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Abstract 

This PhD thesis presents two related projects, linked because both benefit from 

the use of a specific kind of ultrasonic nebulizer. 

The first project describes the development and subsequent application of a novel 

droplet-on-demand ionisation source which provides a solution to some of the 

limitations currently associated with performing mass calibration for mass 

spectrometry. After an initial development phase using a commercially available 

piezoelectric droplet-on-demand device, the system chosen for use was a Porous 

Ultrasonic Piezoelectric Plate (PUPP) device coupled to a conventional micro/nano-

electrospray system. 

The PUPP system was used in the analysis of a highly complex organic matter 

sample, Suwannee River Fulvic Acid, and used encoded internal recalibration to 

generate high confidence automated peak assignment. Due to the droplet-on-

demand nature of the PUPP device, calibrant could be introduced whenever 

needed during analysis, and the intensity of the calibrant peak relative to sample 

peaks could be adjusted through the system’s ability to modulate the volume of 

calibrant sprayed, in real time.  

Although the analysis of the samples using encoded internal recalibration showed 

no improvement in the peak assignment as expected, the workflow to get to the 

same stage is significantly simplified. The system is entirely automated, meaning 

that large batches of samples could be analysed, calibrated, and processed 

without the need for manual input by a user for each individual spectrum.  

Further beneficial applications of the PUPP ionisation source are also presented, 

including the capability to perform rapid analysis of samples, component 

confirmation analysis and real-time adduct modification.  

Additional tasks which were undertaken to support the development process of 

each project are presented, including the development of a 3D printed fused silica 

capillary grinding system to make custom electrospray needles and the software 

written to process the complex data generated for the ionisation source. Finally, 

recommendations for further development and other potential applications of the 

ionisation source are presented, which were beyond the scope of this project.  

The second project, aimed to use the PUPP system to perform chemical synthesis 

in microdroplets, by taking advantage of the significantly enhanced chemical 
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reaction rates observed inside microdroplets reported in the literature. The 

Hydrazone reaction is shown to proceed offline using the PUPP system. However, 

the reaction is shown to preferentially form the E isomer when performed inside 

a microdroplet, whilst during bulk synthesis the Z isomer is preferentially formed. 

Evidence for this is given, including the subsequent photorelaxation of the E 

isomer to form the more stable Z isomer.   

Results indicated that the Pechmann condensation would be a new and suitable 

reaction which undergoes this reaction rate enhancement. However, this same 

success could not be achieved away from the mass spectrometer, and this was 

later discovered to be because of the difference in ionisation efficiencies of the 

reactants and products, which masked the true picture of the acceleration effect. 

Therefore, the decision was taken to shift the focus of the project towards 

establishing a robust screening method for microdroplet accelerated reactions 

which could be suitable for scale-up investigations, which is presented within this 

thesis. 
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Section A: Ionisation Source Development 

Mass Spectrometry (MS) has become one of the most powerful tools available for 

solving analytical problems in a variety of different applications. It has been 

established as a workhorse for both routine analysis and advanced research, and 

within both fields the need for higher performing instrumentation continues to 

grow.  

The ionisation source of the mass spectrometer acts as the critical interface 

between the sample and the instrument itself. Herein, research undertaken to 

develop and systematically characterize novel droplet-on-demand ionisation 

sources and ionisation source adaptations is presented. The capability of one of 

the systems in specific application areas has been explored, and the data 

generated during this process is presented. After this, the tools and software 

created to support the development of the ionisation source are presented. Finally, 

suggested next steps in this research are presented in detail. 
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Chapter 1: Introduction, Aims & 

Experimental 

This chapter provides the reader with the fundamental principles in mass 

spectrometry necessary to understand the research undertaken. Herein, the main 

principles of mass spectrometry, the mass analysers used during this research 

and finally in-depth analysis of the current ionisation sources available is provided. 

1.0  Mass Spectrometry Principles 

The ability for a mass spectrometer to successfully analyse a complex sample is 

determined by three main parameters: mass accuracy, resolution and dynamic 

range. Mass Accuracy is a measure of the measured m/z (mass to charge ratio) 

of a compound relative to the exact m/z, which is calculated from the known 

isotopic masses of the elements of the periodic table. This is usually expressed as 

parts per million (ppm): 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) =  
𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 − 𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡

 𝑥 106 
Eq. 1 

Mass spectrometers are routinely calibrated to ensure high mass accuracy, in a 

process which is generally performed by the analysis of a calibration mixture, 

containing a series of molecules across a wide mass range for which the exact m/z 

is known. Mass calibration is discussed in further detail in Section 1.1.  

𝑃𝑒𝑎𝑘 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
𝑚/𝑧

𝛥𝑚
 

𝛥𝑚 = 𝐹𝑊𝐻𝑀 

 

FWHM = “Full Width 

Half Maximum” - This 

is the width of the 

peak at half of the 

peak height 
 

Figure 1 - Peak Resolution (FWHM) 

The resolution of a peak within a mass spectrum is a mathematical description of 

the peak shape itself, with high-resolution peaks being narrow and low-resolution 

peaks being wide. It is measured as the m/z of the peak divided by the full width 
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of the peak measured at half the maximum (FWHM), which has been shown 

visually in Figure 1. High mass resolution is needed for analysis where isotopic 

fine structure is needed, or alternatively elemental composition determination is 

necessary. Figure 2 shows a series of spectra (simulated using enviPat Web1) for 

Myoglobin (Equine) at different levels of resolution, with only the high resolution 

able to reveal the isotopic distribution. 

 

Figure 2 - Effect of increasing peak resolution 

The commonly accepted definition for the dynamic range of a mass spectrometer 

is the sample concentration range over which the signal obtained is proportional 

to the concentration of the analyte. However, it is more accurate to define the 

dynamic range of the instrument to include the interaction of all the subsystems 

of the mass spectrometer.   

The detector of the mass spectrometer has its own dynamic range related to the 

ion currents it can detect. This can be by direct interaction, as is the case for Time 

of Flight (TOF) analysers, whereby the ion population directly impacts on the 

surface of the detector. Alternatively, it can be indirect interaction, as is the case 

for Fourier transform mass analysers which monitor the image current. Ultimately, 

the dynamic range of the complete mass spectrometry system is limited by the 

fundamental dynamic range of the detection system. 

However, ions that are detected must first be created in the ionisation source, 

before being transferred through various pumping stages, ion optics and mass 

analysers before reaching the detector. These systems all have their own inherent 

transfer efficiencies and ion population limits, which therefore effect the dynamic 

range of the overall system. Some of these parameters can be controlled or tuned 

by the user to ensure maximum transfer efficiency or to adjust the ion population 

available for eventual detection. High performance instruments are commonly 

designed to provide a high dynamic range, because this is crucial when performing 
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analyses on complex mixtures which commonly exhibit a wide range of analyte 

concentrations within an individual sample.  

High performing mass spectrometers show strength in all of these areas; mass 

accuracy, peak resolution and dynamic range. This allows users to make confident 

assignment of peaks and distinguish between peaks with similar m/z ratios, all 

over a wide concentration range.  

1.1 Mass Recalibration 

In order to generate mass spectrometry data which can be assigned with a high 

degree of confidence, it is crucial that these instruments achieve high mass 

accuracy. Mass accuracy is a measure of how close the m/z of the peak you obtain 

in a given spectrum is to the true m/z of the molecule you are analysing, the 

difference between the two is referred to as the “mass error”. Mass error is 

commonly reported in two units: daltons or parts per million (ppm), the equations 

of which are both given below in Eq. 2 and Eq. 3. In addition to this, mean mass 

accuracy (MMA) and root mean squared (RMS) mass accuracy are often presented 

in the literature as a method of giving an indication in the quality of the data 

generated, which are shown in Eq. 4 and Eq. 5.2 However, MMA and RMS MA are 

limited in their usefulness when assessing an entire dataset, as the mass error is 

often dependent on the m/z value. Therefore, applying a single unit of mass 

accuracy across a large number of datapoints has its limitations, and therefore 

carries the risk of giving the reader a false impression of the accuracy across the 

mass range.   

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝐷𝑎) =  𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 − 𝑚𝑒𝑥𝑎𝑐𝑡 Eq. 2 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) =  
𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 −  𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡

 𝑥 106 Eq. 3 

𝑀𝑒𝑎𝑛 𝑀𝑎𝑠𝑠 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (𝑝𝑝𝑚) =  ∑
|𝐸𝑝𝑝𝑚|

𝑛
 Eq. 4 

𝑅𝑀𝑆 𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) = √
∑(𝐸𝑝𝑝𝑚)2

𝑛
 Eq. 5 

When assigning molecular formula to peaks within a mass spectrum, high mass 

accuracy is one crucial aspect required to underpin confident assignments, good 

mass accuracy is achieved by performing a mass recalibration. When performing 

the analysis of a low number of known molecules across a narrow mass range, 
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good mass accuracy and therefore confident assignment can be obtained using a 

single point mass calibration. When performing the analysis of unknown samples, 

particularly complex mixtures which have a high number of peaks across a wider 

mass range, the calibration solution chosen should have several peaks spread 

across the mass range of interest.  

Performing mass recalibration requires one or more internal standards of known 

mass (m/z) to be analysed. There are two forms of mass recalibration which are 

commonly performed: external and internal mass (re)calibration. External 

recalibration is performed prior to the sample analysis and requires the user to 

analyze a standard solution in a separate data collection run. Using the values 

generated by this analysis, recalibration can be performed and the data stored as 

a recalibration file for the instrument to use in subsequent sample analysis. This 

process is time consuming, and means that confidence in data decreases over 

time after recalibration is performed, due to instrument drift, lowering the mass 

accuracy.   

Internal recalibration however, does not require any data collection to be 

performed prior to sample analysis. Instead, the internal standard is analysed with 

the sample itself, either by spiking the sample solution to be analysed or by using 

a system which introduces the internal standard to the mass spectrometer through 

an additional ionisation system, such as the Waters LockSpray system.  Internal 

recalibration is then performed retrospectively after the analysis is complete.    

Internal recalibration offers a series of advantages over external recalibration, 

making it the method of choice for experiments where high mass accuracy is 

crucial. As mentioned, internal mass recalibration is performed for every sample, 

and therefore negates the issue of instrument drift over time. Furthermore, 

internal recalibration ensures that the internal standard ions and the analyte of 

interest ions share an increased number of instrument conditions which increases 

the mass accuracy generated relative to external methods.3,4 This includes 

conditions which cannot be positively controlled by the user, including pressure, 

temperature, degree of inlet contamination etc. 

The mass accuracy of peaks obtained using Fourier Transform Mass Spectrometry 

(FTMS) instruments can change from scan to scan because of fluctuations in the 

ion population in the mass analyser. This is referred to as the space-charge effect, 

whereby the electric field associated with ions in the cell cause shifts in the 

oscillation frequencies, and hence shifts in the observed m/z of identical ions 

between scans.5,6 The effect is magnified by the number of ions present in the 
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cell, and the charge the ions carry. Unless accounted for, this space charge effect 

limits the mass accuracy observed, regardless of the trapping parameters being 

identical between runs. Internal mass recalibration can correct for the space-

charge effect, as internal standard ions and sample ions coexist in the cell during 

analysis, and therefore experience identical shifts in the oscillation frequency due 

to the identical space charge effect they experience.   

Finally, when performing mass recalibration it is important to consider the 

calibration solution being used. Good calibration solutions provide multiple peaks 

across the mass range of interest. Compounds which form clusters are a good 

example of this, such as Cesium Iodide, Trifluoroacetic Acid or Sodium Formate.7–

10 Alternatively, polymer series with regular repeating units also provide the same 

benefit, Polyethylene Glycol and Polyethylene oxide are all good examples of these 

which are routinely used in recalibration.11,12 Although recalibration can be 

performed using internal standards which provide very few peaks across a small 

mass range, this is less likely to provide a good calibration relative to an internal 

standard which covers the mass range of interest.13,14 

1.1.1 Mass Recalibration Calculations 

The first stage of recalibration is to determine the relationship between the mass 

error in parts per million (ppm) and the m/z of the internal standard peaks. This 

relationship is typically a second order polynomial for most mass analysers, the 

general format of which is given in Eq. 6. Figure 3 illustrates this relationship for 

an example internal standard solution of Triton QS-15 analysed on our quadrupole 

time of flight mass spectrometer, and the equations for the line of best fit is given 

in Eq. 6. and Eq. 7. 

 

Figure 3 – Mass Error vs m/z for a Spectrum of Triton QS-15 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 𝐶𝑢𝑟𝑣𝑒 =  𝑎𝑥2 + 𝑏𝑥 + 𝑐 Eq. 6 
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𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) = (7.899𝑥10−5)(𝑥)2 (0.16195)(𝑥) −  101.7192 Eq. 7 

Now that the mass error curve has been calculated, it is possible to use this 

function to correct the sample peaks across the mass range. Figure 4 shows the 

mass error (in ppm) for a series of sample peaks across the mass range.  

By inputting the spectral values for our sample peaks, it is possible to predict the 

mass error for a peak at a given mass to charge ratio using the calibration curve. 

This can be done by inputting a sample spectral value into the calibration curve 

equation. This has been done in Eq. 8 for a trisaccharide sugar of spectral mass 

543.1133 m/z. 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) 

= (7.899𝑥10−5)(543.1133)2 (0.16195)(543.1133) −  101.7192 =  −37.0605 𝑝𝑝𝑚 Eq. 8 

In order to perform the recalculation, it is necessary to simplify and rearrange Eq. 

3 to make the exact mass the subject. This is shown in the following sequence of 

equations: 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) =  
𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 −  𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡

 𝑥 106 Original Mass Error Calculation 

(Eq. 3) 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚)

106
=  

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 − 𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡

 
Both sides are divided by 106 to 

eliminate this from the right-

hand side. 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚)

106
=  

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑚𝑒𝑥𝑎𝑐𝑡

−
𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡

 
The right-hand side is broken up 

into two fractions 

 

Figure 4 – Mass Error for Beer Sugars (Before Recalibration) 
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𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚)

106
=  

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑚𝑒𝑥𝑎𝑐𝑡

− 1 
The equation is simplified as one 

of the fractions is equal to 1 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚)

106
+ 1 =  

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

𝑚𝑒𝑥𝑎𝑐𝑡

 
1 is added to both sides to 

remove the -1 from the right-

hand side 

(
𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚)

106 ) + 1

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

=  
1

𝑚𝑒𝑥𝑎𝑐𝑡

 

Both sides are divided by the 

spectral mass, leaving the exact 

mass as the only dependent on 

the right-hand side 

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

(
𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚)

106 ) + 1
=  𝑚𝑒𝑥𝑎𝑐𝑡 

The equation is inverted to make 

the exact mass the subject of 

the equation 

 

The final equation we are left with shows the corrected mass, although due to the 

recalibration the corrected mass is much closer to the true value, the correction 

almost never generates a perfect mass accuracy. Therefore, the equation should 

be presented as it is in Eq. 9, with the corrected m/z (mcorrected) as the subject: 

𝑚𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

(
𝑝𝑝𝑚
106 + 1)

= 𝑚𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 Eq. 9 

Inputting the value of our spectral mass and the mass error calculated from the 

calibration curve, we can determine the corrected mass of our analyte: 

543.1133

(
−37.0605

106 + 1)
= 𝑚𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 543.13342880 𝑚/𝑧 

Using the mass error equation, we can determine the mass error of our corrected 

spectral value as follows: 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) =  
𝑚𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − 𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡

 𝑥 106 

𝑀𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 (𝑝𝑝𝑚) =  
543.13342880 −  543.1327480

543.1327480
 𝑥 106 = 1.2535 𝑝𝑝𝑚 

By performing a mass recalibration, the mass error has been significantly reduced, 

an effect that is observed across the mass range, Figure 5 shows the mass error 
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values for our Beer analytes before and after the recalibration is performed, and 

the improvement in mass accuracy is clear.  

 

Figure 5 – Mass Error for Beer Sugars (After Correction) 

The ionisation source developed during this project was designed in-part to 

generate reliable and robust data which is suitable for use with custom software, 

written as part of this project, to perform encoded internal recalibration which is 

discussed in detail in Chapter 4. There are however other ambient ionisation 

sources which offer different methods of performing recalibration which have been 

previously published, and Section 1.5 is dedicated to discussing these. 

1.2 Instrumentation 

The focus of the work described in this section of the thesis was the development 

and characterization of a specific class of ion source.  However, any ion source for 

mass spectrometry must be coupled to a system that incorporates one or more 

mass analyzers.  Throughout this project, a variety of different mass analyser 

types were used, from a variety of different manufacturers. And, although a 

complete fundamental description of the operation of these mass analyzers is not 

required, a top level introduction to the general principles which provides enough 

context and detail necessary to understand the work conducted in this project is 

beneficial. 

1.2.1 Quadrupole Time-of-Flight Mass Spectrometry 

The majority of the early development work was performed on a Waters Xevo G2-

XS Quadrupole Time-of-Flight (Q-TOF) instrument, a schematic of which can be 

seen in Figure 6. 
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Figure 6 – Quadrupole Time-of-Flight Mass Spectrometer 

After sample ionisation from the ionisation source (electrospray ionisation shown), 

charged ions enter the mass spectrometer through a Z-Spray inlet, where neutrals 

are pumped away, whilst ions are drawn into the instrument. The sample beam 

enters the StepWave ion guide, an ion optics system which is used to further 

eliminate neutrals and other contaminants from the beam entering the mass 

spectrometer, ensuring that only ions are passed further into the mass 

spectrometer. The Stepwave consists of a series of ring-shaped electrodes, which 

guide charged ions up and into the next stage, whilst neutral molecules and 

incompletely desolvated droplets, which are unaffected by the electrode rings, are 

pumped away.15,16 Although the specific example shown is the case for the Waters 

instrument shown, the general principle of the sample beam entering a series of 

ion optics to remove solvent and neutrals is the case for almost all Q-TOF mass 

spectrometers.  

The ion beam then enters the quadrupole, a mass analyser comprising of four 

parallel rods, where the rods opposing each other are paired. Each pair of rods 

has a radio frequency (RF) voltage applied, with the two pairs in opposite phase 

from one another. In addition, a DC offset is applied to the two pairs of rods. 17  
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Figure 7 – Quadrupole Rod Positions & Voltages 

Ions passing through the quadrupole will either have a stable trajectory, and will 

successfully navigate through the quadrupole and further into the instrument, or 

have an unstable trajectory, therefore impacting against the rods where they will 

discharge and pass no further into the instrument. The Mathieu equations, which 

are given in Eq.10, predict whether an ion of a given m/z has a stable trajectory 

through the quadrupole18: 

𝑎𝑥 =  
8𝑧𝑈

𝑚𝑟0
2𝛺2

 

𝑞𝑥 =  
4𝑧𝑉

𝑚𝑟0
2𝛺2

 

𝑈 = 𝐷𝐶 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 

(𝑉𝑜𝑙𝑡𝑠) 

𝑉 = 𝑅𝐹 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 

(𝑉𝑜𝑙𝑡𝑠) 

𝑧 = 𝐼𝑜𝑛 𝐶ℎ𝑎𝑟𝑔𝑒 

(𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠) 

𝑚 = 𝐼𝑜𝑛 𝑀𝑎𝑠𝑠  

(𝑘𝑖𝑙𝑜𝑔𝑟𝑎𝑚𝑠) 

𝑟0 = 𝑄𝑢𝑎𝑑𝑟𝑢𝑝𝑜𝑙𝑒 𝑅𝑎𝑑𝑖𝑢𝑠  

(𝑚𝑒𝑡𝑟𝑒𝑠) 

𝛺 = 𝑅𝑎𝑑𝑖𝑎𝑙 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  

(𝑟𝑎𝑑𝑖𝑎𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑) 

Eq.10 

The trajectory of an ion is considered stable if the Mathieu parameters (ax and qx) 

fall within the stable region of the Mathieu stability diagram (Figure 8).18 

 

Figure 8 – Quadrupole Mathieu Stability Diagram 

After ions pass through the quadrupole, they are then transferred into the collision 

cell.  If the appropriate voltage is supplied, ions are accelerated along the length 

of this cell and collide with neutral gas; the kinetic energy is transferred into 
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internal energy, which builds up until it results in the fragmentation of the 

precursor ion into product ions, in a process known as collision induced 

dissociation (CID).19,20 When the instrument is not performing tandem mass 

spectrometry, this system is set so that the ions pass through the collision cell at 

lower energy, and without building up enough internal energy to result in 

fragmentation.  

The Time-of-Flight mass analyzer is the final stage of the instrument, which 

calculates the m/z of an ion based on the length of time taken to pass through the 

flight tube and reach the detector. The reflectron was introduced to TOF systems 

to overcome the initial differences in kinetic energy ions possess when entering 

the flight tube.21,22 Ions with higher kinetic energy will pass further into the 

reflectron, whilst those with lower kinetic energy will not pass as deeply into the 

reflectron, thereby reducing the difference in flight time of ions with identical m/z 

caused by differences in their kinetic energy, improving mass resolution.   

1.2.2 Orbitrap Mass Spectrometry  

Orbitrap mass analysers are a form of Fourier Transform Mass Spectrometer 

(FTMS), capable of giving high performance mass accuracy (sub ppm) and 

resolution (>100,000).23,24 The mass analyser consists of a central spindle 

electrode held at a high potential of the opposite polarity to that of the ions for 

analysis, and a barrel shaped outer electrode which is held at near ground 

potential.  

Although commercial mass spectrometers containing Orbitrap mass analysers 

vary slightly in their components, a general schematic can be seen in Figure 9 for 

a Thermo Fisher Q-Exactive system, which has the orbitrap mass analyser 

labelled. This system uses a quadrupole for initial ion selection. Fragmentation is 

performed via higher-energy collisional dissociation (HCD), which occurs in a 

multipole ion trap adjacent to the C-Trap. HCD does not suffer from the low mass 

cut off associated with ion trap CID because it is being undertaken in a multipole 

rather than a quadrupole/linear ion trap, making it a powerful tool for isobaric 

labelling experiments which produce low mass reporter ions.25–29    
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Prior to entering the Orbitrap, ions are sent to the C-Trap. The C-Trap dampens 

the motion of the ion cloud and focuses the ion packet in the axial direction, this 

ensures that all ions enter the orbitrap at the same time, and therefore ions of an 

identical m/z move coherently along the orbitrap mass analyser enhancing the 

image current.30 

Ions are injected with a high kinetic energy (several kiloelectronvolts) through a 

hole in the outer electrode, where they begin to orbit around the central 

electrode.31 Although the ion is attracted to the central electrode due to its high 

potential and opposing polarity, the ion does not impact with it and instead begins 

its orbit around it due to the high kinetic energy the ion is injected with.32 This 

effect is akin to a satellites ability to orbit the earth at high speed despite the 

gravitational pull of the earth.  

 

Figure 10 – Ion Motion in Orbitrap Mass Analyser Cell (reprinted with 

permission from Thermo Fisher) 

In addition to their oscillation around the central electrode, the ions also move 

axially along the direction of the electrode itself, Figure 10 shows the general 

 

Figure 9 – Q-Exactive Orbitrap Mass Spectrometer (reprinted with permission 

from Thermo Fisher) 
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motion of ions within an orbitrap, with the axial movement along the central 

electrode being displayed as the movement along the z-axis.33 The frequency with 

which ions move along this axis is proportional to the square root of the inverse 

of the mass to charge ratio.34  

𝜔 = √(
𝑞

𝑚
) 𝑘 

𝜔 =  𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

𝑞 = 𝐶ℎ𝑎𝑟𝑔𝑒 

𝑚 = 𝑀𝑎𝑠𝑠 

𝑘 = 𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑥𝑖𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  

Eq. 11 

The outer electrode is split into two halves, and as ions move back and forth along 

the z-axis they induce a charge difference between the two electrodes. The two 

halves of electrode are connected through a differential amplifier. This amplifies 

the image current flowing between the two electrodes, and the signal is digitized 

to generate a transient. The transient is then Fourier transformed to generate a 

frequency spectrum, with each ion of a given m/z generating a signal at the 

corresponding frequency, according to the relationship given in Eq. 11. Finally, a 

mass calibration function is applied to the frequency spectrum to generate a mass 

spectrum.   

1.2.3 Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometry 

 

Figure 11 – Bruker solariX FT-ICR Schematic (reprinted with permission from 

Bruker) 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) is a 

class of mass analyser routinely capable of low parts-per-billion (ppb) mass 

accuracy and resolving powers well over 1,000,000.35–38 FT-ICR instruments offer 

the highest resolving powers, with the largest, “21 Tesla” class (referring to the 

magnetic field), reporting resolving powers of just under 40,000,000, for a 300s 

transient of reserpine.39 The high resolving power, mass accuracy and high variety 

of fragmentation techniques typically available for commercial FT-ICR 
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instruments, make them well suited for the analysis of complex mixtures and high 

mass molecules such as proteins or antibodies.  

The ICR mass analyser, often referred to as the ICR Cell, consists of a series of 

plates which form a cylindrical shape. The number of plates may vary depending 

on the ICR cell design, and for the purposes of this explanation a simplified model 

using only 6 plates, made up of three pairs as shown in Figure 12, will be used. 

In the 6 plate design example shown, two of these are the “end plates” of the 

cylinder, and are referred to as the trapping plates; these plates are set to a 

slightly higher potential than the plates forming the body of the cylinder which 

generate an axial electric trapping field, E. The remaining four plates make up the 

cylinder itself, and consist of two detection plates and two excitation plates, each 

pair of plates sit opposite to each other. The entire cell is housed within a 

superconducting magnet which gives a spatially uniform magnetic field, B, which 

is directed along the z-axis of the ICR cell.  

 

Figure 12 – FT-ICR Cell Structure 

Ions entering the magnetic field experience a “Lorentz Force” causing the ion to 

orbit in a circular motion along the magnetic field axis, referred to as the cyclotron 

motion, which is described in Eq. 12.40 According to this equation, all ions of a 

given mass to charge ratio have identical cyclotron frequencies, regardless of the 

ion’s velocity.  

𝜔𝑐𝑦𝑐 = 2𝜋𝑓𝑐𝑦𝑐 =  
𝑞𝐵

𝑚
 Eq. 12 

The ions also experience motion along the Z-axis of the ICR cell, which is caused 

by the electric field generated by the trapping plates, known as the trapping 

motion.41 The electric field used to generate this trapping effect also generates an 

electric field in the XY plane of the ICR cell, resulting in ions to be pushed 

outwards, towards the excitation and detection plates. This causes an orbital 
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motion around the z-axis of the cell, referred to as the Magnetron Motion. The 

Cyclotron motion and the Magnetron motion have been displayed visually in Figure 

13. 

 

 Figure 13 – Ion Motion inside an FT-ICR Cell 

Improvements to the design of the ICR cell increased the resolution and the 

instrument dynamic range, allowing for better analysis of complex mixtures which 

contain many thousands of compounds at concentrations which vary by several 

orders of magnitude. Previously, ICR cells created non-ideal fields, resulting in ion 

cloud dephasing and “comet-like” structures, which ultimately led to a 

disappearance of signal over time during analysis.42 This was overcome by 

designing cells which decouple the cyclotron, magnetron, and axial motions from 

one another. This allowed for longer transients to be collected (therefore higher 

resolution) and higher trapping potentials allowing more ions in the trap (and 

therefore a higher dynamic range). The cell inside the Bruker 12T solariX FT-ICR 

used during this project, designed by Nikolaev et al., is an example of a cell which 

does this.43  

Ion detection occurs when the ion packet passes by the detector plates 

(highlighted in green in Figure 13), inducing a charge difference between the two 

plates, referred to as an image current. This image current is plotted as a function 

of time, creating a transient. The mass spectrum is generated by performing a 

Fourier Transform on the time domain transient and then applying a (frequency 

to) mass calibration function. Typically for FT-ICR instruments either the Frankl 

(Eq. 13) or Ledford (Eq. 14) calibration functions are used, and the two provide 

ultimately identical results.44–46 
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𝐹𝑟𝑎𝑛𝑐𝑙 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛: 
𝑚

𝑧
=  

𝐴𝐹𝑟𝑎𝑛𝑐𝑙

𝜔𝑜 + 𝐵𝐹𝑟𝑎𝑛𝑐𝑙

 

𝐴𝐹𝑟𝑎𝑛𝑐𝑙 = 𝑒𝐵 

𝐵𝐹𝑟𝑎𝑛𝑐𝑙 =
𝑉𝑇𝛼

𝐵𝑎2
 Eq. 13 

𝐿𝑒𝑑𝑓𝑜𝑟𝑑 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛: 
𝑚

𝑧
=  

𝐴𝐿𝑒𝑑𝑓𝑜𝑟𝑑

𝜔𝑜

+
𝐵𝐿𝑒𝑑𝑓𝑜𝑟𝑑

𝜔𝑜
2

 

𝐴𝐿𝑒𝑑𝑓𝑜𝑟𝑑 = 𝑒𝐵 

𝐵𝐿𝑒𝑑𝑓𝑜𝑟𝑑 =
𝑒𝑉𝑇𝛼

𝑎2
 

Eq. 14 

The excitation plates are used to permit signal collection through the detection 

plates. Without contribution from the excitation plates, the signal produced by 

ions as they are initially trapped in the cell suffers from two effects. The first is 

that the cyclotron motion of the ions is extremely small, and therefore has such a 

small effect on the detection plates that the signal is too low to be useful.47,48 In 

addition, ions of identical m/z do not orbit coherently around the cell, and 

therefore the potential difference induced by each ion passing by a detection plate 

is cancelled out by an ion of identical m/z on the opposing plate.49 Applying a RF 

frequency sweep to the excitation plates overcomes both of these limitations. Ions 

of a given cyclotron frequency (and therefore m/z), will only become excited by a 

specific RF frequency, and therefore as the sweep is applied different m/z will 

become excited. The excitation causes two effects: the ions’ oscillation radii 

increases, and ions of identical m/z begin to orbit the ICR cell coherently.  

1.3 Ionisation Sources 

In order for a mass spectrometer to be able to manipulate and detect analytes, 

the analyte molecules must be presented in the form of gas phase ions. The 

subsystem of a mass spectrometer that produces these ions is known as the 

ionisation source.  Ionisation Sources are referred to as either “hard” or “soft” 

depending on the amount of fragmentation that molecules undergo upon their 

ionisation. Electron ionisation (EI) is the classic example of a hard ionisation 

source that spontaneously causes high fragmentation, which it does by depositing 

energy in excess of the ionisation potential of the molecule, causing bond 

cleavage. EI is generally restricted to the ionisation of molecules small enough to 

be easily thermally vaporised, because it is used to ionise molecules already in 

the gas-phase. This, along with the lack of intact molecular ion observed through 

EI are notable disadvantages, and since the introduction of much softer ionisation 

techniques which can ionise much larger molecules, such as electrospray 

ionisation (ESI) and matrix assisted laser desorption ionisation (MALDI), EI is 

generally only used for the analysis of volatile, low molecular weight compounds 

during gas chromatography analysis.  
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More recently, since the introduction of desorption electrospray ionisation (DESI) 

by Cooks and co-workers in 2004, there has been a further shift towards the 

introduction of ionisation techniques which are performed in ambient conditions, 

often in open air environments.50 This opened up the possibility for the analysis of 

samples which are unsuited to low pressure environments, and also allowed users 

to perform the analysis of native surfaces, often with little or no sample 

preparation. In most cases, the success of an ambient ionisation source stems 

from its ability to transfer gaseous ions generated at atmospheric pressure into 

the MS vacuum through the inlet.  

1.3.1 Electrospray Ionisation (ESI) 

Electrospray Ionisation (ESI) is one of the most common soft ionisation 

techniques, particularly in the analysis of biological samples, due to its ability to 

analyse non-volatile components, with low fragmentation, allowing for analysis of 

intact large biological molecules. Although the system works as a standalone 

technique by permitting direct infusion of samples into the source, it is most 

commonly directly coupled with separation techniques such as high-performance 

liquid chromatography (HPLC), hydrophilic interaction chromatography (HILIC) or 

capillary electrophoresis (CE).  

A solution containing the sample of interest is passed through a needle, held at a 

high potential (≈ 1.5 - 6.0 kV) relative to the inlet of the MS. The polarity of the 

ions produced matches that of the polarity of the needle. When the needle is held 

at a positive potential, the counter ions are drawn to the counter electrode, where 

they are neutralized, whilst the positive ions in the solution pass through the 

needle, congregating in the meniscus at the needle tip. The electrostatic attraction 

between the charges on the surface of the liquid and the grounded inlet of the 

mass spectrometer overcomes the surface tension of the liquid, forming a “Taylor 

cone”. 51 The apex of the Taylor cone is the least stable, and this ultimately breaks 

up into a plume of highly charged microdroplets.52 This process has been shown 

in Figure 14: 
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Figure 14 - Electrospray Ionisation (ESI) 

The initial microdroplet formed has a high surface area to volume ratio, and 

consequently the rate of solvent evaporation is high. The droplet continues to 

decrease in size as solvent evaporates, forcing point charges at the surface of the 

droplet closer together.53 Eventually, the droplet reaches the Rayleigh Limit, when 

the repulsive force between point charges on the surface of the microdroplet 

becomes great enough to overcome the surface tension of the droplet itself.51 The 

Rayleigh Limit (Qr) can be defined using Eq. 15.54 The result is that the droplet 

breaks up into smaller charged droplets, in a process termed a Coulombic 

explosion. 

𝑄𝑟 = 8𝜋(𝜀0𝛾𝑅3)1/2  

𝜀0 =  𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 

𝛾 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑇𝑒𝑛𝑠𝑖𝑜𝑛 

𝑅 = 𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑅𝑎𝑑𝑖𝑢𝑠 

Eq. 15 

The mechanism of forming the final gaseous ions for ESI is still being developed, 

despite many decades of research and argument. Three main models have been 

proposed: the Ion Ejection Model (IEM), the Charge Residue Model (CRM) and the 

Chain Ejection Model (CEM).55,56 IEM is the process by which the electric field 

surrounding a microdroplet is so strong that the ion is simply ejected from the 

droplet surface as a gaseous ion. The CRM is the formation of an ion through 

continuous evaporation of the solvent, until only the analyte ion remains. Finally, 

the CEM model is mostly only applicable for multiply charged molecules with a 

linear structure, such as denatured proteins or polymers. This model is based on 

the principle of a long chain with multiple charge points along its structure which 

is found on the surface of a microdroplet. As one end of the linear chain begins to 

eject from the droplet surface, charge is transferred from the droplet onto the 

chain, forcing the chain away from the droplet surface further until the entire chain 
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is ejected from the droplet as a multiply charged gaseous molecule. It is likely 

that all three of these mechanisms play a role in the ionisation of analytes, with 

the relative contribution of each varying depending on the analyte size, structure 

and polarity.   

1.3.2 Direct Analysis in Real Time (DART) 

 

 

Figure 15 - Direct Analysis in Real Time (DART) 

Direct Analysis in Real Time (DART) was first introduced through a patent in 2003, 

with a publication by Cody et al. following in 2005.57,58 The system works by 

passing a carrier gas (Helium, Nitrogen or Argon for example) over a needle held 

at a several kilovolts. The voltage is sufficiently high that it generates a glow 

discharge with a grounded electrode in front of the needle, which the carrier gas 

interacts with, generating a mixture of ions, electrons, and excited-state 

(vibrational or electronic) neutral atoms and molecules.  

The mixture of species then passes through a perforated electrode to remove 

ionized species.59 The remaining excited state carrier gas molecules/atoms are 

passed through a heater, before exiting and interacting with the sample, for which 

no prior sample preparation is necessary. The gas is heated to aid the thermal 

desorption process of the sample, this typically can be between 50°C and 500°C 

depending on the volatility of the sample. 

There are several mechanisms by which sample ionisation can occur depending 

on multiple factors including the polarity, the carrier gas, the sample proton 

affinity and ionisation potential, the presence of additives or dopants to the 

sample, and the analyte concentration.60 The simplest ionisation mechanism is 

Penning Ionisation, the general equation for which is given below in Eq. 16.61 

Energy is transferred from the excited-state carrier gas species to the analyte, 

which has a lower ionisation potential then the energy of the excited-state carrier 
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gas. The general equation for the Penning Ionisation mechanism which occurs 

when Helium gas is used is also given (Eq. 17). The reaction does not occur 

directly between gas and sample, but instead creates uses a metastable excited 

state Helium (He(23S)) to ionize water molecules, which subsequently undergo 

proton-transfer with the analyte.62–64 

𝑀∗ + 𝑆 → 𝑆+٠ + 𝑀 + 𝑒− Eq. 16 

𝐻𝑒(23𝑆) +  𝐻2𝑂 → 𝐻2𝑂+٠ + 𝐻𝑒(11𝑆) + 𝑒− 

𝐻2𝑂+٠ +  𝐻2𝑂 → 𝐻3𝑂+ + 𝑂𝐻٠ 

𝐻3𝑂+ +  𝑛𝐻2𝑂 → [(𝐻2𝑂)𝑛+1𝐻]+ 

[(𝐻2𝑂)𝑛+1𝐻]+ + 𝑀 → 𝑀𝐻+ + 𝑛𝐻2𝑂  

Eq. 17 

Thanks to the lack of sample preparation and rapid nature of analysis, DART has 

been extensively used in a wide variety of applications, including food quality, 

pharmaceutical screening, explosive detection and analysis of inks in fraud 

cases.65–68  

1.3.3 Desorption Electrospray Ionisation (DESI) 

 

Figure 16 - Desorption Electrospray Ionisation (DESI) 

Desorption Electrospray Ionisation (DESI) is one of the earliest ambient ionisation 

techniques reported. During DESI, an electrosprayed plume of charged 

microdroplets impacts the sample of interest, as shown in Figure 16. The ionisation 

mechanism of DESI follows a “droplet pickup” model, whereby the highly charged 

droplets form a thin layer on the surface of the sample, into which sample 

compounds dissolve. The subsequent bombardment of the sample with further 

charged microdroplets from the electrospray plume generates secondary charged 
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droplets containing the dissolved sample compounds, which are then directed 

towards the MS inlet for analysis.69 Gaseous ions are formed, following one or 

more of the proposed mechanisms of ionisation (IEM, CRM or CEM) discussed for 

electrospray previously in Section 1.3.1. The system produces similar multiply 

charged ions to those of electrospray, making it a strong method for the analysis 

of high mass molecules. The plate on which the sample sits is usually mounted on 

an XY controllable stage, which moves allowing for the analysis of multiple 

different sample spots or to collect imaging data of biological samples.  

Rapid sampling is crucial within chemical analysis laboratories, for the purposes 

of quality control, reaction screening, reaction optimization and screening 

pharmaceutical candidate molecules through assays. DESI, thanks to its ability to 

screen thousands of samples in a short space of time, has been applied to these 

tasks for a variety of applications, including pharmaceutical fingerprinting of 

tablets for harmful components, analysis of biological samples for biomarkers of 

disease, and detection of explosives on surfaces.70–73   

1.4 Droplet-on-Demand Ionisation Sources  

Droplet-on-Demand (DoD) ionisation sources are those through which droplets 

(or in some cases a single droplet) are generated only when an appropriate pulse 

is applied to trigger droplet generation. The duration of the pulse can be accurately 

controlled, allowing for short bursts of very low volumes of sample. When 

performing analysis where only a limited amount can be sampled, such as forensic 

analysis samples or analysis of rare and expensive artefacts, this could be highly 

advantageous compared to continuous flow ionisation methods. As will be 

discussed throughout, many DoD ionisation sources decouple the droplet 

formation and charging process, which allows for greater control over the droplet 

formation process. Herein a series of DoD ionisation sources are described, 

including their applications and, where applicable, their limitations.  
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1.4.1 Acoustic Mist Ionisation (AMI) 

Acoustic Mist Ionisation (AMI) is an example of an ultrasonic based droplet-on-

demand ionisation source, capable of performing high throughput screening of 

samples.74,75 Samples are stored in a microplate, above which is a heated transfer 

line held at a high potential, inducing a charge separation in the sample well.76 

Charged microdroplets are then generated through acoustic waves generated by 

an ultrasonic transducer beneath the microplate. The acoustic wave travels 

through the liquid reservoir where, if the acoustic energy is sufficient, it will 

overcome the surface tension of the liquid, causing it to nebulize.77  The charged 

microdroplets generated subsequently pass through the heated transfer line for 

MS analysis. The system is shown visually in Figure 17, which shows the lack of 

direct contact between the transducer and the sample, reportedly reducing 

chances of sample carryover and reducing analysis time.78  

The system’s ability to perform the rapid screening of samples is well presented 

in the literature, which is achieved by loading samples into a microplate mounted 

onto an XY stage, allowing the system to rapidly move from sample to sample.  

There have been various reported cases of AMI being used for the screening of 

samples, optimization of reaction conditions, small and large molecule medicinal 

candidate screening, quality control and biological sample screening.79–82 The 

sampling rate of the system has reached an impressive 6 samples per second in 

 

Figure 17 - Acoustic Mist Ionisation (AMI) 
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a high throughput screening analysis reported, whilst still maintaining baseline 

separation between samples peaks.83 

1.4.2 Surface Acoustic Wave Nebulisation (SAWN) 

 

Figure 18 - Surface Acoustic Wave Nebulisation (SAWN) 

Surface Acoustic Wave Nebulisation (SAWN) was first presented in 2010 as an 

effective method of analyzing samples for which only a low volume was 

available.84 The system used no pumps or interconnecting devices, and therefore 

a small volume of sample could simply be pipetted onto the glass surface for 

analysis. Figure 18 shows a schematic of the main components of the system. 

A piezoelectric transducer generates a surface acoustic wave in the glass slide 

onto which it is mounted; energy from this acoustic wave is transferred into the 

sample solution, a droplet of which is found further along the glass slide. The 

energy transferred overcomes the surface tension of the sample, causing it to 

nebulize.85 Unlike conventional ionisation sources, which induce ionisation through 

applied potential differences, the SAWN system is capable of generating ions 

through microscopic fluctuations in the charge distribution of the bulk liquid.86–88 

Despite the lack of charge being induced, the ions generated by SAWN tend to be 

multiply-charged, similar to those generated by ESI.84 However, the signal 

obtained via SAWN is significantly enhanced by using an electrode to introduce a 

charge in the liquid.89 

One of the biggest advantages to SAWN is the minimal fragmentation which 

occurs, allowing for the analysis of intact proteins, and even cells.90 Moreover, the 

lack of fragmentation for SAWN means that analysis of degradation products can 

proceed with additional certainty that the degradation products did not from 

during the analysis procedure.91 This lack of fragmentation is attributed to the 

lower internal energy ions generated by SAWN compared to conventional 

electrospray ions.92 
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1.4.3 Array of Micromachined Ultrasonic Electrosprays (AMUSE) 

Array of Micromachined Ultrasonic Electrosprays (AMUSE) Ionisation is an 

ultrasonic based ionisation device, which also overcomes the limitations 

associated with conventional electrospray type ionisation sources by decoupling 

droplet formation and charging.93,94 The device, shown in Figure 19, consists of a 

piezoelectric transducer which generates ultrasonic waves in a sample. The 

ultrasonic waves generate a high-pressure gradient at the nozzles of an array of 

cones, which cause droplet ejection.95 Droplet charging is performed by a gold 

electrode held at several hundred volts, which makes direct contact with the 

sample. Although, as noted when performing the analysis of peptides and proteins 

using the system, good signal can be obtained without the use of an applied 

voltage through the random distribution of charges in bulk solutions.93,96 

1.4.4 Ultrasonic Assisted Spray Ionisation (UASI) 

 

Figure 20 - Ultrasonic Assisted Spray Ionisation (UASI) 

Ultrasonic Assisted Spray Ionisation (UASI) is another example of an ionisation 

source which uses ultrasonic waves to nebulise the sample, which has been 

successfully applied to the analysis of small organic molecules and proteins.97 The 

sample is stored in an appropriate vial which sits in an ultrasonic bath, a piece of 

 

Figure 19 - Array of Micromachines Ultrasonic Electrospray (AMUSE) 
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equipment routinely found in almost every laboratory.98 A capillary passes from 

the sample to just in front of the MS inlet, sample is continuously drawn through 

by capillary action. The applied ultrasonic frequency causes the sample to nebulise 

at the tip of the capillary and induces acoustic cavitation within the sample, 

whereby bubbles form and rapidly collapse.99 This formation and subsequent 

collapse of the bubbles is an extremely violent process, inducing local temperature 

maximums of several thousand kelvin, enough to transfer ions into the gas 

phase.97 Although ionisation is not induced through an applied voltage, there is a 

significant increase in the signal observed when the capillary is grounded relative 

to the MS inlet compared to when the capillary is not grounded.  

1.5 Ion Sources for Improved Mass Accuracy 

As mentioned, internal recalibration is the most effective method of ensuring high 

mass accuracy, most commonly performed by spiking the sample of interest with 

internal standards. This approach is labor-intensive, and frequently adopts a trial-

and-error method to determine an appropriate concentration. Moreover, 

performing internal recalibration by spiking additional components into the sample 

opens the possibility of preferential ionisation of either sample or calibrant. This 

can be caused by differences in the hydrophobicity of different components (more 

hydrophobic molecules preferentially sit on the surface of a droplet, where the 

surface charges are, and therefore tend to have better ionisation coefficients), 

along with differences in the location and number of charging sites and the gas 

phase acidity/basicity of the components.100–102   

 

Figure 21 - Examples of Mechanically and Electrically Switched Dual 

Electrospray Systems 
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There are a small number of previously published of ionisation sources and 

adaptations to ion sources which are designed to perform internal recalibration 

without the need to spike samples directly. Many of these ionisation sources 

involve the use of dual-sprayers, whereby one emitter sprays the sample whilst 

the other is set to introduce a calibrant solution. The dual-spray systems cannot 

have both emitters simultaneously active due to the repulsive forces between the 

two highly charged plumes. Therefore, dual-spray systems mostly rely on 

electrical or mechanical switching to alternate between calibrant and sample ions 

to avoid this repulsion, schematic examples of which are given in Figure 21.103–106 

Moreover, when using electrically switched electrospray type emitters, there is a 

minimum distance between the two emitters which must be kept to ensure no 

unwanted discharge between the active tip (at high voltage) and the inactive tip 

(grounded).107 Although the use of multiple sprayers is being discussed in the 

context as a mass recalibration tool here, their use is not limited to calibration, 

with multiple spray systems being used to perform ion/ion reactions within ion 

traps.108–111 

Much of the work around dual-electrospray ionisation sources was published by 

Muddiman et al., who tested their system(s) in a variety of different genomic and 

proteomic studies, achieving good mass accuracy values throughout.112–115 They 

used a dual-spray system which operated through a mechanical switching 

mechanism, and coupled the system to an FT-ICR Mass Spectrometer. After a 

significant improvement in sprayer switching time (from 300 milliseconds to 50 

milliseconds), they were able to exploit the hexapole accumulation of ions to trap 

a single ion cloud containing both sample and calibrant, which could then 

subsequently be sent to the ICR cell for analysis.116 

Li et al. presented the first dual spray system which was able to have both 

sprayers in the same alternating current field, and therefore able to 

simultaneously spray.4 The device was able to achieve good mass accuracy values 

for the analysis of components in urine (a complex matrix), with mean mass 

accuracy values as low as 1 ppm for positive mode and 3 ppm for negative mode.   

Overall, the number of ionisation sources which are designed with the focus of 

improving mass accuracy are limited, in part due to the associated difficulties of 

introducing sample and calibrant sprays simultaneously to the mass spectrometer. 

Those that have been reported have shown some good success, particularly those 

which focus on the development of dual electrospray systems. However, the need 

to explore further work in this area remains clear.  
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1.6 Summary 

Developments in ionisation sources over the last two decades have sparked a new 

chapter in the way mass spectrometry analysis would be conducted. There has 

been a significant number of publications and research performed focusing on the 

development of new ionisation techniques and the application of these systems 

for increasingly complex samples, a subset of which have been discussed. The 

advantages of ambient ionisation sources in sample preparation and analysis time 

over conventional methods are clear, rapidly increasing their popularity in the 

broader scientific community as a key tool for analysis in a broad range of 

applications.  

In conjunction with the ionisation source development, there has been significant 

progress in the quality of data generated by instruments. Both manufacturers and 

researchers are continuously pushing the capabilities of instrument peak 

resolution and mass accuracy, driven by a need to be able to confidently assign 

molecular formula to complex samples containing hundreds of thousands (if not 

millions) of peaks. FTMS instruments are clearly paving the way in this 

development, routinely achieving sub ppm mass accuracy, and resolving powers 

well into the millions.  

The development of more advanced instruments with ever higher resolving 

powers, reveals more and more molecular (e.g. biochemical) complexity in 

samples.  However, this resolution improvement must be coupled to 

improvements in the calibration of instrumentation to ensure sufficient confidence 

in peak assignment to permit this complexity to be appropriately understood in its 

context. The vast majority of the ionisation sources developed to provide improved 

mass accuracy have been dual electrospray based.  This thesis discusses the 

development and characterization of a novel droplet-on-demand ultrasonic 

ionisation source which aims to improve mass accuracy for complex analysis.   
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1.7  Aims 

This research project aims to achieve the following: 

1. Investigate and evaluate potential ultrasonic nebuliser-based systems 

which could be used as droplet-on-demand ionisation sources for improved 

mass accuracy 

2. Undergo a development process through 3D printed components and 

engineered components to optimise system(s) for best signal obtainable  

3. Develop programmatic control over the system(s) to perform automatic 

internal recalibration of spectra 

4. Demonstrate the ion source’s ability to work on a series of different mass 

analyser types and mass spectrometer manufacturers 

5. Evaluate the ion source’s performance as an internal mass recalibration 

tool 

6. Investigate additional potential applications of the ion source  

Herein, this thesis describes the research and development process undertaken 

for ionisation source development and characterization.  

1.7.1 Internal Encoded Recalibration and Duty Cycle 

If a sample and a mass calibrant are both introduced into the mass spectrometer 

in a steady state manner, then it can be hard or impossible to distinguish between 

the sample signal and the mass calibrant signal in complex samples. Internal 

encoded recalibration is a method for encoding the calibration function within the 

sample dataset, through introducing the mass calibrant in a controlled manner at 

defined points during the sample analysis. If the calibration signal is encoded in 

the signal, then it is possible to demodulate the mixed signal to positively identify 

the spectral peaks originating from the calibrant. Demonstrating a successful 

internal encoded recalibration capability was one of the primary aims of the 

ionisation source developed during this thesis.  

In addition to encoding the calibrant signal, another key benefit of any droplet-

on-demand ionisation source is to be able to modulate the volume of the 

calibration solution introduced into the mass spectrometer. The observed signal 

given by the mass spectrometer is directly related to the volume of solution 

generated by the ionisation source during the ion accumulation period, and 

therefore developing an ionisation source which gives fine control over the volume 



30 

 

of calibrant solution sprayed will allow the strength of the mass calibrant signal to 

be altered on-the-fly.  

One method for modifying the volume of sample solution analysed per spectrum 

is to adjust the duty cycle of the nebuliser - the duty cycle, in this case, being the 

proportion of the ion accumulation time during which the nebuliser operates. The 

theoretical effect of varying the duty cycle on the signal has been shown visually 

in Figure 22. The dashed black line on each graph indicates an example scan taken 

by the mass spectrometer (in this case set to take a scan every 100 milliseconds). 

The colored regions indicate a period in which the nebuliser is active, with blank 

regions indicating the nebuliser inactive. As the duty cycle decreases, the 

proportion of time between scans where the nebuliser is active is decreasing, and 

therefore a decrease in signal can be expected. Assuming that there is a linear 

relationship between the duty cycle and the signal, a theoretical calibration curve 

can be drawn using this information, shown within Figure 22. 

 

Figure 22 - Theoretical PUPP Duty Cycle Control & Calibration Curve 

Vertical dashed lines indicate when a scan is performed on the mass 

spectrometer. The coloured regions indicate when the nebuliser is active, and 

white regions indicate the nebuliser is inactive. An increase in the amount of 

time the nebuliser is active between scans theoretically leads to an increase in 

the signal, as indicated by the calibration curve shown.  

1.8  Experimental 

The following section gives an overview into the equipment, chemicals, 

instruments, and software used throughout this project.  

1.8.1 Equipment 

A Microdrop Control Unit (MD-E-3011), Microdrop Inkjet Nozzle (50 µm, MD-K-

130-020) and Microscope Lens (10 x Zoom, MD-Z-503) were purchased from 

Microdrop Technologies GmbH (Norderstedt, Germany).  All high-speed images of 

the droplet formation process of the Microdrop system were taken using a MD-O-
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539-USB - XiQ USB 3.0 SuperSpeed Compact Camera, purchased from Microdrop 

Technologies GmbH (Norderstedt, Germany). The high voltage power supply 

(Model PS350/5000V-25W) was purchased from Stanford Research Systems 

(Sunnyvale, CA, USA). The 3D printer used was an Ultimaker S3 (Utrecht, 

Netherlands), and unless specified printing was done using ABS Filament 

purchased from Ultimaker and RS Components (Corby, UK). Two types of Porous 

Ultrasonic Piezoelectric nebulizer Plates were used. The 756-Hole plates were 

extracted from Donut Air Humidifiers purchased from Amazon (amazon.co.uk, 

London, UK). The 1-, 7- and 19-Hole plates (KS-W13.8-162K1D3W) were custom 

manufactured by Dongguan Cosson Electronic Plastic Company (Guangdong, 

China) and were supplied by a collaborator for this project. XY Controllable Mini 

Milling Tables were manufactured by Poweka (Shenzhen, China), and purchased 

via Amazon. The XYZ 3-Axis Manual Linear Stage was manufactured by Jecste 

(China) and purchased via Amazon (London, UK). Details about the Custom-Built 

Fused Silica Grinder can be found in the Chapter 5, whilst the fused silica used for 

generating ESI Tips (TSP075375, ID = 75 μm, OD = 363 µm) was purchased from 

CM Scientific (Silsden, UK). The ESI Needle used during the early stages of the 

project was removed from a Micromass Quattro Micro Mass Spectrometer, 

Micromass was purchased by Waters Corp in 1997 (Manchester, UK). 

1.8.2 Chemicals 

Triton QS-15 and Jeffamine M-600 were purchased from Sigma-Aldrich 

(Gillingham, UK). ESI Tuning Mix was purchased from Agilent (Santa Clara, CA, 

USA). LC-MS Water was produced using a Thermo Fisher (MA, USA) Barnstead 

Nanopure Analytical UV System. Unless specified otherwise, all general lab 

reagents and solvents were obtained through Sigma-Aldrich (Gillingham, UK).  

It should be noted, that at various stages three different solutions were used to 

perform recalibration functions, these are Triton QS-15 (an anionic polyethylene 

glycol based-surfactant), Jeffamine M-600 (a polypropylene glycol-based 

surfactant) and an Agilent ESI Tuning Mix (comprised mostly of a perfluorinated 

phosphazene series), all of which gave different numbers of peaks at different m/z 

ranges.14,117 The proposed structures of Triton QS-15, Jeffamine M-600 and the 

Agilent ESI Tuning Mix have been given in Figure 168, Figure 169 and Figure 170 

respectively. 
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1.8.3 Instrumentation 

Throughout the project, various mass spectrometry instruments were used, 

below is a list of these and the institutions who kindly agreed for their use during 

the project.  

• Waters Xevo G2-XS Q-TOF Mass Spectrometer (Waters Corp, Manchester 

UK) 

o School of Science & Technology, Nottingham Trent University 

• ABSciex TripleTOF 6600+ Mass Spectrometer (ABSciex, Macclesfield, UK) 

o John van Geest Cancer Research Centre, Nottingham Trent 

University 

• Thermo Q-Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer 

(Thermo Fisher, MA, USA) 

o Ion Beam Centre, University of Surrey   

• Bruker solariX 12T FT-ICR Mass Spectrometer (Bruker Corporation, MA, 

USA)  

o Scottish Instrumentation and Resource Centre for Advanced Mass 

Spectrometry, University of Edinburgh 

• JEOL JSM-7100F Thermal Field Emission Electron Microscope (JEOL, Tokyo, 

Japan) 

o School of Science & Technology, Nottingham Trent University 

• Olympus BX51 Microscope with Leica MC190 HD Camera (Olympus, Tokyo, 

Japan) 

o School of Science & Technology, Nottingham Trent University 

• Thermo Fisher Q-Exactive HF Orbitrap (Thermo Fisher, MA, USA) 

o M4I Division of Imaging Mass Spectrometry, Maastricht University, 

the Netherlands  

1.8.4 Software 

Initial processing of data collected on the Waters Q-TOF was performed via the 

MassLynx v4.1 Software provided by Waters Corporation (Milford, MA, USA).  

Later, data collected on all instruments was processed via custom programming 

written in LabVIEW 2020, a software development environment from National 

Instruments (Austin, TX, USA). In order to be able to do this, in most cases, the 

mass spectrometry data file format was converted to mz5.118 This was done using 
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Proteowizard’s MSConvert tool (Palo Alto, CA, USA).119 More information on the 

programming written as part of this project can be found in Chapter 5.  

3D Printing designs were generated using FreeCAD, an open-source software tool 

available on GitHub. The .STL files created in FreeCAD were then generated into 

.3mf files readable by the printer via Ultimaker Cura (Utrecht, Netherlands). 

The waterfall figures were generated using MATLAB R2020b software by 

MathWorks (Natick, MA, USA). The camera used to collect images of the Microdrop 

emitter droplet generation process was controlled by XIMEA CamTool v4.2 

(Münster, Germany).  
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Chapter 2: Microdrop System Development 

This chapter introduces the Microdrop system as an effective method of generating 

microdroplets on demand. The mechanism of microdroplet generation is initially 

presented, followed by details on the various ways the system was adapted into 

a functioning ionisation source. Proof of concept data is presented for some of the 

key features of the Microdrop system, followed by an overview of the advantages 

and disadvantages of the system as an ionisation source. In the appendix of this 

thesis is a summary of all the ionisation sources versions used throughout this 

project to assist the reader with understanding the development process.  

2.0  Ion Source - Microdrop 

The first ionisation source developed used a piezoelectric inkjet printing device 

developed by Microdrop Technologies. Li et al. provide an excellent summary of 

the various types of piezoelectric inkjet devices, including a classification system 

based on their method of generating droplets.120 The Microdrop system discussed 

here falls into the category of a “squeeze type”, and has previously been published 

as a method of performing ionization.121,122  

A system near identical to the Microdrop was used to inject plumes of highly 

charged droplets into an ion mobility cell, in order to perform investigations into 

the preference of different small molecules to undergo the Ion Evaporation Model 

(IEM) ionization mechanism through “Time of Ionization Spectrometry”.121 The 

scope of this investigation does not focus on the ionization source or optimization 

of the ion source, and instead uses the ability to generate individual droplets (or 

plumes of droplets) on demand to perform ionization mechanism studies.   

Earlier work conducted at the University of Edinburgh demonstrated the capability 

of the Microdrop system to perform droplet-on-demand ionization, of e.g. 

biomolecules (Bovine Insulin), coupled to an Orbitrap.122,123 Triggers taken from 

the Orbitrap enabled the droplet generation and ion accumulation events to be 

synchronized, and the authors also mention the ability to vary the number of 

droplets generated during the ion accumulation events to alter sample peak 

intensities on demand.  

The system had a number of features which made it an appealing starting point 

for the ion source development considering the aims of the project stated 

previously. These features include the ability to control the number of droplets 

generated, and the frequency at which they are dispensed.  
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This chapter describes the general principle of the system, which is already 

established in the literature. After this, number of different methods of performing 

ionization were tested, and their performance and suitability for internal encoded 

recalibration are compared. Previous studies have demonstrated the Microdrop 

system as an ionization source without presenting any systematic characterisation 

for different methods of performing ionization, to my knowledge this is the first 

study of its kind.  

2.1  Microdrop System Structure 

The Microdrop system consists of a glass capillary encased in a piezoelectric 

actuator. The tip of the glass capillary has a diameter of 50 µm, which 

approximately translates to the size of the droplet emitted. The liquid sample to 

be dispensed is stored in a 4 mL glass vial, and is transferred into the glass 

capillary through a PTFE sample line via capillary action and a headspace pressure 

supplied into the glass vial. Figure 23 shows the internal components of the 

Microdrop system. The piezo actuator is driven by a series of electrical pulses, 

which are regulated and delivered by the Microdrop control system. The droplet 

formation process revolves around the expansion/contraction of the piezoelectric 

actuator, which in turn generates pressure waves inside the glass tubing, leading 

to the formation of a droplet at the tip of the capillary.124 The Microdrop controller 

can be used either through the touchscreen interface, or through serial 

commands.  

  

Figure 23 – Overall Microdrop system (Left) and Internal Components of 

Microdrop Unit (Right) 

The system has two modes of operation: a “Single Pulse” and a “Triple Pulse” 

droplet ejection method. The “Single Pulse” method, shown in Figure 25, provides 

pulses of consistent voltage and length, with a delay between individual pulses. 
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Good quality droplet formation is dependent on the tuning of the pulse voltages, 

when the voltages are not tuned the system generates a “splutter” of droplets 

from the emitter, whilst a good quality tune produces a clearly defined single 

droplet. Figure 24 shows the difference in quality of droplet(s) formed when the 

tune is good quality (left) and poor quality (right).  

 

Figure 24 - Difference in quality of droplet formation when Microdrop system 

is tuned and untuned 

 

 

Figure 25 - Microdrop Single Pulse Emission Sequence 

The “Triple Pulse” method has three distinct pulses, the first and final of which are 

typically positive voltages, whilst the middle is typically a negative voltage. Figure 

26 shows a triple pulse configuration which generated good quality droplets and 

was subsequently used for much of the data collection performed in triple pulse 

mode. One cycle of the three individual pulses results in the ejection of a single 

microdroplet, which according to the manufacturer is approximately half the 

diameter of a droplet ejected from a “Single Pulse” method.  
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Figure 26 - Microdrop Triple Pulse Emission Sequence 

The system has a user-defined frequency (Hz) at which droplets are ejected 

ranging between 1-6000 Hz. The system can be set to run at this frequency 

continuously, or to provide a defined burst of n droplets at the specified frequency. 

The system therefore can be set to eject a single droplet, enabling analysis of very 

low volumes of sample. When the settings are well tuned, the Microdrop system 

generates droplets of a very consistent diameter, and therefore the volume of 

sample dispensed per second (when Microdrop is used in continuous mode) or 

total volume dispensed (when Microdrop is set to generate a defined number of 

droplets) can be accurately calculated using Eq. 19 and Eq. 20. The volume of 

each droplet is fairly low, with a single droplet of 25 µm diameter corresponding 

to just to 8.2 picolitres of sample.  

𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑉) =
4

3
𝜋𝑟3 Eq. 18 

𝑉𝑜𝑙𝑢𝑚𝑒 𝐷𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 (𝑝𝐿 𝑠−1) =  

4
3

𝜋𝑟3

1000
 𝑥 𝐻𝑧 Eq. 19 

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝐷𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑑 (𝑝𝐿) =  

4
3

𝜋𝑟3

1000
 𝑥 𝑛 Eq. 20 

𝑟 = 𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 𝑅𝑎𝑑𝑖𝑢𝑠 𝑖𝑛 µ𝑚  

𝐻𝑧 = 𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

𝑛 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐷𝑟𝑜𝑝𝑙𝑒𝑡𝑠 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 

 

 

The droplet formation process was visualized using a CCD camera with a 10x 

microscope lens, together with a strobe light and monitor. Through varying the 

strobe delay, the process of droplet formation and emission from the glass 

capillary can be viewed as part of the process for tuning of the relevant pulse 

voltages and durations to achieve good quality droplet formation. Figure 27 shows 

an example droplet formation and ejection captured using this system.  
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Figure 27 - Microdroplet formation process 

Although the Microdrop system emits a stream of single droplets, rather than a 

widespread plume of droplets more akin to that of electrospray, it is not necessary 

for the droplet stream to be directed into the orifice of the MS inlet. Good signal 

can be achieved with the droplet stream directed slightly away from the inlet. 

There are two possible explanations for how this occurs, the first is that signal is 

achieved through the formation of smaller satellite droplets, which are observed 

in similar acoustic droplet formation techniques.125 These smaller satellite droplets 

do not follow the same linear path as the main droplet, and therefore are likely to 

be responsible for the signal obtained when the pathway of the main droplet does 

not enter the MS inlet. The second possible explanation is that highly charged 

droplets can produce Taylor cones directly from the droplets itself when they 

approach the grounded MS inlet, known as Rayleigh Jets.126–128 These small Taylor 

cones generate small highly charged droplets which then subsequently enter the 

MS inlet, generating signal. However, this latter explanation is only applicable for 

the signal observed when the microdroplets generated have a high charge induced 

in them through an external power supply, and this does not need to be the case 

in order to observe signal when the microdroplet stream is directly slightly away 

from the inlet.  

2.2  Microdrop Ion Source Development 

Through the development stage of the Microdrop ion source a series of different 

configurations and designs were tested. Each prototype was initially tested using 

a single Microdrop system, some of which were further developed to try to 

introduce an additional, second Microdrop system. In addition, a series of different 

mechanisms of charging the microdroplets were tested, including mechanisms 

which charge the sample liquid before droplet formation, and those which aim to 

charge a droplet which has already been formed. Each design used a custom 3D 

Printed support mechanism to hold the appropriate ion source components in 

place.  
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2.2.1 Ion Source 1.0 - Single Microdrop into MS Inlet (MDD) 

 

Figure 28 - Ion Source 1.0 - Single Microdrop directly into MS Inlet 

The first iteration of the ion source had a single Microdrop system held 

horizontally, with the droplet stream directed towards the MS Inlet (See Figure 

28). Although signal could be obtained without inducing charge in the sample, the 

signal was significantly enhanced through the use of a high voltage power supply. 

Charge was induced through a 0.40 mm diameter stainless steel wire which was 

suspended in the sample storage vial and attached to the high voltage (HV) 

supply.  

The improvement in signal by inducing charge can be seen in both Figure 29 and 

Figure 30. Keeping the droplet frequency constant, but varying the voltage applied 

to the sample storage vial, there is a clear increase in signal at 1500V, which is 

shown in Figure 29. Whilst Figure 30 shows the effect on total ion chromatogram 

(TIC) signal when the power supply is switched on/off. This improvement in signal 

is likely to be caused by two effects of introducing charge; highly charged 

microdroplets undergo coulombic explosions and therefore iteratively produce 

 

Figure 29 - Microdrop Ion Source - Ion Intensity vs Applied Voltage 
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smaller droplets with a high charge density, and charged droplets are much more 

likely to be drawn towards the grounded MS inlet.  

 

Figure 30 - Effect of Charging Droplets on Microdrop Signal 

The system gave a strong signal across the mass range of interest, and it was 

clear that sensitivity could be easily adjusted through control of the droplet 

ejection frequency (Hz). Although the signal is not consistent when the HV is 

switched on, this can be attributed to the system not being optimized at this early 

development stage, and other possible external factors including airflow disrupting 

the flight path of the droplets entering the MS inlet.   

Figure 31 shows the relationship between the frequency and the signal generated 

for a series of oligosaccharide peaks seen in a beer sample. Confirmation of this 

linear relationship promotes the use of the ion source as a system which can 

systematically alter the intensity of sample/calibrant ions as discussed in Section 

1.7.1, and follows similar work published within the group using microdroplet 

dispensers.122 
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Figure 31 - Microdrop Frequency vs Intensity Relationship 

2.2.2 Ion Source 2.0 - Double Microdrop into MS Inlet (MDD2) 

 

Figure 32 - Ion Source 2.0 - Double Microdroplet directly into MS Inlet 

The next prototype sought to introduce a second microdroplet stream into the MS 

inlet. Both Microdrop systems were charged in the same manner, through a 

stainless-steel wire in the sample vial. However, consistent signal from both 

Microdrop streams could not be maintained due to the droplet streams interfering 

with each other. This interference can be attributed to the repulsive force of two 

highly charged droplet streams of the same polarity. 

The interference could be seen visually, as when both power supplies were 

switched on, the droplet streams would repel each other, generally resulting in 

one of the streams being directed away from the inlet, as shown in Figure 33. This 

is a common occurrence within dual spray-based systems, and is generally 

overcome through the use of either electrical or mechanical switching between 

the two sprays.4,104,129  Dual electrosprays have been used without the need for 
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any electrical or mechanisms, however, the calibrant and samples plumes are 

directed into the instrument via different inlets.130,131 

Holding only one of the microdroplet streams at a high potential was tested to try 

to overcome this issue. In theory, this would allow both microdroplet streams to 

meet prior to the MS orifice, and through droplet mixing this would enable both 

the Beer and Triton sample to mix in highly charged droplets. However, this 

resulted in signal dominance for whichever sample was held at a high potential, 

likely due to insufficient mixing. 

 

Figure 33 - Interference observed between highly charged Microdrop streams 

 

2.2.3 Ion Source 3.0 - Single Microdrop into ESI Stream (MDD-

ESI) 

Figure 34 

 

Figure 35 

 

Figure 34 - Single Microdrop directed into ESI Plume 

Figure 35 - Single Microdrop directed onto ESI Needle Tip 

In order to avoid the droplet stream repulsion issues experienced between two 

highly charged droplet streams, methods to charge both droplet streams 

simultaneously were investigated. The first stage of this would be to determine 

whether signal could be obtained when introducing the Microdrop stream into the 

path of electrospray plume, or coming into contact with the tip of a highly charged 

electrospray needle. There have been various ionization sources previously 
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reported where ultrasonic-generated microdroplets are mixed with electrospray-

style plumes to great success.132,133 

The original focus of the ionization source was to develop a system which could 

introduce a calibrant of choice into a series of defined sample spectra on demand. 

As discussed in 1.7.1, this would allow the generation of high accurate mass data 

through encoded internal recalibration. The system schematics can be seen in 

Figure 34 and Figure 35, which show the ESI generating a plume of sample (Beer) 

microdroplets. This would produce a steady stream of sample signal, into which 

the calibrant (Triton QS-15) signal could be introduced through the Microdrop 

system. 

Initially, the Microdrop stream was introduced to the ESI stream immediately prior 

to the MS inlet as shown in Figure 34, in the hope that the ESI plume and the 

Microdroplet stream would undergo droplet mixing and therefore introduce charge 

to the Triton sample. However, this simply resulted in a complete loss of signal. 

Although an investigation would need to be performed to determine the cause, 

this is possibly due to the significantly larger Microdrop droplets (≈ 50 µm) 

pushing the much smaller electrospray droplets (≈ 1-5 µm) away from the MS 

inlet.  

Greater success was achieved through introducing the Microdrop stream directly 

onto the electrospray needle tip, as shown in Figure 35. A similar approach was 

taken by Yu et al., who used a near identical piezoelectric microdroplet generation 

system coupled to a probe electrospray system.134 In their work, they used a 

probe to directly sample cells. The piezoelectric device would subsequently deliver 

solvent onto the probe, extracting metabolites from the cell, which would 

subsequently be probe electrosprayed. 

In our approach, short bursts of Triton introduced by the Microdrop would land 

onto the needle, where they would subsequently co-electrospray with the beer 

solution. Figure 37 shows a comparison of an EIC obtained for a beer sugar, which 

is consistent throughout the analysis, and an EIC for a Triton peak, which shows 

significant increases in intensity when the Microdrop system is triggered to deliver 

a short burst of microdroplets onto the needle tip. Figure 36 shows the spectra 

obtained from this dataset, the spectra containing Triton signal only are obtained 

by performing a background subtraction using a region where the Microdrop 

system is not active. 
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Although this method gave greater sensitivity, the depletion of the Triton signal 

had a significant delay. As can be seen in Figure 37, the signal would rapidly rise 

after the system is triggered to generate microdroplet(s), but then would slowly 

deplete. An ideal system would give much sharper peaks in calibrant signal, and 

therefore were only visible for short bursts after the system is triggered. This issue 

is likely caused by the volume of calibrant deposited onto the electrospray needle, 

which is significant enough that the electrospray continues to introduce calibrant 

into the plume long after the microdroplet generation event. This is a significant 

limitation of this system, and significant investigative work would need to be 

undertaken in order to avoid this.   

 

Figure 36 - Spectra obtained from ESI Microdrop Dataset 

 

Figure 37 - ESI Analysis of Beer with Microdrop Triton Calibration Peaks 
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2.2.4 Ion Source 4.0 - Single Microdrop onto Needle (MDD-PESI) 

 

Figure 38 - Single Microdrop onto Needle 

Although directing two Microdrop systems directly at the MS inlet (discussed in 

Section 2.2.2) was not successful, alternative routes to using two Microdrop 

systems were explored. This included depositing droplets generated onto a needle 

held at a high voltage, which would then electrospray from the tip, in a similar 

manner to that adopted by Yu et al. discussed previously.134 This would be akin to 

the Probe Electrospray Ionisation (PESI) system, a commercially available 

ionisation source which operates by dropping a needle held at ground into a 

sample well, before applying a HV to the needle, causing an electrospray from the 

tip.  

By avoiding the use of two charged droplet streams, and instead using a single 

charged needle from which two neutral streams of microdroplets could mix and 

co-electrospray, there would be no issue between the microdroplet streams 

interfering with each other. To test this system, a single Microdrop system was 

set to deposit onto an electrospray needle, as shown in Figure 38. The electrospray 

needle used was taken from a Micromass Triple Quadrupole Mass Spectrometer 

and was used as a standalone needle without spraying any sample from the 

emitter tip.  
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Figure 39 - Single Microdrop onto Needle EIC 

Through approximating the droplet size to that of the glass capillary diameter, it 

is possible to calculate the size and volume of the droplets being ejected. This 

information, combined with the number of droplets ejected and the concentration 

of the triton sample (1.0 ug/mL), could then be used to calculate the total mass 

of triton introduced in these short bursts, shown in Eq. 21. 

(

4
3

𝜋253

1000
 𝑥 10)

106
 𝑥 1.0 µ𝑔 𝑚𝐿−1 =   82 𝑓𝑒𝑚𝑡𝑜𝑔𝑟𝑎𝑚𝑠 

Eq. 21 

The system showed good sensitivity, comfortably able to detect bursts of just 82 

femtograms of Triton as shown in Figure 39. Averaging across a short peak gives 

the spectra showing the easily identifiable signal obtained for Triton, shown in 

Figure 40.  

 

 

Figure 40 - Single Microdrop onto Needle Triton Spectra 
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2.2.5 Ion Source 5.0 - Double Microdrop onto Needle – MDD2-

PESI 

 

Figure 41 - Double Microdrop onto Needle 

Naturally, the final step was to determine whether two Microdrop streams could 

be introduced onto the needle tip and subsequently co-electrosprayed into the MS 

inlet. Initially it proved difficult to introduce two narrow streams of microdroplets 

onto the small needle. Various system designs were developed and tested to avoid 

this issue, including spraying onto larger surface areas which still enabled the 

subsequent co-spray to be performed (including a Carbon Fiber Ionisation and 

Paperspray Ionisation systems). Neither of these systems were successful, with 

both either not spraying consistently enough or resulting in poor sensitivity.  

Through improved design of new 3D printed parts, it was possible to co-spray onto 

the original needle tip, which gave excellent sensitivity. Images and a schematic 

of the set up are given in Figure 41 and Figure 42. This system allowed for the 

continuous spray of one sample, and the introduction of the other in short bursts. 

Initially, the Microdrop spraying the beer sample was sprayed to give a continuous 

signal, although care was needed to ensure that the volume of beer being ejected 

from the Microdrop did not outweigh the volume being electrosprayed, in order to 

avoid a build-up of liquid on the needle tip. The number of Triton microdroplets 

and the frequency at which they were ejected could be adjusted to increase or 

decrease sensitivity. 
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Figure 43 shows an example dataset collected using this system. The Microdrop 

containing Beer was sprayed continuously at a frequency of 75 Hz, which gave a 

consistent MS signal. Although small dips in the extracted ion chromatogram for 

the beer can be seen at the time points where the Microdrop system is active, this 

is not actually a drop in observed beer signal, and instead the result of some shifts 

in the dominant adduct formed, which are explained and discussed in detail in 

Chapter 4. Triton was introduced in 5 Drop bursts at a frequency of 100 Hz 

(therefore taking 50 milliseconds to spray the entire volume ejected). The system 

showed excellent sensitivity for the triton sample introduced, easily able to detect 

131 picograms of Triton for each burst, shown in Figure 43. 

.  

   

Figure 42 - Ion Source 5.0 Design Images 

 

Figure 43 - Two Microdrop Heads onto Needle - Beer & Triton Signal 
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2.3 Microdrop System: Limitations 

The Microdrop system has clearly demonstrated its potential as a tool for ambient 

ionisation, capable of introducing calibrant into an analysis procedure on demand. 

However, as the system underwent development the limitations for its use as an 

ionisation source became clear, some of which were fundamental limitations of 

the nature of the Microdrop system and could therefore not be changed. These 

limitations included: 

• Sample Loading Speed - The sample is stored in a 4 mL vial, with the 

sample being drawn into the system via capillary action. This is a slow and 

ineffective method of sample loading, which renders the system unsuitable 

for rapid analysis or changing calibrant easily.  

• Droplet Size - Droplets generated are approximately equal to half the 

diameter of the capillary (50 µm). To increase signal, a smaller droplet 

size is necessary, and the systems lowest possible capillary diameter 

offered by the manufacturer is 30 µm.135 In addition, the droplet size 

needs to be significantly reduced in order to avoid the slow depletion of 

the Microdrop signal observed, whereby the volume of calibrant introduced 

by the Microdrop is large enough that the calibrant signal takes a 

significant length of time to dissipate off of the ESI needle.   

• Cost - The system is expensive, and therefore maintenance/replacements 

are expensive, reducing the appeal of the system to users 

Because of these reasons therefore, development of the Microdrop system was 

stopped in favor of pursuing alternative acoustic based droplet generating devices, 

which are subsequently discussed in the next chapter 
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Chapter 3: PUPP System Development 

This chapter introduces the PUPP system (Porous Ultrasonic Piezoelectric Plate) as 

a replacement for the Microdrop system presented in Chapter 2. The PUPP system 

overcomes the inherent limitations of the Microdrop discussed previously. This 

chapter begins by characterizing the PUPP and shows the mechanisms of droplet 

formation. Focus then shifts onto the development of the PUPP as an ionisation 

device, of which a number of different design iterations were found to be 

successful. Proof-of-concept data is shown for a number of important features of 

the ionisation source, which are the foundation for the applications shown in 

Chapter 4. 

3.0  Ion Source - PUPP 

In order to overcome the limitations of the Microdrop system discussed in Chapter 

2, it was necessary to switch to a different form of ultrasonic droplet generating 

device. The system chosen to explore is henceforth referred to throughout this 

thesis as a Porous Ultrasonic Piezoelectric Plate (PUPP), which falls under the 

category of a “bend type” piezoelectric inkjet printing device, according to the Li 

et al. classification system mentioned in Chapter 2.120  

Research has investigated the mechanisms of near identical devices, often 

proposing their potential use in medical inhalation therapy.136,137 Their most 

popular application however is in humidifier systems, where they are used to 

generate mists of liquids, sometimes with the addition of specific aromas. Their 

functionality as an ionisation source is clear and has been shown in previous 

publications which use this system, which are discussed later in this chapter. They 

are a low-cost method of generating microdroplets consistently and of a smaller 

diameter than the Microdrop system, which through simple electronic adaptations 

can be controlled to generate defined bursts of microdroplets.  

3.1 PUPP System 

The PUPP system uses an ultrasonic nebulizer to generate a fine mist of 

microdroplets for a liquid sample dispensed on top of a plate containing 

micropores. The PUPPs used throughout this project consist of a stainless-steel 

plate attached to a piezoelectric transducer ring. At the centre of the stainless-

steel plate are a series of cone shaped pores, the number of which depends on 

the specification of the plate being used. Although there are other designs 

available for these systems, such as a square stainless-steel plate with a 

transducer offset to one side (Figure 44 - Right), throughout this project the 
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circular PUPPs (Figure 44 – Left) were used for ion source development. PUPPs 

containing 1,7, and 19 holes were custom manufactured and supplied by a 

collaborator (Vibrat-Ion Ltd, UK), and PUPPs with 756 pores were extracted from 

commercially available donut humidifiers (Amazon, UK).    

 
 

 

Figure 44 - PUPPs with Scale 

Left - 1-, 7- and 19-Hole plate design. Right - 756-Hole plate design 

Right - PUPP with ultrasonic transducer offset to one side of the plate 

The diameter of the droplet expelled is proportional to the diameter of the pore, 

which for all the specification of plates used is ~5 micrometers. As the pore size 

is consistent between the plates, the volume of solution sprayed is therefore 

proportional to the oscillation frequency and the number of pores the stainless-

steel plate has. 

 

Figure 45 - PUPP Schematic 

The piezoelectric transducer ring is driven by an alternating current voltage, which 

causes the ring to vibrate at an ultrasonic frequency (and therefore the stainless-

steel plate also). Droplet formation and ejection is driven by vibration of the 

stainless-steel plate. Liquid sample is dispensed onto the plate itself, and does not 

pass through the pores due to surface tension when the system is inactive.  
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When the system is in operation, and the plate vibrates, liquid sample is forced 

into the pores as the plate bends towards the sample, creating a high-pressure 

gradient at the cone orifice, shown in Figure 45. A droplet is subsequently ejected 

as the plate bends in the opposite direction. The overall process has been shown 

visually in Figure 46 as a schematic, whilst photographs of active PUPPs can be 

seen in Figure 47.  

The PUPP device is capable of generating a uniform distribution of small droplets 

(≈ 5 µm), and is approximately 1000-fold cheaper than the Microdrop system. 

Finally, the easy and open access to the sample side of the PUPPs allows rapid 

loading or unloading of samples; a process which was not possible through the 

Microdrop system. 

  

Figure 47 - PUPP in Operate Mode 

(Left - 756-Hole PUPP spraying water, Right - 7 Hole PUPP in operation.) 

Studies have investigated how careful control over the PUPP plate characteristics 

can be used to optimize their performance, such as pore pitch, the thickness of 

the stainless-steel plate and the diameter of the pores.136–139 The optimization of 

these characteristics may lead to further performance gains to a developed 

 

Figure 46 - PUPP Mechanism of Droplet Ejection 
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ionisation source. However, as shown later in this chapter, the majority of the 

successful PUPP ionisation devices used a secondary ionisation mechanism to 

generate droplets which entered the inlet of the mass spectrometer. Therefore, 

optimization of the PUPP was not performed at this early development stage of 

the system, as it is unlikely to have a significant effect on the results generated.   

This style of nebulizer has already been applied to mass spectrometry by coupling 

the nebulizer with electro-flow focusing (EFF) to form an extractive electrospray 

ionisation system (EESI) for the isotopic analysis of inorganic metal ions in 

synthetic fingerprints, gunshot residue and soil samples.133 The system (shown in 

Figure 48) consists of a capillary held at a high potential to create a highly charged 

solvent stream. Concentric laminar gas flow is used to focus the droplet stream 

through a small orifice in a grounded plate held close to the capillary. The solvent 

stream immediately breaks up into charged microdroplets due to the nature of the 

electric field between the capillary tip and the grounded plate. The charged 

microdroplets are directed towards the MS at a slight angle, interacting with the 

nebulizer sample plume just 5 mm in front of the MS inlet. The system 

demonstrated good levels of sensitivity, detecting sub nanogram levels of 

inorganic ions in very small sample volumes (microliter).  

 

Figure 48 - Extractive Electrospray Ionisation coupled to Ultrasonic Nebulisers 

for Analysis of Inorganics  

Note: Schematic recreated using schematic shown in Forbes et al. 2014133 

The same research group who performed the inorganic analysis described also 

adapted the nebulizer to work in conjunction with a Venturi pump to direct the 

droplets past a needle held at high potential, where the droplets become charged 

through corona discharge.140 The system was successfully shown to be able to 

detect a range of volatile explosives, narcotics and chemical vapors. The venturi 

system enabled the collection of a significant proportion of the plume generated 
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by the nebulizer, and therefore minimizing the waste of sample. This is crucial for 

the analysis of high value samples for which only low volumes can be obtained. 

3.1.1 Duty Cycle Control of PUPP 

One of the major benefits of the Microdrop system was its ability to generate a 

specified number of droplets, even allowing for the generation of a single droplet, 

for analysis, per mass spectrum. As mentioned previously, control over the 

number of droplets generated per mass spectrum enabled a series of ion source 

applications to be explored, and replicating this ability through the PUPP system 

would be crucial to its success  

Although the PUPP system was designed for continuous generation of 

microdroplets, control over the number of microdroplets generated per mass 

spectrum was achieved through the creation of customized electronic circuits. 

Working with collaborators at Ystumtec Ltd. (now Vibrat-Ion Ltd.), appropriate 

electronics with the capabilities required for this application were sourced and 

designed. The electronics were themselves controlled by an Arduino system, and 

the LabVIEW program that controlled the whole system via this Arduino was 

developed as part of this project.   

Two systems were generated: the first of which controlled the duty cycle of the 

PUPP by altering the duration of time the plate was active for, and another through 

the use of a circuit board which generated individual pulses to the piezoelectric, 

and therefore how many droplets were generated. The former of these systems, 

which enabled control of the plate to spray for as little as 1 millisecond, allowed 

consistent pulses of a known length, which could then be controlled further by use 

of PUPP systems with differing number of pores. Through the Arduino controlled 

system, individual droplets could be generated when using a PUPP with a single 

pore, as one droplet would be generated through this with each pulse.  

3.1.2 Scanning Electron Microscope Analysis of PUPP  

In order to determine the shape and diameter of the PUPP pores, images of the 

different plate types were collected using a scanning electron microscope (JEOL 

JSM-7100F). In addition, these images were taken to confirm the number of pores 

present in the piezo plates extracted from Donut Humidifiers, which was confirmed 

as being 756 using these images. The images confirmed that the pores were cone 

shaped, and that the orifice where the droplet is emitted from which controls the 

droplet size, is 5 μm. Figure 49 shows a selection of the images collected using 

the SEM.  
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Figure 49 - Scanning Electron Microscope Images of PUPPs 

3.1.3 Elemental Analysis of Plates via SEM-EDS 

The elemental composition of the piezoelectric plates was determined through 

energy-dispersive X-Ray spectroscopy (EDS) performed on a scanning electron 

microscope (SEM). Although Carbon is shown to be a contribution to the plates, it 

becomes clear that the carbon content is concentrated in the pore itself (likely the 

result of contamination from previous samples), and can therefore be removed 

from the elemental composition. Figure 50 shows the EDS-SEM mapping images 

collected, with Table 1 and Table 2 showing the elemental composition of the 

stainless-steel plate.  

 

A) Nickel 

 

A) Iron  
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B) Chromium 

 

C) Silicon 

 

D) Carbon 

 

E) All Elements 

Figure 50 - Elemental Mapping of 1-Hole PUPP by Energy-Dispersive X-Ray 

Spectroscopy 

 

Table 1 - Elemental Composition 

of Stainless-Steel Plate (Carbon 

Excluded) 

 Table 2 - Elemental Composition 

of Stainless-Steel Plate (Carbon 

Included) 

Element 
Atomic 

% 

Weight 

% 

 
Element 

Atomic 

% 

Weight 

% 

Si 0.83 0.42 Si 0.60 0.39 

Cr 20.50 19.38 Cr 15.13 18.02 

Fe 71.20 72.30 Fe 52.37 66.98 

Ni 7.47 7.97 Ni 5.46 7.34 

  C 26.44 7.27 

3.2 PUPP Ion Source Development 

The PUPP system went through various iterations of development, including 

testing various ionisation mechanisms which could be used, the introduction of 

additional components giving finer control over the positioning of the PUPP to allow 

for better optimisation and more consistency, and allowing for the system to be 

controlled via software or trigger signals given by instruments. Herein the 
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development process along with some preliminary data collected to determine the 

system performance is discussed. 

3.2.1 Ion Source 6.0 - Single PUPP into MS Inlet (PUPP) 

 

Figure 51 - Single PUPP Directly into Inlet 

Early testing on the PUPP system was done with the plume being directed towards 

the MS inlet with no additional voltages being applied, in a similar approach to the 

early testing performed on the Microdrop. Despite the lack of voltage, the system 

gave a signal in both positive and negative mode, which was attributed to the 

random distribution of charge within a solution. The system gave an overall low 

signal, although peaks were observed across a wide mass range, Figure 52 shows 

a butterfly averaged spectrum for signal of beer collected using the system. 

 

Figure 52 - PUPP Analysis of Beer - Positive & Negative Spectra 

This variation of the ion source was tested on the Waters Q-TOF and the Q-

Exactive Orbitrap (shown in Figure 53) the latter of which gave a much better 

signal. The coupling of the ion source to both instruments is discussed in 3.3.  
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Figure 53 - PUPP coupled to Thermo Q-Exactive Orbitrap 

This system configuration suffered from a number of issues, the first of which is 

the lack of signal repeatability. Figure 54 shows a representative chromatogram 

for the signal obtained for beer analysis using the setup shown in Figure 51. There 

were a variety of factors which likely contributed towards this, and these were 

identified as systematic limitations which would need to be overcome to improve 

reproducibility. The first of these hypothesized was that variations in the air flow 

of the surrounding laboratory environment (caused by air conditioning or 

movement of people) affected the directionality of the microdroplet plume. This 

would cause microdroplets to enter the MS inlet on some occasions but not others.  

In addition, the PUPP was held in a vertical position to ensure the plume was 

directed horizontally towards the inlet (see Figure 51), which in turn meant that 

the solution was pipetted onto a surface which was held at 90°. This caused the 

sample solution to repeatedly fall down the plate, causing inconsistent droplet 

generation (and therefore signal), particularly for solutions which had low surface 

tension.  

 

Figure 54 - Inconsistent PUPP Total Ion Chromatogram 
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Sample loading and lack of droplet charging were not issues observed when 

pointing the Microdrop system directly at the inlet (see 2.2.1); however, they 

would be solved relatively easily by switching to a system which used the PUPP to 

dispense the sample onto a secondary form of ionisation, such as a sharp tipped 

probe or electrospray needle. This would allow the PUPP to be held horizontally, 

allowing for easy sample loading regardless of the surface tension of the solution, 

and the ability to charge secondary sample droplets.  

3.2.2 Ion Source 7.0 - Single PUPP onto Needle (PUPP-PESI) 

Many of the limitations the PUPP suffers from when spraying directly into the inlet 

can be overcome by using the PUPP as a tool to dispense samples onto a needle 

(shown in Figure 55). This would be akin to the MDD-PESI system discussed in 

2.2.4, which used a needle raised to a high voltage to generate an electrospray 

from the tip. Commercial PESI systems give a high degree of sensitivity, and are 

able to perform rapid analysis of various sample types. Much like the PESI, this 

PUPP-PESI-MS system would not be suitable for the addition of calibrants to a 

sample being infused through conventional MS systems, but would have potential 

applications in the rapid analysis of samples (see Chapter 4).  

 

Figure 55 - Single PUPP onto Needle 

As part of the system development, a number of needle types were tested, 

including sewing needles, an Atmospheric Pressure Chemical Ionisation (APCI) 

needle, medical syringe needles, acupuncture needles and carbon fibre brushes, 

summarised in Table 3. Previous work within the research group had looked at 

using an APCI probe to perform post-ionization. Inspiration was taken from 

previous work conduced with the use of Carbon Fibre brushes as a tool to generate 

fine electrospray droplets.141 Each method of post-ionization was successful. 
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Table 3 - Needle Types & Specifications 

Needle Type Manufacturer Details 

Acupuncture SEIRIN No.02 (Ø 0.12) x 30mm 

Syringe Needle Appleton Woods 21 Gauge x 38 mm 

Sewing Needle Cork International Sewing Machine Needles x 45 mm 

APCI Needle Waters Corona Discharge Pin #700005346 

Carbon Fibre Brush Easy Composites 0.13 mm (#CF-TOW-3K-100) 

3.2.3 Ion Source 8.0 – Single PUPP into ESI Spray (PUPP-ESI) 

 

Figure 56 - Single PUPP into ESI Spray 

The next iteration of the ion source tested was set up to deposit sample droplets 

onto the tip of an ESI needle which was spraying a second sample, as shown in 

Figure 56, together with an image of the setup in Figure 57. At this stage, 

additional control was gained over the position of the PUPP relative to the ESI 

needle through the use of an XY stage (a mini milling table) and 3D printed 

components. Control of the position which the PUPP plume impacted on the ESI 

needle allowed for the optimization of the PUPP signal.  
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This system was highly successful, and gave a good strength of signal and 

consistency in the peaks dispensed by the PUPP. Figure 58 and Figure 59 show 

extracted ion chromatograms for the Triton dispensed by the PUPP and the Beer 

sprayed through the ESI needle respectively. Despite the size of the plume, the 

PUPP has no detrimental impact on the signal given by the ESI. 

 

Figure 58 - PUPP-ESI Ion Source - Triton Intensity 

Note: 17 Hole PUPP Plate running at 160ms on/4840ms off. Triton 50 µg/mL. 

Beer 100 x Dilution ESI 0.02 mL/min.  

 

Figure 57 – Ion Source Prototype Design 
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Figure 59 - PUPP-ESI Ion Source - Beer Intensity 

Note: 17 Hole PUPP Plate running at 160ms on/4840ms off. Triton 50 µg/mL. 

Beer 100 x Dilution ESI 0.02 mL/min. 

As discussed in 1.7.1, and subsequently shown in in Chapter 2 for the Microdrop 

dispenser-based ionisation sources, it is possible to vary the duty cycle of the 

PUPP system itself, theoretically giving independent control over the strength of 

the signal observed within spectra. This was done by collecting chromatograms 

for each duty cycle value and generating an extracted ion chromatogram for the 

Triton signal generated by the PUPP. The extracted ion chromatograms were then 

integrated to find the area of each peak generated by the PUPP (n = 12 for each 

chromatogram), the average of these peak areas was then plotted to generate 

Figure 60.   

 

Figure 60 - PUPP-ESI Ion Source - Triton Intensity vs Duty Cycle 

The relationship shows a clear positive correlation between the duty cycle and the 

intensity of the peak, indicating that the system is suitable for modulation of the 
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signal through varying the duty cycle of the PUPP. However, the relationship is 

not linear, instead following a 2nd order polynomial curve (selected heuristically, 

purely to highlight the trend). This is possibly due to the thin layer of liquid which 

develops after the PUPP deposits solution onto the electrospray tip. As the PUPP 

solution co-electrosprays, the deposited solution flows towards the needle tip, 

replenishing the material which has been sprayed. If the layer of solution on the 

electrospray tip is thicker (as is the case here for higher duty cycles), then the 

flow towards the needle tip is likely to flow faster. Thin layers of deposited solution 

on the other hand are less likely to easily flow towards the electrospray tip, and 

therefore a non-linear solution replenishing process effects the volume of solution 

deposited by the PUPP and the volume of that solution that co-electrosprays. This 

hypothesis would suggest that as a greater volume of solution is deposited, the 

effect is less severe as all duty cycles deposit a sufficient volume of solution onto 

the needle to negate the resistance of the replenishing flow, and this is observed 

within the data which shows a much more linear response after approximately 

120 milliseconds, as shown in Figure 61.  

 

Figure 61 - PUPP-ESI Ion Source - Triton Intensity vs Duty Cycle (Linear 

Region) 

3.3 Application onto different Mass Spectrometers 

There are a variety of different mass spectrometers currently available from 

manufacturers, with each manufacturer using a different inlet design to transfer 

ions into the mass spectrometer. In order to demonstrate the versatility of the 

ionisation source, and to collect good quality data in different applications, the 

system was used in combination with a variety of different mass spectrometer 

types and manufacturers. At different stages of the ionisation device’s 

development, the system(s) were applied to Waters, Thermo Fisher, ABSciex and 
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Bruker instruments, which included Q-TOF, Orbitrap and FT-ICR Mass Analysers. 

Within the appendix, a summary of each ionisation source and which system(s) it 

was tested with is given. Each mass spectrometer presented its own individual set 

of challenges, each of which were overcome through rigorous development, which 

is discussed in the following sections. 

3.3.1 Waters Xevo G2-XS Q-TOF 

  

Figure 62 – Ion Source Version 7.0 coupled to Waters Xevo G2-XS Q-TOF 

 

The majority of the development work was performed with a Waters G2-XS Q-

TOF Mass Spectrometer. The electrospray ion source door was removed to allow 

access to the MS inlet. Ordinarily, the system is unable to run without a door 

present and the interlock sealed. However, this was overcome through the use of 

an adapted plug placed in the options cable (blue) slot which contained a series 

of resistors and by overriding the source door interlock switches. The system was 

then set to operate in Nanospray mode, and all gases switched off.   

Although not necessary for most applications, the ion source could be set up to be 

synchronized with the Q-TOF by using an external trigger, which has been 

discussed in detail in 3.4.1.  

3.3.2 ABSciex Triple TOF 6600 

 

Figure 63 - PUPP Setup with Sciex TripleTOF 6600 
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Development of a system which works in front of a Sciex system proved to be the 

most difficult of the systems tested. The system uses a nanospray mounting rail 

system, which must be locked into place for the mass spectrometer to be 

operational, and therefore a design was necessary which would work alongside 

this.  The PUPP was introduced from the side using a custom 3D printed part, and 

sprayed onto a metal ESI capillary. Beer was chosen as the sample sprayed 

through ESI, whilst Triton was chosen as the mass calibrant introduced via the 

PUPP to perform internal encoded recalibration, explained in 1.7.1. As shown in 

Figure 64, the PUPP gave a very strong signal, however, the signal causes a drop 

off in signal obtained for the ESI, therefore suggesting the plume is too intense, 

or the angle of approach of the plume negatively impacted the quality of the ESI 

spray. Further optimization of the system would be necessary to avoid this issue, 

in addition to making this a single unit which mounts onto the front of the Sciex 

inlet.  

 

Figure 64 - Sciex TripleTOF 6600 Ion Source Testing 

Top: Sample (ESI) signal showing drops in intensity when PUPP is active, 

indicating PUPP is interfering with ESI signal. Bottom: Calibrant (PUPP) signal 

showing peaks of intensity where PUPP is active 
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3.3.3 Bruker solariX 12T FT-ICR 

 

Figure 65 - PUPP-ESI Set Up Schematic on Bruker solariX FT-ICR 

The PUPP-ESI ion source was applied to a Bruker solariX 12T FT-ICR at the 

University of Edinburgh, the schematic of which can be seen above in Figure 65. 

This system differs slightly to previous mass spectrometer inlets, in that the 

electrospray needle is held at ground, whilst a potential is applied to the inlet. 

Most commonly, the electrospray needle is held at a potential with the inlet 

grounded, although this presented no issues to the set-up of the ion source. 

Improvements were made to gain the most out of the system, the first of which 

was the ability to bolt the lab jack down onto the surface to provide additional 

stability for the electrospray signal.  

 

Figure 66 – Photograph of PUPP-ESI Set Up on Bruker solariX FT-ICR 

Further improvements to the electrospray signal were made through testing 

different varieties of electrospray and nanospray needles. The original system 

used a Waters metal capillary as an electrospray needle, which had an ID of 127 

μm. When using the Waters Q-TOF for development testing this gave a good 

signal, which appeared stable. However, when applying this to the Bruker system 
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the signal was lower than anticipated compared to other spray based ambient ion 

sources which had been run on the same system.  

In order to gain sensitivity and reproducibility in the signal, the decision was made 

to test fused silica emitters. Two new emitters were compared to the original metal 

capillary, details of all three can be found in Table 4. The first of these was a New 

Objective PicoTip fused silica capillary, with a 75 μm ID and a conductive coating 

on the emitter tip. The second of these was a needle, custom made using a fused 

silica grinder, with a 75 μm ID and no conductive coating. Further details of the 

fused silica grinder used can be found in Chapter 5. Another difference between 

needles was the tip diameter, the custom-made emitters maintained a 75 μm ID 

all the way to the tip, whilst the PicoTip tapered at the end giving an 8 μm tip 

diameter.  

Table 4 - Electrospray Needle Types Tested 

Needle Type Manufacturer 
Product 
Number 

ID (μm) 
Tip Size 

(μm) 

Metal Capillary MS Tech Solutions CAP0021 127 127 

PicoTip - Coated New Objective FS360758CE5 75 8.0 

Custom Made - 

Uncoated 

Polymicro 

Technologies 
TSP075375 75 75 

Both needles offered improvements in signal compared to the metal capillary, 

likely due to the quality of the tip shape generating an improved electric field for 

the generation of a Taylor cone. Despite the smaller tip size of the PicoTips, no 

significant difference in signal was noticed between the PicoTip and the custom-

made fused silica emitter. The limitations of the PicoTip were the fragility of the 

emitter, which was prone to both blockage and breakage due to its smaller size. 

No such issues were observed for the custom-made fused silica emitter.  

Despite the lack of conductive coating present on the custom-made fused silica 

tips, a good signal could be obtained from the PUPP, although more careful 

adjustment of the piezo droplet impact location was necessary to generate signal. 

When using metal capillaries, there is much more flexibility in the droplet impact 

location, because the outside of the capillary was held at a high potential. The 

liquid could previously impact the either the bulk or the tip of the needle, and the 

wetted emitter would electrospray regardless. This is the founding principle of 

Probe Electrospray Ionisation (PESI), whereby a needle is dipped into the sample 

liquid, and electrospray from the tip when a high voltage is applied. When using 

a non-conductive fused silica emitter, the PUPP plume would need to impact on 
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the very tip of the needle in order to mix with the conductive liquid being 

electrosprayed, as shown in Figure 67.   

In order to generate signal, the fused silica tips also needed to be much closer to 

the instrument compared to the previously used metal capillary, and due to the 

shape of the Bruker inlet this required an engineering solution to allow the PUPP 

plume to impact on the needle tip. All other mass spectrometer manufactures 

inlets tested prior had cone shaped inlets, and therefore had adequate space for 

the PUPP to sit perpendicular to the electrospray emitter, the Bruker inlet is a flat 

surface however and therefore does not allow the PUPP to sit this close to the 

needle when the needle is so close to the inlet. This was solved through the 

introduction of a pivot point on the PUPP holding mechanism (seen in Figure 68), 

held in place through a grub screw, enabling the angle of spray to be adjusted 

accordingly.  

 

Figure 68 - Pivot System generated for Bruker FT-ICR Inlet Shape 

 

Figure 67 - Effect of PUPP Plume Impacting on Different Needle Types 
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Finally, coupling the PUPP-ESI system had limitations in its repeatability due to 

the nature of ion accumulation and detection on the Bruker solariX FT-ICR MS, 

compared to previously used mass spectrometers. The original PUPP system was 

activated manually by the user, and the spray duration and time between sprays 

controlled by a manual input. However, FT-ICR instruments undergo short 

accumulation periods to generate ion packages, which are then subsequently sent 

to the ICR cell for analysis, generating a transient of length n. In order to generate 

high resolution mass spectra, longer transients are required which are often much 

longer than the ion accumulation time.  

If the plume generated from the PUPP does not fall within the ion accumulation 

period, then the calibrant or sample being introduced via PUPP will not be visible 

in the mass spectrum generated. Alternatively, problems also arise when a varying 

portion of the PUPP plume is collected within the ion accumulation period, as this 

will vary the intensity of the PUPP calibrant/sample peaks between scans. This 

therefore affects the overall ion population for each scan, resulting in mass shifts 

between peaks through the space charge effect. This effect can be seen in Figure 

69. Across the x-axis is the m/z ratio, intensity shown as a heatmap, with the 

scan number shown on the y-axis. If there had been no variation in ion population 

between each spectrum then the peak shown at approximately 440.268 m/z would 

appear at the same mass. However, as the ion population varies between spectra 

there is a clear shift in the observed m/z throughout the analysis.   

 

Figure 69 - Variance in mass and intensity of the PUPP signal 

This was overcome by upgrading the driver electronics of the PUPP system to 

include an external trigger system, which is discussed in detail in Section 3.4. In 

summary, the introduction of a trigger system allowed the PUPP to be activated 

by a signal generated from the MS when the ion accumulation period was 
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beginning. This therefore allows for more consistent volume of the PUPP plume to 

enter during the ion accumulation period, and therefore a more consistent ion 

population for each scan, reducing the mass shift observed because of the space 

charge effect. The reduced variance in intensity (and by extension m/z) can be 

seen for Figure 70 relative to the variance observed in Figure 69. 

 

Figure 70 – Reduced variance in both mass and intensity after introduction of 

trigger system 

In addition to the improvements made by synchronizing the ionization source with 

the mass spectrometer, further improvements were made through an external 

collaborator (Vibrat-Ion Ltd, UK). Figure 71 shows this final version of the 

ionization source used for testing on the Bruker FT-ICR.  

 

Figure 71 – Updated PUPP-ESI Set Up on Bruker solariX FT-ICR 

These improvements including using linear actuators to give fine motor control 

over the Z position of the ESI needle and the PUPP, a rotary servo to give control 

over the X/Y position of the PUPP relative to the ESI needle and mounting the 
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entire system on rails to minimize movement between analysis runs when changes 

were made to the system. The Arduino used to power the PUPP and the associated 

electronic controls was mounted onto the rail. 

3.3.4 Thermo Fisher Q-Exactive Orbitrap 

 

Figure 72 - PUPP coupled to Thermo Fisher Q-Exactive Orbitrap 

The earliest version of the PUPP based ionisation source, whereby the PUPP sprays 

directly into the MS inlet, was coupled to a Thermo Orbitrap Q-Exactive as part of 

a collaboration with the University of Surrey. The system used 3D printed 

components to hold the PUPP in-line with the inlet, and a XY manipulator for fine 

adjustment. Good signal was achieved for a mixture of samples (including beer 

and the BMSS pharmaceutical mixtures). 

A much more developed version of the ion source (the PUPP-ESI) was successfully 

coupled to a Thermo Fisher QE-HF Orbitrap Mass Spectrometer. This was achieved 

by mounting the system to the front of the MS using a custom base plate, which 

was attached to a Thermo Nanospray source mount. This can be seen below in 

Figure 73. The MS inlet itself was not that of a standard Q-Exactive HF Orbitrap, 

but was instead a MALDI/ESI Injector (Spectroglyph LLC, USA). To ensure that 

the ionization source spray time was aligned with the ion accumulation period of 

the mass spectrometer, a trigger system was used, which has been discussed in 

detail in Section 3.4. 
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Figure 73 - Custom Base Plate for Thermo Q-Exactive Ion Source 

The ion source used an identical system to the final version which was coupled to 

the Bruker FT-ICR discussed previously in 3.3.3, which included the upgrades to 

the hardware to give fine motor control over both the ESI and the PUPP system. 

 

Figure 74 - Ion Source coupled to Thermo Fisher Q-Exactive HF Orbitrap 
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3.4 Instrument Synchronization 

A trigger is a signal (such as a TTL or Time to Live pulse) given by an instrument 

after a certain event is completed. Mass spectrometers can accept triggers from 

external sources to gain information about processes starting or finishing, for 

example, an LC can emit a trigger when an injection is completed which would 

subsequently begin the data acquisition process of the mass spectrometer for an 

LC-MS analysis. 

In the context of the ionisation source’s ability to deliver calibrant (or sample) ions 

into the mass spectrometer consistently, the ability to use a trigger to synchronize 

the PUPP system and the mass spectrometer event sequence is crucial, 

particularly for Fourier-Transform based instruments (namely, FT-ICR and 

Orbitrap).  

In an Orbitrap for example, the system performs an ion accumulation event before 

each scan, whereby ions are collected for a fixed period of time (e.g. 20 

milliseconds). Alternatively, ions can also be collected until a predefined charge 

capacity of the ion trap is reached, at which point ions are sent to the Orbitrap for 

analysis, this is commonly known as “Automatic Gain Control” or “AGC”.  

This introduces two major hurdles to the ion source: 

1. Only ions which enter the ion trapping cell during the ion accumulation 

period are sent for analysis  

2. When AGC is being used, the ion accumulation period for FT based 

instruments is commonly a variable length of time based on when the ion 

trap reaches the pre-defined charge capacity 

The importance for the two systems to be synchronized is given in Figure 75, 

which shows a simplified sequence of events which an FT-MS instrument performs 

for a series of scans. In the example given, the ion accumulation event varies in 

length, reflecting the effect observed when the system runs in AGC mode. 

The top row shows the activity of the PUPP when the system is not synchronized 

with the MS, and is therefore set to spray at defined intervals of time. The PUPP 

activity does not align with the ion accumulation events shown in orange, and 

therefore a number of the PUPP sprays miss the ion accumulation period, and 

some (the final scan for example) only a portion of the PUPP burst is performed 

when the ion accumulation event occurs.  

The bottom row shows the activity of the PUPP when the system uses a trigger 

given by the mass spectrometer when the ion accumulation event begins. Each 
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PUPP burst now aligns with the ion accumulation event, and therefore no material 

is wasted by spraying when the ion accumulation is off.  

 

Figure 75 - PUPP Synchronization with FT-MS Instruments 

When performing analysis on TOF based instruments, this synchronization is less 

critical. These systems do not use ion accumulation events, and instead all ions 

which enter the MS are sent to the TOF for analysis, although some are lost due 

to transmission efficiency. So long as the scan rate is known, then the duty cycle 

of the PUPP can be maintained regardless on when the PUPP is triggered. Figure 

76 demonstrates that if Eq. 22 is satisfied, the PUPP will be active for the same 

length of time for each scan.    

𝐷𝑒𝑙𝑎𝑦 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑃𝑈𝑃𝑃 𝐵𝑢𝑟𝑠𝑡𝑠 (𝑚𝑠)
= (𝑠 𝑥 𝑛) −  𝑃𝐴 

𝑠 = 𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑠) 

𝑛 = 𝑃𝑈𝑃𝑃 𝑒𝑣𝑒𝑟𝑦 𝑛𝑡ℎ 𝑠𝑐𝑎𝑛 

𝑃𝐴 = 𝑃𝑈𝑃𝑃 𝐴𝑐𝑡𝑖𝑣𝑒 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑠) 

Eq. 

22 

 

 

Figure 76 - PUPP Synchronisation with TOF Instruments 

3.4.1 Q-TOF Trigger 

Synchronization of the PUPP system with Q-TOF mass spectrometers is not a 

practical option because of the scanning rate of Q-TOF systems. Most Q-TOF mass 

spectrometers typically run scans every 100 milliseconds or less (The Xevo G2-
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XS Q-TOF used for development throughout this project for example can collect 

scans every 19 milliseconds), and therefore spectra are recorded at a faster rate 

than the nebulizer can be controlled.  

However, there is still a need to extract a trigger from the mass spectrometer for 

synchronizing the system when coupled to a separation technique such as LC, 

HILIC or SEC. This trigger would enable users to trigger the PUPP system at 

specific points in a chromatographic run.  

The overall flowchart of the trigger process has been outlined in a flowchart in 

Figure 77. In summary, the LC system was set to wait for a contact closure signal 

to be received, rather than being controlled by the MassLynx software. Injection(s) 

would be written and submitted via the LC software using the conventional 

process, after which the system would wait to receive a contact closure to begin 

the LC-MS run.  

LabVIEW code constructed allowed the user to submit a list of retention times and 

spray durations (ms), which would control when to activate the PUPP and for how 

long. The user would then run this code, which would send a contact closure via 

an Arduino to the MS, beginning the LC-MS method and data acquisition process. 

In addition, the Arduino would send contact closure signals to activate the PUPP 

system at appropriate times/spray lengths according to the user-controlled PUPP 

method.   

 

Figure 77 - Waters LC-MS PUPP Trigger Flowchart 

3.4.2 Orbitrap Trigger 

The system used to synchronize the ion source to the ion accumulation period of 

the Q-Exactive HF Orbitrap is shown in Figure 78. The system uses the same 

contact closure signal which is sent to an FTMS Booster (Spectroswiss Sàrl, 

Lausanne, Switzerland) to ensure synchronized data collection.  

The FTMS Booster is an advanced data acquisition system which works in parallel 

with the built-in instrument manufacturer data acquisition system for FTMS mass 
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spectrometers. On the Orbitrap, the booster works by splitting the signal obtained 

from the standard differential amplifier, so that the signal is recorded 

simultaneously by the thermo electronics but is now also digitized by the 

oscilloscope built into the booster unit. The booster collects the full (unreduced) 

transient at a higher digitization rate than the Thermo electronics. This unlocks 

absorption mode data for the user, which achieves higher peak resolution than 

conventional magnitude mode data. In addition, the FTMS booster allows Orbitrap 

users to record longer transients than otherwise possible through the Thermo 

software limits.  

The contact closure is sent from the Q-Exactive every time the ion accumulation 

period begins. This contact closure signal is fed into a T-Splitter, which allows the 

same signal to be sent to a pulse generator (Stanford Research Systems, DG535). 

The pulse generator subsequently sends a TTL pulse (3.3V, Dwell Trigger, 10 

microsecond pulse length) to the Arduino of the ion source.  

Although the Arduino receives a TTL pulse for every scan the Q-Exactive takes, 

this does not mean that the ion source will be activated for every scan. The ion 

source is set to activate every nth scan (therefore every nth TTL pulse received) 

based on user-controlled parameters. 

 

Figure 78 - Q-Exactive HF Orbitrap Triggers Flowchart 

3.4.3 FT-ICR Trigger 

During data acquisition, the event sequence of a Bruker solariX FT-ICR is 

controlled via pulse programming, referred to as BASIC (Bruker Acquisition 

Sequence for Instrument Control). The solariX uses text files containing event 

keywords to perform functions in the appropriate sequence, these keywords are 

linked to an event definition. Events are regarded as either “constant” or 

“conditional”. Constant events are required for all modes of acquisition, an 
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example of this would be “DETECTION”, and these events are always compiled 

into the event sequence. Conditional events are controlled by user selected 

settings in the GUI (Graphical User Interface) of the software, and therefore are 

only compiled into the event sequence, if necessary, based on the settings chosen 

by the user. An example of a conditional event therefore would be “ECD” which 

can be switched On/Off based on the needs of the experiment the user is 

performing.  

Within the Application Note “Pulse Programming in solariXcontrol”142 published by 

Bruker, a tutorial for extracting a trigger from the instrument is given. The 

application note gives a list of all the TTL pulses available from the solariX 

instrument, the pulse of interest for this application is the “setnmr4(31)”, which 

is the only user accessible pulse on the AUX interface (specifically PIN35) located 

just above the inlet of the mass spectrometer. The BASIC system allows for the 

input of up to 5 custom user events, and following the tutorial given within the 

pulse programming manual “USER_EVENT_1” was written as shown in Figure 79.  

This generates a 5-millisecond pulse (TTL low to high) immediately after the 

“ION_QUENCH” event, during which ions from the previous scan are ejected from 

the cell. 

3.5 Summary 

The PUPP system has been shown to be a system capable of delivering small 

volumes of calibrant or sample for analysis. Proof of concept data has been shown 

for the ability to control the signal intensity by varying the duty cycle of the PUPP. 

In addition, data has been shown which demonstrates the PUPP’s ability to 

generate sharp bursts of signal, the signal for which rapidly depletes after the 

PUPP is activated. The system overcomes the limitations discussed for the 

Microdrop ion source discussed in Chapter 2, summarized in the table below.  

 

 

# USER_EVENT_1_KEY: 

USER_EVENT_1.lines = 2 

USER_EVENT_1.1 = " 5m setnmr4|31 ; set TTL high for 

d500" 

USER_EVENT_1.2 = " 1u setnmr4^31 ; set TTL low" 

| = 𝑠𝑒𝑡𝑠 𝑇𝑇𝐿 𝑙𝑒𝑣𝑒𝑙 ℎ𝑖𝑔ℎ 

^  =  𝑠𝑒𝑡𝑠 𝑇𝑇𝐿 𝑙𝑒𝑣𝑒𝑙 𝑙𝑜𝑤 

𝑚 = 𝑚𝑖𝑙𝑙𝑖𝑠𝑒𝑜𝑛𝑑𝑠 

𝑢 = 𝑚𝑖𝑐𝑟𝑜𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

Figure 79 - solariX FT-ICR Trigger User Event 
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Microdrop 

Limitation 
PUPP Evaluation 

Slow sample loading 

speed 

The PUPP system has an open-air sample delivery, 

enabling the user to pipette sample directly onto the 

plate, and rapidly change between sample/calibrants 

being used 

Large droplet size (50 

µm) 

The PUPP system produces much smaller 

microdroplets, approximately 5 µm in diameter 

High cost 

PUPP System is significantly lower cost than the 

Microdrop system, by approximately 3 orders of 

magnitude 

The next stage of the ionisation source was to perform proof of concept testing 

for encoded internal recalibration of complex organic matter samples, which is 

subsequently discussed in the next chapter. Through the development and testing 

of the ionisation source, a number of different applications were tested, including 

Rapid Screening of Samples, Adduct Modification and Component Confirmation.  
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Chapter 4: Ion Source Applications 

As shown in Chapter 3, the versatility of the PUPP system allows for multiple 

variations of the ion source (PUPP, PUPP-PESI, and PUPP-ESI). The ability to easily 

interchange the hardware used and rapidly load the sample/calibrant onto the 

piezo means the system can easily be adapted for a variety of different 

applications.  

4.0  Ion Source Applications 

Herein, the different applications of the ionisation source are shown. Initially, the 

original focus of the ion source, encoded internal mass recalibration, is shown. 

This was applied to the analysis of a complex sample, Suwannee River Fulvic Acid. 

All three ion source variations were successfully applied to the rapid analysis of 

different samples, including beer, fruit juices, human plasma and a pharmaceutical 

mixture, data for all is shown herein. Finally, two further applications are 

presented which were found during the development process of the ionisation 

source; on demand adduct modification and component confirmation, the theory 

of which and proof of concept data are shown.  

4.1 Encoded Internal Mass Recalibration 

Confident assignment of peaks in complex mass spectra for unknown samples is 

a difficult task. Accurate mass across the spectrum is crucial, and the most 

effective approach to obtaining this is through internal mass recalibration, for the 

reasons described previously in Chapter 1. The most common method is to spike 

the sample with calibrant; however, this is a labor-intensive process which 

requires matching the concentration of the calibrant to the unknown sample 

(usually performed through trial and error) and can lead to the unwanted 

suppression or enhancement of sample ions. In addition, detection of the calibrant 

peaks is often performed manually by the user along with the recalibration 

function, a process which can be difficult and can easily lead to misassignment of 

calibrant peaks in complex spectra. Figure 80 shows a spectra region containing 

a calibrant peak and a sample peak at nearly identical masses (0.004 m/z apart), 

which if manually assigned could easily be misassigned. Finally, spiking a sample 

with internal calibrant means that all sample spectra contain the calibrant peaks, 

which are otherwise unwanted when reporting spectral data.  

 



80 

 

 

Figure 80 - Calibration peak with a complex mass spectrum region 

There are a variety of ionisation sources which have been developed that have 

been used to generate sample and calibrant ions separately without the need to 

spike the sample, most of which are focused on the use of dual electrosprays, 

which have been discussed in Chapter 1. 

The PUPP system can introduce calibrant into the spectrum on demand, which can 

be either be automatic (through use of a trigger) or manually controlled (by the 

user). The user can set the system to introduce calibrant at specified points, for 

example during pre-defined points or regular intervals during LC runs or direct 

infusion data collection. Regardless of the method used, the resulting dataset 

contains a mixture of spectra which only contain peaks associated with the sample 

and spectra which contain a mixture of both sample and calibrant peaks.  

The introduction of calibrant at known points in time (and therefore known 

spectra) is referred to as encoding the calibrant signal in the dataset. This 

encoding enables software to detect which peaks in the mixed spectra are 

calibrant peaks and which are sample peaks. These calibrant peaks are then used 

to perform an internal recalibration function across the relevant mass range, and 

this same function can then be applied to the spectra which contain sample peaks 

only. This is the overall principle of generating encoded internal recalibration data.  

There are other benefits to using the PUPP system to perform mass recalibration. 

For example, the PUPP system allows for the adjustment of the intensity of the 

calibrant in the spectra through control of the PUPP duty cycle, for which proof of 

concept data has been shown in Chapter 3. Moreover, because the PUPP facilitates 

the rapid loading of different samples, the system can also therefore be used to 

change between calibrants by the user. Therefore different solutions can be easily 

screened to find the one which gives peaks across an appropriate mass range for 

the sample being analysed. Alternatively, if the choice of concentration for the 

calibrant is significantly out of range, and duty cycle adjustment cannot account 
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for this alone, then a more dilute calibration solution can easily be introduced. 

Finally, for applications which require the use of isotopically labelled mass 

calibration standards, the PUPP calibration uses a much smaller volume for 

calibration, therefore reducing material costs.     

 

Figure 81 – “Beacon” Software User Interface (Vibrat-Ion, UK) 

Main user interface (Upper) and the Beacon Mask sub panel interface (Lower) 

In order to perform internal encoded recalibration, Beacon software (Vibrat-Ion 

Ltd., UK) was used, the user interface of which is shown in Figure 81. 

Programmatically, the system works by using a predetermined list of chemical 

formula peaks for the internal calibrant, thus generating a list of expected m/z 

peaks. The system then seeks them out by finding the peaks within the spectra 

(within ± m/z 0.5) that best reflect the calibrant pattern (patterned correlation). 

In addition to generating a calibrated file, the system also generates a 

recalibration function graph and images to show the calibrant ion intensity 

heatmaps. Finally, because the calibration function performed is stored within the 

recalibrated file, the calibration can be retrospectively accessed, which in some 

cases may be useful during data auditing in order to justify why the calibration 

peaks used were chosen.  
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An overview of the programmatic workflow of the Beacon software has been given 

in Figure 82. Figure 83 shows region of a mass spectrum containing a calibrant 

ion, identified using the software. The red spectrum shown is the raw spectrum, 

the black spectrum is generated after a wavelet decomposition of the raw 

spectrum, and finally the blue line indicates a peak identified as calibrant. 

Error! Reference source not found.

 

Figure 82 - Internal Recalibration Programmatic Workflow 

 

Figure 83 - Peak Detection of Internal Calibrant using Beacon software 

The Beacon software can differentiate between which peaks originate from the 

electrosprayed sample and which originate from the calibrant delivered in bursts 

from the PUPP. Figure 84 shows an example of the software performing this task 
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for an analysis of Beer, with the PUPP introducing Triton QS-15 as the mass 

calibrant. Figure 84a shows a mixed spectra containing both sample and calibrant 

peaks, Figure 84b shows a spectrum where only the calibrant is present. Crucially, 

the spectra shown in Figure 84b matches that of Figure 84c, which shows a 

spectrum containing the peaks which have been identified as calibrant and 

extracted from a mixed spectrum.  Finally, Figure 84d shows a zoomed in region 

of the spectra, showing calibrant peaks plotted in blue and sample peaks plotted 

in red overlayed one another.  

 

Figure 84 - Automatic Peak Detection of Calibrant (Triton) from Analysis of 

Beer Samples using Beacon software 

The calibrant peaks are then used to perform an internal recalibration algorithm 

across the entire mass spectrum. With each spike in calibrant used to calibrate all 

spectra until a new calibration spike is detected. Although there are various 

methods which can be used to visualize the calibrant signal, the best method to 

spot the calibrant pattern is through generation of a heat map, as shown in Figure 

85. Here, the Y-axis shows the Spectrum # (time), whilst the m/z is plotted on 

the X-axis. The intensity of the heat map is generated through the intensity of the 

corresponding m/z peak, which gives a clear pattern akin to a beacon light flashing 
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on/off. Herein, the use of the PUPP system to perform internal encoded 

recalibration is shown for real world complex samples.  

 

Figure 85 - Internal Calibrant Peak Intensity - "Beacon Effect" 

4.1.1 Complex Organic Matter Analysis - Suwanee River Fulvic 

Acid  

The Suwannee River, located in the Okefenokee National Wildlife Refuge (GA, 

USA) has a very high concentration of natural organic matter. The International 

Humic Substances Society (IHSS) collects samples of the river to create standards 

of the organic matter.143 In the most recent sample collection in 2014, 36,890L of 

filtered river water were processed by reverse osmosis, cation exchange, freeze 

drying and homogenization to generate over 6 kg of organic matter.144 Standards 

of the organic matter are available to purchase for analysis, and they have become 

a common sample reported for mass spectrometry due to the complex nature of 

the spectra obtained.145–151 

Experimental: 

SRFA Standard II was purchased from the IHSS. The sample was prepared by 

dissolving in 50:50 ACN:H2O to a final concentration of 0.1 mg/mL. The sample 

was directly infused using a syringe pump at 80 µL/hr, through a 75 µm ID Ground 

Fused Silica ESI Needle. Analysis was performed in negative mode, with the inlet 

held at +2200V, and the ESI needle grounded. 

The Bruker solariX 12T FT-ICR was set with an ion accumulation time of 200 ms. 

To achieve maximum resolution the system was ran in 2ω mode. The ion source 
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was synchronized with the FT-ICR using a trigger system, the method for which 

is given in 3.4.3. The calibrant chosen was Triton QS-15, a PEG based series of 

polymers which give calibrant peaks across a wide mass range. This was prepared 

at 0.1 mg/mL in 50:50 H2O:ACN. The Triton QS-15 solution was pipetted onto the 

PUPP manually, which was set to spray for 50 ms every 5th scan.  

Results: 

Figure 86 shows a spectrum for the SRFA sample and a spectrum containing SRFA 

and Triton. The peaks of Triton extend far beyond the region of interest for SRFA, 

however there are sufficient peaks within the mass range to perform confident 

mass recalibration.  

 

Figure 86 - SRFA spectra (Top) and SRFA spectra with Triton calibrant 

(Bottom) 

 

Figure 87 - Mass Error vs m/z plot for Triton QS-15 calibrant 

Note: Two calibration curves are shown. The green curve includes the 

calibration points which to not match the overall trend of the calibration 

points. The red curve is the result when those outliers are removed. 

Figure 87 shows the recalibration function generated by the Beacon software. In 

this example, the system has generated a second recalibration function whereby 

the outliers have been automatically removed.  This recalibration function is 

applied to the whole mass spectrum. Figure 88 shows the mass errors obtained 
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for SRFA peaks identified using Autopiquer (part of the AutoVectis software 

package – Spectroswiss Sàrl, Lausanne, Switzerland) with and without internal 

encoded recalibration.152 

 
Figure 88 – SRFA - Mass error with and without encoded internal mass 

recalibration 

4.2 Rapid Sample Analysis 

In Chapter 1, a series of ionisation sources were presented which can perform 

rapid analysis of samples, such as DESI, AMI, and DART. Their ability to do this 

makes them suitable for a variety of high throughput applications, including 

reaction screening, reaction condition optimization and quality control.  

The PUPP system can be used for the rapid analysis of a low number of samples 

where immediate screening feedback would be beneficial, such as in a synthetic 

chemistry lab for product confirmation. The system can be set up to manually load 

the sample onto the PUPP using an autopipette, triggering the PUPP spray 

mechanism for a user defined period of time. The system can then generate an 

averaged mass spectrum for this sample. This is how rapid screening was 

performed for all of the following applications discussed. In order to scale up the 

system to higher throughput, the introduction of a liquid handling robot would be 

necessary, which is discussed in Chapter 6.  Herein, data is presented for the rapid 

analysis of Beer, Fruit Juice, Human Plasma and Pharmaceutical samples.  

4.2.1 Rapid Sample Analysis - Beer  

Beer contains a highly complex mixture of inorganic salts, carbon dioxide, alcohols 

and more than 800 organic compounds, with many of these organic compounds 

make up characteristics of the flavor of the beer.153,154 During the brewing process, 

long-chain polysaccharides from the grain are hydrolyzed to form individual sugar 

units (glucose, sucrose and maltose) along with short chain oligosaccharides, 

which are typically between 3 and 10 sugar units long. The majority of the sugar 

units are then fermented into alcohol using yeast, leaving behind the longer 
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chained oligosaccharides which cannot be fermented by most yeast strains. The 

quantity and relative ratios of these different length oligosaccharides is a key 

component in many of the various characteristics of beer.  

The ability to perform rapid fingerprint screening of beer is an important industrial 

process. It is a cost-effective method of screening the authenticity of products, 

which gives added confidence to consumers.155 There have been a variety of 

methods which have been adopted to perform high throughput screening of beer 

varieties, including DART, Direct Infusion ESI, GC–IRMS, LC-MS, HPLC-UV-Vis 

and, FT-IR and Headspace GC-MS etc.156–163 The complexity of the sample data 

generated through these methods means that the majority of these studies rely 

on data analysis tools, such as Principal Component Analysis (PCA) to confidently 

assess the data generated. 

Six bottled beers, of various classes (Stout, IPA, Ale), were purchased from a local 

supermarket. Prior to analysis, the samples were diluted 10-fold in 80:20 

H2O:MeOH + 0.1% FA. The PUPP-PESI set up was used for analysis. Samples were 

manually pipetted onto the PUPP, which was then manually activated to generate 

the sample plume. The sample plume was deposited onto an APCI needle, which 

caused the subsequent electrospray towards the MS inlet. Figure 89 shows the 

TIC obtained for the analysis of the samples, which was completed in under 2 

minutes. 

 

Figure 89 - TIC for Rapid Analysis of Beers 

Average spectra were generated for each beer by summing the spectra generated 

across the sample peak width. Figure 90 shows a spectrum collected for one of 

the beers with the oligosaccharide components labelled, this data is also shown in 

Table 16 in the Appendix. 
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To demonstrate the quality of the data obtained via the PUPP system, 29 beer 

samples (15 Pale, 9 Dark and 5 Malt) were purchased from local supermarkets 

and online stores, these were analysed by both ESI and PUPP-PESI. Principle 

component analysis (PCA) was then performed to determine if the data was of 

sufficient quality to group light, dark and malt beers. PCA has been used 

previously to distinguish between these beer types before using electrospray 

ionisation.154  

Beer samples were diluted 10-fold in 80:20 H2O:MeOH + 0.1% FA before analysis. 

For electrospray analysis, the samples were infused at 100 µL/min. PUPP analysis 

was performed using the PUPP-PESI style set up (see 3.2.2) with an APCI needle 

as the probe. Spectra were generated by taking an average. PCA was performed 

using software specially developed in LabVIEW (see Chapter 5), using the Machine 

Learning Toolkit. Average spectra were generated for each sample, which were 

normalized to reduce any influence of overall intensity and focus on the relative 

distribution of peaks in the spectra. The results of both PCA analysis tests are 

shown in Figure 91 and Figure 92. 

 

 Figure 90 - Extracted Spectrum for "Old Crafty Hen" Sample taken during 

Rapid Analysis testing 
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Figure 91 - PCA Analysis of Beer via ESI 

 

 

Figure 92 - PCA Analysis of Beer via PUPP 

As shown, the PUPP data shows a good ability to distinguish between the different 

beer types, akin to that shown in the literature.154 Unlike in the ESI spectra 

collected during this study, the malt and dark beers are mostly distinguishable 

from one another via the PUPP PCA analysis, however, there still remains some 

overlap between the two. Further development of the system, the addition of 

sample clean up methods and introducing more data into the PCA analysis would 

allow the system to better distinguish between dark and malt beers. 

4.2.2 Rapid Sample Analysis – Juice 

As mentioned, ambient ionisation techniques are being more frequently shown to 

be an effective screening method to ensure the highest standards of food/drink 

safety and authenticity. Beverages are routinely screened for pesticides, illegal 

additives, and dyes by mass spectrometry.164–167 Most frequently however these 

methods use sample extraction/clean up and separation techniques for analysis, 
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in part because of the complex sample matrix and low sensitivity for residues 

necessary. Ambient mass spectrometry systems offer an alternative, whereby 

samples can be analysed directly with minimal sample extraction/clean up. To 

demonstrate the potential ability of the PUPP-PESI system to perform rapid 

analysis of samples, a series of juice concentrate samples were analysed to show 

the speed and range of standard compounds found in fruit juices detected using 

the system.  

 

 

Figure 93 - TIC for the Rapid Analysis of Juices 

A series of juice concentrate samples (Apple, Cranberry, Orange, Pineapple and 

Strawberry flavors) were analysed via the PUPP system to further demonstrate 

the rapid analysis potential of the ion source. The samples were diluted 100-fold 

in 50:50 H2O:MeOH + 0.1% FA. 5 µL of each juice sample was manually 

transferred onto the PUPP via pipette, the entire volume of which was 

subsequently sprayed for analysis. The resulting TIC can be seen in Figure 93, 

average mass spectra were generated over the period for which the piezo was 

active, and subsequently analysed. The peaks identified for Orange Juice have 

been shown in Table 5 as an example, and a region of the spectra obtained for 

this sample has been given in Figure 94. 

Table 5 - Orange Juice - Compounds Identified 

m/z Component Adduct 

144.0939 Proline Betaine [M+H]+ 

273.0780 Naringenin [M+H]+ 

130.0795 N-methyl-proline [M+H]+ 

182.0489 Tyrosine [M+H]+ 
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203.0455 Glucose [M+Na]+ 

219.0213 Glucose [M+K]+ 

277.1000 Glucosylglycerol [M+Na]+ 

365.1077 Maltose/Sucrose [M+Na]+ 

381.0796 Maltose/Sucrose [M+K]+ 

409.1874 Ethylmaltoside [M+K]+ 

527.2823 Maltriose [M+Na]+ 

543.1371 Maltriose [M+K]+ 

689.2261 Maltotetrose [M+Na]+ 

705.2432 Maltotetrose [M+K]+ 

Again, the system shows its capability at performing rapid screening of samples 

with complex matrices minimal sample preparation. However, further studies in 

this area would need to take a more focused look at whether the system gave the 

required sensitivity to perform screening on a more targeted approach, such as 

pesticide residue analysis. Most pesticide residue analysis methods use an 

extraction technique when performing analysis at such low concentrations (sub 

mg/kg levels), and rapid techniques such as QuEChERS (quick, easy, cheap, 

effective, rugged, and safe) may be best suited for this system to maintain speed 

of analysis whilst maximizing sensitivity.  

 

Figure 94 - Extracted Spectrum for Orange Juice Sample taken during Rapid 

Analysis  

4.2.3 Rapid Sample Analysis – Human Plasma 

Rapid analysis within a clinical setting has enormous potential benefits for 

laboratories, clinicians and most importantly patients. The turnaround time for 

laboratory results in many settings can have a direct impact in the quality-of-care 
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patients receive, and therefore the demand for rapid testing methods and 

instrumentation is increasing.168 Ambient mass spectrometry has been shown to 

be an efficient method of doing this for several clinical applications, perhaps most 

notably the introduction of the rapid evaporation ionization mass spectrometry 

(REIMS, or iKnife) system which can be used in-vivo for rapid diagnosis of tissue 

during surgery.169–171 

Therefore, it felt necessary to demonstrate that low volumes of biological sample 

could be analysed via the PUPP system. Human plasma was selected for this, with 

the aim of identifying and characterizing some of the major glycerophospholipids 

present. Abnormal lipid metabolism is related to a number of diseases, including 

cancers, type II diabetes and Alzheimer’s. DESI, MALDI, REIMS and PESI have all 

previously been successfully used to characterize the structure of 

glycerophospholipids in various biological samples.172–177  

Although further studies focusing on the use of the PUPP system for identifying 

abnormal lipid behavior for specific diseases would be needed, the focus of this 

project is to show evidence that the PUPP system would be suitable for the rapid 

analysis of lipids in a complex biological sample such as plasma. 

Experimental: 

Human plasma was analysed on a Q-Exactive HF Orbitrap Mass Spectrometer. The 

transient length was 256 ms, automatic gain control (AGC) was used with a 

maximum ion accumulation time of 300 ms. No sample preparation was performed 

on the plasma. 10 µL of plasma was transferred onto the PUPP by pipette, and the 

piezo was switched on to spray the entire sample (approximately 25 seconds). 

Beer was infused at 7 µL/min through an ESI needle, and this would be used to 

retrospectively perform an internal mass recalibration on the results. An average 

spectrum was taken across the region where the piezo was active for processing. 
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Results 

 
Figure 95 - Human Plasma Spectra - Lipid Peaks Identified 

The spectra obtained from the plasma sample can be seen in Figure 95 with the 

lipid peaks identified labelled, the corresponding assigned molecular formula for 

each peak can be seen in Table 6. Although fragmentation data was not collected 

during the PUPP analysis, a sample of the plasma was subsequently subjected to 

MS/MS analysis via ESI using an Exploris 480 Orbitrap system. The extraction 

method and MS/MS spectra are available in the Appendix.  Extraction and analysis 

were performed by collaborators at Maastricht MultiModal Molecular Imaging 

Institute (M4i), Maastricht University. This data has been subsequently used as 

complimentary data to confirm the identity of the lipid species observed via the 

PUPP. Internal recalibration of the data was performed using the beer solution 

which was continuously sprayed through the ESI needle, this recalibration has 

been shown in the appendix.  

 Table 6 - Human Plasma - Lipid Peaks Identified 

ID 
Peak mass 

(m/z) 
Lipid Type Assignment Formula 

Mass 

Error 
(ppm) 

A 780.5504 Glycerophospholipid PC 34:2 C42H80NO8PNa 2.412 

B 782.5684 Glycerophospholipid PC 34:1 C42H82NO8PNa 0.429 

C 784.5841 Glycerophospholipid PC 34:0* C42H84NO8PNa -0.015 

D 806.5684 Glycerophospholipid PC 36:3 C44H82NO8PNa 1.331 

E 808.5816 Glycerophospholipid PC 36:2 C44H84NO8PNa 2.012 

F 810.5997 Glycerophospholipid PC 36:1 C44H86NO8PNa 0.469 

*Note: Fragmentation data not available for this peak due to other peaks being within 

the precursor isolation window. PC = Phosphatidylcholine 
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4.2.4 PUPP-PESI - Sequential Ionisation Effect  

Sequential Ionisation is an effect observed in conventional PESI, which has also 

been observed when in some cases when analysing samples using the PUPP-PESI. 

Sequential ionisation describes how analytes are sprayed sequentially based on 

their surface activity, surface active analytes are sprayed initially, whilst ions with 

a lower surface activity remain behind in the main droplet on the probe.178 Over a 

short space of time, once the high surface activity analytes become depleted, 

analytes with a lower surface activity begin to spray. 

This effect is clearly observed when using the PUPP to rapidly dispense samples 

onto certain probes held at high voltage. Figure 96 shows the extracted ion 

chromatogram for different ions observed in the beer sample, and Figure 97 (also 

shown as a waterfall plot in the appendix) shows how the spectra changes over 

time.  Initially, contaminant surfactants and other molecules are visible, but within 

just over one hundred milliseconds the profile of the mass spectrum changes 

completely, and the sugars present in beer, a much lower surface-active set of 

molecules, dominate the spectrum. This effect was only observed when 

investigating acupuncture needles (No.02, Ø 0.12 x 30 mm) and hypodermic 

needles as potentially low cost and readily available PESI probes. The literature 

observes that this effect is commonly observed for titanium needles (such as 

acupuncture needles), which is attributed towards their rough surface.  

 

Figure 96 - Extracted Ion Chromatograms showing the sequential ionisation of 

analytes 

Sequential ionisation allows for the analysis of typically less surface-active 

molecules whilst avoiding the suppression surface active molecules. By 

comparison for example, when performing the analysis of beer via conventional 
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ESI, the relative intensity of longer chained oligosaccharides is much lower 

compared to the intensities obtained via PUPP-PESI.   

 

Figure 97 - Sequential Ionisation Effect 

4.2.5 Carryover Effect 

The major limitation of the PUPP system is the carryover effect observed. There 

are two possible causes for carryover using this system: carryover originating 

from the PUPP itself and carryover originating from contamination of the needle.  

Figure 98 shows the carryover when performing the rapid analysis on a series of 

juices, using the PUPP system combined with an APCI needle. An extracted ion 

chromatogram is shown for one of the sugar peaks, with the blank performed at 

the beginning giving a negligible signal as expected. After the subsequent analysis 

of five juice samples, the PUPP is rinsed with a wash solvent, before reanalysis of 

a blank sample. The intensity of the blank is significantly greater than before the 

juice samples were analysed, and only returned to the expected level after the 

10th spray is performed.   

The PUPP system developed by Forbes et al. discussed in Chapter 3 also suffered 

from carryover issues, and spray of 5 blank samples between “live” samples was 

used to minimize this effect.133 Similar methods would be necessary for this 

system to avoid carryover, which would be detrimental to high throughput analysis 

of samples. Although a manual cleaning method of spraying a blank sample 

multiple times was easily adopted for the analysis discussed in this thesis, a more 
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rigorous cleaning method would need to be adopted for high throughput analysis. 

This is discussed further in Chapter 6, where the capability of the system when 

coupled to liquid handling robot systems is discussed.   

 

Figure 98 - Carryover effect observed during rapid analysis of juices 

4.2.6 PUPP-PESI Polysiloxane Background Signal  

When performing rapid analysis using the PUPP-PESI set up with a hypodermic 

needle as the probe, it was noticed that when the PUPP system was inactive, a 

spectrum was obtained which did not match that of any sample analysed 

previously. Figure 99 shows the spectra obtained, and the Polysiloxane series 

which the peaks were identified to. This signal was not observed for the other 

needle types tested during this project, such as APCI, sewing needle and 

acupuncture. The spectrum clearly shows a patten of peaks which are 74 Daltons 

apart, which is attributed as the siloxane ([Si(CH3)2O]n series.   

 

Figure 99 - Polysiloxane Contaminant Spectra 
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The source of this contamination was initially unclear, and work was conducted to 

establish the cause. This included testing various different types of needles (see 

Chapter 3) and a thorough cleaning of the Q-TOF ion source and step-wave, both 

of which made no impact on the strength of the signal obtained. The compounds 

identified in the spectra have however previously been reported as a contaminant 

when performing ambient mass spectrometry.179 Work by Schlosser and Volkmer-

Engert presented the contamination of nanospray signals which interfered with 

the analysis of peptides. Their work attributed the signal as contamination from 

the external laboratory environment, where cyclic siloxanes are used in cosmetic 

products (e.g., deodorants or hair products), air conditioning systems and paints 

used on walls.179  

The signal detected during our rapid analysis experiments was only present when 

the PUPP was inactive, and therefore can be attributed to being when the needle 

is dry. This suggests that the contamination is occurring through a form of corona 

discharge, identical to that observed in the Scholler and Volkmer-Engert study. 

Two methods were employed in their study to eliminate the signal given by the 

siloxane compounds, the first of which was to reduce the distance between the 

nanospray tip and the instrument inlet from 1 cm to 1 mm. Reducing the distance 

between the needle and the inlet induces electrical discharge before any change 

in the siloxane signal is observed.  

The second method was to use a flow of nitrogen gas and have the nanospray tip 

perpendicular to the MS inlet. This is not possible when using the PUPP with a 

needle for probe electrospray, as the gas flow would detrimentally interfere with 

the flow of the PUPP microdroplets.  

The presence of PDMS peaks does not adversely affect the spectra obtained when 

the PUPP is active and sample is being analysed, and therefore does not present 

a significant problem which needs to be overcome. Instead, as the molecular 

formula of the siloxane peaks has been identified, the peaks obtained can be used 

to perform internal recalibration in a similar manner for the encoded internal 

recalibration, the results of which can be seen in in Figure 100 for the rapid 

analysis of beer samples. The improvement in mass accuracy is clear, however, 

as this signal is caused by the laboratory environment, this is not a practical 

consideration for the ion source, and instead internal recalibration should be 

performed using a dual PUPP system onto a needle, with one PUPP delivering 

sample and another delivering calibrant.  
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Figure 100 - Using Polysiloxane Contamination as a Calibration Tool 

 

4.2.7 Rapid Analysis - BMSS Ambient Ionisation Study 

As shown during Chapter 3, the PUPP system can be used as a standalone 

ionisation source without the need for any additional mechanism of ionisation. In 

order to test the sensitivity and repeatability of the system, the ionisation source 

was tested as part of a collaboration with the University of Surrey. The system 

was benchmarked as a standalone ionisation source by performing analysis that 

followed the protocols given in the British Mass Spectrometry Society (BMSS) 

Ambient Ionisation Special Interest Group Interlaboratory Study II.180,181 This 

study was set up by the BMSS in order to give an overview on the robustness and 

repeatability of different ambient ionisation sources.  

ASAP, DART, DESI, LESA, SESI, TD-CDI, AP-MALDI and Paperspray were all 

tested, with some having more than one dataset submitted. These ionisation 

sources were each tested on different instrumentation too, including Orbitrap. 

TOF, Q-TOF, Singe Quadrupole and Triple Quadrupole instruments. Further details 

on the ionisation sources studied are summarized in Table 21 in the Appendix. 

The PUPP data work was not collected as part of the study itself, which took place 

before the PUPP project began, but this data collected following the study protocol 

and retrospectively compared to the data presented in the report itself.   

Spare sample vials not used by one of the participant institutions of the study 

were donated for the purposes of analysis using the PUPP system. The study used 

two samples, each containing the same 8 small organic molecules (see Table 18 

in the appendix). One sample was prepared in acetonitrile and the other in Surine, 

a synthetic urine matrix. The two mixtures were analysed on a Thermo Q-Exactive 
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Orbitrap and a Waters Xevo G2-XS Q-TOF using the same setup in order to provide 

some interlaboratory comparison of the PUPP data. 

Each solution was set to spray directly into the MS inlet, and average 

chromatograms were taken across the region where the PUPP was active. Figure 

Figure 101 shows a summary of which compounds were detected using different 

ionisation sources. The PUPP system performed well relative to other ionisation 

sources, detecting 7 out of 8 analytes using the Orbitrap and Q-TOF. The exception 

was Ibuprofen, which could only be detected using negative mode on the Orbitrap, 

and was not detected at all using the Q-TOF. The poor detection of Ibuprofen was 

observed for many other ionisation sources (particularly spray-based techniques), 

and the repot attributes this due to the low gas phase basicity of Ibuprofen relative 

to other analytes.  

 

Figure 101 - BMSS Solution Analysis - Pharmaceutical Mixture in Acetonitrile 

Note: Green = Detected, Yellow = Interfered Species, Red = Not Detected, 

Blue = Detected in negative mode only 

The data also follows a similar trend for the Surine analysis. The matrix 

suppression causes many of the compounds to not be detected relative to the 

acetonitrile solution, and a similar effect is observed for the PUPP system. The 

Orbitrap data showed that the same 7 analytes could be detected, but the 
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protonated species suffered a significant matrix suppression. However, for the 

majority of the analytes, detection of Sodium and/or Potassium adducts was 

observed. Table 19 and Table 20 in the appendix give a full list of the ions detected 

for both the Acetonitrile and Surine samples for the Orbitrap data.  

 

Figure 102 - BMSS Solution Analysis - Pharmaceutical Mixture in Surine 

Note: Green = Detected, Yellow = Interfered Species, Red = Not Detected, 

Blue = Detected in negative mode only 

As mentioned, one of the main aims of the BMSS study was to assess the 

repeatability of different ambient ionisation techniques. This was done by each 

institute analysing the same sample several times over three days. This 

experiment was repeated for the PUPP to assess the repeatability and to enable 

comparison against other ionisation techniques. Average spectra were generated 

across the region of highest intensity. Analysis was performed 5 times on each 

day, over three consecutive days. The same instrument settings were used for 

each analysis, and a fresh vial was used for each day’s analysis as per the protocol 

of the report. The report explains that the participating labs had the option to 

submit chromatograms, for which the repeatability was assessed by extracted ion 

chromatogram peak area, or processed spectra, for which spectral peak intensity 

was used. The PUPP generates a continuous spray, and therefore an integrated 
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peak area could not be used. Therefore, processed average mass spectrum were 

used for all repeatability tests. 

 
Figure 103 - Paracetamol in Acetonitrile - Intra-Day repeatability 

Figure 103 shows the intra-day repeatability for paracetamol compared to the 

other ionisation sources. The data collected for the PUPP is shown for each day, 

for which a clear day to day variation could be observed. There are a number of 

factors which likely contributed towards this variability – including day to day 

variations in the position of the PUPP and the consistency of the spray plume 

entering the inlet due to air flows in the lab environment. Repeatability for three 

other analytes (Terfenadine, Diclofenac and Reserpine) are given in the appendix, 

which all show similar results to the paracetamol data.  

However, the BMSS report notes that variability between instruments is difficult 

to compare because of the differences in sample preparation, instrument, 

techniques and whether integrated peak area of spectral peak intensity were used. 

However, a fairer comparison can be drawn for the ratio of Paracetamol to 

Paracetamol-d4 in the spectrum. The intra-day repeatability of this ratio is shown 

in Figure 104, and the inter-day repeatability in Figure 105. 
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Figure 104 - Paracetamol/Paracetamol-d4 Ratio - Intra-Day Repeatability 

Note: Consensus range is indicated by red lines (1.01 ± 0.06) 

The Paracetamol/Paracetamol-d4 ratio for the PUPP is consistently higher than the 

majority of the ambient ionisation sources. However, this is also observed for 

other spray-based techniques (red), where there is a significant variability and 

outside of the range of the report consensus value. Within the BMSS report, it is 

noted that this is due to a variability in the observed intensities of the [M+H]+ and 

[M+Na]+ species. AIS19 A uses the [M+H]+ species only, AIS19 B is the [M+Na]+ 

only, which both fall outside the consensus value. When the combined intensity of 

the two species is used however, the observed ratio is much closer to the 

consensus value. This effect is also observed for the PUPP system for both the 

intra-day (Figure 104) and inter-day (Figure 105) data. PUPP dataset A uses the 

ratio of the [M+H]+ species, whilst PUPP dataset B shows the ratio of the summed 

[M+H]+ and [M+Na]+ species. Using the ratio brings the value closer to the 

consensus, but it is still outside of the specified range (1.01 ± 0.06). 
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Figure 105 - Paracetamol/Paracetamol-d4 Ratio - Inter-Day Repeatability 

Note: Consensus range is indicated by red lines (1.01 ± 0.06) 

Overall, the PUPP system performed well, particularly when compared to other 

spray-based ambient ionisation techniques. The PUPP showed good levels of 

sensitivity, and only failed to detect the Ibuprofen in the acetonitrile sample. The 

Surine sample caused matrix suppression which meant that 4 of the analytes could 

not be detected using the Q-TOF, but the same 7 were still detected with the 

Orbitrap. The repeatability of the system was strong, although this data is less 

useful due to the variations in data reporting (intensity vs peak area) and 

instrument. However, the PUPP did perform well compared to other spray-based 

techniques when looking at the ratios of analytes to the internal standard 

(Paracetamol-d4), indicating a good level of repeatability. The ratio obtained 

through the PUPP falls outside of the consensus range, however as mentioned in 

the BMSS study report this is a feature commonly observed using spray-based 

ionisation sources.  

4.3 Adduct Modification 

Tandem mass spectrometry is a vital tool in the analysis of both large and small 

molecules for the determination of their structure, or the structure of impurities, 

forced degradation products and metabolites. There are a variety of techniques 

available to perform this fragmentation, including collision induced dissociation 

(CID), surface induced dissociation (SID), electron capture dissociation (ECD), 

electron transfer dissociation (ETD) and infrared multiphoton dissociation 

(IRMPD).182–186 
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Through the differences in their mechanisms, different fragmentation patterns are 

observed for identical molecules. Obtaining as much structural information about 

a molecule by subjecting it to different fragmentation techniques would be ideal, 

but would be a highly time-consuming process, and is therefore not practical. The 

choice of adduct for an ion has a clear effect on the fragmentation pattern 

observed.187–194 The majority of this work is applied to polymers, which can be 

difficult to ionise or fragment, and therefore frequently require the sample to be 

manually doped with metals to generate the desired adducts. However, adduct 

induced changes in fragmentation patterns have also been observed for 

pharmaceutical and peptides.187,195 

The PUPP is capable of rapidly introducing solutions into an ESI stream, and 

therefore is capable modifying the composition of the solution being 

electrosprayed. In theory, this system can therefore be used to rapidly alter the 

charge carrying species of an analyte, by spraying solutions containing the target 

metal carrying species.  

This effect was originally observed as an artefact of the early encoded internal 

recalibration system testing. During analysis, Beer was continuously 

electrosprayed, with an internal standard solution of Triton QS-15 being 

introduced in bursts via the PUPP. When observing the spectrum of the Beer, it 

became clear that when Triton was introduced to the sample, there was a shift in 

the relative intensities of the Sodium and Potassium adducts of the sugars, 

favoring the Sodium at the points when Triton was present. Figure 106 shows the 

ratio of Sodium to Potassium as a function of time, clear and consistent spikes in 

the ratio can be seen at regular intervals when the PUPP is active.  

 

Figure 106 - PUPP-ESI Ion Source - Sodium/Potassium Adduct Ratio 
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Representative spectra for when the PUPP is inactive (left) and when the PUPP is 

active (right) are shown in Figure 107, which show a clear shift in the relative 

intensity of the Sodium adduct to the Potassium adduct for a sugar peak in the 

beer. 

 

Figure 107 - Shift in Sodium/Potassium Adduct Ratio caused by Triton Burst 

Spectra on the left is when PUPP is inactive, and therefore no Triton present in 

spectra. Spectra on the right shows the effect on the Sodium/Potassium ratio 

when the PUPP is active.  

After this effect was observed, work was conducted to determine if the system 

could be used to deliberately control the adduct observed within spectra. This was 

performed for the analysis of beer again, using the PUPP-ESI system. Beer is 

continuously electrosprayed as before, whilst the PUPP introduces an aqueous 

solution containing the target charge carrying metal species, in this case a Lithium 

Chloride. Figure 108 shows the ratio of the intensity of the Lithium adduct to the 

sum of the adducts commonly observed in beer, Sodium and Potassium, calculated 

using Eq. 23. The PUPP duty cycle has been set up to introduce a 50-millisecond 

burst of 1000 ppm Lithium Chloride solution every 5000 milliseconds. There are 

clear peaks in the intensity of the Lithium adduct, showing the successful change 

in the dominant charge carrying species for this sugar. Figure 109 shows the 

change in the mass spectrum obtained when the PUPP is inactive (top), and when 

the PUPP is active (bottom).  

𝐴𝑑𝑑𝑢𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 =  
𝐼[𝑀+𝐿𝑖]+

𝐼[𝑀+𝑁𝑎]+ +  𝐼[𝑀+𝐾]+ 

 Eq. 23 
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Figure 108 - Relative Intensity of Lithium Adducts of Beer Sugars 

 

Figure 109 - Effect of introducing Lithium Chloride into Beer via PUPP 

This process has also been performed to generate Silver adducts by introducing a 

100 ppm Silver Nitrate solution into the ESI stream. Figure 110 and Figure 111 

show this effect, with the generation of the two peaks of near equal intensity 

separated by 2 Da ([M+107Ag]+ and [M+109Ag]+) characteristic of the isotope 

distribution generated by silver adducts.  
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Figure 110 - Relative Intensity of Silver Adducts of Beer Sugars 

This data shows the clear potential for rapid switching between adducts of choice. 

However, the system would need to be tested using samples which are known to 

exhibit different adduct induced changes in fragmentation patter and using a 

variety of different fragmentation techniques which were not available during the 

course of this project.  

 

Figure 111 - Effect of introducing Silver Nitrate into Beer via PUPP 

4.4 Component Confirmation 

By introducing small volumes of known compounds into direct infusion MS/MS or 

LC-MS/MS data, the presence of components can be confirmed by observing the 

effect on the product ions obtained. This is achieved through a process called 

“overspraying”, whereby the PUPP introduces small bursts of a target compound. 

If compounds of identical mass either coelute or are analysed by direct infusion, 

the presence of absence of specific target compounds can be determined by 

plotting the intensities of the fragments. Fragments which correspond to the target 
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compound being oversprayed by the PUPP will see a rise in intensity when the 

PUPP is active, whilst the fragments of other compounds will not see an increase.  

 

Figure 112 - Structure of Paracetamol, Ethyl 2-Picolinate and D-(-)-α-

phenylglycine 

Proof of concept data was collected using Paracetamol, and two other components 

which had an identical molecular formula (and therefore identical molecular 

masses); Ethyl 2-picolinate and D-(-)-α-phenylglycine. The structures of these 

compounds are given in Figure 112, together with the unique fragmentation 

pattern each compound demonstrated via direct infusion in Figure 113.  

 

Figure 113 - Compound Fragmentation Patterns 

Experimental: 

Direct Infusion: A mixed solution of Paracetamol (10 μg/mL), D-(-)-α-

phenylglycine (10 μg/mL) and Ethyl 2-picolinate (1 μg/mL) was prepared in MeOH. 

The solution was infused directly into the MS at 5 µL/min through a 75 µm Fused 

Silica Electrospray Needle. A 19 Hole PUPP was set to spray a solution containing 

Paracetamol only (100 µg/ml) for 50 ms every 10,000 ms. 

LC-MS: A mixed solution of Paracetamol (50 µg/mL), Ethyl 2-Picolinate (100 

µg/mL) and D-(-)-α-phenylglycine (100 µg/mL) was prepared in MeOH. As 
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discussed in the results, for the final dataset the post-column flow was split using 

an LC-MS flow splitter, which was done to reduce the flow into the fused silica 

electrospray needle used. The LC-MS method used is shown in Table 7. A 19 Hole 

PUPP was set to spray for 300 ms every 4500 ms during the LC-MS dead volume 

(up to approximately 1 minute). 

Table 7 - Component Confirmation LC-MS Method 

Needle 75 µm Fused Silica Electrospray Needle 

Injection Volume 2 µL 

Column Raptor C18, 2.7 µm, 100 x 2.1 mm 

Mobile Phase A H2O:MeOH:FA 90:10:0.1 

Mobile Phase B MeOH:FA 100:0.1 

Time (mins) %A %B 
Flow Rate 

(mL/min) 

0.00 80.0 20.0 0.300 

1.00 80.0 20.0 0.300 

2.00 20.0 80.0 0.300 

10.00 20.0 80.0 0.300 

12.00 80.0 20.0 0.300 

13.00 80.0 20.0 0.300 

 

4.4.1 Confirmation using Direct Infusion 

 

Figure 114 - Intensity Heatmap for different component fragments 

Component confirmation can be performed when performing direct infusion of a 

solution containing multiple components. The PUPP introduces Paracetamol into 

the mixed solution being analysed, and therefore fragmentation peaks which 

correspond to Paracetamol increase in intensity when the PUPP is active, whilst 

little or no effect is seen to other fragmentation peaks. This enables the easy 

distinction between fragmentation pattern of Paracetamol, and fragmentation of 

other components. Heatmaps generated for two fragmentation peaks are given in 

Figure 114, with the left hand side (110.04 m/z, Paracetamol fragment) clearly 

showing an intensity pattern which matches that of the PUPP cycle, whilst the right 
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hand side (79.040 m/z, D-(-)-α-phenylglycine fragment) shows small reductions 

in intensity when the PUPP is active caused by charge competition. 

4.4.2 Confirmation using LC-MS Dead Volume 

Data was collected to demonstrate the systems effectiveness when coupled to an 

LC system.  When analysed via LC-MS/MS, a solution containing these three 

components gives a set of three LC peaks at different retention times. However, 

without running each component as an individual LC-MS standard, or infusion of 

each component individually to obtain its fragmentation pattern, it is difficult to 

determine which peak corresponds to each compound. This is particularly the case 

when LC-MS peaks coelute. The PUPP system is able to introduce the compound 

of interest during the dead time of the LC injection, which serves as a much more 

rapid method to determine the fragmentation pattern of the component of 

interest. The bursts of signal introduced via the PUPP will only be present in the 

product ion signal(s) which correspond to the component of interest. Currently, 

the LC-MS dead volume is an underused period of data collection within LC-MS, 

and therefore is an ideal period of time to perform component confirmation. 

Initially, the fused silica electrospray needle was coupled to the LC-MS directly. 

However, using the conventional LC method for the Waters ESI source, the flow 

was too high for the ESI needle. This was reduced by directly reducing the LC-MS 

flow rate of the system to 0.100 mL/min, which had significant detrimental effect 

on the chromatography, as shown in Figure 115. The PUPP was activated during 

the LC-MS dead volume, spraying a standard solution of paracetamol. Despite the 

poor chromatography, the bursts of intensity from the PUPP are only observed for 

the fragments which match that of paracetamol as expected (110.11 m/z in this 

example). 
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Figure 115 - Paracetamol delivered via PUPP during the LC-MS/MS Dead Time 

The chromatography was improved through the use of a flow splitter. Due to the 

high pressures of the UPLC system, it was necessary to reduce the pressure of the 

flow splitter by using wider bore PEEK tubing to obtain a good flow to the fused 

silica electrospray needle, which caused some peak broadening. The results of this 

are shown in Figure 116, where the chromatography is significantly improved to 

that of Figure 115.  

 

Figure 116 - Paracetamol delivered via PUPP during the LC-MS/MS Dead Time 

with flow splitter 
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4.4.3 Confirmation during LC-MS peak elution 

The alternative to performing component confirmation during the LC-MS dead 

time is to perform it during the elution of the LC-MS peak itself. In theory, this 

would generate an LC-MS peak which has spikes in intensity where the piezo is 

switched on/off. However, this presents a series of technical challenges which the 

ionisation source is not currently capable of overcoming, and for reasons discussed 

herein is likely to be overcome. The difficulties associated with this have been 

shown by generating artificial piezo data which has been used in conjunction with 

a genuine LC-MS peak of a typical shape/intensity. Figure 117 shows an ideal 

example of this pattern across an LC-MS peak.  

 

Figure 117 - Simulated chromatogram showing how the PUPP signal could 

interact with the LC-MS peak signal 

However, the example above represents a perfect example of this, and there are 

a variety of factors which can easily affect this signal. To start, this is a high 

intensity LC-MS peak, and one which is relatively wide at 10 seconds. Better 

chromatography or smaller peak size could easily result in the signal from the 

PUPP dominating over the LC-MS peak itself.  

In addition to the differences in the LC-MS peak affecting the data, the settings of 

the PUPP can also have a negative impact. The intensity of the signal from the 

piezo must not be too low relative to the LC-MS peak, otherwise the bursts of 

intensity are not easily observed across the peak. The reverse is true for the PUPP 

signal dominating over the LC-MS peak, which can cause issues in observing the 

shape of the LC peak itself. Both of these scenarios have been shown in Figure 

118.  
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Figure 118 - Simulated Chromatograms to show the effect of increasing the 

signal obtained for the PUPP on the LC-MS peak obtained 

In addition, the frequency of the PUPP spray would need to be suitable for the LC-

MS peak. Too infrequent, and the PUPP burst could miss the LC-MS peak all 

together, too frequent and you get a signal which makes the true shape of the LC-

MS peak difficult to observe. This scenario has also been shown in Figure 119.  

 

Figure 119 - Simulated Chromatograms to show the effect of increasing the 

frequency of the PUPP peaks on the LC-MS peak 

In addition to the difficulties associated with getting the PUPP optimized, this all 

assumes the peak retention time and shape is known in advance, which for 

unknown samples is not possible, and even for known samples is likely to have 

some degree of variance based on the performance of the LC column. Therefore, 

component confirmation during the LC-MS dead volume is the most practical 

solution.  

4.5  Summary 

The PUPP ionisation source has been shown capable of perform a variety of 

different applications. The original focus of the ion source, performing encoded 
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internal recalibration, has been demonstrated on different complex organic matter 

samples. Mass calibrated data can be automatically generated using significantly 

reduced workflows, allowing users to perform higher confidence peak assignment 

for batches of complex spectra.  

In addition, the ion source has also shown its capability to perform a variety of 

other functions, requiring only minor modifications to software or hardware at 

most. Beer, fruit juices and human plasma and pharmaceutical mixtures were all 

subjected to rapid analysis via the PUPP-PESI system. The Beer samples were 

characterized into light, dark and malt via PCA analysis using the PUPP-PESI 

system and ESI, and their respective performances compared. The human plasma 

analysis was performed to show the potential application of the system in a clinical 

setting, and a number of lipids were successfully identified without the aid of 

sample preparation or system optimization.  

On-the-fly adduct modification was shown via the system, enabling rapid 

switching between the conventional adducts observed for sample solutions to 

alternative adducts, which could be a powerful tool for rapidly generating different 

fragmentation patterns based on the adduct of choice.  

Component confirmation for tandem mass spectrometry data is shown through 

the use of overspraying. Three compounds with identical molecular formulae (and 

therefore identical mass) were analysed by LC-MS/MS and direct infusion MS/MS. 

The PUPP introduced a small volume of one target compound, which by monitoring 

the changes in fragment peak intensity during analysis could be used to confirm 

the presence of the target compound in a complex mixture.   

Chapter 6 gives in-depth discussions around some of the future developments for 

some of these applications. Although these applications are beyond the scope of 

this project, they demonstrate the wealth of possibilities which the PUPP system 

could be adapted to and the theoretical benefits these systems would bring. 
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Chapter 5: Tools Developed 

In modern instrumental analytical chemistry, whether you are a user or a 

developer, the ability to be able to make physical tools to aid in your sample 

preparation or software tools to automate data processing or visualization is highly 

valuable.  During this project I have developed a wide range of different tools 

(both physical and software) to support my research. Herein, some of the tools 

are presented as an illustration of this. 
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5.0  Software 

The software tools developed can be split into two categories: those for hardware 

control and data processing.  All were written in LabVIEW (NI, Austin Texas, USA). 

Control of the ion source hardware was necessary to ensure that the system 

generated consistent and appropriate data, and to synchronize the ionisation 

source with the mass spectrometer.  

The data processing tools were necessary to perform or automate functions which 

would be extremely time-consuming to undertake manually, or difficult or 

impossible to achieve through conventional software packages available from 

instrument manufacturers or open-source programmes online. Most of the 

programmes written as part of this PhD are available online at 

https://github.com/HarryTaylor1296/PhD-Thesis-Code. This work has been made 

available to help others in the field who are beginning to process their data using 

LabVIEW.   

5.1 LabVIEW Introduction 

LabVIEW is a programming environment developed by National Instruments, 

which uses the programming language “G”. This language differs from the most 

commonly used programming languages (Python, C++, R, MATLAB etc.) because 

it is a graphical language rather than a text-based language. Programmes written 

in LabVIEW are displayed as a diagram, with functions being displayed as symbolic 

nodes and variables being passed between those functions by wires.  The Block 

Diagram contains the “code”, whilst the user interface, where inputs can be 

controlled and outputs displayed, is the “Front Panel”. Figure 120 shows a basic 

program used to perform a simple mathematical function. Programmes written in 

LabVIEW are referred to as “Virtual Instruments” or “VIs".  

  

Figure 120 - LabVIEW Block Diagram (Left) and the Front Panel User Interface 

(Right) 

Text based programming languages execute code in a sequential format; they 

perform actions in order from top to bottom. LabVIEW is a dataflow language and 
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so “code” operates non-sequentially, whereby all inputs begin simultaneously, 

after which specific actions within a program will execute once all relevant inputs 

to that particular node or function are present. This difference is shown in Figure 

121, which shows identical functions written in MATLAB (left) and LabVIEW (right). 

In the MATLAB code, Line 5 and 6 are performed sequentially, before performing 

the final sum in Line 7. In LabVIEW however, the functions A+B and C+D will be 

computed in parallel, the final multiplication will begin when both inputs are filled.  

The inherently parallelized nature of the operation of LabVIEW code can make it 

difficult to describe the mode of operation of programmes written for this project. 

 

 

 Figure 121 - Identical Basic Functions in MATLAB (Left) and LabVIEW (Right) 

All programming was performed in LabVIEW. Although no block diagram code is 

shown in the main bulk of the thesis, the code itself is available through the GitHub 

link given previously.  

5.2 Data Processing Tools 

5.2.1 “Mezzo” – Reading mz5 format files 

Every mass spectrometry vendor uses their own file format – in fact some vendors 

have multiple different file formats.  Therefore, the general workflow used for 

processing mass spectrometry datafiles in this project involved first converting 

the vendor specific files to the standard mz5 interchange format .118 This approach 

then avoids the need to write multiple programmes capable of reading the various 

raw file formats from each different mass spectrometry vendor (Thermo, Bruker, 

Waters, ABSciex etc.). 

There are many other, more common, interchange formats – e.g. mzML and 

mzXML and mzData.  However, mz5 benefits by using an HDF5 (Hierarchical Data 

Format) file format, and therefore overcomes the storage space requirements and 

read/write speed limitations associated with more common XML based 

interchange formats.118  
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Conversion of vendor specific files into mz5 is a standard feature of the well-known 

MSConvert tool, part of the Proteowizard package. The MSConvert toolkit is freely 

available and therefore easily accessible to all users.119  

I developed a tool, called “Mezzo”, in LabVIEW, to read and process the data 

contained in the mz5 format files.  Mezzo uses the h5LabVIEW2 LabVIEW add-on, 

to read, write and perform other functions on the HDF5 based file format of mz5 

files, in LabVIEW.119  This tool is called Mezzo because it is used to read mz5 files, 

but also because it sits in the middle of other tools that I describe later. 

 

Figure 122 - User Interface for Waters File Reading Software 

Mezzo can load an mz5 file and then extract: 

• Individual mass spectra 

• Averaged mass spectra 

• The Total Ion Chromatogram 

• Hyperslabs/subsets of the data – e.g. all mass spectra between two time 

points; or all data for a given mass range at all timepoint; or the 

chronogram for a single mass or small mass range. 

These outputs can be viewed in the user interface of Mezzo, but can also be passed 

to other functions that simply call Mezzo to read the mz5 data. The general user 

interface for Mezzo is shown in Figure 122. Heatmaps were generated using the 

Advanced Plotting Toolkit, another freely available add-on toolkit for LabVIEW. 

The speed of the software and the memory footprint was helped greatly through 

the use of the HDF5 “Hyperslab” tools, permitting the software to only read data 

which was necessary for the task the user requests, rather than the entire dataset.  
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5.2.2 “Transcend” – Viewing and process transient data 

 

Figure 123 - Processing Raw Transients in LabVIEW Workflow 

The ability to process raw transients was not critical to the project at any stage, 

however a VI was developed in order to gain a further understanding on the 

workflows necessary to generate mass spectra from raw transients. Transient data 

was provided in a .CSV file format (this is a Spectroswiss Sarl file format used for 

Orbitrap transients) can be read and processed using this VI, the workflow for 

which is shown in Figure 123. The number of zero paddings is controlled by the 

user interface (shown in Figure 124). The first zero pad applied adds sufficient 

zeros to the transient to make the transient length up to a power of 2, and all 

subsequent zero paddings double the length of the transient. Apodization (a Hann 

window was implemented in this case) is applied to reduce Gibbs oscillations. After 

this, the transient is Fourier-transformed to produce a frequency spectrum. The 

frequency spectrum is subsequently mass calibrated (using a mass calibration 

factor extracted from the file) to generate the mass spectrum.  
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Figure 124 – Transcend – User Interface  

5.2.3 “THRASHer” - Baseline Calculation (THRASH Algorithm) 

 

Figure 125 - Calculating Baseline Workflow and Spectrum Intensity Histogram 

Peak detection for complex spectra is difficult because when there are many peaks 

across a narrow mass range it is difficult to generate an appropriate noise level to 

be used for detection. There are various methods of performing this adopted by 

different peak detection algorithms such as the n-Sigma, root mean squared, 

THRASH and Autopiquer methods.152,196  

In order to be able to perform good quality peak detection for complex spectra, a 

LabVIEW VI was constructed which closely followed the THRASH algorithm 

approach, the workflow for which has been shown in Figure 125.196 In short, the 

algorithm splits the mass axis into short windows (generally 4 m/z), and a 

histogram of the number of points at each intensity is generated, an example of 

which is given in Figure 125. The highest point (the mode) of this distribution is 

taken as the baseline intensity, and the magnitude of the noise is the full width at 

half maximum (FWHM) of the histogram peak. Peak detection is then performed 
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using the peak detection VI given in the signal processing package in LabVIEW. 

Using this algorithm, the S/N of a peak is defined as: 

𝑆/𝑁 =
𝐼𝑃𝑒𝑎𝑘 − 𝐼𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐹𝑊𝐻𝑀
 Eq.24 

 

 

Figure 126 – THRASHer - User Interface 

The algorithm can be used to perform peak detection on individual spectra, either 

as part of a larger workflow package or as an individual program. Figure 126 

shows the algorithm working as an individual workflow package, whereby TDMS 

files are read and a summed spectra is subjected to peak detection. Figure 127 

shows the peaks detected across a 0.25 m/z window.   

 

Figure 127 – THRASHer - Peaks Detected over a 0.25 m/z Window 

Signal to Noise Ratio Threshold for peak detection is shown in yellow. The 

noise level is shown in green. Peaks detected are highlighted with a red box. 

 

 

Figure 128 –  
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5.3 Hardware Control 

Further code was written at various stages during the ion source development to 

enable control and synchronisation of hardware. Much of this work was performed 

during the early stages of using a trigger from the mass spectrometer to 

synchronise droplet generation with ion accumulation. Herein, the LabVIEW 

controls used to perform this early development work are shown. 

5.3.1 “MISSI” – Microdrop Ion Source System Interface 

 

Figure 129 - Microdrop Control User Interface 

The Microdrop system, discussed during Chapter 2, was controlled through 

LabVIEW software written as part of this project, named “MISSI.” – Microdrop Ion 

Source System Interface. This was developed with the initial aim to synchronize 

the Microdrop system with the mass spectrometer. However, due to the limitations 

associated with the system (see Chapter 2), development was stopped and focus 

shifted towards the PUPP system. Regardless, an overview of the software is given 

here to inform future research focused on this system.   

The Microdrop system can be externally controlled through an RS232 port at the 

back of the Microdrop control unit. Syntax commands (a list of which was supplied 

by the manufacturer) are sent to the control unit through the LabVIEW software, 

which uses the LabVIEW VISA sub-VIs to deliver each command when triggered 

to do so according to controls on the user interface (Figure 129). 
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5.3.2 “Ion-Sync” - Q-TOF Trigger 

 

Figure 130 - PUPP Trigger System for Waters LC-MS System 

As discussed previously in Chapter 3, for many applications it is crucial to 

synchronise the PUPP system and the corresponding mass spectrometry system. 

When coupling to Fourier-Transform based MS systems this is to minimise the 

variability in the number of ions delivered by the PUPP system between scans, 

thereby reducing the space charge effect. However, for other applications it may 

be necessary to couple the PUPP system to the beginning of MS data acquisition 

events.  

The PUPP system was coupled to a Waters Xevo G2-XS Q-TOF and Waters Acquity 

UPLC System through the use of an Arduino Uno, all of which was controlled by 

custom LabVIEW code, named “Ion-Sync”.  Ion-Sync used tools from the LINX 

(MakerHub) add-on to send and receive contact closures from the Arduino. The 

workflow for the software can be seen in Figure 130, and the user interface can 

be seen in Figure 131.  

 

Figure 131 – Ion-Sync User Interface 
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5.4  Custom Fused Silica Grinder 

Much of the data collected during this project used the PUPP system in conjunction 

with a custom electrospray system. In the early stages of the ion source 

development, the need to be able to generate fused silica electrospray needles 

was identified. Although commercially available fused silica electrospray tips are 

available, the cost of these is significant, and therefore they are not a sustainable 

resource for cost effective research and development. Therefore, as part of this 

PhD, it was necessary to explore and develop a method by which fused silica 

electrospray needles could be developed which would provide highly sensitive and 

reproducible data without significant cost.   

Currently, there are three main techniques employed to generate electrospray 

needles from fused silica: etching with hydrofluoric acid (HF), glass pulling and 

mechanical grinding. Each of these give a different profile of needle, shown in 

Figure 132.  

 

Figure 132 - Fused Silica Electrospray Needle Methods 

During etching, the fused silica is dipped into concentrated hydrofluoric acid, which 

slowly removes the fused silica material. The surface tension of the solution leads 

to the generation of a small meniscus which travels up the length of the silica.197 

Water is pumped through the fused silica to prevent HF from entering and etching 

the interior. The rate of etching is proportional to the volume of acid coating the 

fused silica, and this is shown in Figure 133. This technique generates parallel 

tips, whereby the inner diameter of the capillary remains constant throughout the 

length of the tip. There are several issues with this technique, including the very 

slow throughput (fabrication of a needle can take up to two hours) and the 

environmental and safety risks associated with using concentrated hydrofluoric 

acid.   

 

Figure 133 - Fused Silica Etching with Hydrofluoric Acid 
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Alternatively, a glass puller can be used to generate electrospray needles. The 

capillary is set up so that it experiences a constant pulling force and the silica is 

heated until the capillary is softened, at which point the capillary is pulled apart 

forming two very narrow tips as shown in Figure 134.198,199 Unlike etching, the 

system generates tapered tips, whereby the inner diameter of the capillary 

narrows towards the end. This system also has its limitations, including the 

formation of tips which are extremely fragile and prone to blockages and in many 

cases the unwanted generation of asymmetrical shaped tips. 

 

Figure 134 - Fused Silica Pulling with Glass Puller 

Finally, electrospray tips can be generated through mechanical grinding.200–204 The 

fused silica and the grinding material are both rotated, and the capillary is pressed 

against the material at a controlled angle. This system leads to the generation of 

parallel tips, but allows for a level of control over the tip angle (Figure 135). This 

is a fast and repeatable method of generating electrospray needles, which does 

not require the use of chemicals that pose a significant risk to the user. 

 

Figure 135 - Effect of tip angle on profile of electrospray needle 

Mechanical grinding was therefore identified as the best method for creating fused 

silica electrospray needles. Initially this was done using a custom grinding system 

at the University of Edinburgh, and to be able to repeat this process in-house a 

similar system was generated through a mixture of 3D printed parts and 

commonly available low-cost components. Similar systems have been published 

previously, and generate excellent quality of sprays which deliver highly sensitive 

and consistent signal.200  
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Herein, the development of a new low-cost 3D printed fused silica grinder is 

shown. The system went through 4 iterations of design, which are summarized 

below in Table 8.  

Table 8 - Summary of Fused Silica Grinder Designs 

Version 

Number 

Lapping Film 

Motor 

Fused Silica  

Motor 

Generated usable ESI 

Needles? 

1 Dremel Dremel No 

2 Dremel Mini Motor No 

3 Mini Motor Mini Motor Yes 

4 Mini Motor Mini Motor (Pulley) Yes 

 

5.4.1 Fused Silica Grinder – Version 1 

The initial design, shown in Figure 136, consisted of two rotary devices, one which 

held the fused silica through 1/16” OD 0.015” ID Grey PEEK tubing mounted into 

a mini drill chuck, the second held the lapping film used to grind the fused silica. 

Both the rotary devices were mounted onto mini milling machine tables to give 

fine motor control over the positions of the two rotary devices. The angle of the 

fused silica could be customized using a R axis mount, which would allow for 

control of the angle of the tapered tip. Finally, a USB camera fixed to a mount was 

used enabled the user to visualize the process more clearly via a monitor.  

 

Figure 136 - Fused Silica Grinder Version 1 Design 

This system did not give enough control over the angle of approach for the fused 

silica, and therefore lead to inconsistent tip angles. Moreover, the design was 

overall too bulky and difficult to have the fine control necessary to generate good 

quality tips.  Finally, although significantly cheaper than purchasing a glass puller 
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system for example, the cost of the system was overall high because of the need 

for two rotary devices, two XY stages and an R-axis stage.  

5.4.2 Fused Silica Grinder – Version 2 

The second design improved the system significantly in the areas of fine control, 

cost, and overall size of the system. This was done by replacing one of the rotary 

devices with mini motor and a simple electronic circuit board (powered by 2 x AA 

Batteries) which the user could use to control the rotation speed. The fused silica 

was mounted into the system using a mini drill chuck which was secured onto the 

shaft of the mini motor. Improvements in user control over the tip grinding angle 

was gained through use of a guide rail and angle adjustment notches.  

 

Figure 137 - Fused Silica Grinder Version 2 Design 

However, the system remained too bulky to reproducibly generate electrospray 

needles of good quality. In addition, it still required the use of a rotary device, the 

lowest speed setting for which made it difficult to have fine control over the 

grinding process, made the system significantly larger and required mains power 

for use.  
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5.4.3 Fused Silica Grinder – Version 3  

 

 

Figure 138 – Fused Silica Grinder Version 3 Design 

Version 3 of the fused silica grinder (shown in Figure 138 and Figure 139) replaced 

the rotary device holding the lapping film with another battery powered mini 

motor. The lapping film was attached to a 3D printed disk, which was held in place 

by a mini drill chuck attached to the motor. The system showed good repeatability 

at making fused silica electrospray tips, images taken through a microscope can 

be seen in Figure 138 – Figure 139. 

 
 

Figure 139 - Image of Fused Silica Grinder Version 3 

Although control over the tip grinding angle was achieved, the system did not 

allow for smooth movement of the tip towards the grinding material, and therefore 

made it difficult to apply consistent pressure when grinding. Moreover, the speed 

at which electrospray tips were made was limited by the fact that the fused silica 

had to be precut to length, and manually inserted into the drill chuck each time.  

5.4.4 Fused Silica Grinder – Version 4  

The final version of the fused silica grinder (shown in Figure 140 and Figure 141) 

saw two major improvements on the usability of the device. Firstly, the rail system 

was removed, allowing the user to grind the electrospray tips with more flexibility. 
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Secondly, a pulley system was introduced onto the fused silica rotator, which 

allowed the user to continuously feed a reel of fused silica into the device, 

overcoming the limitation of previous designs which required the user to precut 

the fused silica to length for each tip. This significantly reduced the time taken 

between electrospray tips.  

 

Figure 140 - Fused Silica Grinder Version 4 Design 

When switching to a pulley-based system it became apparent that the mini drill 

chuck provided insufficient grip on the PEEK tubing, therefore allowing the fused 

silica to move in/out when grinding. This was overcome through the introduction 

of a custom component made from brass, which coupled the stainless-steel tubing 

to a system which took a standard 1/16” PEEK tubing fitting.   

 

 

Figure 141 - Final Fused Silica Grinder (Left) and the Electrospray Tips 

generated (Right) 

Although concerns were raised over the repeatability of the electrospray needles 

without the grinding angle being fixed, the reproducibility of the fused silica 

needles remained similar to those produced using Version 2. This can be seen 
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visually in the appearance of the needles produced, shown in Figure 141, as well 

as the reproducibility data, shown in Figure 142. A parts list with an approximate 

costing is given in the appendix.  

 

Figure 142 – Fused Silica Electrospray Needle Reproducibility 
 

5.4.5  Further Development 

Electrospray tips produced using Version 4 of the fused silica grinding device 

generated good quality data throughout the project. However, further 

improvements to the system could be made which would enhance the repeatability 

of the electrospray needles produced and make the system more user friendly. 

The first of these recommended improvements would be to use a motor with a 

higher RPM and a higher tolerance for torque. When grinding, a clear decrease in 

the rotational speed of the fused silica and the lapping film can be seen where the 

motors suffer from torque effects. Moreover, the system would be significantly 

improved by introducing an adjustable guide rail which would give the user fine 

control over the grinding angle of the fused silica on the lapping film.  

5.5  Summary 

This chapter has described tools created to assist the development of the ion 

source. The software developed during this project allowed for the control and 

manipulation of the hardware and many basic data processing functions. The fused 

silica grinding system shown was developed as a reproducible and low-cost 

method of generating electrospray tips.  
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Chapter 6: Future Suggested Work 

Thus far, the development and subsequent applications of the PUPP system within 

mass spectrometry have been shown. However, there remain a number of 

potential applications which have been beyond the scope of this project that 

remain unexplored, in addition to some next stages of the ion source’s 

development for applications discussed previously.  

Herein, suggested future work has been outlined for the ionisation source. New 

applications, including Tandem MS encoded internal mass recalibration, on 

tip/plate enzymatic digestions and the potential coupling of the PUPP system to a 

DART system are presented as theoretical experiments.  
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6.0  Future Suggested Work 

During the course of this project, there were a number of investigations which 

were discussed for the ionisation source, which could not be explored because of 

limitations on time or resources available. This chapter presents these areas as 

future suggested work, and gives a brief overview on some of the underlying 

principles which would guide the direction of the development.  

6.1  Tandem MS Internal Encoded Calibration  

As shown previously in Chapter 4, the ability to perform internal encoded 

recalibration was demonstrated on a variety of instruments and for different 

complex sample types.  However, most applications require tandem mass 

spectrometry data to ensure confident peak assignment. External calibration 

methods are typically performed for tandem MS data collection. This method, as 

discussed in Chapter 1 and again in Chapter 4, has a series of limitations. In short, 

these include the user intensiveness of performing the calibration, instrument drift 

and for FTMS instruments the space charge effect.  

Using instrumentation not available during the period of the PhD, the PUPP system 

can perform tandem MS calibration for instruments with ion cloud mixing 

capabilities. Instruments which have more than one ion trap are generally capable 

of performing ion cloud mixing, such as the Thermo Orbitrap Fusion or a Q-

Exactive fitted with the Omnitrap system developed by FasmaTech.   

 

Figure 143 - Prototype Orbitrap Schematic with Omnitrap System and two 

PUPP systems205 

To perform Tandem MS calibration, two PUPPs would be mounted to the system, 

which would spray onto a single needle held at a high voltage, as shown in Figure 



133 

 

143. One PUPP would spray the sample, whilst the other would be set to spray the 

chosen calibrant. The system would operate through the workflow shown in Figure 

144. 

 

Figure 144 - Tandem MS Internal Encoded Calibration Workflow 

When performing DDA experiment on unknown samples, the ability to have 

additional confidence in fragment assignment through improved mass accuracy 

will be highly beneficial, and following this workflow this would be achieved. 

6.2  “In-source” Enzymatic Digestion  

 

Figure 145 - Antibody Digestion Workflows using PUPP System 

Microdroplet accelerated reactions have been successfully applied to a wide range 

of reaction types. More recently, focus has shifted towards their ability to perform 

reactions with biological molecules.206,207 Initially, ultrafast enzymatic digestions 
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of small-medium sized proteins were demonstrated within microdroplets. Since 

then, this has been extended to the digestion, reduction and deglycosylation of 

intact antibodies.208 

The PUPP system is an effective way of rapidly generating microdroplet plumes, 

within which microdroplet accelerated reactions can be performed. Naturally 

therefore, the next step in this work is to apply this method to enable rapid 

structural characterization of intact antibodies using the PUPP system. There are 

different ways in which this can be performed, either by mixing the enzyme from 

the PUPP onto the ESI tip spraying the antibody (on-tip digestion) or by mixing 

the antibody and enzyme on the surface of the PUPP, and spraying the mixed 

solution (on-plate digestion). The workflows for both of these approaches have 

been summarized in Figure 145 and herein are discussed in further detail.  

On-Tip Digestion: 

Performing on-tip digestion requires the protein/antibody of interest to be 

continuously infused through an electrospray needle into the mass spectrometer. 

The PUPP is set to introduce short bursts of microdroplets containing the enzyme 

of choice onto the ESI tip. Here, the protein/antibody and enzyme solutions mix 

and co-electrospray, in which time the microdroplet accelerated enzymatic 

digestion takes place.  

This method approach would enable users to rapidly switch between collecting 

top-down and bottom-up proteomics for protein/antibody analysis. Moreover, 

performing on-tip digestion allows the user to rapidly switch between digestion 

enzymes, giving more structural data for bottom-up analysis in a shorter space of 

time.  

On Plate Digestion: 

The alternative approach is to mix the protein/antibody and the digestion enzyme 

on the surface of the PUPP itself, before spraying for analysis. This approach does 

not allow for the rapid switching between top-down and bottom-up proteomics 

that on-tip digestion does. However, this approach would be more suitable for 

high throughput screening or optimization of reaction conditions (pH, 

protein/antibody to enzyme ratio, buffer concentration etc.) for protein digestions.  

6.3 Rapid Analysis - Liquid Handing Robot Capability 

As discussed in Chapter 4, the PUPP system is suitable for rapid analysis of 

samples, and throughout the duration of this project the system was only limited 
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by engineering requirements. Perhaps the most important of these is the 

capability to couple the system to a liquid handling robot, which would enable the 

analysis of hundreds of samples within a single run.  

Liquid handling robots are routinely coupled to ambient ionisation sources. Work 

conducted using a liquid handling robot to prepare reaction screening samples in 

a 96-well plate and their subsequent transfer to a DESI plate is a good example 

of this.209 Similar coupling could be performed using the PUPP system, with the 

liquid handling robot being able to prepare the samples “on-plate” for subsequent 

analysis.  

Moreover, correct use of a liquid handling robot would likely also overcome the 

carryover issued discussed in Chapter 4. Pre-programmed cleaning routines (akin 

to those used for cleaning the LC injection needle) could easily be installed, and 

use of more than one PUPP system would allow for the simultaneous cleaning of 

one PUPP whilst analysis continues using other PUPPs.   

6.4 PUPP-DART-MS 

 

Figure 146 - PUPP-DART-MS Schematic 

Direct Analysis in Real Time (DART) is an ionisation technique suitable for the 

rapid analysis of samples with little or no sample preparation required. The 

principles of DART are given in Chapter 1 of this thesis. In short, a carrier gas 

(typically He or N2) is passed over a needle held at several kilovolts. The needle 

forms a glow discharge with the grounded electrode in front of it, which the carrier 

gas interacts with, forming a mixture of metastable ions which pass through a 

heated tube towards the inlet of the mass spectrometer, where they then ionize 

the sample.  

During the development of the ionisation source for this project, methods of 

performing secondary charging of the microdroplet plume generated by the PUPP 

system were tested. Modifications to a DART ionisation source would be relatively 
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simple, as the sample region is open air allowing for the easy introduction of the 

PUPP microdroplets into the flow of plasma. Figure 146 shows an example 

schematic for how this set up would look.  

Ultrasonic systems have been coupled to plasma-based ionisation sources before. 

Shimada et al. presented a system used for the analysis of ingredients in 

creams.210 They used an ultrasonic transducer dispensed in water to pass 

ultrasonic waves into a sample bottle submerged in the same water, generating a 

mist of sample droplets. The sample droplets were then mixed with the metastable 

helium gas and directed into the MS inlet.  

It is worth noting that Shimada et al. chose to mix the sample droplets and 

metastable gas immediately prior to the heated transfer tube. Sample ions were 

then generated by mixing of the sample mist with ionized water clusters formed 

by the DART metastable gas, as the mix passes through the heated transfer tube, 

the solvent evaporates, leaving charged sample ions. This process is akin to the 

charge residue model of ionisation. Moreover, the authors chose to run the DART 

ion source at low temperatures, enabling the analysis of heat unstable and non-

volatile components often found in creams and lotions. An investigation into the 

optimum stage to introduce the PUPP mist into the metastable gas flow would 

need to be performed, and careful consideration for the temperature of the 

metastable gas should be maintained depending on the composition of the sample.  

6.5  Summary 

This chapter presents some recommended future work to be taken in this research 

which were beyond the scope of this project. These suggestions are broad 

projects, each of which would require significant development work, but the 

advantages of these systems/techniques are clear and have been outlined within 

this chapter. 
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Conclusion 

This project presents a novel ionisation source for mass spectrometry which 

overcomes the limitations currently associated with performing internal 

recalibration for the analysis of complex samples. Initially, a commercially 

available piezoelectric droplet-on-demand device from Microdrop was tested with 

varying success. The system was coupled to a μESI system which generated the 

sample signal. Calibrant was able to be introduced to the analysis on demand. 

However, the system suffered from a series of limitations, including the droplet 

size, sample loading speed and system cost.  

These limitations were overcome by switching to a Porous Ultrasonic Piezoelectric 

Plate (PUPP) system coupled to ESI. The PUPP-ESI was used for the analysis of a 

complex organic matter sample, Suwanee River Fulvic Acid, with high performance 

FT-ICR and Orbitrap Mass Spectrometry systems. The data was processed using 

Beacon software (Vibrat-Ion Ltd., UK) and using custom software constructed 

using LabVIEW. As expected, analysis using the encoded internal recalibration 

system did not change the peak assignments generated compared to conventional 

calibration techniques. However, the workflow necessary to process the data is 

entirely automated through the Beacon software, therefore significantly reducing 

the time to perform the same process on large batches of spectra. 

Further to this, additional features of the software have been demonstrated which 

will be useful in a number of different applications. This includes the ability to 

identify and remove calibrant peaks from the spectra, and the software’s ability 

to indicate why peaks selected for calibration were chosen, a tool that would be 

useful for retrospective audit purposes.   

Further applications of the PUPP system have also been explored, and the system’s 

capability to perform rapid analysis using low sample volumes (1-2 µL) was shown 

through the analysis of beer, fruit juice, plasma and pharmaceutical samples. 

PUPP-PESI and conventional ESI data collected for 27 beer samples was subjected 

to PCA analysis to distinguish between pale, dark and malt beers, with the PUPP-

PESI able to distinguish between the three as well as ESI.  

Moreover, proof of concept data for component confirmation analysis for MS/MS 

experiments has been shown. Using the PUPP source to introduce a target 

component into the analysis at defined points, the system confirms the presence 

of a component in the sample, avoiding the use of expensive isotopically labelled 

standards for some applications. Alternatively, where the use of isotopically 



138 

 

labelled components is unavoidable, they can be introduced via the PUPP system, 

thereby reducing the quantity necessary as the standard can be introduced in 

selected spectra on demand.  

In addition, data has been presented which shows the ability to perform on-the-

fly solution adduct modification. When the PUPP system sprays solutions 

containing the target charge carrying species (e.g. Silver Nitrate to generate Silver 

Adducts), a rapid change in the adduct profile of the sample can be induced. It is 

well reported in the literature that the adduct of ions can impact the fragmentation 

pattern of the molecule, and can therefore be used to gain additional confidence 

in structural information.  

The tools I have developed (both physical and software tools) throughout this 

project to assist with the development process have been presented. These 

include a 3D printed fused silica grinder, developed to enable to production of high 

quality electrospray needles at a fraction of the cost of commercially available 

electrospray needles. Moreover, the software tools used, including “Mezzo” - an 

mz5 file format reader, “THRASHer” - a peak detection algorithm, “Ion-Sync” – a 

tool to synchronize the ionisation source and the mass spectrometer, “Transcend” 

– for viewing and processing transient data files, and “MISSI” – an interface to 

control the Microdrop Ion Source have all been presented.   

Finally, an in-depth discussion around future applications of the ionisation source, 

beyond the scope of this project, has been given. The system’s potential ability to 

perform on-tip and on-plate protein/antibody digestion, tandem MS internal 

encoded recalibration and the introduction of a liquid handling robot to advance 

the capabilities of the system to perform rapid analysis are all discussed.   

The PUPP ionisation source has been shown to be a highly sensitive system which 

can be used for a variety of applications with little or no modifications. Data has 

been presented which characterizes the ion source’s performance in internal 

encoded recalibration, on-tip protein digestion, adduct modification, rapid analysis 

and component confirmation. Finally, further potential applications have been 

discussed in detail, which should be subsequently explored in future work.    
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Section B: Microdroplet Accelerated 

Reactions 
 

This section of the thesis is dedicated to the work conducted into performing 

microdroplet accelerated reactions, specifically investigating whether performing 

synthesis on a gram scale using this technique was possible. The first chapter of 

this section provides the reader with a fundamental understanding of the 

mechanisms behind this effect, as well as the current literature. After this, a 

chapter is dedicated to the investigations performed into two reactions: the 

Hydrazone synthesis and the Pechmann condensation.  
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Chapter 7: Introduction, Aims & 

Experimental 

This chapter provides an overview into the substantial increase in reaction rates 

observed within microdroplets, most commonly performed using mass 

spectrometry ionisation sources. The mechanisms behind this effect are explained, 

along with an overview of the current chemical and biochemical reactions found 

to undergo this effect and the methods of generating the desired microdroplet 

reaction vessels. Finally, the reactions and systems used for scale-up microdroplet 

synthesis experiments are discussed, which was the primary focus for this work.  

7.0  Introduction 

Within the last decade, there has been significant work conducted within the mass 

spectrometry community which focuses on the use of mass spectrometers as a 

tool for chemical synthesis. The work stems from the observed significant 

acceleration in chemical reaction rate when performed in charged microdroplets 

compared to their conventional synthesis counterparts. The magnitude of the 

acceleration varies, although in many cases the effect is significant, with 

acceleration factors of six orders of magnitude reported in some studies.211 

Mass Spectrometry ionisation sources generate small, uniform and highly charged 

droplets (ideal environments for accelerated reactions) which subsequently 

desolvate, reducing in size until bare gaseous ions are left. The majority of the 

work conducted thus far uses electrospray ionisation or variations of this technique 

as the mechanism of generating microdroplets, although accelerated reactions 

have been demonstrated in a range of different ambient and non-ambient 

ionisation sources.  

The effect is not limited to a specific class of reactions, with various reports of 

acceleration observed in small organic, inorganic and biochemical reactions. Whilst 

the literature covers a spectrum of different reaction classes, there is still much 

to be understood on the mechanism by which microdroplets drive reactions.  

There are a number of different ways in which this rate acceleration can be 

adopted to advantage chemical synthesis. When coupled to higher throughput 

ionisation sources, such as DESI, microdroplet acceleration can be used to perform 

reaction screening, synthetic route planning, solvent selection and optimization of 

conditions.  
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Various excellent reviews which cover the literature in microdroplet synthesis have 

been published, which review the droplet generation techniques and reactions 

which were susceptible to acceleration.212–216 

Herein, this chapter gives an overview of the progress made thus far in 

microdroplet chemistry. This begins by exploring the history of microdroplet 

acceleration, the principles which drive this effect, the reactions shown to proceed 

via microdroplet chemistry and the droplet generation mechanisms which have 

been successfully used thus far. Finally, the progress in performing scaled up 

microdroplet synthesis is discussed.  

7.1 History 

Despite the recent flourish of attention which microdroplet chemistry has seen, 

there are examples of mass spectrometry being used preparatively since the 

1940s. Calutron mass spectrometers were used to purify Uranium samples by m/z 

selection to isolate the 42 kg of 235U used in the first nuclear weapons for the 

Manhattan project.217 

There have been a series of reports of ion-ion chemistry being performed in the 

gas phase of mass spectrometers since the 1970s.218 These showed a significant 

rate enhancement of several orders of magnitude, at the time suggested to be 

due to the enhanced attractive forces between ions due to their lack of solvation, 

that would otherwise have required energy to overcome when performed in 

solution phase. 

In 2006, the Eberlin reaction, whereby cyclic acetals undergo transacetalization 

with acylium ions, was demonstrated to occur via microdroplet-ion interactions.219 

Microdroplets containing the acylium ion were generated through electrosonic 

spray ionisation (ESSI), which were passed through a vapour of cyclic acetal, 

generating product yields of over 60%. This is one of the earlier examples of the 

reaction acceleration being attributed towards the effects of the microdroplet 

surface region, and subsequently inspired much of the early work investigating 

microdroplet chemistry. Today, there is a vast array of different reaction types 

accelerated by microdroplets, an overview of which is given in Section 7.4. 

7.2 Mechanism  

Reaction acceleration is driven by a series of properties of microdroplets which 

provide a unique environment for reactions to occur in. Although each of these 

properties contributes to the acceleration observed, significant work is still needed 

to fully understand the mechanisms of acceleration, and to quantify the 
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contribution of each property towards the acceleration effect (which may not be 

consistent between reactions). Overall, the microdroplet properties can be 

summarized as; rapid desolvation, pH effects, enthalpy effects, entropy effects, 

and rapid diffusion/mixing of reactants. These effects are each subsequently 

discussed in detail. 

7.2.1 Rapid Desolvation 

 

Figure 147 - Microdroplet Concentration Effect 

Microdroplets exhibit a much faster rate of solvent evaporation compared to larger 

droplets or bulk solutions of the equivalent solvent. This is due to the high surface 

area to volume ratio seen at such low radius droplets, which gives a large surface 

area for the solvent to evaporate into the surrounding environment.  

When the microdroplets in question are charged, such as those generated by most 

mass spectrometry ionisation sources, there is an additional factor which drives 

the droplet desolvation process. This process is identical to that described for 

electrospray ionisation in Chapter 1. In summary, the point charges of the droplet 

gather at the surface where alike charges will repel one another. As the droplet 

volume (and therefore surface area) decreases due to solvent evaporation, these 

surface charges are forced closer together. Eventually, the repulsive force 

experienced between surface charges overcomes the surface tension of the 

droplet itself, causing the droplet to break up into a number of smaller droplets 

(known as a Coulombic explosion). This process further increases the surface are 

to volume ratio of the remaining liquid, and hence accelerates the evaporation 

process. 

These two processes mean that reagents compartmentalized inside a 

microdroplet, undergo a significant increase in their observed concentration, as 

the droplet volume rapidly reduces. This rapid increase in concentration could 

drive reactions at a much faster rate than a bulk solution at the starting 

concentration.  

When performing microdroplet acceleration within a mass spectrometry ionisation 

source, there have been numerous pieces of research which focus on the effect of 
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increasing desolvation on the reactant/product distribution observed in the 

spectra. Increasing inlet temperature, decreasing spray emitter size, increasing 

droplet flight distance, and increasing surfactant concentration are all examples 

of methods used to increase desolvation rates.220,221 As expected therefore, these 

parameters can be adjusted to drive the extent of microdroplet acceleration, 

observed by changes in the product/reactant ratio.  

7.2.2 pH Effects 

Microdroplets also exhibit extremes in the pH level which drive reactions. Acidic 

microdroplets for example which decrease in volume will also see a decrease in 

the pH.222–224  This is in part due to the solvent evaporation causing an overall 

increase in the proton concentration of the droplet, but also due to the effect of 

the electric field the microdroplet experiences, inducing proton transfer from the 

solvent. This has been observed during DESI, whereby a bulk solution of pH 3.0 

sprayed gives a primary droplet pH of 2.0 and a pH of just 0.5 at the point of 

impact on the surface. The principle is also true of basic droplets, for which during 

the DESI microdroplet Michael reaction, the bulk solution of pH 10.1 gave a 

primary microdroplet of pH 12.6 and pH 13.3 for the secondary microdroplet.225 

7.2.3 Enthalpy 

 

Figure 148 - Effect of different levels of solvation on activation energy 

Note: this is an adaption of a Figure by Wei et al.226 

There is an enormous difference in the rate constants for common reaction steps 

performed in the gas phase compared to solution phase. This difference is because 

of the additional energy required for the desolvation of reactants in solution, which 

is not necessary for reactions performed in the gas phase. Polar reactants in 

microdroplets tend to aggregate towards the surface of the microdroplet, where 
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they are partially solvated. This partial solvation means the activation energy for 

microdroplet reactions lies between that of reactions performed in the gas phase 

and those performed in solution. Figure 148, shows the difference in activation 

energy for different levels of solvation with example reaction coordinate diagrams. 

7.2.4 Entropy 

As mentioned, polar molecules tend to aggregate at the droplet surface, leading 

to a concentration gradient within the droplet itself. This aggregation has been 

observed through Fluorescence Anisotropy, using Rhodamine R6G as a dye to 

perform visualization experiments.227 The results of this study not only showed 

the aggregation of molecules at the surface, but also the fixed orientation of said 

molecules. As surface molecules are more ordered they therefore have a reduced 

entropy, which reduces the free energy change necessary for the reaction to 

occur.  

This entropy effect has already been documented in micro-diameter emulsion 

droplets, which gave a reduction in the overall free energy change for an imine 

synthesis, because of the ordered molecular orientation of reactants at the droplet 

interface.228 

The phosphorylation of sugars provides an excellent example of a reaction which 

is thermodynamically unfavorable in bulk solution, with a ΔG value of +5.4 

kcal/mol, which is able to proceed spontaneously in microdroplets. The reduction 

in entropy reduces the overall free energy necessary for the reaction to proceed, 

down to just -1.1 kcal/mol.229 

7.2.5 Rapid Diffusion/Mixing of Reactants 

The contribution of the droplet surface to accelerated microdroplet reactions is 

clear. However, the surface of the droplet remains a very small portion of the 

droplet itself, and therefore this does not completely justify how reactions are 

being driven if only a very small portion of the droplet undergoes these effects. 

However, this is explained by the very high rate of diffusion of reactants towards 

the droplet surface which is observed.  

Microdroplets produced in an ambient environment experience a degree of 

turbulence, which in turn drives diffusion and mixing within the microdroplet. This 

irregular motion is the summed effect of droplet interaction with the surrounding 

gas at it moves through the air, solvent evaporation and Rayleigh jets produced 

by charged droplets.230–232 
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Moreover, the reactants and products experience rapid rates of diffusion within 

the microdroplet. Reactants in the surface region of the droplet are much more 

likely to react and form products, and thus a concentration gradient for both 

reactants and products forms very quickly between the droplet core and the 

droplet surface, inducing diffusion of both. This has been shown visually in Figure 

149. Theoretical models have been presented which describe the formation of 

products at the droplet surface which subsequently rapidly diffuse into the inner 

volume of the droplet.228  

 

Figure 149 - Rapid Diffusion in Microdroplets 

7.3 Microdroplet Generating Methods  

Many mass spectrometry ionisation sources act as an efficient method of 

generating small highly charged microdroplets ideal for accelerated synthesis.  

Much of the work uses ESI, DESI and Paper Spray ionisation, the principles of 

which are all given in Chapter 1. Some other spray-based techniques that have 

been applied to microdroplet chemistry include Extractive Electrospray Ionisation 

(EESI), Electrosonic Spray Ionisation (ESSI) and Thermospray Ionization.208,230,233 

Larger volumes of microdroplets can be generated through ultrasonic methods, 

which often do not suffer from the limitations associated with many other spray-

based techniques of the maximum flow rate of the nozzle/spray tip.  

The microdroplet effect is not limited to spray-based techniques, there are a 

number of reactions which have been shown to proceed within a Leidenfrost 

droplet. Leidenfrost droplets are formed when a solvent droplet is created above 

a surface at a temperature higher than the solvent boiling point, which is levitated 

by a vapour cushion that forms.234,235 Many of the underlying principles behind 

microdroplet reaction acceleration are also observed for reactions performed in 

thin films, whereby a thin layer of reaction mixture (and therefore large surface 

area) is deposited on a surface.236–239  
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7.4 Current Reactions 

The majority of the work around microdroplet synthesis has focused on small 

organic molecule reactions. There are a variety of different reactions which have 

been performed, including, but not limited to; the Claisen-Schmidt Condensation, 

Fisher-Indole Synthesis, Hantzsch Synthesis, Isoquinoline Synthesis and Suzuki 

Couplings.211,221,235,240–243  

The unimolecular ring closure of imines to form the Isoquinoline products are a 

rare example of a unimolecular reaction accelerated by microdroplets.211,243 These 

reactions are not influenced by the reactant concentration effect seen through 

desolvation, suggesting that the surface and pH effects discussed previously are 

sufficient to drive these reactions. 

Although the majority of the work has focused on small organic molecule 

synthesis, microdroplet reactions are by no means limited to this. Gold and Silver 

nanoparticle synthesis, forced degradation, hydrogen-peroxide generation, and 

Hydrogen-Deuterium exchange reactions have all been shown to proceed at 

significantly faster rates in microdroplets than in bulk solution.244–250 

More recently, microdroplet acceleration has been applied to biochemical 

reactions. These include the reactions commonly associated with structural 

analysis of proteins and larger structures such as antibodies, including the 

reduction, digestion and deglycosylation of proteins.206–208,251 Although these 

reactions have not yet been performed simultaneously within the confinement of 

a microdroplet, this is the early stage of being able to perform a complete ultra-

fast bottom-up proteomic analysis, which could have a potentially significant 

impact on proteomic workflow approaches. Alongside structural analysis, protein 

folding/unfolding and protein-ligand interaction studies, such as the complexation 

between cytochrome c and maltose, have also been studied through microdroplet 

chemistry.230,243,252 

7.5 Large Scale Microdroplet Synthesis 

The acceleration factor observed for microdroplet synthesis makes it an appealing 

method of generating product away from the mass spectrometer, often referred 

to as “offline” synthesis. Early work in this area was limited in the volume of 

microdroplets generated per unit time, and the ability to recycle the solvent used. 

Although the former of these issues was improved by using multiple sprayers, this 

is neither a cost-effective approach nor a practical method of significant scale up. 
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As systems focused towards the use of ultrasonic or pneumatic based sprayers 

which could generate significant volumes of microdroplets per unit time, the rate 

of product generation increased, as shown in Table 9, which summarises the 

significant research published for offline synthesis.  

Table 9 - Overview of Scale Up Microdroplet Synthesis 

Year Reaction* Method Rate (mg/hr)± 

2012253 Claisen-Schmidt Preparative Electrospray ≈ 35 mg/hr 

2017237 Claisen-Schmidt Preparative Electrospray ≈ 98 mg/hr 

2017254 
Alcohol Oxidation to 

Aldehyde/Ketone 

Dual Phase Pneumatic 

Spray 
≈ 72 mg/hr 

2018255 
Aldehyde Oxidation to 

Carboxylic Acid 

Dual Phase Pneumatic 

Spray 
≈ 630 mg/hr 

2019256 
Alcohol Oxidation to 

Carboxylic Acid 
Preparative Paper Spray ≈ 19 mg/hr 

2019257 
Eschenmoser 

Coupling 

Heated Ultrasonic 

Nebulisation 
≈ 2400 mg/hr 

2019258 Claisen-Schmidt 

Pneumatic Spray & 

Solvent Recycling 

System 

≈ 3180 mg/hr 

*Where more than one reaction is reported in the article, the reaction which 

generated the highest rate of product has been reported 
±All reported rates have been converted to mg/hr for direct comparison 

between methods 

 

The two most significant advances in systems reported at the time of writing are 

the Heated Ultrasonic Nebuliser by Liu et al. and the Pneumatic Sprayer with 

Solvent Recycling capabilities by Nie et al.257,258 These systems are both capable 

of generating grams of high purity product per hour for a series of different 

reactions. It is clear that the ultimate goal of this area of research is to provide a 

new approach for industrial synthesis. Over the coming years, continuing to 

increase the scale of microdroplet synthesis and the ability to perform multistep 

reactions will likely be the next hurdles to overcome before this approach is 

applied within industry.  

7.6 Summary 

The ability to perform reactions at such high rates within the confinement of a 

microdroplet has opened a new door to chemical and biochemical synthesis. This 

chapter has given an overview on the underlying mechanisms behind the 

acceleration effect. There is a vast array of different reaction types which have 

been shown to undergo rate acceleration in microdroplets, including small organic 
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molecule, non-covalent and biochemical reactions. This chapter has presented an 

overview of these reactions.  

The majority of the work thus far has been performed online, whereby the 

microdroplets generated in an ionisation source are directed into a mass 

spectrometer for immediate analysis. More recently however, focus has shifted 

towards how microdroplet chemistry can be used to perform scaled up offline 

synthesis, whereby more significant amounts of product can be collected away 

from the mass spectrometer. For both of these approaches, an overview has been 

given for the methods of producing the desired microdroplets.  

7.7  Aims 

The aim of this project was to develop a system which could rapidly generate gram 

scale yields of product through the use of microdroplet accelerated reactions. 

However, as will be shown in this chapter, the focus of the project shifted during 

the testing of the system. Two reactions that were investigated as part of this 

development work both produced unexpected results which are reported within.   

Henceforth, the aim of the project was altered to focus on development of a 

recommended series of screening tests which should be performed for 

microdroplet accelerated reactions, in order to ensure data transparency between 

publications.  

7.8  Experimental 

Herein, the equipment, reagents and methods used within this research are given.  

7.8.1 Equipment/Instrumentation 

• Chemyx Fusion 200 Dual Syringe Pump 

• Waters Xevo G2-XS Q-TOF Mass Spectrometer 

• Waters Acquity UPLC System 

• Ultimaker S3 3D Printer 

• JEOL ECZ 400 MHz NMR Spectrometer 

7.8.2 Reagents 

LC-MS grade Acetonitrile used for Mobile Phase was purchased through Fisher 

Scientific. All other organic solvents, formic acid and sulfuric acid were purchased 

through Fisher and, unless specified otherwise, were Analytical Reagent Grade. 

LC-MS Water obtained through a Thermo Barnstead Nanopure Analytical UV 

System. Ethyl Acetoacetate, Ethyl 2-benzyl-acetoacetate, Malonic Acid, Ethyl 2-

ethyl-acetoacetate, Resorcinol, Phloroglucinol, 2-Methyl-Resorcinol, Isatin, 
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Phenylhydrazine were all purchased through Sigma-Aldrich and were reagent 

grade.  

7.8.3 Instrument Methods 

Throughout analysis the LC method shown in Table 10 was used. Analysis was 

performed on a Waters Acquity UPLC System coupled to a Acquity PDA Detector 

(190 to 500 nm) and a Waters Xevo G2-XS Q-TOF Mass Spectrometer. The column 

used was a Raptor C18 Column (2.7 µm, 100 x 2.1 mm). Direct Infusion was 

performed on the same Waters Xevo G2-XS Q-TOF Mass Spectrometer with a 

Chemyx Fusion 200 Dual Syringe Pump and using the same tune method for the 

UPLC analysis. NMR Spectra were collected using a JEOL ECZ 400 MHz NMR 

Spectrometer. The solvent used for all NMR analysis was DMSO-d6. 

Table 10 - UPLC-UV/MS Method 

Mobile Phase A H2O:ACN:FA 90:10:0.1 

Mobile Phase B ACN:FA 100:0.1 

Time (mins) %A %B 
Flow Rate 

(mL/min) 

0.00 80.0 20.0 0.250 

1.50 80.0 20.0 0.250 

5.00 10.0 90.0 0.250 

10.00 10.0 90.0 0.250 

12.00 80.0 20.0 0.250 

13.00 80.0 20.0 0.250 

 

7.8.4 Hydrazone Reaction 

Reference Material Synthesis: 

5 mmol of Isatin and Phenylhydrazine added to 100mL round bottom flask 

containing 50 mL Ethanol. Mixture refluxed at 90oC for 2 Hours. Crude product 

recrystallized from Ethanol. Method adapted from Sridhar et al.259 

Online Microdroplet Synthesis: 

25 µL of Phenylhydrazine was added to 2.5 mL of 3 mmol Isatin prepared in MeOH. 

25 µL of Formic Acid was added, and immediately loaded onto a 5 mL Hamilton 

Syringe. Direct Infusion was performed at 0.05 µL/min and recorded on a Xevo 

G2-XS Q-TOF Mass Spectrometer. Method adapted from Bain et al.260 
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Offline Microdroplet Synthesis: 

Equal volumes of 100 mmol dm-3 solutions of Isatin and Phenylhydrazine in 

Acetonitrile were mixed in a reaction vessel and sprayed using a ultrasonic 

humidifier for a user controlled period of time (usually between 10 and 60 

minutes). Samples were filtered using a 0.45 µm syringe filter before analysis.  

7.8.5 Pechmann Condensation 

Bulk Synthesis: 

0.010 mol of Resorcinol and 0.010 mol of Ethyl Acetoacetate were weighed into a 

100 mL round bottom flask. 10 mL of conc. H2SO4 was added dropwise to the 

reaction mixture so it did not rise above 10oC. The reaction mixture was stirred 

for 15 hours at room temperature before rapidly cooling in an ice bath to form 

crude product. Crude product was vacuum filtered off before being recrystallized 

from Ethanol. Method adapted from Sahni et al.261 

Online Microdroplet Synthesis: 

2.5 mmol dm-3 solution of Resorcinol and Ethyl Acetoacetate were prepared in 

50:50 MeOH:H2O. Sulfuric Acid was added to give a final acid concentration of 

1.25 mmol dm-3. The solution was loaded onto a 5 mL Hamilton Gas Tight Syringe 

and infused at 0.05 mL/min into the ESI Source. 
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Chapter 8: Microdroplet Accelerated 

Synthesis 

This chapter describes the microdroplet accelerated reaction work performed 

during this PhD. The initial aim of this chapter was to develop a system which 

would be capable of generating useful quantities of product in a short space of 

time (up to grams per minute) by using the accelerated rate of reactions observed 

within microdroplets discussed in Chapter 7.  

Initially, the Hydrazone reaction was used to perform development work on the 

system. However, a previously unreported and interesting difference in the 

product formed was observed, leading to an investigation into the identity of this 

unexpected product. The Pechmann condensation reaction was subsequently used 

for development work, but this reaction was later found to be unsuitable. These 

results are presented and discussed within this chapter.  

The two hurdles encountered when using these reactions for scale-up system 

development led to the creation of a set of recommended screening methods 

which are presented in this chapter. These experiments, which are in some cases 

either not performed or not reported within the literature, aim to reduce the 

likelihood of reactions which are unlikely to be successful as candidates for scaled 

up microdroplet synthesis.   
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8.0  Microdroplet Accelerated Synthesis 

This chapter presents some of the work performed investigating microdroplet 

accelerated reactions, with the specific aim of performing them away from the 

mass spectrometer on a gram-scale synthesis level. This work initially focuses on 

the Hydrazone synthesis, previously reported in the literature online only, and 

then subsequently focuses on a previously unreported microdroplet accelerated 

reaction: the Pechmann condensation.  

8.1 Hydrazone Synthesis  

Initially, a microdroplet accelerated reaction which had been previously published 

by the Cooks group was selected for method development purposes; the 

Hydrazone reaction. This reaction was chosen to ensure that development of an 

offline synthesis system was being tested on a reaction which is known to proceed 

via microdroplet chemistry. This reaction was selected to ensure that the focus on 

the project remained on the development of the microdroplet synthesis system, 

rather than presenting a previously unreported reaction susceptible to 

microdroplet acceleration. The mechanism for the reaction between Isatin and 

Phenylhydrazine, used throughout development, can be seen below in Figure 150. 

The work published by Cooks et al. focused on performing the Hydrazone reaction 

“online”, whereby charged microdroplets generated through ESSI are directed into 

the inlet of the mass spectrometer for immediate analysis. The online synthesis 

gave a rate acceleration factor of approximately 104, relative to the bulk synthesis 

rate. Their work showed the effect of increasing the distance the microdroplets 

travelled on the reaction; as the distance between the ESSI needle and the inlet 

is increased, the intensity of the product peak relative to the reactants increases. 

 

Figure 150 – The Hydrazone Reaction 
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Their work concluded that this would most likely be due to the additional 

desolvation the droplets were able to undergo before entering the inlet. Hydrazone 

synthesis has also been shown to proceed in Leidenfrost droplets.234,262 The work 

conduced on the Hydrazone synthesis showed an acceleration factor of 6 

compared to the bulk reaction.  

Finally, accelerated microdroplet Hydrazone synthesis has been shown using Field 

Desorption (FD) Ionisation.263,264 FD uses small microstructures to create very high 

electric field strengths despite only using modest potentials. The emitter used a 

13 µm wide tungsten wire, onto which micro-graphite whiskers were 

electrolytically grown. An aliquot of the reaction mixture was transferred onto the 

emitter by dipping it into the reaction mixture itself. The work includes data which 

shows an increase in product observed by increasing the distance between emitter 

and inlet, supporting that of the ESSI study. It should be noted however, that for 

field desorption ionisation both the radical product cation ([M]+) and the 

protonated molecule ([M+H]+) are observed, and the ratio of the two changes as 

the emitter is moved further away from the inlet in favor of the protonated 

molecule. This is assumed to be because of the decrease in field strength as the 

emitter moves further away.   

8.1.1 Online Synthesis: 

Initially, online synthesis was performed through electrospray ionisation to 

confirm the presence of Hydrazone product to match the results obtained by the 

Cooks group. The spectrum obtained (Figure 151) confirms a clear product peak 

is present, and the fragmentation pattern matched that of the bulk synthesis 

reference material produced, indicating the reaction as proceeding via ESI. This 

was deemed to be sufficient evidence that the literature result could be repeated, 

and therefore focus shifted towards the development of offline synthesis systems.  
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Figure 151 - Microdroplet Accelerated Hydrazone Reaction Spectra - ESI(-) 

8.1.2 Offline Synthesis: 

Performing offline microdroplet synthesis requires a system which is capable of 

generating a large number of small microdroplets, and should be easily adaptable 

for a range of solvents. Many of the systems used for online microdroplet 

acceleration have been used to generate small quantities of product away from 

the mass spectrometer. Electrospray is one of the most common examples of this, 

and increased throughput has achieved by running multiple electrosprays 

simultaneously. However, as discussed previously in Chapter 7, this is not a 

suitable technique for true large scale microdroplet synthesis, because of the 

modest increase in throughput achieved at high cost and complexity.  

Greater success was achieved through the use of ultrasonic based systems by the 

Cooks and Zare groups, which has been thoroughly discussed in Chapter 7.257,258 

These publications were released during the development of the large scale 

microdroplet synthesis method herein discussed during this thesis.   

The PUPP system, previously presented as a method of generating microdroplets 

for the ionisation source(s) discussed during Section A, was highlighted as an ideal 

method of generating microdroplets which would be suitable for large scale 

synthesis. The PUPP system is capable of generating large plumes of small 

microdroplets for liquid of varying viscosities.  

The PUPP system, enclosed in a plastic housing to protect the electronics, was 

placed inside a sealed container with the reaction mixture at the bottom (see 

Figure 152). The PUPP system could be set to continuously generate microdroplets 

of the reaction mixture, which would condense on the sides of the sealed 

container, where they would eventually pass back into the solution for respraying.   
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Figure 152 - Offline Microdroplet Synthesis Setup 

A reaction mixture containing 0.25 mol dm-3 of Isatin and Phenylhydrazine was 

prepared in MeOH. 20 mL of reaction mixture was transferred to the microdroplet 

spray vessel and sprayed for 20 minutes. An aliquot of this mixture was then 

immediately diluted to prevent any product formation outside of the microdroplet 

environment, and analysed by LC-MS.  

Unexpectedly, two LC-MS peaks were observed for the corresponding mass (m/z) 

of the product (238.1 ±0.05 m/z), at retention times of 3.68 and 5.04 minutes, 

and these peaks were both present when analysis of the reference material is 

performed. However, there was a significant difference in the ratio of the peak 

areas between the sprayed sample and the reference material. The peak ratio 

shifted form an approximate ratio of 1:10 to 3:1. 

 

 Figure 153 - Keto vs Enol Products 

Two possible solutions for this were discussed. The first is that the microdroplet 

reaction preferentially forms the Azo (enol) product over the hydrazone (keto) 

product, both of which are shown in  Figure 153. Alternatively, it was hypothesized 

that the microdroplet reaction forms the same structural isomer, but preferentially 

forms one stereoisomer (E or Z) over the stereoisomer conventionally seen in 

excess following a conventional bulk reaction.  
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Figure 154 - Hydrazone Synthesis with E/Z Isomer Formation 

Fragmentation patterns of the two LC peaks were shown to be identical, indicating 

that both the LC peaks contained identical structural isomers (Data shown in Table 

23 in the appendix). Further evidence that the two LC peaks were stereoisomers 

was gathered by exploiting a photochromism property of these molecules; isatin 

phenylhydrazone undergoes photo-switching between E and Z isomers when 

exposed to 405 nm light for short periods of time.265,266 The reaction scheme for 

the photoswitching between E/Z isomers is given in Figure 154. 

 

Figure 155 - Effect of LED Irradiation on Isatin Phenylhydrazone LC-MS 

Solutions of the reference material were analysed by LC-MS/MS and 1H NMR 

before and after irradiation using 405 nm LEDs. Significant shifts in the ratio 

between the two LC peaks were observed (Figure 155), with no other peaks 

changing, which suggested the two LC peaks were the E/Z stereoisomers. 

Similarly in the 1H NMR the appearance of two singlets at 10.54 and 10.44 ppm 

and a doublet at 8.16 ppm (Figure 156) is observed identical to that described in 

the literature for these stereoisomers.265 Assignments for both 1H NMR spectra 

can be found in the appendix, along with a discussion around the changes 

observed.  
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Figure 156 – Effect of LED Irradiation on 1H NMR Spectrum of Isatin 

Phenylhydrazone  

The literature discussing the photochromic behavior also presents data to show 

how the E isomer undergoes photorelaxation over time to reform the more stable 

Z isomer. This can also be seen in a time course of multiple runs of LC-MS taken 

at specific times after synthesis for the microdroplet accelerated product; the ratio 

of the two LC-MS peaks changes as the Z isomer re-forms. Isatin Phenylhydrazone 

synthesized by microdroplets was injected regularly over an 18-hour time period. 

Figure 157 shows a waterfall plot for the analysis of this sample over time, clearly 

showing the change in the E/Z isomer ratio observed. 

 

 Figure 157 – Shift in E/Z Isomer Ratio Over Time observed for Microdroplet 

Accelerated Hydrazone Product 
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Data was collected to confirm that this is a true microdroplet spray effect, and not 

that the reaction is simply occurring when left as a bulk solution. Identical reaction 

mixtures were prepared and only one set of solutions were subsequently sprayed 

(in the same manner described previously). The two sets of solutions were then 

diluted (to prevent further reaction) and analysed by LC-MS. Typical LC-MS 

chromatograms obtained for these two solutions are shown in  Figure 158, clearly 

showing a significantly higher yield of product for the sprayed solutions compared 

to the unsprayed solutions.  

 

 Figure 158 – LC-MS for Sprayed and Unsprayed Hydrazone Reaction Solution 

This data shows the microdroplet synthesis forming a kinetically favored product 

(E-Isomer) over the thermodynamically more stable product (Z-Isomer).267  This 

is not the first example of a microdroplet synthesis product differing from the bulk 

synthesis product, however, it is believed to be the first example of a microdroplet 

preferentially forming a kinetically favoured but ultimately less stable 

stereoisomer. The Diels-Alder reaction, N-Alkylation of Indoles, and the Michael 

reaction with cinnamic acid, were shown to form different products in 

microdroplets compared to the conventional bulk synthesis products.214,225,268 A 

similar effect is observed for the synthesis of Pyridazine derivatives, which 

produces a mixture of two products when performed in bulk, but only one of these 

is produced through microdroplet synthesis.269 

Online measurements of different stereoisomer formation could be completed with 

access to Ion Mobility Spectroscopy (IMS), which would separate ions of identical 

mass (in this case stereoisomers) based on their different collision cross section 

(CCS) values. Unfortunately, access to IMS was not possible during the course of 

this project, but this work is presented as an example of where this data would 

have been beneficial. Future work which focuses on the synthesis of products 
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which are known to form stereoisomers should consider collecting this data to 

show evidence of which stereoisomers are being formed. 

Ion Mobility Spectroscopy of online synthesis was previously applied to the 

Biginelli reaction by Sahota et al., although this work focused on the different 

distribution of cis/trans isomers for reaction intermediates rather than the final 

product, which remained the same as the bulk synthesis counterpart.270 

8.2  Pechmann Synthesis 

 

Figure 159 – The Pechmann Condensation 

Coumarins are a common moiety for a number of different applications, including 

the synthesis of the anticoagulant Warfarin, rodenticides, laser dyes and in 

perfumes because of their naturally occurring odour akin to vanilla. Their general 

structure consists of a benzene ring fused with an α-pyrone ring. Various synthetic 

routes can be taken to generate them, including the Perkin reaction, Kostanecki 

reaction and the Pechmann condensation. The latter of these, the Pechmann 

condensation, generally requires both strong acids and high temperatures 

(>100˚C), or expensive catalysts to generate the coumarin product.  

Experimentation ran in parallel to the Hydrazone reaction sought to find a new 

reaction which would exhibit microdroplet associated acceleration. After a 

screening process for a number of pharmaceutically relevant reaction types, the 

Pechmann condensation (specifically, the synthesis of 4-hydroxy-7-

methylcoumarin, shown in Figure 159) suggested it was undergoing accelerated 

synthesis in microdroplets, and was therefore selected to perform scale up 

microdroplet synthesis development work.   
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8.2.1 Online Synthesis 

 

Figure 160 – Pechmann Reaction Mixture ESI Spectra Obtained 

A 2.5 mmol dm-3 solution of Resorcinol and Ethyl acetoacetate were prepared in 

50:50 MeOH:H2O. Sulfuric Acid was added to give a final acid concentration of 

1.25 mmol dm-3. The reaction mixture was loaded onto a 5 mL Hamilton Gas Tight 

Syringe and infused at 0.02 mL/min into the ESI Source. The ESI source settings 

are given below in Table 11. Figure 160 shows the spectra obtained for the 

reaction mixture, which clearly show a peak at 177 m/z corresponding to [M+H]+. 

The fragmentation data obtained matched that of the reference material. The 

solution which was not sprayed showed no LC-MS peak at the retention time 

observed for the reference material produced, indicating that the reaction was 

proceeding within the microdroplet and not within the solution.  

Table 11 – Pechmann ESI Settings 

Condition  Value  

Syringe Flow Rate  0.02 mL/min  

Capillary Voltage  3000 V  

Desolvation Gas Flow:  800 L/hr  

Cone Gas Flow:  50 L/hr  

Inlet Temperature:  120oC  

In addition to the synthesis of 4-hydroxy-7-methyl-coumarin, the synthesis of 11 

other Pechmann condensation syntheses were screened. Figure 180 and Figure 

181 in the Appendix show the results of this screening, which was performed as a 

bulk synthesis (to collect reference material), and as an online microdroplet 

acceleration reaction. The reference materials were characterised by NMR, the 

results of which are in the appendix. Of the 7 reactions which proceeded via the 

bulk synthesis, 5 of these showed evidence of online microdroplet accelerated 
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synthesis. The fragmentation patterns of the peaks obtained by microdroplet 

synthesis were compared to the fragmentation patterns of the bulk material, 

which matched in all 7 cases.   

8.2.2 Offline Synthesis 

 
Figure 161 – Offline Synthesis Schematic 

Development of an offline synthesis method was performed using the setup shown 

in Figure 152 and Figure 161. The fundamental difference between the two 

systems is that whilst the system illustrated in Figure 161 sprays and then traps 

the reaction mixture (in glass wool), the other system (Figure 152) allows the 

spray plume to  precipitate and remix with the reaction mixture bulk, from where 

it can then be resprayed, forming a continuous spraying loop whilst the system is 

active. As discussed in Chapter 7, the literature gives examples of scaled up 

microdroplet systems which fall under each category. Herein for clarity, these will 

be referred to as a linear and continuous systems respectively, and have been 

summarised below in Table 12. 

Table 12 – Linear vs Looped Microdroplet Synthesis Systems 

System 

Type 
Example Explanation 

Linear 
Figure 

161 

Reaction Mixture is sprayed and microdroplet 

plume is deposited/trapped onto surface 

Continuous 
Figure 

152 

Reaction Mixture is sprayed and subsequently 

returns to reaction mixture bulk for respraying 

Throughout experimentation, and contrary to our hypothesis, using both systems, 

no product was detected. Variations in the reaction solution composition (changes 

to pH, solvent, concentration) were tested. The temperature and droplet distance 

was varied for the linear system (Figure 161) but no difference in the quantity 

was observed. 
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8.2.3 Online Investigation 

Investigation into why no product could be obtained during offline synthesis, 

despite its presence being detected in the online synthesis, was performed by 

revisiting the online synthesis data. The conversion ratio is commonly used during 

microdroplet synthesis studies as a method of measuring the effect of changing 

parameters (temperature, pH, distance etc.) on the microdroplet acceleration 

effect. The effect of increasing the desolvation gas temperature on the online 

synthesis conversion ratio was investigated to determine whether the temperature 

of the offline synthesis systems was too low. Conversion ratio is calculated as 

shown in Eq. 25 below: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 (%) =  
𝐼177

𝐼177 + 𝐼111 + 𝐼233

 𝑥 100 Eq. 25 

𝐼177 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑒𝑎𝑘 (177 𝑚 𝑧⁄ ) 

𝐼111 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑝𝑒𝑎𝑘 (111 𝑚 𝑧⁄ ) 

𝐼233 = 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑝𝑒𝑎𝑘 (233 𝑚 𝑧⁄ ) 

 

Figure 162 shows a clear increase in the conversion ratio with increasing 

desolvation gas temperature. But, even at the lowest desolvation gas temperature 

(200˚C), product is still observed at over 10% conversion rate.  

 

Figure 162 – Pechmann Reaction Conversion Ratio vs Desolvation Gas 

Temperature 

However, data was then collected to correct for the inherent ionisation efficiencies 

of the reactants and the products as I hypothesized that this could have a 

significant effect on the actual conversion ratio being detected. Figure 163 shows 

the same conversion ratio data in Figure 162, but in this case the data has been 

corrected to include the ionisation efficiency coefficients. In addition, because the 

intermediate product cannot easily be isolated (and therefore its ionisation 

coefficient determined) the intensity of the intermediate has been removed from 

the calculation. The equation for this is given below in Eq. 26.  
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𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 (%) =  
𝐼177𝛼177

𝐼177𝛼177 + 𝐼111𝛼111 

 𝑥 100 
Eq. 

26 

Although there is a slight difference in the shape of the curve observed, the most 

significant difference is that there is a substantial decrease in the conversion ratio 

obtained. This data gives an indication as to why no product could be obtained 

using the offline synthesis method. Even at the highest temperatures, no more 

than 0.05% conversion ratio is obtained. This difference is because of the 

significantly higher ionisation efficiency of the products relative to the reactants, 

therefore giving a substantial peak in the spectra when the true concentration of 

product is actually significantly lower than that of the reactants.  

 

Figure 163 – Pechmann Reaction Conversion Ratio vs Desolvation Gas 

Temperature with Correction Factor Applied 

This data highlights the importance of considering the ionisation efficiencies of 

reactants and products when performing microdroplet accelerated reactions 

online, which much of the literature either fails to report or negates to consider 

this key parameter all together – which may have some important ramifications 

when interpreting the existing literature. So, although the Pechmann condensation 

has been shown to proceed by some degree through microdroplet synthesis, the 

amount of product generated is actually minimal.  

8.3 Recommended Screening Methods 

As the field of microdroplet accelerated synthesis continues to advance, ensuring 

that the foundation data is consistent and transparent across the field becomes 

increasingly important. In light of the issues encountered previously for the 

Hydrazone synthesis and the Pechmann condensation, I developed a series of 

recommended screening methods which could ensure the avoidance (or at least a 

significant reduction) of reporting false positives. These methods are a suggested 
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approach which would have flagged many of the issues encountered during this 

research at an earlier stage. 

8.3.1 Test 1: Identification of Products 

The first test (Figure 164) is used to identify the products being obtained through 

online microdroplet synthesis by comparing the ions and subsequent 

fragmentation patterns of the microdroplet product and the bulk synthesis product 

(or reference material). If the fragmentation products do not match, then an 

investigation should be performed to determine whether the microdroplet 

accelerated synthesis is forming an alternative structural isomer or stereoisomer 

to the bulk synthesis product. The Fisher Indole synthesis for example, shown to 

form the N-Alkylated product in microdroplets rather than the C-Alkylated product 

formed in bulk solution by Gnanamani et al., would have been a good example of 

a reaction which would have benefitted from this workflow.268 If the reaction had 

been performed online (their work collected the product on a surface offline), then 

the difference in product would only have been observed by comparison of the 

fragmentation patterns to that of the literature or of bulk solution product. Where 

stereoisomers are formed as products which produce identical fragmentation 

patterns, where possible, confirmation of the stereoisomer produced should be 

achieved using Ion Mobility Spectrometry (IMS).  
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Figure 164 – Test #1 – Identification of Products 

8.3.2 Test 2: Confirmation of True Microdroplet Effect 

After the identity of the microdroplet product has been established online, work 

should be conducted to confirm that this is a true microdroplet effect, and not just 

the observed product which forms slowly in solution without spraying. This can be 

done by creating a reaction mixture which should be left to react as a bulk solution 

(and not sprayed). Aliquots of the unsprayed solution should be taken at different 

time points, in order to build up a time series of data, which should be immediately 

diluted to quench the reaction, or analysed immediately. Product formation, by 

both methods should then be quantified by LC-MS. If there is significant product 

formation, then this is evidence that the reaction may not be being accelerated in 

the microdroplets, and instead is simply proceeding in the bulk solution. The 

workflow for Test 2 is shown below in Figure 165. 



166 

 

 

Figure 165 – Test #2 – Confirmation of True Microdroplet Effect 

8.3.3 Test 3: Determine the Yield for Online Microdroplet 

Synthesis 

After a true microdroplet effect has been identified, it is necessary to determine 

the % yield (or conversion ratio) for the reaction when performed online. As 

highlighted during the Pechmann condensation work, this is a critical step which 

may avoid offline microdroplet synthesis research work being performed on 

reactions which are unlikely to yield a significant portion of product. And, for this 

purpose you cannot simply rely on the peak intensities from the LC-MS data 

because, as was demonstrated earlier in this thesis, this can be confounded by 

differences between the ionisation efficiencies of the reactants and products. 

Reactions which produce a high yield via microdroplet synthesis online, but which 

show very little or no product formation in solution according to the results of Test 

2 are very likely to be of interest to offline microdroplet synthesis.  

Therefore, it is important to determine the relative ionisation efficiencies of the 

reactants, products, and (if they can be isolated) any intermediates observed. 

There are different ways in which this could be performed, the simplest of which 

is to spike a solution of pure product with an equimolar concentration of reactant 

and observing the relative signal intensities when directly infused into the mass 
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spectrometer. Care should be taken to ensure that the instrument conditions and 

solvent composition is identical to that of the microdroplet accelerated reaction 

experiment, as variations in this will change the relative ionisation efficiencies. A 

similar approach was adopted by the Nie et al., who spiked a quenched reaction 

mixture with reactant and observed the relevant intensities, more details of which 

can be found in their publication and in the supplementary material.258 The 

corrected conversion ratio is then calculated as per Eq. 27 below, with the relative 

ionisation coefficients accounted for: 

𝐴 + 𝐵 → 𝐶 
Eq. 27 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 (%) =  
𝐼𝐶𝛼𝐶

𝐼𝐴𝛼𝐴 𝑜𝑟 𝐼𝐵𝛼𝐵 

 𝑥 100 

Reactions which generate a low yield are not necessarily immediately ruled out as 

candidates for offline microdroplet synthesis. Instead, this may be a function of 

the microdroplet reaction conditions. Optimisation of the method should therefore 

be performed by investigating the effect of pH, temperature, initial droplet size, 

distance etc. Adjustment of these conditions may drive the microdroplet reaction 

further to completion, increasing the % yield. However, it should be noted that 

any change in the properties of the reaction mixture (pH, solvent, concentration 

etc.) would require confirmation that the reaction is not proceeding in solution by 

reperforming Test 2. The workflow for Test 3 is summarised in Figure 166 below. 
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Figure 166 – Test #3 – Determine the Yield for Online Microdroplet Synthesis 

8.3.4 Test 4: Determine the Yield for Offline Microdroplet 

Synthesis 

The final test is only recommended if performing the same microdroplet 

accelerated reaction away from the mass spectrometer is relevant to the research. 

Test 4 (shown in Figure 167) aims to determine the yield of product obtained when 

microdroplet synthesis is performed offline. If offline microdroplet synthesis is 

being performed using a novel system, then this test should at all stages consider 

optimisation of both the reaction mixture and the system design itself. Thus far, 

all of the research which has published offline microdroplet synthesis methods has 

done this, as the work published focuses on pushing the horizon of product yield 

obtained per unit time.   

The yield of the offline microdroplet synthesis product yield is usually determined 

by LC-MS quantitation of the sprayed solution. Alternatively, for linear offline 

systems which generate a solid product material, yield can be assessed by weight, 

however the purity of the resulting product should be determined. Regardless of 

the method used, if yield is low, then optimisation should be performed through 

adjustments to the reaction mixture properties (pH, concentration, solvent etc.), 
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the spray conditions (microdroplet size, distance travelled, temperature) or the 

system itself (set up dependent).  

 

Figure 167 – Test #4 – Determine the Yield for Offline Microdroplet Synthesis 

8.4  Summary 

The field of microdroplet accelerated reactions is rapidly advancing, with an ever-

increasing understanding of the mechanisms behind the phenomenon and growing 

pool of chemical and biological reactions which have been shown to undergo this 

effect.  This work highlights the need for thorough and in-depth data analysis 

when reporting microdroplet accelerated reactions, in particular when considering 

the scale up of these reactions to generate useful quantities of products in a short 

space of time.  

The Hydrazone synthesis, previously reported as a reaction which undergoes 

microdroplet acceleration in the literature, has been shown to form the kinetically 

favoured isomer when synthesised in microdroplets. This is the first reported 

example of a microdroplet accelerated product forming a thermodynamically less 

favourable stereoisomer.  
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Another investigation initially suggested the Pechmann condensation undergoes 

significant rate acceleration when performed via microdroplet synthesis. However, 

this effect could only be observed when performed online, and little or no product 

was ever observed when performed using offline techniques. Further investigation 

into the online microdroplet synthesis revealed that the true extent to which the 

reactants undergo synthesis was masked because of the significant difference in 

ionisation efficiencies between the reactants and products.  

This project has presented a series of suggested screening methods which should 

be followed for all microdroplet acceleration reactions proposed as candidates for 

offline microdroplet synthesis. These tests reduce the possibility of time spent on 

false positives or reactions which have a low conversion rate are bought forward 

for offline method development where they are less likely to succeed.  
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Conclusion: 

Chemical and biochemical reactions which experience rate acceleration when 

performed in confined volumes are already an exciting development within the 

scientific community. Our understanding of the mechanisms driving this effect 

continues to grow, together with the library of reactions which proceed via 

microdroplet synthesis. Most previously published work in this area reports “online 

synthesis”, whereby synthesis is performed within an ionisation source and 

immediately analysed by mass spectrometry. More recently however, focus has 

shifted towards how this effect can be used to perform rapid large scale 

microdroplet synthesis for industrial use, or “offline synthesis”.  

The initial aim of this project was to develop a system which could perform 

microdroplet accelerated synthesis away from the mass spectrometer, which 

would be capable of generating grams of a desired product in a short space of 

time. Ultrasonic nebulizers were highlighted as being the most effective method 

of performing this, owing to their ability to generate large plumes of microdroplets 

on demand. The PUPP system, previously described within Section A, was selected 

as an effective method of generating microdroplets suitable for offline synthesis.  

The synthesis of the phenylhydrazone of isatin was selected as a suitable reaction 

for system development, as this reaction had previously been shown in the 

literature to proceed via online microdroplet synthesis. The PUPP system was 

successfully used to perform offline microdroplet synthesis. However, it was found 

that microdroplets preferentially create the thermodynamically less stable E-

stereoisomer over the favored Z-stereoisomer. Conventional bulk synthesis also 

produces both isomers, but at a ratio of 1:10, whereas the microdroplet shows a 

clear shift in the preferred isomer, giving a ratio of 3:1. After initial synthesis, the 

E-stereoisomer relaxes to form the same ratio of products as the conventional 

bulk synthesis over an approximately 18-hour time period. This is the first known 

example of a microdroplet synthesis preferentially forming a different 

stereoisomer compared to the conventional synthesis product distribution.  

The Pechmann condensation was found to proceed via online microdroplet 

synthesis, previously unreported in the literature. After the Hydrazone E/Z 

isomerism effect was found, this was therefore selected as a reaction to proceed 

with further offline microdroplet synthesis system development. However, after a 

significant development period with little success, a retrospective investigation 

into the online synthesis data was performed.  
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Additional experimentation showed that the ionisation efficiencies were masking 

the true nature of the microdroplet effect. The ionisation efficiency of the product, 

which is significantly higher than that of the two reactants, meant that despite the 

spectra being dominated by a product peak there was actually a very low 

conversion ratio of reactants to product. Therefore, the reaction is unlikely to be 

a suitable candidate for scale up investigations, because the amount of product 

being produced even in the small, highly charged and rapidly desolvating 

environment of an electrospray microdroplet, very little product is produced.  

After this finding, the decision was taken to establish a robust screening method 

which could be recommended for future publications reporting microdroplet 

accelerated reactions.  This would ensure that microdroplet reactions unlikely to 

be suitable for scale up were highlighted, and a higher level of data consistency 

between publications in the field. Four screening steps were presented: 

1. Identification of Products: Confirms that products generated through 

microdroplet synthesis match that of the conventional bulk synthesis 

2. Confirmation of Microdroplet Effect: Determines % yield of reaction 

when products are mixed without spraying as microdroplets over time 

3. Determine Yield (Online): Uses ionisation efficiency to determine 

conversion rate 

4. Determine Yield (Offline): Perform Microdroplet Synthesis offline, and 

compare % yield to that of an identical but unsprayed solutions 

This project has presented the novel microdroplet synthesis of thermodynamically 

unfavored stereoisomers for the Hydrazone reaction. In addition, the Pechmann 

condensation has been shown to be an example of a reaction which proceeds via 

microdroplet synthesis, but one which is unlikely to be suitable for offline synthesis 

because of the low product yield obtained online when the ionisation efficiencies 

of reactants and products are accounted for. This work highlights the need for 

consistent and thorough data analysis when performing online microdroplet 

synthesis. In order to do this, a set of four experiments have been recommended, 

which aim to screen reactions which are most likely to be suitable for large scale 

offline microdroplet synthesis.  
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Appendix  
Chapter 1 

 

Figure 168 - Triton QS-15 Structures 

 

Figure 169 - Jeffamine M600 Structures 
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Figure 170 - ESI Cal Tuning Mix Component Structures 
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Chapter 3 

Table 13 - Overview of Ionisation Sources 

Number ID Overview General Schematic Coupled to 

Ion 
Source 

1.0 
MDD 

Single 
Microdrop 
into MS 

Inlet 

 

Waters 
Xevo G2-XS 

Q-TOF 

Ion 
Source 

2.0 
MDD2 

Double 

Microdrop 
into MS 

Inlet 

 

Waters 
Xevo G2-XS 

Q-TOF 

Ion 
Source 

3.0 

MDD-
ESI 

Single 
Microdrop 
into ESI 

Stream 

 

Waters 
Xevo G2-XS 

Q-TOF 

Ion 
Source 

4.0 

MDD-
PESI 

Single 

Microdrop 
onto 

Needle 

 

Waters 
Xevo G2-XS 

Q-TOF 

Ion 

Source 
5.0 

MDD2-
PESI 

Double 

Microdrop 
onto 

Needle 

 

Waters 

Xevo G2-XS 
Q-TOF 

Ion 

Source 
6.0 

PUPP 

Single 

PUPP into 
MS Inlet 

 

Waters 
Xevo G2-XS 

Q-TOF 

 
Thermo 
Fisher 

Orbitrap 
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Ion 
Source 

7.0 

PUPP-
PESI 

Single 
PUPP onto 

Needle 

 

Waters 
Xevo G2-XS 

Q-TOF 

Ion 
Source 

8.0 

PUPP-

ESI 

Single 

PUPP into 
ESI Spray 

 

Waters 
Xevo G2-XS 

Q-TOF 
 

Sciex 

TripleTOF 

6600 

Ion 
Source 

8.1 

Bruker 
solariX 12T 

FT-ICR 

Ion 
Source 

8.2 

Thermo 
Orbitrap 
QE-HF 

 

Chapter 4: 

Human Plasma Analysis 

 
Figure 171 - Human Plasma Spectra obtained via PUPP and ESI 
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Figure 172 - Human Plasma Internal Calibration 

 

Lipid Extraction Method (ESI Data Only) 

Table 14 - Human Plasma Analysis Instrument Settings 

Setting Value 

Mass Spectrometer Orbitrap Exploris 480 

Ion Source ESI 

Polarity Positive 

ESI Voltage 4350 V 

Ion Transfer Tube Temperature 330˚C 

Full Scan Resolution 120000 

Full Scan Mass Range 200-1450 m/z 

HCD Collision Energy (%) 30 

MS/MS Resolution 30000 

Extraction performed by Andrej Grgić at Maastricht MultiModal Molecular Imaging 

Institute (M4i), Maastricht University. 100 µL of plasma + 900 µL of methanol 

(100%) were mixed in an Eppendorf tube. Sample was vortexed for 10 seconds 

and then left to incubate for 30 minutes on ice. Sample was centrifuged at 14,000 

g for 16 minutes. The supernatant was transferred into a fresh Eppendorf tube, 

and the sample then analysed via direct infusion MS/MS.  

Table 15 - Human Plasma Lipid ESI-MS/MS Data 

Ions Spectrum 

ID: A 

 

Precursor Mass: 

780.5504 m/z 

 

Assignment:  

PC 34:2 
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ID: B 

 

Precursor Mass: 

782.5684 m/z 

 

Assignment:  

PC 34:1 

 

ID: C 

 

Precursor Mass: 

784.5481 m/z 

 

Assignment:  

PC 34:0 

 

ID: D 

 

Precursor Mass: 

806.5684 m/z 

 

Assignment:  

PC 36:3 

 

ID: E 

 

Precursor Mass: 

808.5816 m/z 

 

Assignment:  

PC 36:2 
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ID: F 

 

Precursor Mass: 

810.5997 m/z 

 

Assignment:  

PC 36:1 

 

 

Beer 

Table 16 - Beer Peaks and Assignments 

m/z Component Adduct 

365.0999 Maltose/Sucrose [M+Na]+ 

381.0756 Maltose/Sucrose [M+K]+ 

527.1652 Maltotriose [M+Na]+ 

543.1371 Maltotriose [M+K]+ 

689.2261 Maltotetrose [M+Na]+ 

705.7984 Maltotetrose [M+K]+ 

851.2745 Maltopentaose [M+Na]+ 

867.2548 Maltopentaose [M+K]+ 

1013.3446 Maltohexaose [M+Na]+ 

1029.3285 Maltohexaose [M+K]+ 

1175.4280 Maltoheptaose [M+Na]+ 

1191.3945 Maltoheptaose [M+K]+ 

 

Table 17 - Origins of Beer Analysed 

Code 
Country 
of Origin 

Code 
Country 
of Origin 

P1 UK M1 Denmark 

P2 UK M2 Jamaica 

P3 UK M3 Germany 

P4 UK M4 Germany 

P5 UK M5 Germany 

P6 UK D1 UK 

P7 UK D2 Ireland 

P8 UK D3 UK 

P9 UK D4 UK 

P10 UK D5 UK 

P11 UK D6 UK 
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P12 UK D7 Ireland 

P13 UK D8 Jamaica 

P14 UK D9 UK 

P15 UK   

P = Pale, M = Malt, D = Dark 
 

 

Figure 173 - Sequential Ionisation Effect (Waterfall Plot) 

BMSS Ambient Ionisation Study  

Table 18 - BMSS Study Sample Components 

Analyte Formula Monoisotopic Mass (Da) 

Paracetamol C8H9NO2 151.063 

Paracetamol-d4 C8H5D4NO2 155.088 

Ibuprofen C13H18O2 206.131 

Diclofenac C14H11Cl2NO2 295.017 

Colchicine C22H25NO6 399.168 

Terfenadine C32H41NO2 471.314 

Reserpine C33H40N2O9 608.273 

Erythromycin C37H67NO13 733.461 

 

Table 19 - BMSS Mixture (Acetonitrile) Data for PUPP-Orbitrap 

Analyte Ion m/z Mass Error (ppm) 

Paracetamol [M+H]+ 152.0704 -1.351 

Paracetamol-d4 [M+H]+ 156.0956 -0.727 

Diclofenac [M+H]+ 296.0238 -0.545 

Colchicine [M+H]+ 400.1756 +0.336 

Terfenadine [M+H]+ 472.3212 +0.412 

Reserpine [M+H]+ 609.2808 +0.231 

Erythromycin [M-H2O+H]+ 716.4568 -1.613 
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Ibuprofen [M-H]- 205.1231 -1.473 

 

Table 20 - BMSS Mixture (Surine) Data for PUPP-Orbitrap 

Analyte Ion m/z Mass Error (ppm) 

Paracetamol [M+Na]+ 174.0526 0.285 

Paracetamol-d4 [M+Na]+ 178.0777 0.214 

Diclofenac [M+K]+ 333.9801 0.765 

Colchicine [M+H]+ 400.1756 0.336 

Colchicine [M+Na]+ 422.1575 0.212 

Colchicine [M+K]+ 438.1317 0.802 

Terfenadine [M+H]+ 472.3210 -0.011 

Terfenadine [M+Na]+ 494.3029 -0.102 

Reserpine [M+H]+ 609.2804 -0.426 

Reserpine [M+Na]+ 631.2613 -2.066 

Erythromycin [M-H2O+H]+ 716.4583 0.469 

 

Table 21 - BMSS Study Participant Overview 

Participant ID Instrument Ionisation Source Metric 

ASI03 Triple Quadrupole ASAP Area 

ASI04 Orbitrap DART Area 

ASI05 Single Quadrupole ASAP Area 

ASI06 Triple Quadrupole TD-CDI Area 

ASI08 Orbitrap DART Area 

ASI09 Triple Quadrupole Paperspray Intensity 

AIS11 A Q-TOF ASAP Area 

AIS11 B Orbitrap ASAP Area 

AIS12 Orbitrap LESA Intensity 

AIS13 TOF ASAP Area 

AIS14 A TOF ASAP Area 

AIS14 B TOF ASAP Area 

AIS14 C Single Quadrupole SESI Area 

AIS14 D Single Quadrupole ASAP Area 

AIS14 E Single Quadrupole ASAP Area 

AIS16 Single Quadrupole ASAP Area 

AIS19 Q-TOF DESI Intensity 

AIS20 A Orbitrap DART Area 

AIS20 B Orbitrap DART Area 

AIS23 Orbitrap DART Area 

AIS24 Q-TOF AP-MALDI Intensity 

Note: This data is taken from the British Mass Spectrometry Society (BMSS) 

Ambient Ionisation Special Interest Group Interlaboratory Study II. It has 

been included within this thesis for the reader’s benefit to give some context 

for the data presented. For further details on the study, the author 

recommends reading the report in its full. 
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Figure 174 - Diclofenac in Acetonitrile - Intra-Day repeatability 

 
Figure 175 - Terfenadine in Acetonitrile - Intra-Day repeatability 

 
Figure 176 - Reserpine in Acetonitrile - Intra-Day repeatability 
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Chapter 5 

Table 22 - Fused Silica Grinder Version 4 Parts List 

Part Quantity Notes: 

Approx. 

Cost 

(£) 

3D Printed Components 5 N/A N/A 

3V Motor 1 10,000 RPM, 2mm Shaft Ø 0.79 

9V Battery 1 N/A 3.00 

9V Battery Case 1 N/A 1.50 

Speed Controller 1 N/A 1.39 

12V Motor 1 2000 RPM 10.40 

AA Batteries 2 N/A 0.85 

AA Battery Holder 1 N/A 0.79 

V Belt Pulleys 2 3mm bore 2.60 

Closed Loop Timing Belt 1 110-2GT, 6 mm diameter 1.96 

Bearings 2 3mm bore 1.58 

Stainless Steel Tubing 1 3mm OD, 2mm ID. 0.98 

Mini Drill Chuck 1 2mm bore 2.16 

ZDV Union 1 N/A 15.80 

Custom Brass Component 1 N/A N/A 

Assorted Nuts & Bolts Various N/A N/A 

System Total Cost: £43.80 
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Chapter 8  

Hydrazone 

Table 23 - Isatin Phenylhydrazine LC-MS/MS Fragmentation Data 

Isomer Collision Energy 

E Isomer 

 

Collision 

Energy: 

10V 

 

Z Isomer 

 

Collision 

Energy: 

10V 

 

E Isomer 

 

Collision 

Energy: 

20V 

 

Z Isomer 

 

Collision 

Energy: 

20V 

 



210 

 

E Isomer 

 

Collision 

Energy: 

30V 

 

Z Isomer 

 

Collision 

Energy: 

30V 

 
 

 

Isomer 
Collision Energy 

10 V 20 V 30 V 

E Isomer 
238.10, 210.09, 

94.06 

238.10, 210.09, 

145.04, 94.06 

210.09, 145.04, 

117.04, 93.06, 

77.04 

Z Isomer 
238.10, 210.09, 

94.06 

238.10, 210.09, 

145.04, 94.06 

210.09, 145.04, 

117.04, 93.06, 

77.04 

 

E/Z Isatin Phenylhydrazone 1H NMR assignment and discussion: 
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Figure 177 - Isatin Phenylhydrazone Carbon and Nitrogen Numbered 

Isatin Phenylhydrazone Z-Isomer: 

1H NMR (400 MHz, DMSO-d6): 11.00 (s, 1H, N(1)-H), 7.52 (d, 1H, J = 7.6 Hz, 

C(4)-H), 7.40 (d, 2H, J = 8.0 Hz, C(10,14)-H), 7.34 (t, 2H, J = 6.8 Hz, C(11,13)-

H), 7.21 (t, 1H, J = 6.8 Hz, C(12)-H), 7.04-6.99 (m, 2H, C(5,6)-H), 6.89 (d, 1H, 

J = 7.6 Hz, C(7)-H). 

Isatin Phenylhydrazone E-Isomer: 

1H NMR (400 MHz, DMSO-d6): 10.54 (s, 1H, N(3)-H), 10.44 (s, 1H, N(1)-H), 8.16 

(d, 1H, J = 7.6 Hz C(4)-H), 7.47 (d, 1H, J = J = 8.4 Hz, C(10,14)-H), 7.32 (t, 2H, 

J =  7.6 Hz, C(11,13)-H), 7.26 (t, 1H, J =  7.6 Hz, C(12)-H), 7.02-6.97 (m, 2H, 

C(5,6)-H), 6.85 (d, 1H, J = 7.6 Hz, C(7)-H) 

Note: N(3)-H for the Z-Isomer is found outside of measured ppm range at ≈ 12.75 

ppm 

Discussion: 

As the LED irradiated 1H NMR spectra has a mixture of the E and Z Isatin 

Phenylhydrazone isomers, there are peaks for both compounds present within this 

spectrum. As expected, there are no peaks for the E isomer observed within the 

sample which had not been subjected to LED light. This is shown in Figure 177, 

which shows a region of the NMR spectra for the sample with and without LED 

irradiation.  
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Figure 178 - 1H NMR Spectra for E and Z Isatin Phenylhydrazone 

Note: Peaks which appear in both spectra (Z-Isomer peaks) are coloured for 

clarity 

Table 24 shows the change in ppm observed for some of the peaks between the 

Z and E isomers. The majority of these shifts are small, and this is reflected in the 

spectra. 

Table 24 - Changes in Chemical Shift observed from Z to E Isatin 

Phenylhydrazine 

Z Isomer ppm E Isomer ppm 
Change in 

ppm 

≈12.75 (s, 1H, N(3)-H) 10.54 (s, 1H, N(3)-H) - 2.21 ppm 

11.00 (s, 1H, N(1)-H) 10.44 (s, 1H, N(1)-H) - 0.56 ppm 

7.52 (d, 1H, J = 7.6 Hz, Ar-H) 8.16 (d, 1H, J = 7.6 Hz, Ar-H) + 0.64 ppm 

7.40 (d, 2H, J = 8.0 Hz, Ar-H) 7.47 (d, 2H, J = 8.4 Hz, Ar-H) + 0.07 ppm 

7.34 (t, 2H, J = 6.8 Hz, Ar-H) 7.32 (t, 2H, J =  7.6 Hz, Ar-H) - 0.02 ppm 

7.21 (t, 1H, J = 6.8 Hz, Ar-H) 7.26 (t, 1H, J =  7.6 Hz, Ar-H) + 0.05 ppm 

7.04-6.99 (m, 2H, Ar-H) 7.02-6.97 (m, 2H, Ar-H) - 0.02 ppm 

6.89 (d, 1H, J = 7.6 Hz, Ar-H) 6.85 (d, 1H, J = 7.6 Hz, Ar-H) - 0.04 ppm 
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The most significant differences between the two spectra were mentioned earlier 

in the chapter. This is the emergence of two singlets at 10.54 and 10.44 ppm, and 

the doublet at 8.16 ppm. These peaks correspond to the protons which undergo 

the most significant changes in electron density when switching from the Z to the 

E isomer. The C(4)-H proton shifts from a 7.52 ppm to 8.16 ppm, likely due to the 

effect of the phenyl ring. N(1)-H also experiences a small shift (11.00 ppm to 

10.44 ppm), whilst the N(3)-H, which is no longer hydrogen bonded to the 

carbonyl, undergoes the most significant shift, from ≈ 12.75 ppm to 10.54 ppm. 

Pechmann Condensation 

 

Figure 179 - Intensity of Reactant and Product Peaks vs Desolvation Gas 

Temperature 
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Figure 180 - Pechmann Bulk Synthesis Screening 

Note: Blue – Reactant, Green –Successful, Red – No Product Obtained 

 

Figure 181 - Pechmann Microdroplet Synthesis Screening 

Note: Blue – Reactant, Green –Successful, Red – No Product Obtained 
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Pechmann Analogues Reference Material Synthesis: 

Note: Reactions 3, 6, 7, 8 and 11 were unsuccessful for the bulk synthesis and 

therefore no data is reported for these. 

Reaction 1: Synthesis of 7-Hydroxy-4-methylcoumarin 

0.010 mol of Resorcinol and 0.010 mol of Ethyl Acetoacetate were weighed into a 

100 mL round bottom flask. 10 mL of conc. H2SO4 was added dropwise to the 

reaction mixture so it did not rise above 10oC. The reaction mixture was stirred 

for 15 hours at room temperature before rapidly cooling in an ice bath to form 

crude product. Crude product was vacuum filtered off before being recrystallized 

from Ethanol.  

Yield = 32%. 1H NMR (400 MHz, DMSO-d6): 2.33 (s, 3H, -CH3), 6.10 (s, 1H, Ar-

H), 6.67 (d, 1H, J = 2.4 Hz, Ar-H), 6.78 (d, J = 2.8 Hz, 1H, Ar-H), 6.75 (d, J = 

2.8 Hz, 1H, Ar-H) 7.56 (d, J = 8.4 Hz, Ar-H), 10.51 (s, 1H, -OH). 

 

Reaction 2: Synthesis of 3-Benzyl-7-hydroxy-4-methylcoumarin 

0.010 mol of Resorcinol and 0.010 mol of Ethyl-2-Benzylacetoacetate were 

weighed into a 100 mL round bottom flask. 10 mL of conc. H2SO4 was added 

dropwise to the reaction mixture so it did not rise above 10oC. The reaction 

mixture was stirred for 15 hours at room temperature before rapidly cooling in an 

ice bath to form crude product. Crude product was vacuum filtered off before being 

recrystallized from Ethanol.  

Yield = 26% 1H NMR (400 MHz, DMSO-d6): 2.36 (s, 3H, -CH3), 3.55 (s, 2H, -CH2), 

6.66 (d, J = 2.4 Hz, Ar-H), 6.78 (d, J = 2.4 Hz, Ar-H), 6.75 (d, J = 2.4 Hz, Ar-H) 

7.18 (m, Ar-H), 7.33 (m, Ar-H), 7.61 (d, J = 8.8 Hz, Ar-H) 10.43, (s, 1H, -OH). 

 

Reaction 4: Synthesis of 3-Ethyl-7-hydroxy-4-methylcoumarin 

0.011 mol of Resorcinol and 0.010 mol of Ethyl-2-Ethylacetoacetate were weighed 

into a 100 mL round bottom flask. 10 mL of conc. H2SO4 was added dropwise to 

the reaction mixture so it did not rise above 10oC. The reaction mixture was stirred 

for 15 hours at room temperature before rapidly cooling in an ice bath to form 

crude product. Crude product was vacuum filtered off before being recrystallized 

from Ethanol.   

Yield = 20% 1H NMR (400 MHz, DMSO-d6): 0.99 (s, -CH3), 2.31 (s, -CH3), 2.47 

(s, -CH2), 6.64 (s, Ar-H), 6.74 (s, 1H, Ar-H), 6.64 (s, 1H, Ar-H) 7.57 (d, J = 7.6 

Hz, Ar-H), 10.35 (s, -OH). 
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Reaction 5: Synthesis of 5,7-Dihydroxy-4-methylcoumarin 

0.011 mol of Phloroglucinol and 0.010 mol of Ethyl Acetoacetate were weighed 

into a 100 mL round bottom flask. 10 mL of conc. H2SO4 was added dropwise to 

the reaction mixture so it did not rise above 10oC. The reaction mixture was stirred 

for 15 hours at room temperature before rapidly cooling in an ice bath to form 

crude product. Crude product was vacuum filtered off before being recrystallized 

from Ethanol.   

Yield = 51% 1H NMR (400 MHz, DMSO-d6): 3.35 (s, -CH3), 5.81 (s, Ar-H), 6.21 

(s, 1H, Ar-H), 6.12 (s, 1H, Ar-H) 10.28 (s, -OH), 10.51 (s, -OH). 

Reaction 9: Synthesis of 7-Hydroxy-4,8-dimethylcoumarin 

0.010 mol of 2-Methyl-Resorcinol and 0.010 mol of Ethyl Acetoacetate were 

weighed into a 100 mL round bottom flask. 10 mL of conc. H2SO4 was added 

dropwise to the reaction mixture so it did not rise above 10oC. The reaction 

mixture was stirred for 15 hours at room temperature before rapidly cooling in an 

ice bath to form crude product. Crude product was vacuum filtered off before being 

recrystallized from Ethanol.   

Yield = 35% 1H NMR (400 MHz, DMSO-d6): 2.04 (s, -CH3), 2.11 (s, -CH3), 6.08 

(s, Ar-H), 6.82 (d, J = 8.8 Hz, Ar-H), 7.41 (d, J = 8.8 Hz, Ar-H), 10.38 (s, -OH).    

Reaction 10: Synthesis of 3-Benzyl-7-hydroxy-4,8-dimethylcoumarin 

0.010 mol of 2-Methyl-Resorcinol and 0.010 mol of Ethyl-2-Benzylacetoacetate 

were weighed into a 100 mL round bottom flask. 10 mL of conc. H2SO4 was added 

dropwise to the reaction mixture so it did not rise above 10oC. The reaction 

mixture was stirred for 15 hours at room temperature before rapidly cooling in an 

ice bath to form crude product. Crude product was vacuum filtered off before being 

recrystallized from Ethanol.  

Yield = 39% 1H NMR (400 MHz, DMSO-d6): 2.12 (s, -CH3), 2.35 (s, - CH3), 3.90 

(s, -CH2), 6.82 (d, J = 8.4 Hz, Ar-H), 7.18 (m, Ar-H), 7.45 (d, J = 8.4 Hz, Ar-H), 

10.29 (s, -OH).    

Reaction 12: Synthesis of 3-Ethyl-7-hydroxy-4,8-dimethylcoumarin 

0.010 mol of 2-Methyl-Resorcinol and 0.010 mol of Ethyl-2-Ethylacetoacetate 

were weighed into a 100 mL round bottom flask. 10 mL of conc. H2SO4 was added 

dropwise to the reaction mixture so it did not rise above 10oC. The reaction 

mixture was stirred for 15 hours at room temperature before rapidly cooling in an 

ice bath to form crude product. Crude product was vacuum filtered off before being 

recrystallized from Ethanol.   
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Yield = 36% 1H NMR (400 MHz, DMSO-d6): 0.98 (t, -CH3), 2.10 (s, -CH3), 2.30 (s, 

-CH3), 2.50 (q, -CH2), 6.81 (d, Ar-H), 7.41 (d, Ar-H), 10.23 (s, -OH). 

 


