental parameters for standard CID analysis were as follows: Capillary Voltage; 

15 V, Tube Lens; 65 V, Capillary temperature; 150 °C, Maximum ion injection time; 10 ms, 

isolation width; 5 units, collision energy; 25 arb. It should be noted that these conditions are not 

necessarily suitable for every case/every instrument. The parameters with the most influence on 

the mass spectrum are ion injection time and ion isolation width. 
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2.3.2 General Method to Prepare and Analyze Peptide-PyITC Conjugates 

A stock solution of PyITC (10 mM in ethanol) and peptide (10 mM in 1:1 ethanol:water) 

were prepared. 500 L of each solution were combined in an Eppendorf tube and mixed using a 

vortex mixed for 10 seconds. The resulting solution was analyzed by nanoelectrospray ionization. 
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CHAPTER 3. MOLECULAR LABELS FOR NANOPARTICLE 
DETECTION 

3.1 Introduction 

The use of antibody-bound nanoparticles (NPs) in immunochemical labelling methods for 

the detection of biological materials is relatively common1-3. In-vitro spectroscopic techniques 

have been used to detect nanoparticles on proteins, for instance4. In other work, inductively 

coupled plasma - mass spectrometry (ICP-MS) and laser ablation has been used to detect heavy 

metal atoms incorporated into tissues via staining procedures5-6 . Such atoms (and their respective 

isotopic distributions) constitute highly specific mass labels7-8 . Coinage metal NPs that were 

immunochemically linked to biological analytes have also been analyzed in a similar manner9. 

Cancer cells might be labelled with nanoparticles bound to specific antibodies which could 

facilitate the detection of circulating tumor cells1. Overall, the detection of biomaterials with 

methods such as these transposes itself from the detection of a complex biomaterial (bacterium, 

cell, protein etc.) to the detection of NPs. The rapid and specific detection of NPs in general, then, 

is a desirable goal. 

Sometimes, an analyte to which a nanoparticulate label is bound is “rare”. A rare cell can be 

biologically relevant at a level of 10 in 10 mL of whole blood10, for instance. Surface 

functionalization of nanoparticles is common and provides hundreds of thousands1, 11 of chemical 

sites to which molecules can be bound. Utilizing this fact, one nanoparticle bound to one analyte 

could be engineered to yield hundreds of thousands of molecules for detection, effectively 

providing a basis for chemical “amplification”, which is already utilized in spectroscopy to a 

greater extent12. 
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Compounds bearing a permanent charge (ammonium salts, for instance) have exceptional 

ionization efficiencies under spray based ionization conditions13. The use of quaternary amines (or 

other pre-charged compounds) as labels to improve ionization efficiency has precedent from the 

1980’s14. In the work of Busch et al.15 amines were quaternized for analysis by SIMS. Similar 

work from the same decade utilized the Katritzky reaction to form pyridinium ions in the gas 

phase16. In 2007, Li et al. utilized the reaction between hydroxyl groups and betaine aldehyde to 

label diacylglycerols with a quaternary ammonium moiety for analysis by electrospray ionization 

(ESI)17. The work of Bachor et al.18 and, separately, Kiderll et al.19, documented peptides which 

were modified with tetraalkylammonium salts to improve their ionization efficiency. 

Pre-charged molecules, in principle, could be designed to reversibly bind a nanoparticle. The 

molecules could be tailored serve as reporters for nanoparticles if they could be released under 

specific, pre-determined conditions. The major concept of this chapter is that with a particular set 

of labelled nanoparticles, an assay may be logically designed to utilize ideal analytes for mass 

spectrometry. This is a benefit rarely encountered in analytical chemistry.  

Detailed here is the development of imidazolium salts which are pre-charged and therefore 

easy to detect by mass spectrometry. They are easy and cheap to synthesize and they bear an 

aldehyde residue which can be utilized in linkages which are cleavable by hydrolysis. 

Due to the simple, two-step synthesis of the mass labels, it is straightforward to generate a 

range of compounds for the purpose of multiplexed analysis and/or internal standard generation. 

This highlights one of the main advantages of a mass spectrometric assay as opposed to a 

fluorimetric assay; labels can be designed to appear at unique m/z ratios across a range on the order 

of hundreds, while fluorescence is inherently limited by the emission bandwidth of fluorophores 
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to tens of signals20. A second advantage of mass spectrometry is its speed. An MS analysis can 

take seconds whereas analysis of rare biological materials by fluorescence may take longer21-24 . 

The combination of the specific chemistry of the reported imidazolium mass labels, the 

simple chemical release process and the sensitivity and efficiency of mass spectrometry (MS) 

together have the potential to yield a highly specific and rapid assay. 

3.2 Results and Discussion 

3.2.1 Synthesis of the Mass Labels and Evaluation of Binding to Amines and Diols 

The mass labels were synthesized according to Scheme 3.1. The synthesis is simple, cheap 

and fast. Salicylaldehyde is reacted with paraformaldehyde in concentrated hydrochloric acid to 

generate chloromethylsalicylaldehyde (1), which is subsequently reacted with an N-alkylimidazole 

to generate the mass label. 

Scheme 3.1 General synthesis of mass labels 

The mass labels were designed to fragment readily and yield only one or a few dominant 

product ions. The fragmentation of each of the mass labels reported here occurs via two analogous 

pathways. The CID product ion mass spectra of three of the mass labels are given in Figure 3.1. 
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As illustrated, the fragmentation is essentially a competitive two-channel process. This is 

advantageous for two reasons: it simplifies the spectrum and it preserves the intensity of the signals 

overall as the charge is only split two ways and the ratio of the two signals is characteristic of the 

mass label under fixed MS/MS conditions. 

Figure 3.1 MS/MS product ion spectra of three of the imidazolium mass labels 

The labels were originally designed to form stable imine bonds with propylamine. The 

nanoparticles utilized in this work were propylamine functionalized and commercially available. 

The mass spectra of the methylimidazolium mass label (Scheme 3.1) bound to and then released 

from propylamine are given in Figure 3.2.  
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Figure 3.2 The mass label conjugated to propylamine (m/z 258) analyzed from methanol (left); 
The mass label released (m/z 217) from the propylamine conjugate imine analyzed from 

methanol:water, 1% formic acid (right) 

Figure 3.3 Hydrolysis of the propylamine conjugate imine over time in 1:1 PBS:methanol 

Imine bonds are suitable for linkage under anhydrous conditions and the imine bond 

formed between these mass labels and an amine is a particularly stable one due to the proximal 

hydroxyl group (Figure 3.3), but the hydrolysis of the label in 1:1 aqueous buffer and methanol is 

still quite fast. For that reason, it would be an unsuitable linkage to use if this work were to be 

developed for biological purposes, where aqueous buffers are ubiquitous. 
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An acetal linkage was chosen as the ideal candidate for binding of the mass label to the 

propylamine functionalized SiNPs due to its greater stability towards hydrolysis. In order to 

conjugate the mass label to the propylamine functionalized NPs, chemical modification was 

necessary. 

To develop the chemistry, free propylamine was used as a model for the nanoparticles. It 

was reacted with -hydroxy--butyrolactone (Scheme 3.2) (a modification of literature procedure25) 

to generate an amide with a 1,2-diol structure (Scheme 3.2; 5). The reaction proceeded with neat 

reagents quantitatively and so was adopted as the method of choice for nanoparticle derivatization. 

Scheme 3.2 Reaction between either propylamine or propylamine-functionalized silica 
nanoparticles and -hydroxy--butyrolactone to produce the diol functionality required for 
acetal-based conjugation to the mass label. The first reaction proceeds with neat materials. 

(TIPOF = triisopropylorthoformate) 

3.2.2 Loading and Release of the Mass Label from the Model Diol 

The product, 3, 4-dihydroxy-N-propylbutyramide (Scheme 3.2, 5), served as a solution-

phase model diol for the nanoparticles participating in an acetal linkage. The acetalization reaction 

appeared to proceed with only 13% efficiency to produce the bound mass label (Scheme 3.2). 
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Figure 3.4 Top – Left top – full scan mass spectrum of solution with bound mass label; Left 
bottom – CID product ion mass spectrum of bound mass label; Right top – full scan mass 

spectrum of solution after release of mass label; Right bottom – CID product ion mass spectrum 
showing depletion of bound mass label 

The approximation of the yield of the acetalization reaction of the methylimidazolium mass 

label with 3,4-dihydroxy-N-propylbutyramide was done by comparing the relative intensities of 

the signal related to the product of the reaction to the signal corresponding to the starting material. 

No internal standard was used in the traditional sense. 

In order for this approximation to be valid, the ionization efficiency of both species must 

essentially be the same. A second necessary assumption is that there is no competitive reaction or 

degradation of the starting material. Due to the nature of the ions (imidazolium), it is assumed that 

they do have essentially the same ionization efficiencies. Due to the nature of the reaction (the lack 

of harsh conditions), it is assumed that no degradation occurs and competitive reaction of the 
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starting material via some other pathway is unlikely so the ratio of the signals in the mass spectrum 

should provide a reasonable (but not perfect) approximation of reaction yield. 

The reason that the experiment was conducted in this manner was due to the difficulty of 

isolation of either the product or starting material from DMSO, which was the solvent in which 

the reaction was conducted. This problem is negated in the case(s) where nanoparticles are 

involved in the reaction because the product (derivitized Silica NPs, SiNPs) is isolated by 

centrifugation. 

It was found that the rapid release of the acetal could be accomplished by hydrolysis in 4:1 

MeOH:H2O with a 1% spike of trifluoroacetic acid (TFA), this solution is termed the release 

solution hereafter. The spectrum of the conjugated material after exposure to the release solution 

is given in Figure 3.4.  

Figure 3.4 also compares CID data obtained from the ions at m/z 360, which corresponded 

to the bound mass label, both before and after exposure to the release solution. The intensity of the 

product ion MS/MS spectrum of the conjugated material dropped by nearly three orders of 

magnitude after exposure to the release solution and the ratios of the fragment ions changed 

significantly when compared to the same spectrum obtained from the bound material. This 

suggests that the bound material is essentially absent from the spectrum after exposure of the 

conjugate to the release solution. Changes in the background ions in the full scan mass spectrum 

were expected as the solvent system was changed: the bound material was ionized from anhydrous 

methanol, whereas the released material was analyzed from the release solution.  

The ability to store conjugated NPs is important. The ability to expose the NPs to a buffered 

solution without the release of the mass label is also important. An investigation into the stability 

of the mass label bound to the model diol (Scheme 3.2, 5) was conducted. The study consisted of 
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a temporally resolved experiment conducted over the course of 20 minutes, as this is conceivably 

the length of time that the nanoparticles would be exposed to buffer solution during an assay. 

Briefly, a solution of the bound mass label (Scheme 2, 2b) was analyzed from a solution of 1:1 

methanol:PBS at 1.5 minute intervals. The ratio of the ions representing the free and bound mass 

labels were compared and the stability was excellent (Figure 3.5). 

A second experiment was carried out using ethylene glycol as the second reagent for 

acatalization to test the general stability of the linkage and validate the first result. It was found 

that the stability of this conjugate was also excellent in buffered solution at 2 oC over the course 

of one week. 

This data is shown in Figure 3.5 as the change in the ratio of the signals for the conjugated 

and un-conjugated mass label over time in the full scan mass spectrum. Based on this dataset, 

hydrolysis of the mass label was very limited, suggesting that the acetal linkage was indeed 

suitably stable under buffered aqueous conditions. 

A change of 10 % in the ratio of free/bound mass label in Figure 3.5 would correspond to 

a 5% release of mass label because the signal for the free mass label increases linearly with the 

decrease in the signal of the bound material. 



 

 

 

 

 

  

  

 

 

 

 

   

   

  

 

" 
."l ,-........ 
:;: •--.....---- · . ' .. o• :::; 

§ 
,. 

0 , .. 
cc 

! " 
E 

10 " ,0 " ,g 
;. 

r.11.e(mm) 

C 

~ l.l 

"' :::; 
'o 0, 
0 -~ ,. 
"" .,, 
.!I .... 
~ O.J 

6 II z 
10 " ,0 I d:VI I Tltnf(lflin)I 

43 

Figure 3.5 Plots of the change in the ratio of the signals corresponding to the acetylated and free 
mass label where the acetal was formed between 3, 4-dihydroxy-N-propylbutyramide (top) and 
ethylene glycol (bottom). Triangle = after storage for 7 days at 2oC in 1:1 MeOH:PBS buffer. 

3.2.3 Loading and Release of the Mass Label from Diol Functionalized SiNPs 

Diol functionalized silica nanoparticles were prepared from propyliamine functionalized 

silica nanoparticles by exposure to -hydroxy--butyrrolactone (Scheme 3.2, 6). The diol 

functionalized NPs were loaded with mass label as described in the experimental section. With the 

observed efficiency of conjugation of the model system (13 %) in mind, diol modified NPs were 

exposed to a vast excess of the mass label during conjugation. This demand is economically viable 

considering the low cost of the mass label synthesis. 

Cleaning of the NPs before releasing the mass labels was not fully efficient. Some signal 

from the free mass label was obtained from the supernatant of the final wash. The stability studies 

reported here (Figure 3.5), suggest that dissociation of the conjugate in the presence of methanol 

is unlikely. The signal at m/z 217 (and the relevant fragment ions in the CID spectrum) was almost 

negligible compared to the signal intensity obtained from the mass label after it was released from 

the nanoparticles, which was just over two orders of magnitude greater (Figure 3.3) The release 
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solution is also ideal for spray based ionization methods and it was the solvent of choice for the 

quantitative studies conducted in this work. 

It was found that the concentration of the mass label upon release into the release solution 

was 2x10-4 M via the calibration curve (Figure 3.3). The total mass of nanoparticles that 

contributed to the release of the material was less than the initially weighed amount because some 

mass was inevitably lost during the washing steps. The mass of the nanoparticles was 3 mg 

(measured as 3.3 mg on a scale with uncertainty on the .1 mg regime) This was established after 

washing the remaining nanoparticles with acetone and allowing them to dry in the open air 

whereupon they were weighed. It is possible that there was a small amount of excess water weight 

in the measurement. 

With these numbers, the loading efficiency of the mass label was estimated. According to 

Lu26, the concentration of amines present on the surface of nanoparticles of average diameter of 

183 nm is 0.32 mmol/g. The number of free amines present in 3 mg (5.78x1017) was calculated by 

multiplying the moles of amine on 3 mg of NPs by Avogadro’s number. 

A background of 2x10-6 M mass label was found in the final aliquot of methanol used to 

wash the nanoparticles (before release, see Figure 3.3. This number was considered to be the 

background contribution to the measured concentration. Taking this into account, the 

concentration of released mass label was 2.2x10-4 M (triangle, Figure 3.3). This corresponded to 

1.3x1017 molecules released into the solution, implying an overall efficiency (i.e. overall efficiency 

of conjugation and release) of 23%. 

The mass label was released into a relatively large volume of solution; far greater than that 

needed for analysis by mass spectrometry. Using a small volume of solution to release the mass 

label would inevitably lead to a higher concentration of mass label in that solution and therefore 
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stronger signal in the mass spectrum. The important aspect of this is the fact that the mass label 

could be detected from a lower absolute amount of material. Figure 3.3 shows the quantitative data 

obtained from the release of the mass label from the nanoparticles. 

The calibration curve was generated from product ion MS/MS spectra with the 

methylimidazolium (Scheme 3.1, 2) mass label as the analyte using the pyridinium analogue 

(pyridinium instead of methylimidazolium) as an internal standard. The major fragment from each 

ion was m/z 83 (protonated methylimidazole) and m/z 80 (protonated pyridine), respectively. The 

ratio of the integrated intensity of these two signals over 0.2 minutes was used to generate the data 

points for the calibration curve shown in Figure 3.3. An illustrative mass spectrum recorded using 

the internal standard is also given in Figure 3.3. Each data point is the average of three replicates. 

The maximum RSD was 11% and the minimum was 0.9%. The average RSD was 6.5%.  
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Figure 3.6 Concentration of the mass label released into the release solution using a calibration 
curve. The sample (triangle) was diluted by four orders of magnitude prior to measurement. The 
supernatant from the final wash before release (square) was also analyzed after a dilution of two 

orders of magnitude prior to measurement. The mass spectrum of the standard at an analyte 
concentration of 5x10-8 M is also shown 

It was important to establish the limit of detection for the mass label. The experiment was 

carried out according to the general procedure described in the experimental section and the mass 

label was ionized with excellent efficiency, facilitating its detection at a concentration of 1 nM 

(the signal to noise ratio in the MS2 product ion mass spectrum at this concentration was 3.01).  
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3.3 Experimental 

3.3.1 Instrument Parameters and Materials 

Unit resolution mass spectra reported here were recorded on a bench-top linear ion trap 

mass spectrometer (LTQ, Thermo Scientific, San Jose, CA) and high-resolution mass spectra were 

recorded on an LTQ Orbitrap XL (Thermo Scientific). The high resolution MS data is in the 

Supplementary Information. Collision-induced dissociation (CID) product ion mass spectra were 

collected typically using the following parameters: spray voltage; 1.5 kV, capillary voltage; 15 V, 

tube lens voltage; 65 V, parent ion isolation width; 1.5 Th, fragmentation energy; 20 arb., active 

Q (well depth); 0.25 arb., ion injection time 150 ms.  

Methanol, dichloromethane, pyridine and N, N-dimethylformamide were purchased from 

Macron Fine Chemicals (Center Valley, PA). Propylamine functionalized silica nanoparticles and 

paraformaldehyde were acquired from Sigma Aldrich (St. Louis, MO). -hydroxy--butyrolactone, 

triisopropyl orthoformate, p-toluenesulphonic acid monohydrate, N-(n-butyl)imidazole and N-(p-

methoxyphenyl)imidazole were acquired from Alfa Aesar (Heysham, Lancashire, UK). N-

methylimidazole was acquired from TCI Chemicals (USA). All chemicals were used as received.  

3.3.2 General Procedure for the Synthesis of Mass Labels 

Paraformaldehyde (0.8 g) was dissolved in 12 M HCl (5 ml). Salicylaldehyde (0.7 g) was 

added dropwise over the course of 10 mins. The solution first adopted a yellow tint whereafter it 

lost its color. The reacting solution was left to stir overnight (ca. 12 h), during which time a white 

precipitate formed. Chloromethyl salicylaldehyde was collected as a white precipitate by filtration 

under gravity and washed with de-ionized water (3 x 20 ml). The typical yield was 80%. The 

product was used in the next step without further purification. 
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Chloromethyl salicylaldehyde (0.5 g, 1 eq.) was dissolved into dichloromethane and N-

methylimidazole (0.37 g, 1.5 eq.) was added dropwise. The product of the reaction from 

methylimidazole (Scheme 1, 2) was precipitated as an off-white salt and was washed multiple 

times with dichloromethane to remove residual imidazole. The product of the reaction with n-

butylimidazole (Scheme 1, 3) was isolated as a viscous yellow ionic liquid after removal of the 

solvent under vacuum. The reaction proceeded essentially quantitatively (>98% yield) in all cases. 

The above synthesis has literature precedent27-28. Step two of this general two-step procedure was 

adapted such that different N-alkyl imidazoles were introduced to the reaction vessel, thus 

generating different mass labels. These variants include the N-(p-methoxyphenyl) and N-(n-butyl) 

analogs of the imidazolium label (see Supplemental Information). In one case, pyridine was added 

instead of an imidazole analog. In the case of the N-(n-butyl)Imidazolium analogue of the mass 

label, the product was an oil. Because of this the procedure was adapted slightly, such that N-(n-

butyl)imidazole was added to chloromethylsalicylaldehyde at stoichiometric equivalence. It was 

against the pyridinium mass label that the limit of detection (LOD) study (see below) was 

conducted. 

3.3.3 General Procedure for the Determination of the LOD of a Typical Mass Label 

The methylimidazolium mass label was prepared in 5-fold serial dilutions over the range 

1E-9M to 1E-7M. The internal standard (the pyridinium analog of the mass label) was spiked into 

each standard at a concentration of 1E-8M. Both of the parent ions (m/z 214 and 217) were isolated 

in a single isolation event and fragmented simultaneously, yielding one signal corresponding to 

fragmentation of the analyte (m/z 83) and one signal corresponding to fragmentation of the internal 

standard (m/z 80). The ratio of these two signals was used to calibrate the method. 
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3.3.4 Synthesis of 3, 4-dihydroxy-N-propylbutyrolactone (5) 

Synthesis of free 3, 4-dihydroxy-N-propylbutyramide was carried out by mixing -

hydroxy--butyrolactone with propylamine in equimolar quantities, neat. The reaction proceeded 

quantitatively with a strong exotherm to produce an orange semi-solid wax. Characterizsation data 

can be found in the Supporting Information.  

3.3.5 General Procedure for the Acetalization of Mass Labels with 3, 4-dihydroxy-N-
propylbutyrolactone (Scheme 2; 2b, 3b, 4b) 

The mass label (0.3 g, 1 eq.) was weighed into a round bottomed flask.  N, N-

dimethylformamide (10 ml) was added. 3, 4-dihydroxy-N-propylbutyrolactone (0.12 g, 1.2 eq.) 

was added to the flask with stirring along with a catalytic amount of p-toluenesulphonic acid and 

triisopropylorthoformate (1 eq.). The reaction was left to stir for 2 hours. Typical yields were 11-

15% as suggested by the mass spectrum obtained from the crude reaction mixture and the relative 

intensities of the free and acetalated mass label (see Supplemental Information for further 

discussion). 

3.3.6 General Procedure for the Derivatization of Propylamine Functionalized Silica 
Nanoparticles to give 3, 4-dihydroxy-N-propylbutyramide Functionalized Silica 
Nanoparticles (Scheme 2; 6) 

Propylamine functionalized silica NPs (1-3 mg) were weighed into an Eppendorf tube. The 

NPs were covered with neat -hydroxy--butyrolactone and the suspension was agitated and left 

to react for 3 hours. The suspension was diluted with methanol and centrifuged whereupon the 

supernatant was removed. The particles were re-suspended and this washing procedure was 

repeated three times.  



 

   

  

 

   

  

 

 

 

 

     

 

   

50 

3.3.7 General Procedure for the Conjugation of the Mass Label to a Functionalized NP via an 
Acetal Linkage (Scheme 2; 2c, 3c, 4c) 

A saturated solution of the mass label (ca. 15 mg/mL) in N, N-dimethylformamide was 

prepared. The saturated solution (1 ml) was added to diol modified propylamine functionalized 

silica nanoparticles (Scheme 2; 6, 1-3 mg) in an Eppendorf tube. A catalytic amount of p-

toluenesulphonic acid was added along with two drops of triisopropyl orthoformate from a Pasteur 

pipette. The system was agitated frequently for one hour whereupon the suspension was left to 

react overnight. The suspension was subsequently separated via centrifugation, the supernatant 

was discarded and a fresh portion of N, N-dimethylformamide (1 mL) was added to the tube. The 

particles were re-suspended and centrifuged again. The nanoparticles were washed in this manner 

twice more with N, N-dimethylformamide and three subsequent times with anhydrous methanol 

in order to remove as much of the un-bound mass label as possible. 

3.3.8 General Procedure for the Release of the Mass Label from the Acetal Linkage and 
Quantitation of Release Efficiency 

In order to release and quantitate the mass label from the nanoparticles, the particles on of 

were suspended in 1 ml of a solution of 4:1 methanol:water with a 1% trifluoroacetic acid spike. 

After 1 minute, the suspension was separated by centrifugation whereupon a 1 l aliquot of the 

supernatant was diluted into 999 l of 4:1 methanol:water with a 0.1% formic acid spike. This 

sample was diluted by one further order of magnitude (total 4 orders of magnitude dilution) and 

the internal standard was spiked into the final solution. The solution was analyzed by nano-

electrospray ionization. 
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3.4 Further Work 

The amine functionalization of the nanoparticles studied herein lends itself to biochemical 

transformation. Immunochemical binding to amines is trivial and many commercialized kits for 

amine binding to proteins are available. The chemistry here was originally developed to report on 

isolated biological systems, such as circulating tumor cells which have been isolated.  

By modifying the chemistry slightly, such as by using mercaptoaniline as a reagent for 

modification with beta-hydroxy-gamma-butyrolactone or use as an amine binding partner for  

imine linkage, coinage metal nanoparticles may be labelled and analyzed by the reporter labels 

detailed herein. Conjugation of the mass label to mercaptoaniline and release from that substrate 

is demonstrated by mass spectrometry in Figure 3.6. This unproven concept could lead to 

interesting developments in the field of nanomaterial detection by mass spectrometry if 

implemented with care. 

The electron density of mercaptoaniline also improves the stability profile of the conjugate 

imine between it and the mass label (Figure 3.7) ,which is evidenced by the hydrolysis profile over 

time in buffered aqueous solution (compare to Figure 3.3) 

Figure 3.7 The mass label conjugated to mercaptoaniline (m/z 324), analyzed from neat 
methanol (top), The mass label released (m/z 217) from the mercaptoanilinie conjugate imine as 
well as the resulting methanol hemi-acetal (m/z 249) analyzed from methanol:water, 1% formic 

acid (bottom) 
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Figure 3.8 Hydrolysis of the mercaptoaniline conjugate imine over time in 1:1 PBS:methanol 
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CHAPTER 4. SELECTIVE DERIVATIZATION OF HYDROCARBONS 
WITH NITROGEN OR OXYGEN IN AN AMBIENT PLASMA 

4.1 Introduction 

The analysis of hydrocarbon samples persists as a significant challenge in mass spectrometry. 

Many inventive methods have been demonstrated for this purpose, including chemical 

transformations and new types of ionization. Electrospray ionization (ESI) was reported by Zhan 

and Fenn to be of potential importance to the analysis of petrochemiclas and it is indeed excellent 

for the analysis of suitably polar components1. Electron ionization (EI) has also proven to be useful 

but it doesn’t cleanly produce molecular ions at the energies typically utilized (70 eV), so some 

researchers have studied low-energy2-3 or low temperature EI4. Charge exchange under low energy 

EI conditions (essentially a form of chemical ionization) has also been investigated5. 

Softer ionization methods, such as field ionization (FI) and, more recently, atmospheric 

pressure chemical ionization (APCI) have been explored in some detail for the purpose of ionizing 

hydrocarbons6. Field ionization has been a staple of hydrocarbon analysis for many years6-7 . 

“Typical” signals seen for hydrocarbons under the conditions of atmospheric pressure plasmas 

include the products of hydride abstraction ([M-H]+), electron abstraction (M+.) or adducts 

(M+NO)+, though variants of APCI (specifically, atmospheric pressure solids analysis probe, or 

ASAP), have also produced data which demonstrates that hydrocarbons can undergo chemical 

transformation to produce ions in atmospheric pressure plasmas8. 

Chemical transformation of hydrocarbons in the gas-phase with metal species9 or adduction 

of metal cations to hydrocarbons10 has been recognized as a particularly effective contribution 

which requires specialized equipment, but the fact remains that it is difficult to derivatize saturated 

hydrocarbons; both C-H and C-C bonds are not easy targets for chemical reaction11-12 . 
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Nitrogen fixation has previously been demonstrated as an effective way to conduct 

hydrocarbon analysis8, 13-14. It has been shown to work on non-standard (albeit simple) ion sources 

in an academic laboratory. Oxygen fixation (oxidation) of hydrocarbons has been reported in the 

presence of catalysts, again on non-standard instrumentation15, or under conditions of desorption 

electrospray ionization (DESI) when operated under unusual conditions which produced a 

discharge16. Oxidation of hydrocarbons as a mode of ionization hasn’t been reported under the 

conditions of standard APCI. 

Other forms of heteroatom fixation include oxygen fixation (rather than simple oxidation). 

Notably, Badal et al. recently demonstrated the insertion of oxygen into benzene17, which induced 

the ejection of a CH unit to form pyrilium. This chemistry was shown to occur under conditions 

of a helium:oxygen flowing atmospheric pressure afterglow (FAPA), which is a DC plasma.  

This work reports the use of a commercially available ion source to reproducibly and 

selectively incorporate nitrogen or oxygen into a saturated hydrocarbon sample, thereby efficiently 

ionizing the material. No sample preparation or catalyst is required and the experiment is 

conducted with standard instrumentation. The switch between the incorporation of oxygen or 

nitrogen is affected by simply changing the corona current of the APCI source at a constant 

supplementary flow of air into the ionization region, or changing the flow of air leaked into the 

ionization region while keeping the corona current constant.  

4.2 Results and Discussion 

4.2.1 Oxidation of Hydrocarbons for Analysis 

The ability to switch between derivatization products, simply by switching the parameters 

of an ion source, is desirable and useful; the acquisition of data for both derivatives serves as a 
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complimentary set of data, which would arguably bolster the assignment of a molecular formula. 

Also, the ability to either oxidize saturated hydrocarbons or not highlights the very different 

chemical environments that can be generated in the APGC ion source depending on corona current 

and/or gas composition. Furthermore, the oxidation and dehydrogenation of hydrocarbons to 

ketones without a catalyst is remarkable.  

HV 

Inlet APC I Ana lyt e 
fr om GC 

100 M Silic a line 
Ai r (ox yge n) 

15 00C 

N2 from 
c yl inder 

Figure 4.1 Illustration of the ion source fitted with a silica air line 

Air was leaked into an otherwise sealed ion source via a fused silica capillary; the setup is 

illustrated in Figure 4.1. The flow of air can be approximated using Equation 4.1; the Hagen-

Poiseuille equation. In this approximation, D is the diameter of the capillary in meters, P is the 

pressure drop across the capillary in pascals,  is the dynamic viscosity of air in Pascal seconds 

and x is the length of the silica line. Laminar flow is assumed and the value of the dynamic 

viscosity of air at room temperature is used, so the calculated value of the flow rate through the 

capillary is rough. The pressure in the source has been determined internally at Waters to be about 

94% of ambient pressure. Through the 90 cm, 250 m internal diameter line, the flow was 

calculated to be approximately 0.8 liters/hour. The gas supplied to the source region by the 

instrument was set to flow at 200 liters/hour, so the air leak constituted approximately 0.4% of the 

overall gas flow.  
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The other gas flows, supplied through the instrument, were fed by a high purity nitrogen 

cylinder. Nitrogen fixation was found to be dominant at low (1 uA and below) corona currents. 

Setting the corona current above this threshold switched the dominant process to oxidation.  

 
 ∗ ∆

128  ∗  

Equation 4.1 Hagen-Poiseuille equation for flow through a pipe 

Nitrogen gas flow rates, ion source temperature and concentration of the analyte were all 

varied and their effect on the speciation of the mass spectra, recorded. These variables were not 

found to have a significant impact on the outcome of the experiment (Tables 4.1-4.4). The I.D. 

(inner diameter) of the silica line used to deliver air to the ion source was varied and the effect this 

had on the data was pronounced. Thinner capillary yielded less oxidation (Figure 4.2). Figure 4.3 

shows the spectra of nonane and tetradecane, each recorded at a corona current of 10 A and a 

current of 1 A, having passed through the GC column. 

The first and most obvious thing to note about the spectra is the speciation of the peaks of 

highest intensity. The low-current plasma generates the nitrogen fixation product, [M+N]+ and its 

dehydrogenated analogue, [M-2H+N]+, while the high-current plasma generates the oxidized 

species [M-H+O]+ and its dehydrogenation products 

Table 4.1 the effect of concentration on the speciation of the mass spectra at a corona current of 
10 A 

Concentration (% in hexane) M+O-H:M+O-3H:M+O-5H 
10 1:0.67:0.41 
1 1:0.65:0.42 
0.1 1:0.82:0.67 
0.01 1:1.4:1.1 
0.001 1:1.25:1.15 (low signal) 
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Table 4.2 the effect of concentration on the speciation of the mass spectra at a corona current of 
1 A 

Concentration 
(% in hexane) 

M+N:M+N-2H 

10 1:1.1 
1 1:0.98 
0.1 1:0.92 
0.01 1:0.9 
0.001 Not detectable 

Table 4.3 the effect of temperature on the speciation of the mass spectra at a corona current of 10 
A 

Temperature 
(oC) 

M+O-H:M+O-3H:M+O-
5H 

150 1:0.67:0.41 
100 1:0.65:0.42 
50 1:0.82:0.67 

Table 4.4 the effect of temperature on the speciation of the mass spectra at a corona current of 1 
A 

Temperature 
(oC) 

M+N:M+N-2H 

150 1:1.1 
100 1:0.98 
50 1:0.92 

To test the general nature of the observed phenomenon, tetradecane (Figure 4.3), 

octadecane (Figure 4.4) and a polywax (GC trace Figure 4.5 and mass spectra Figure 4.6) standard 

were also analyzed at different corona currents under a nitrogen atmosphere with an air leak. Each 

of these standards exhibited the same chemistry as nonane; the signals for oxidized materials 

exhibited the same dependence on corona current as the nonane standard. 
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Figure 4.2 The effect of the inner diameter (I.D.) of the capillary used to carry air to the 
ionization region. Top- 100 m I.D. fused silica line at 10 A and 1 A corona current; Middle-

250 m I.D. fused silica line at 10 A and 1 A corona current; Bottom - 320 m I.D. fused 
silica line at 10 A and 1 A corona current 
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Figure 4.3 Clockwise from top left, Full scan mass spectrum of; nonane recorded at 10 A, 
nonane recorded at 1 A, tetradecane recorded at 1 A and recorded at 10 A 

Figure 4.4 Mass spectrum of octadecane recorded at low corona current (left) and high corona 
current (right) 

The polywax standard revealed an interesting aspect of the nitrogen fixation chemistry, 

specifically with regard to the competition between the observable M-H+ signal and the products 

of oxidation or nitrogen fixation as a function of chain length. There is a sharp transition from 
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chain length C34 to C36, where M-H+ appears. This seems to suggest that there is a saddle point 

of stability, where the product of hydride abstraction becomes stable enough to survive in high 

enough abundance to compete with the intensity of the product of nitrogen fixation or oxidation. 

This point will be referred to later in this chapter, when the ion chemistry is explored in detail.  
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Figure 4.5 GC trace of the polywax standard recorded at high corona current (left) and low 
corona current (right) 

It has previously been proposed that the production of highly reactive N3
+ in the corona 

discharge is responsible for the conversion of hydrocarbons to imines ([M+N]+), as this highly 

reactive nitrogen species may insert itself between C-C bonds and so react with otherwise inert 

material. In this case, the N3
+ reagent ion was not directly observed; however, this is likely to be 

due to the relatively low transmission of low mass species in the TOF instrumentation. For the 

same reason, it was difficult to detect any potentially reactive oxygen species which may be 

responsible for oxidation; the only thing that was detected that may be considered to be notably 

reactive was charged molecular oxygen, which itself may not be likely to oxidize hydrocarbons.  
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Figure 4.6 Representative mass spectra from the polywax sample obtained at high (left) and low 
(right) corona current 
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Regardless of this, the behavior of the APGC ion source was highly reproducible with 

regard to the ability to insert nitrogen, or oxidize the hydrocarbon chain, selectively. 

Due to the observed fragmentation in the full scan mass spectra, it is reasonable to say that 

the corona discharge in the APGC source is relatively “hot”, even though it is an atmospheric 

pressure corona discharge. The reasons for this fragmentation are assigned as by-products of the 

ion chemistry which produces the main species of interest in the spectra (see section 4.2.2). Of the 

series that are produced both above and below the pseudo-molecular ions, many are distributions 

comprising hydrocarbons with both oxygen and nitrogen fixation, though the latter is highly 

dominant. Also in the lower range, hydrocarbon fragment ions are present. The observation of a 

series of ions at higher mass, produced at reasonably high intensity from pure nonane suggests that 

not only does the APGC source cause fragmentation, but that the fragments are suitably reactive 

for recombination reactions to take place. Looking in detail at the spectrum of nonane, recorded at 

both low and high APCI currents, the recombination peaks bear only a single heteroatom (either 

nitrogen or oxygen), determined by accurate mass measurement. The hydrocarbon fragments in 

the lower range are charged carbocationic species. It is therefore proposed that the recombination 

is that of the reaction between the neutral product of nitrogen fixation at the terminus of the 

molecule (or an external imine on the chain, if formed) or the neutral product of oxidation and the 

lighter carbocationic species. These possibilities are summed up in Scheme 4.1.  
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Scheme 4.1 Products of ionization (blue) fragment to reactive species (green) which may 
recombine with pseudomolecular ions to produce species of higher mass (red) 

Labelled spectra based on this hypothesis can be found Figure 4.7. It is evident from these 

spectra that the carbon chain length of recombined species does not measurably progress past two 

times the chain length of the molecular ion; nonane does not produce a recombined ion above 18 

carbons in length, for instance. 
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Figure 4.7 Analysis of the fragments and recombined ions present in the spectrum of nonane 
(top) and tetradecane (bottom) 

Interestingly, this recombination drops off sharply as the hydrocarbon chain length 

increases (see octadecane and polywax spectra in Figures 4.4 and 4.6) implying steric barriers to 

recombination. The ion-molecule recombination is also hindered when the concentration of the 

analyte is very low (Figure 4.8). This provides further evidence of the nature of the recombination 
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process as a gas-phase ion molecule reaction which requires sufficient number density of analyte. 

The oxidation and/or recombination of hydrocarbons in plasmas is not new, but in previous reports, 

a catalyst for the transformation has always been documented18-19 . 

Figure 4.8 718 femtograms of nonane analyzed under oxidizing conditions 

The fact that the addition of a small amount of air was required in order to see the oxidized 

products was demonstration enough that the ion source effectively excluded atmospheric oxygen 

under normal conditions. Conversely, using only pure nitrogen from a cylinder precluded 

oxidation and, under these conditions, ionization at any corona current yielded only nitrogen 

fixation products (Figure 4.9). The introduction of water to the ion source by putting a small vial 

of water into the source region (held at 150oC) and feeding it into the ionization region via a 100 

M inner diameter fused silica capillary did not change the speciation of the spectrum; signals 

corresponding to nitrogen fixation were dominant in the mass spectrum while oxidation was absent 

(Figure 4.10). 
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Figure 4.9 The mass spectrum of nonane recorded at high corona current in pure N2 

Figure 4.10 Experimental setup to introduce water to ion source and the spectrum of nonane 
recorded under these conditions 

When pure oxygen from a cylinder was allowed to flow through the “air” line into the 

source at a pressure of 1 bar, nitrogen fixation was entirely quenched. The dominant signal in the 

spectrum was oxidized nonane ([M+O-5H]+), which was accompanied by the dehydrogenated 
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form of the ion, [M+O-3H]+ and the ketone [M+O-H]+ (Figure 4.11). This profile persisted at both 

low and high corona current. A needle valve was used to restrict the flow of oxygen to below the 

measurable rate by a commercial flow meter yet still, the presence of pure oxygen in the ion source 

proved to be too overwhelming to permit nitrogen fixation with any set of variables. 

Figure 4.11 The spectrum of nonane recoded in the presence of a leak of pure oxygen from a 
cylinder at low corona current 

4.2.2 Exploration of the Ion Chemistry Involved in Oxidation 

In order to identify the oxidized product of nonane (and therefore extrapolate the result to 

other hydrocarbon species), a modified version of the APGC source, configured to run 

independently of the mass spectrometer in the open air, was used to generate and collect ions on a 

surface. This is illustrated in Figure 4.12.  

A high voltage power supply was used to apply 4 kV to the corona pin, and the ground 

from the same supply was in electrical contact with the main barrel of the ionization source, so as 

to emulate the on-line setup. A stable corona current of less than 10 microamps was established. 

Nonane vapor was fed into the source from a heated vial of nonane liquid through a silica line for 

three hours. The sides of the barrel were subsequently washed with 100 microliters of hexane, 



 

 

  

 

 

 

 

  

  

 

 

   

 

 

 

~- IL!J I CJ 

I C) L....::::.,__ __ 

71 

which was then diluted five-fold in order to make the volume of liquid accessible to the 

autosampling system of the GC-MS. The collected material was analyzed by and compared to 

standard materials.  

Low N2 Flow 

Nonane 
Sealed and 

HV Heated to  
150 oC 

Figure 4.12 Illustration of a modified APGC source configured for collection of ions on a surface 

The primary product of this process was 3-nonanone, as confirmed by the chromatography 

retention time and the full scan spectrum (Figure 4.13). The retention times of 4- and 5- nonanone 

were so similar as to be ambiguous. There were, however, spectral differences that facilitated the 

identification of the product as 5-nonanone (Figure 4.14).  

3-nonanone and the lesser product, 5-nonanone, seemed to exist as the only ketone products. 

The hypothesis that ozone is implicated in the mechanism fits this data. A bent, 3-membered chain 

of oxygen atoms would be able to bridge and therefore interact with carbons in a chain separated 

by a methylene (Scheme 4.2). This hypothesis appears to be supported in the literature, especially 

in the recent work of Lee et al.20. In that work, the reaction between neutral, saturated hydrocarbon 

species and ozone was computed. What was shown was a complex pathway which may proceed 

via a neutral, ionic or radical route to generate the trihydroxide adduct of the hydrocarbon, with 

preference for the radical route in the gas phase. Following this, a series of reaction pathways were 
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computed which resulted in C-C fragmentation as well as the formation of ketones. The truncated 

form of the reaction scheme is given in Scheme 4.2.  
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Figure 4.13 Top right – extracted ion chromatogram (XIC) of m/z 143.14 from the collected 
nonane product. Top left – XIC of m/z 143.14 from pure 3- nonanone. Bottom left – Full scan 
mass spectrum of product of nonane collection. Bottom right – full scan mass spectrum of 3-

nonanone 
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Figure 4.14 The retention time of 4 and 5 nonanone (top), the full scan mass spectra of 4 and 5 
nonanone (middle) and the full scan mass spectrum of the minor component collected from 

nonane ionization (bottom) 

Scheme 4.2 Computed reaction pathway (truncated) between ozone and neutral saturated 
hydrocarbon molecules 
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As well as oxidation, routes to dehydrogenation were also computed in Lee’s work20, 

though they were considered to be unfavorable reaction pathways at least between neutral 

molecules. This is one indication that the energy landscape in the plasma forces the chemistry to 

diverge from previous observation. Evidence of ozone as the important species is in the fact that 

oxidation increases as a function of corona current; It is known that the volume of ozone produced 

from oxygen is dependent on the discharge current21-22 . The voltage required to induce the currents 

in this experiment was over the range of 2.2 kV to 5 kV. Further evidence of the importance of 

Ozone will be discussed later. 

In order to investigate the regioselectivity in more detail, a modified reflux condenser was 

constructed according to Figure 4.15. This condenser incorporated a pin-barrel corona discharge 

module in the neck of the reflux condenser, which facilitated interaction between vapor-phase 

hydrocarbon and the discharge. 

Over the course of a number of hours, the hydrocarbon was left to boil through the system. 

Subsequently, nonane was replaced with heptane and treated in the same manner. In both cases, 

the conversion of hydrocarbon to oxidized product was minimal, presumably because the flux of 

hydrocarbon vapor overwhelmed the small plasma source. The residual liquid which was trapped 

between the steel barrel and the neck of the reflux condenser was dissolved in methanol and 

analyzed by mass spectrometry. The recorded spectrum is given in Figure 4.16. both species in the 

spectra corresponded to the dehydrogenated, oxidized materials. 

The dehyderogenation products are readily observed in all mass spectra recorded using an 

APCI ion source under the conditions reported here, but they are typically flanked by peaks which 

are not dehydrogenated ([M+O-H]+), as well as doubly-dehydrogenated ([M+O-5H]+). This 
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experiment was performed on a different APCI setup, away from the mass spectrometer and the 

chemical selectivity clearly favors the singly dehydrogenated material. 

Figure 4.15 Modified reflux apparatus to expose hydrocarbon vapor to corona discharge and the 
species produced from heptane and nonane in this apparatus 
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During the experiment illustrated in Figure 4.15, an odor was emitted from the top of the 

reflux condenser, which suggested that inefficient condensation was occurring and some material 

was escaping. In order to determine what these vapors were, a second apparatus was constructed 

which was designed to transfer the vapor-phase chemicals from a hot vessel directly into a chilled 

vessel via an APCI discharge source (Figure 4.17).  

Figure 4.16 Illustration of the apparatus used to collect the volatile produts of hydrocarbon 
oxidation; A-Collected fragmented products from nonane. B – Collected fragmented products 

from heptane 
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In this experiment, nonane was boiled in the first flask which forced it through the silica 

transfer line and into the region of corona discharge. The resulting spectrum showed a dominant 

ion with the chemical formula C3H7O (Figure 4.16). This observation parallels the initial 

assignment of the major product of nonane oxidation in the corona discharge; 3-nonanone. The 

interpretation of this data is that upon exposure to the corona discharge, the small amount of 

material that was transferred was efficiently oxidized and then fragmented to yield 

propionaldehyde. This molecule was then collected by efficient condensation, though in low 

abundance. 

The experiment was repeated with heptane and two prominent ions were observed. These 

ions had the molecular formula, C4H9O and C6H11O (Figure 4.16). In this case, as with nonane, 

the two recorded structures provided a report on the position of oxidation in the chain. The formula 

of the two ions indicated that, as in the case of nonane, the position of oxidation was separated by 

a methylene unit. The regioselectivity of the reaction is suggested by this observation.  

In order to observe both low and high-mass products from the same setup, but separated, a 

modified distillation-type apparatus was set up according to Figure 4.17 and nonane was exposed 

once again to the plasma. This setup was designed to facilitate condensation of the oxidized 

molecule, as well as its low mass fragment ions. By analyzing residual material in the distillation 

head, oxidized, dehydrogenated ions were found, while analysis of the collected material revealed 

the propionaldehyde fragment, illustrating the link between the two species.  

With regard to the utility of this chemistry, the way in which hydrocarbons can be 

converted to their oxidized analogues in an otherwise un-catalyzed fashion is interesting. At low 

flow rates of hydrocarbon vapor (as in the initial GC-MS experiment), the chemistry that occurs 

in the APCI  ion  source  is apparently very  efficient. This  is demonstrated by the fact that no 



 

 

 

 

 

  

 

 

  

 

   

 

Starting material (and contaminants) 

Single oxidation and dehydrogenation product 

100 
IOI) 

74.0601 141 .1274 .. C9H17O+ 
110 C3H8ON+ .. 10 

59.0491 
70 70 

C3H7O+ .. 00 

l !O l 50 61 .0284 139.1117 
1i Ii: C2H5O2+ C9H150+ .. 157.1223 '° .. C9H17O2+ 30 

85.0648 157.1224 
20 C5H9O+ 20 C9H17O2+ ,. \ 10 

50 100 150 200 50 100 150 200 
mlz mil 

78 

appreciable signal was observed for residual nonane after the collection experiment was conducted, 

i.e. all the hydrocarbon was converted efficiently.  

Figure 4.17 Illustration of the apparatus used to collect both non-volatile and volatile products of 
nonane oxidation (top) and the spectra from the residual liquid in the distillation head and the 

cooled collection flask (bottom) 

Probe APCI was utilized to ionize heptane, nonane and hexadecane. Under these high-

concentration conditions, it was possible to directly record fragmentation spectra of the ozone 

adducts of hydrocarbon species (Figure 4.18). The ozone adducts were present in series, 

corresponding to [M+O3-H]+ and [M+O3+H]+, the former of which is interpreted as the protonated 
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form of the initial product of addition of ozone to a neutral hydrocarbon computed by Lee et al.20. 

The latter is interpreted as the product of an ion-molecule reaction between hydride abstracted 

hydrocarbon and neutral ozone.  

Figure 4.18 Full scan probe APCI mass spectra of nonane (left) and heptane (right) 

Figure 4.19 CID product ion mass spectrum of the protonated ozone adduct of nonane (left), 
heptane (right) and hydride abstracted ozone adduct of nonane (bottom) 
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Postulated fragmentation mechanisms of the protonated and hydride abstracted ozone 

adducts of hydrocarbons are presented in Schemes 4.3-4.5. These schemes make use of very 

similar mechanistic pathways to explain all of the observed behavior of the species in the data 

presented here, which takes into account the delicate nature of the balance between the observed 

species; energetically, the pathways to the many products are likely to be similar. This diverges 

from the computed data for the neutral species, which is justified by the consideration that these 

are gas-phase ions. 

It is proposed that the hydride abstracted ozone adduct quickly rearranges to desaturate the 

hydrocarbon chain which facilitates the first loss of water recorded in the fragmentation spectrum 

of that adduct. The protonated ozone adduct is set up to lose water without rearrangement and so 

it does. Subsequent water loss from both types of adduct require further desaturation of the 

hydrocarbon chain, which is proposed to occur in both cases by essentially the same mechanism, 

involving a series of sigmatropic rearrangements (hydride shifts).  

Scheme 4.3 Postulated route to protonated, dehydrogenated ketones from the protonated ozone 
adduct of nonane 
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Scheme 4.4 Generation of peroxide-like fragments and the generation of desaturated aldehydes 
via sigmatropic rearrangement and a McLafferty-like mechanism respectively 

The mechanisms of degradation presented here are attractive as they share apparently 

stable transition states, all of which invoke 5- or 6- membered conformations. These mechanisms 

also resemble transitions traditionally accepted for gas phase ions, such as the McLafferty 

rearrangement, which is also essentially a sigmatropic rearrangement.  

Scheme 4.4 postulates why, when the oxidation site is at the 3-position of nonane, the 

primary product is the dehydrogenated propionaldehyde fragment. The rearrangement essentially 

has a “choice” of proton to affect rearrangement; a proton bound to a primary carbon or a proton 

bound to a secondary carbon. It should be more energetically favorable to invoke the latter. 
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Scheme 4.5 Postulated mechanism for the formation of doubly-, singly- and non- 
dehydrogenated ketones from the hydride abstracted ozone adduct of nonane 
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4.3 Experimental  

4.3.1 General Gas Chromatography Method 

Gas chromatography was conducted on an Agilent A7890, using an RXI-5sil MS 30m x 

0.25 mm GC column with a film thickness of 0.25 m (Restek Inc.). The GC was equipped with 

an autosampler. The front inlet was operated at 180 oC in splitless mode. The transfer line from 

the GC to the MS was held at 180 oC. 

For pure hydrocarbon samples (nonane, tetradecane and octadecane), 1 L of sample 

(varying concentration in hexane) was injected onto the column at an initial temperature of 35oC, 

which was ramped at 25oC/min to 260o-C with a hold time of 0.2 mins. (total run time 10.2 mins.). 

For the polywax standard material, 1 L of the standard was injected onto the column at an 

initial temperature of 140 oC, which was ramped at 15 oC/min to 320 oC, with a hold time of 10 

mins (total run tome 30 mins.).  

Ionization and analysis was conducted using an APGC interface with a QToF mass analyzer 

(Synapt G2 Si, Waters Corporation).  

4.3.2 Analysis of Collected Hydrocarbon Reaction Products 

In all cases, pure hydrocarbon liquid was loaded into the flask of the reflux apparatus 

without solvent. The hydrocarbon was heated to reflux for between three and eight hours. 

Subsequently, the apparatus was washed with ethanol to collect polar products. The washings were 

analyzed by nanoelectrospray ionization. Nanoelectrospray emitters were pulled from borosilicate 

glass capillary (Sutter Instrument Co.) using a micropipette tip puller (Sutter Instrument Co.) to a 

tip size of less than 10 m. High voltage was applied to the solution within the emitter via a steel 

electrode to generate an electrospray.  
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Analysis was conducted using an LTQ XL-Orbitrap hybrid instrument (Thermo Scientific) 

with a standard atmospheric pressure interface. 

4.3.3 Probe APCI 

Pure hydrocarbon sample was deposited onto a steel wire. 4 kV was subsequently applied to 

the wire, which was held within 5 cm of the inlet of the mass spectrometer to facilitate a corona 

discharge. 

Analysis was conducted using an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo 

Scientific). 
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CHAPTER 5. FUNDAMENTALS AND EXECUTION OF REACTION 
ACCELERATION IN THE WET LAB 

5.1 Introduction 

The acceleration of chemical reactions in confined volumes has been under scrutiny for some 

time1. Reactions at interfaces or in confined volumes have been dominant in the field and such 

study is not confined to the field of mass spectrometry2-4 . 

Sharpless et al.5 reported multiple cases of the use of this idea for synthetic purposes, having 

arguably rediscovered the phenomenon after the work of Breslow et al.6-7 , documenting the 

acceleration of multiple reactions “on water”. Sharpless showed that, when reagents were 

encapsulated in a water/oil emulsion, the reaction rate was accelerated. 

In the field of mass spectrometry, accelerated reactions in charged microdroplets and thin 

films have taken root in the practice of ambient ionization8. Badu-Tawiah et al. first reported the 

acceleration of imine formations in thin films9, while Augusti et al.10 and Girod et al. studied  

accelerated reactions in electrospray ionization (ESI) and desorption electrospray ionization (DESI) 

droplets11 respectively. 

Subsequently, accelerated reactions in electrospray droplets were reported by Thomas 

Müler12. The two reactions under study were the Claisen-Schmidt reaction and the Benzoin 

condensation. Not only was the acceleration of these reactive systems characterized by mass 

spectrometry, but also ultraviolet absorption spectroscopy. The Claisen-Schmidt reaction has since 

been considered to be a “standard measure” for new methods of reaction acceleration.  

As the work progressed, the synthetic aspect moved towards more complex systems. Notably, 

the Hantzch synthesis of substituted pyridines13, which was a step forward because of the fact that 

it involves reaction between three molecules/ions rather than just two, was developed for 
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electrospray. Fundamentally, the most important aspect of the Hantzch synthesis was the 

implication that longer droplet flight times facilitated longer reaction times; the longer the flight 

time, the greater the abundance of later stage intermediates and product.  

Recently, the Leidenfrost effect, where a droplet is levitated on a cushion of its own vapor, 

has been demonstrated to be a useful tool for the acceleration of reactions14. These large droplets 

were shown to facilitate smaller acceleration factors than the highly disperse conditions of 

electrospray plumes, presumably due to the lower surface area to volume ratio. Volmer et al. have 

also demonstrated reaction acceleration in large, levitated droplets15. 

Figure 5.1 Illustration of the hypothetical energy diagram along the reaction coordinate 
compared to such diagrams for the solution and gas phase 
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It is theorized that three factors play a role in the acceleration of reaction rates; surface 

activity of the reagents, net charge in the system and concentration of the reagents in solution. All 

of these factors are thought to influence the presence or absence of reagents at the solution-air 

interface. The surface activity is a measure of the equilibrium of reactive species which exist in 

the bulk of the droplet vs. the reactive species which partition to the surface of the droplet16. The 

charge in the droplet can disturb this equilibrium, as can the concentration of reagents in the 

solution. 

At the air/solvent interface, it is hypothesized that the solvation energy of the system 

approaches the gas phase energy landscape. This is illustrated in Figure 5.1. Interfacial effects, i.e. 

the nature of the interface and the effective interactions between the reagent and both phases may 

also help  to secure reagents  at a  liquid/liquid or air/liquid interface to facilitate reaction 

acceleration. The former effect has recently been reported by Bain17 and, separately, Yan et al.18 

in electrosprayed droplets. Evidence for the acceleration of the Suzuki reaction at the interface of 

chloroform/water, without the requirement of a phase-transfer catalyst is presented in the later part 

of this chapter. 

5.2 Results and Discussion 

5.2.1 Determination of the Phase of the Accelerated Fischer Indole Synthesis Induced by 
Electrospray 

The Fischer indole synthesis (Scheme 5.1) has been studied in the low-pressure gas-phase 

in sector instruments19 as well as under ambient pressure gas-phase conditions20. The chemistry 

includes a condensation reaction, a sigmatropic rearrangement and an elimination to form the final 

product. 
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Scheme 5.1 Fischer indole synthesis 

Glish et al. recorded the production of the final indole from the imine product under the 

conditions of CID19, while Chen et al. recorded the formation of the indole as well as the formation 

of amino indole using an electrospray source and an extended, heated tube which was used to 

induce thermal dissociation20. This work will be revisited later and integrated into the discussion 

of the results. 

With the convolution of energy pathways outlined in Figure 5.1 comes the potential for 

different reaction mechanisms. It is possible, for instance, that a general accelerated reaction is 

actually the product of efficient desolvation to produce gas phase ions, followed by a fast 

ion/molecule reaction in the gas phase. In order to probe this possibility, the Fischer indole 

synthesis was utilized. When a large excess of acetone is used, the solution-phase reaction 

proceeds not to the indole, but to the species which corresponds to a second acetone addition 

(Figure 5.2, structures 5 and 6). Even when under reflux, these are the only species that are 

produced and the traditional indole product is not observed21. 
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Figure 5.2 Overview of the experiment depicting the products of the solution phase reaction 
(right) and the gas phase reaction (left) 

The reaction in electrosprayed droplets proceeds to the imine products 5 and 6 as a function 

of distance between the ion source and the inlet of the mass spectrometer (Figure 5.3).  

The observation of the ions 5 and 6 in the mass spectrum confirm that the reaction proceeds 

via the solution phase mechanism. Indeed, these ions are simply not produced when the reagents 

are allowed to react in the vapor phase and subsequently passed through a corona discharge to 

facilitate ionization. 
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Figure 5.3 The effect of the distance of the ion source from the inlet of the mass spectrometer on 
the recorded mass spectra; Spectrum of the reaction mixture at 5 mm from the MS inlet (left) and 

at 7 cm (right) 

The full scan mass spectrum is comprised of ions 3, 5, 6 and 7. The ratios of ions 5 and 6 

(which are isobaric) to the ion, 3, was used as a measure of the progression of the reaction. There 

was also an impurity in the spectrum at m/z 134, which corresponds to the protonated acetone 

imine of aniline. This species was unreactive in the system and serves as a serendipitous internal 

standard. As the ion source was drawn away from the inlet of the mass spectrometer, the peak 

corresponding to 5 & 6 increased in intensity relative to the signal which represents the starting 

material. This phenomenon has been observed in other systems, most notably in a paper by Bain 

et al. which documents the accelerated Hantzch synthesis of pyridine in electrosprayed droplets as 
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a function of distance13 and also work by Zare et al. which documents the effect of droplet flight 

time on protein unfolding22. 

The structures of the isobaric species which represent the product of the reaction were 

delineated via NMR and tandem mass spectrometry experiments. One of the products of 

fragmentation (observed in the CID spectrum) was aminoindole which was flanked by a signal 

corresponding to methylindole.  

The fragmentation to methylindole is asserted to be the fragmentation of species 6, which 

loses ammonia followed by propene. The fragmentation to aminoindole was a particularly 

interesting observation, as it is a product which is apparently inaccessible in the solution phase. 

The rationale for this fragmentation is given in Scheme 5.2. The proposed 1,6 sigmatropic 

rearrangement is not dissimilar form the initial step in the reaction to form the cyclized structure. 

It would be favorable as it results in aromatization of the structure. 

There is some overlap here with observations documented by Chen et al.20; they also 

recorded aminoindole, but in the full scan mass spectrum. The parallel is that that work was 

designed to study thermally-induced dissociation of electrosprayed ions before transmission into 

the mass spectrometer. This work suggests that the reagents in Chen’s report were undergoing an 

accelerated reaction to generate the intermediate species, 5, which fragmented thermally to yield 

aminoindole before transmission into the ion trap of the mass spectrometer.  
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Scheme 5.2 CID product ion mass spectrum of m/z 189 – red arrow is fragmentation pathway 
shown in the scheme, black arrows are fragmentation pathway of the other isomer 

5.2.2 Accelerated Reactions in a Rotary Evaporator 

While charged microdroplets are not commonly encountered in the workflow of a synthetic 

organic chemist, thin films are. Thin films might form on the sides of flasks from which a solution 

has just been decanted, for instance. One of the most obvious places where thin films are 

encountered (in fact, they are intentionally generated) is in a flask connected to a rotary evaporator 

(roavap).  

The low-pressure in a rotavap flask serves to remove the solvent quickly, so the solute 

becomes both highly concentrated and is transferred from a bulk-phase environment to a thin film 

environment (Figure 5.4). 
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Figure 5.4 Thin films in a rotavap flask bringing partially solvated reagents into proximity 

The study of accelerated reactions has largely been limited to small-scale applications. 

Synthetically useful accelerated reactions require scale-up. The solution to this problem has, thus 

far, been limited to the work of Sharpless et al.5 and Bain et al14 ., where relatively large volumes 

of reaction solution were utilized. The large amount of material typically encountered in a rotavap 

flask and the generation of thin films in which reactions may accelerate constitutes a scale-up. In 

this section, the rapid synthesis of hundreds of milligrams of material in minutes is demonstrated. 

This section also illustrates that the accelerated reactions need not be confined to the niche; in fact, 

reaction acceleration may unwittingly be induced in synthetic organic chemistry laboratories 

everywhere, every day. 

Claisen-Schmidt Condensation 

Aldol reactions are of huge importance in organic synthesis23. The Claisen-Schmidt 

reaction constitutes an Aldol condensation, and since the first report of its acceleration by 
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electrospray12, it has come to be considered a standard reaction to test for acceleration via new 

methods. 

The general reaction scheme is shown in Figure 5.5. The substitution of the aldehyde has 

an enormous influence on the kinetics of the reaction24. Electron donating substituents slow the 

reaction significantly, while electron withdrawing substituents speed it up. This well-known effect 

is due to the differences in electron density at the aldehyde carbon due to conjugation or induction.  

Figure 5.5 General reaction scheme for the base catalyzed Claisen-Schmidt condensation. In this 
work, R = H, OCH3, N(CH3)2 

Initially, benzaldehyde and 6-hydroxy-1-indanone were studied. Figure 5.6 shows the mass 

spectra recorded from the bulk reaction solution and from a solution which was dried under 

vacuum and subsequently diluted its initial concentration. 

The spectrum from the bulk solution shows partial conversion to product. This could be 

the result of fast reaction in the electrosprayed droplets, or it could indicate the progression of the 

reaction in the bulk phase. The spectrum recorded of the reconstituted reaction mixture shows 

complete conversion of the starting material to product.  

Figure 5.7 shows the bulk and rotavap reactions of hydroxyindanone with anisaldehyde to 

produce 2(p-methoxystyryl)-6-hydroxyindanone. In this case, the conversion is not as efficient as 

the previous case, but it is still excellent. The lower conversion efficiency can be explained by the 

fact that the methoxy group of anisaldehyde serves to slow the reaction. 
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Figure 5.6 Spectrum from bulk reaction of 6-hydroxy-1-indanoe and benzaldehyde (left); 
Spectrum from reconstituted rotovap reaction (right) 

Figure 5.7 Spectrum from bulk reaction of 6-hydroxy-1-indanone and anisaldehyde (left); 
Spectrum from reconstituted rotovap reaction (right) 

One further example is presented in Figure 5.8. There, the spectra from the bulk and rotavap 

reactions between hydroxyindanone and para-dimethylaminobenzaldehyde to produce 2(p-

dimethylamino)-6-hydroxyindanone are shown. This system represents an unfavorable reagent 

pair, where the benzaldehyde is highly deactivated, more so than anisaldehyde. This is again 

represented by a greater population of starting material in the recorded spectrum form the reaction 

conducted in the rotavap relative to the analogous spectra from the other substrates. 
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Figure 5.8 Spectrum from bulk reaction of 6-hydroxy-1-indanone with 
dimethylaminobenzaldehyde (left); Spectrum from the reconstituted rotavap reaction (right) 

This method shows great promise in the ability to scale up reactions to produce material 

on the milligram scale. The reaction of 6-hydroxy-1-indanone and dimethylaminobenzaldehyde 

was scaled up to produce material on the order of five hundred milligrams. 

A study of the acceleration as a function of solvent evaporation was conducted. The 

reaction of hydroxyindanone with p-dimethylaminobenzaldehyde was studied in this experiment. 

At every time point, a sample was taken and analyzed by  mass spectrometry. Plotted on the 

ordinate is the ratio of the signal intensity in the mass spectrum of the product to the starting 

material. It can be seen that, over time, very little change is observed in the ratios until the last few 

samples, which demonstrate a remarkable change in speciation.  

Interestingly, this curve closely follows the curve for concentration vs. evaporation if 

plotted assuming no loss of analyte to the gas phase (a sensible assumption in this case). 

Interestingly, the solid-phase Claisen-Schmidt reaction has been reported to occur quickly25, as 

long as sufficient mixing is induced to ensure contact between the reagents and the catalyst. This 

experiment could, therefore, represent a way of efficiently bringing reagents into contact with one 

another before transferring them to the solid phase, where they quickly react, which is a paradigm 

not previously considered in the acceleration of reactions in thin films. This is asserted to be more 
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important than a highly concentrated solution phase system, as before extremely high 

concentration is achieved, the reagents precipitate from the solution. To control for this possibility, 

the solid reagents were added to a flask without active mixing and solvent was slowly added only 

until dissolution occurred, the spectral profile from that system matched the bulk phase reaction 

shown in Figure 5.8. 

Figure 5.9 Ion ratio of product to starting material (dimethylaminobenzaldehyde) as a function of 
solvent evaporation (sample number represents 30 second intervals). The final sample was from 

dry material which was dissolved for analysis 

To delineate the potential contribution of concentration, the reaction solution was 

evaporated almost to dryness, then left to react for 10 minutes, whereafter it was weighed, diluted 

and analyzed. The product/starting material ratio was 0.2. The flask was subsequently taken to 

dryness on the rotavap, weighed, diluted and analyzed. The product/starting material ratio was 

incalculable as a signal for the starting material was not recorded (as shown in Figure 5.8). The 

mass difference between the first and second reactions reported the amount of solvent present; 

32.8 mg. This constituted a 10:1 molar ratio of solvent to total amount of reagents. Assuming the 
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only thing to evaporate was the solvent, the increase in concentration from the bulk reaction to the 

first  sample was two orders  of magnitude, and yielded only a little product. The concentration 

change from the first to the second sample was 4x, yet the reaction yielded product very efficiently, 

with a change in ratio of ion ratio of, apparently, orders of magnitude. This result suggests that the 

source of the acceleration is not concentration alone. 

If concentration is not the major contributing factor to the observed conversion of starting 

materials to products, the remaining possibility is a change in the rate constant. The bulk-phase 

reaction was conducted and analyzed and, using the ion ratios (known to be a reliable source of 

information on relative concentration24) the rate constant was determined.  

Using the rate equation for second order kinetics, the rate constant and initial concentration 

can be used to calculate the theoretical rate of consumption of starting material at a given starting 

concentration (Equation 5.1). The consumption of starting material, due to the stoichipmetry of 

the reaction, should be equivalent to the production of the product 

    

1 1
  

  

Equation 5.1 Calculation of moles produced per unit time for plot in Figure 5.10 

The divergence illustrated in Figure 5.10 occurs at a mole ratio of solvent:reagent of 

approximately 10:1. It is not unreasonable to assume that 30 molecules of ethanol could represent 

a single solvent shell for the reagents, illustrating that in this case, the removal of the very last 

molecules of solvent initiates a change in the rate constant of the reaction, which is a remarkable 

result. 
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Figure 5.10 Plot of the moles of product produced over the course of 2 minutes against initial 
regent concentration based on the empirically determined rate constant 

Imine Formation 

Accelerated imine formation was initially reported by Badu-Tawiah et al.9 . in that work, 

amines and carbonyl compounds were drop-cast onto a surface, re-dissolved and analyzed. The 

ratios of ions in the mass spectrum were compared to the spectrum from the bulk system and rapid 

C-N bond formation was revealed. One of the systems studied in that work is presented in Scheme 

5.3, and was subsequently studied here. 

The reaction of dimethylaminobenzaldehyde (m/z 150) and ethanolamine (m/z 62) forms 

an imine product (m/z 193) via the hydrated intermediate (m/z 211). The conversion to the product 

upon the removal of solvent is clear in Figure 5.11. 
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Scheme 5.3 General reaction scheme for the formation of an imine from 
dimethylaminobenzaldehyde and ethanolamine 

Figure 5.11 Spectrum from bulk Imine formation (left) and the reaction solution from the rotavap 
(right) 

Imine formation is a so-called “click” reaction26, meaning that the chemistry is favorable. 

To eliminate the consideration of concentration in the bulk-phase, the rotavap was modified to 

facilitate solvent addition to the flask under vacuum. This was accomplished by running a silica 

capillary through the vent of the rotavap and into the flask. When end of the capillary outside of 

the rotavap was dipped into a solvent, the draw through the line effectively pulled the liquid into 

the low-pressure environment of the flask. When the experiment was conducted in this way, a 

constant volume was maintained in the flask. Analysis of the solution from the rotavap flask 

relative to the bulk showed identical data to that presented in Figure 5.11, which implies that 

macro-scale increase in concentration was not required to accelerate this reaction. 



 

 

   

  

 

 

 

 

 

 

 

 

 

  

 

  

  

    

 

¢ ► 

, .. , .. 
309 414 .. .. .. .. 

,. ,. .. .. 
! 50 
~ 

l "' ~ .. .. 
30 30 

414 
20 ,. ,. ,. 

0 
200 2'0 300 ,,. ,,. ... 550 200 ... .,. 350 ... ... ... ... 

mlz '"" 

103 

Katritzky Reaction 

The Katritzky reaction (Scheme 5.4) is the first reaction which was investigated for  

acceleration by paper spray ionization27. In the original work, it was shown that drying a solution 

of triphenylpyrilium and p-methoxyaniline on a paper substrate with a hydroxide catalyst 

facilitated fast reaction between the two reagents. The reaction is effectively a condensation 

reaction and the product is, conveniently, a pyridinium ion, which is particularly easy to detect by 

mass spectrometry. 

OMe PhPh 

+ Ph N OMe 

Ph O Ph PhNH2 

Scheme 5.4 General reaction scheme for the Katritzky Reaction 

Figure 5.12 Spectrum from bulk Katritsky reaction (left); Spectrum from reconstituted rotavap 
reaction (right) 

An aliquot of the bulk reaction mixture was dried under vacuum and subsequently 

reconstituted. The reconstituted solution was then analyzed by nanoelectrospray ionization and the 

spectrum in Figure 5.12 (right) was recorded. The only ion present in the spectrum was that of the 

product of the reaction, which dominated to the extent that the background was not observed. 
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The remaining bulk solution was then ionized by nanoelectrospray ionization (Figure 5.11, 

left) and the product of the reaction was observed at only 30% of the intensity of the starting 

material.  

In the initial work, it was demonstrated that in order to convert the starting material to 

products as efficiently as this on paper, a hydroxide catalyst was required27. This may imply that 

in the case of the katritzky reaction, the solvent/low-pressure-air interface is more active than the 

solvent/ambient-pressure-air interface towards accelerating the reaction. This reaction was scaled 

to 500 milligrams, with 95% conversion, without a catalyst (confirmed by NMR, see experimental 

section). 

Ester Hydrolysis 

The hydrolysis of methyl cinnamate to produce cinnamic acid under basic pH (Scheme 5.5) 

was performed in the rotavap. This reaction, which could represent the de-protection of a molecule 

in a synthetic scheme28, is the first example of its kind to be reported.  

Figure 5.13 shows mass spectra recorded from the bulk solution and the aliquot of that 

solution dried under vacuum (and subsequently reconstituted). It was not possible to record signal 

for the product of the reaction from the bulk solution, but the reconstituted solution was dominated 

by the ion representing the product. In this case, the ester was not readily ionizable, which 

precluded the possibility of generating qualitative ion ratios for comparison. 

Scheme 5.5 Ester hydrolysis of methyl cinnamate under basic conditions 
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Figure 5.13 (Left) Spectrum from bulk ester hydrolysis of methyl cinnamate (Right) Spectrum 
from reconstituted rotovap reaction where m/z 147 corresponds to product 

To facilitate the comparison of products and starting materials in the reaction, ethyl-4-

pyridylacetate was exposed to the same conditions (Scheme 5.6). In the bulk-phase, no hydrolysis 

was recorded, while in the reaction mixture which was dried under vacuum, the product ion was 

dominant in the negative ion mode. In the positive ion mode, the starting material was also 

recorded but at a far lower level than in the bulk.  

Scheme 5.6 Ester hydrolysis of ethyl-4-pyridylacetate under basic conditions 

It was hypothesized that cycling this experiment may lead to greater conversion. Figure 

5.14 demonstrates this experiment. Each cycle corresponds to the addition of solvent to the 

rotavap flask after it was taken to dryness. The data show that with each cycle, the starting 

material is depleted, while the product remains dominant in the spectrum. 
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Figure 5.14 (Left) Positive mode spectrum of ethyl-4-pyridylacetate. Peaks in color correspond 
to metalated starting material. (Right) Spectrum from reconstituted rotovap reaction where the 

colored peak corresponds to the anion of the product carboxylic acid 

5.2.3 Accelerated Suzuki Reaction in a Biphasic Mixture 

The Suzuki reaction, an organometallic metathesis, is of vital importance to the 

pharmaceutical industry and was one of a few of its type to win the Nobel Prize in 201029. 

Typically, these reactions are considered to be fast, going to completion within a couple of hours. 

Still, this timescale does not align with high throughput chemistry for either the purpose of 

screening or fast synthesis. 

Before the study of accelerated reactions in charged droplets generated by ambient ionization 

source, Sharpless reported that reactions could be accelerated in emulsions5. Electrocyclization 

reactions featured prominently in the paper, which was termed the study of reactions “on water”.  

The typical workflow of the organic chemist includes separation. Partitioning between an 

aqueous and organic phase is usually used to remove salts, acids or bases from the product, which 

remains in the organic phase. As part of a biphasic separation, the phases are mixed and a 

temporary emulsion is formed, which generates a very high surface-area-to-volume ratio for both 

phases. Such a high ratio increases the chance of reagents reacting at an interface between the two 
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phases. Presented here is preliminary work toward the acceleration of Suzuki reactions in simple 

biphasic solution. 

The Suzuki reaction is catalyzed by palladium. There are now a number of water-stable 

palladium complexes. The performance of Suzuki reactions in water was recently reviewed by 

Chatterjee et al.30. XPhos Pd G3 is a commercially available palladium catalyst which is inert 

towards water and highly soluble in organic media. This makes the Suzuki reaction a target for 

acceleration in an emulsion wherein one phase is aqueous. Phase-transfer catalysis of Suzuki 

reacitons has previously been reported, and this work is closely related to that concept31. 

The first reaction probed in this work is outlined in Scheme 5.7. The pyridyl bromide (b) 

and the p-hydroxypehnylboronic acid (a) lend characteristics to the product (c) which facilitate 

detection in both negative and positive ion mode; the hydroxyl can be deprotonated and the 

pyridine heteroatom can readily be protonated. 

Scheme 5.7 The reagents and product of Suzuki coupling  

Experimentally, the reagents and sodium ethoxide were mixed in stoichiometric 

equivalence, while the catalyst was used at 10% of the concentration. Four experiments were 

conducted to probe the effects of interfacial interactions between the solvent and a second phase 

on the rate of the reaction itself. 

100 L each of 10 mM stock solutions of the reagents and 100 L of a 1 mM stock of the 

palladium catalyst were added to 1 mL of chloroform (1.4 mL total volume). The reaction solution 
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was mixed for 10 minutes, after which time, a 50 L aliquot of the solution was diluted into 150 

L of 2:1 solution of ethanol:water with a spike of hydrochloric acid (3 mM). This final solution 

(referred to hereafter as the spray solution) was then analyzed by nanoelectrospray ionization. The 

resulting spectrum is shown in Figure 5.15.  

Figure 5.15 Full scan mass spectrum of the reaction solution after 10 minutes of reaction time in 
chloroform (left) and water (right) 

The spectrum was dominated with the starting material 3-bromopyridine as well as some 

background signals at lower m/z. The experiment was repeated but instead of chloroform, water 

was used as the solvent. The spectrum recorded from that solution is also presented in Figure 5.15. 

These control experiments show that there is no appreciable product formation over the 

course of 10 minutes in either solvent alone. The next experiments deal with the combination of 

both solvents in one flask. First, the experiment was conducted by adding to the reaction solution 

both chloroform and water. This generated a stationary, biphasic system with two, single, large  

volumes of solvent and so only one appreciable interface between the two phases existed. 

It is important to note that the catalyst, reagents and the product did not migrate to the 

aqueous phase until the water was acidified at the end of the experiment (tested by mass 
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spectrometry), at which point the reagents and product move into the aqueous phase. Therefore, 

the last step after 10 minutes was to add a spike of acid to the biphasic mixture. Following this, 

the solution was agitated to encourage mixing of the individual phases and interfacial interaction, 

but not so vigorously so as to disrupt the organic phase and split it into small droplets. An aliquot 

of the aqueous phase was then added to a 1:1 solution of ethanol:water such that the final 

composition of that solution was essentially the same as the spray solvent described previously. 

The spectrum recorded from this experiment is shown in Figure 5.16. A clear signal  

corresponding to the product was recorded. The reaction was allowed to progress over the same 

period of time as the previous two, single solvent control experiments, suggesting that the interface 

between the two solvents facilitated the reaction. 

Figure 5.16 Full scan mass spectrum of the reaction solution after 10 minutes of reaction time in 
a biphasic system with only one large interface 

The next experiment was designed to probe the effect of increasing the interfacial 

interactions between the two phases. By actively mixing the solutions, a temporary emulsion was 

formed, just as it does in a separating funnel. The biphasic solution was continually mixed to 

maintain the emulsion for ten minutes, after which time it was allowed to settle and separate (over 

the course of 10 seconds). The aqueous phase was then spiked with acid and diluted into a spray 
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solution as described in the previous experiment. The spectrum recorded from this experiment is 

presented in Figure 5.17. Also presented is the spectrum from the same experimental procedure, 

but the emulsion was maintained for 20 minutes. 

Figure 5.17 Full scan mass spectrum of the reaction solution after 10 minutes of reaction time in 
a mixed biphasic system (left) and after 20 minutes (right) 

Scheme 5.8 Range of Suzuki reactions tested 
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These experiments illustrate the effect of the interface on the reaction. It is proposed that, 

because the reagents may strongly hydrogen bond, they are held at the interface of the organic 

phase by interactions with the aqueous phase. This hypothesis is founded in the work of Jung and 

Marcus which reports “dangling” O-H bonds into a phase immiscible with water32. This affects 

the solvation energy of the system, facilitating faster reaction. To assess this hypothesis, a series 

of reagents was tested. The pairs of reagents are illustrated in Scheme 5.8.  

Bromoaniline reacted at a lower rate with hydroxyphenylboronic acid (HOPhBA). The 

mass spectrum of the reaction mixture after 20 minutes in bulk chloroform and 20 minutes in an 

emulsion of chloroform:water is given in Figure 5.18. Lower basicity of the aniline functional 

group relative to that of the pyridyl group is hypothesized to be the reason for the discrepancy; 

aniline was not held at the interface of chloroform:water as efficiently. 

Even after 20 minutes of reaction time the conversion of reagent to product was far lower 

than that of the reaction between HOPhBA and bromopyridine. After 30 minutes, the intensity of 

the MS signal for the product had grown to 75% the intensity of the starting material. Two major 

factors could account for this; aniline has a lower proton affinity than pyridine and it also has the 

potential to chelate the catalyst. 

Figure 5.18 Reaction between HOPhBA and p-bromoaniline in emulsion (right) and bulk (left) 
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The addition of steric bulk to the amine in the system by ethylation was utilized to inhibit 

hydrogen bonding, increase the general lipophilicity of the molecule and inhibit potential catalyst 

chelation, hence, p-bromo-N,N-diethylaniline was tested as a coupling partner in the reaction. 

After 20 minutes of reaction time in the emulsion, product was present at very low intensity 

relative to the starting materials and in the bulk, it was absent (Figure 5.19). This is taken as 

evidence to show that when the ability of the reagent to hydrogen bond is diminished, and when it 

is discouraged from interfacial interactions by virtue of its lipophilic nature, the magnitude of 

acceleration which can be achieved is diminished. 

Figure 5.19 Full scan mass spectrum of the reaction between HOPhBA and p-bromo-N,N-
diethylaniline after 10 minutes in bulk (left) and emulsion (right) 

The complimentary reaction is to increase the hydrophilic nature of the reagent to the point 

that it is unlikely to associate with the organic phase. For this, p-bromobenzoic acid was tested. In 

this case, only a very small amount of product was observed in the spectrum (negative ion mode) 

relative to the starting material (Figure 5.20) after 20 minutes of reaction time. Presumably, the 

stoichiometric amount of base added to the reaction solution to scavenge the halide ion byproduct 

ensured that the carboxylic acid was ionized as the carboxylate in solution and therefore effectively 

partitioned into the aqueous phase. For this reason, the reaction was conducted in emulsion again 
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with a second equivalent of base, to ensure its interaction with the carboxylic acid did not quench 

the reaction. The results did not change. 

Figure 5.20 Full scan mass spectrum of the reaction mixture of HOPhBA and bromobenzoic acid 
after 20 minutes in an emulsion 

Phenylboronic acid was reacted with bromopyridine in an emulsion of chloroform and 

water in order to test the effect of changing the boronic acid reagent. The mass spectrum of that 

reaction mixture is given in Figure 5.21. The ratio of starting materials to products in this case is 

approximately equivalent to the analogous reaction using HOPhBA acid (Figure 5.16), 

demonstrating that, at least in the limited number of cases studied here, this reagent has less of an 

effect on the progress of the reaction. 
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100 

Figure 5.21 Mass spectrum of the reaction mixture of phenylboronic acid and 3-bromoaniline 

These preliminary results appear to highlight how the nature of the interface as well as the 

properties of the reagents are key in the balancing act of designing accelerated reactions. It is also 

telling that the halogen bearing reagent seems to be the important one in the determination of 

reactivity, as the oxidative insertion of palladium into the C-X bond is considered to be the rate 

determining step of the Suzuki coupling33. The evidence suggests that oxidative insertion can be 

accelerated at the interface between water and chloroform without the requirement of a phase-

transfer catalyst and the subsequent coupling reaction happens very rapidly after that.  

5.3 Experimental 

5.3.1 General Procedure for Analysis 

Nanoelectrospray ionization emitters were pulled to a tip size of 10 m using a 

micropipette tip puller (Sutter instruments inc.). The emitters were loaded with 10 L of solution 

using gel-loading pipette tips (BioRad inc.) whereupon a steel electrode was inserted, which made 

contact with the solution. The emitter was positioned lwess than 1 cm away from the MS inlet and 

a 1.5 kV was applied to the electrode to generate an electrospray plume. The spectra were recorded 

on a hybrid LTQ-Orbitrap XL (Thermo Scientific). 
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5.3.2 Accelerated Fischer Indole Synthesis 

To 200 L of acetone was added phenylhydrazine (10 L) and 1 M hydrochloric acid in 

methanol (50 L). The solution was loaded into a nanoelectrospray emitter for analysis. The 

remaining solution was used as the standard “bulk” solution. A manually controlled 2D stage was 

used to hold the emitter and draw it back accurately in one dimension to perform distance-

dependent experiments.  

5.3.3 Accelerated Reactions in a Rotary Evaporator 

Claisen-Schmidt reaction 

6-hydroxy-1-indanone and the benzaldehyde substrate were prepared at a concentration of 

52 mM in ehthanol. Potassium hydroxide was prepared at a concentration of 1.8 M in ethanol. 

1mL of hydroxyindanone solution and 1 mL aldehyde solution were mixed and subsequently 

spiked with 40 L of the potassium hydroxide solution. 1 mL of the reaction solution was 

dispensed into a rotavap flask and the solvent was removed under reduced pressure. After the 

reaction solution in the rotavap flask had been dried under vacuum, it was reconstituted and both 

the bulk and rotavap reaction solutions were analyzed by nanoelectrospray ionization. 

To generate the data for the plot in Figure 5.10, the reaction vessel was flushed with air 

before it had completely dried.  

Ester hydrolysis 

Stock solutions of the esters (10 mM) in 10 mL of ethanol were prepared. A stock solution 

of potassium hydroxide (0.15 M) was prepared in ethanol. 2 mL of ester solution was spiked with 

40 L of the potassium hydroxide solution. 1 mL of the reaction solution was dispensed into a 

rotavap flask and the solvent was removed under reduced pressure. This experiment was cycled 
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by reconstituting what remained in the flask with 1 mL of ethanol and then removing the solvent 

again under reduced pressure. The remaining 1 mL of reaction solution was treated as the standard 

bulk reaction solution. After the reaction solution in the rotavap flask had been dried under 

vacuum, it was reconstituted and both the bulk and rotavap reaction solutions were analyzed by 

nanoelectrospray ionization. 

Imine formation  

Stock solutions of dimethylaminobenzaldehyde and ethanolamine were prepared in ethanol 

(10 mM). These solutions to 10 mL of ethanol was added an aliquot (1 mL) of each reagent. 5 ml 

of the solution was then transferred to the rotavap flask and the solvent was removed under reduced 

pressure. The remaining 5 mL of solution was treated as the standard bulk reaction. After the 

reaction solution in the rotavap flask had been dried under vacuum, it was reconstituted and both 

the bulk and rotavap reaction solutions were analyzed by nanoelectrospray ionization. 

Katritzky reaction 

Stock solutions of triphenylpyrillium and p-anisidine (100 mM in acetonitrile) were mixed 

at stoichiometric equivalence into a round bottomed (rotavap) flask. A small volume (about 500 

L) was dispensed into a scintillation vial to serve as the bulk standard. After the reaction solution 

in the rotavap flask had been dried under vacuum, a small sample was dissolved in acetonitrile, 

and a second small sample was dissolved in deuterated methanol for NMR. reconstituted and both 

the bulk and rotavap reaction solutions were analyzed by nanoelectrospray ionization. At this scale, 

the reaction yielded 80% conversion (Figure 5.22).  
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Figure 5.22 NMR spectrum of product of Katritzky reaction from a rotavap flask at a scale of 
510 mg; Left – full scan mass spectrum of reaction from the rotavap; - Right – full scan mass 

spectrum of the bulk reaction 

5.3.4 General Procedure for Conducting Suzuki Reactions 

Stock solutions of the boronic acid and halogeno aromatic compounds were prepared in 

ethanol at a concentration of 10 mM. 100 L of each solution spiked into 1 mL of chloroform. For 

biphasic reactions, 1 mL of wager was subsequently added. 

After the predetermined reaction time, 10 L of 1M hydrochloric acid in methanol was 

added to the biphasic solution to induce extraction of the amine-bearing starting 

materials/products. 10 L of the aqueous phase was then diluted into 10 L of ethanol and directly 

by nanoelectrospray ionization. 

The bulk phase reactions were not acidified initially, instead, 10 mL of the solution was 

diluted into a mixture of 10 L of ethanol and 10 L of water, with a 1 L spike of aM hydrochloric 

acid in methanol. This solvent composition facilitated the dissolution of chloroform into a solvent 

which was essentially the same across all analyses.  
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