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Summary 
Electrospray ionization-mass spectrometry (ESI-MS) is widely used in many important 

fields, such as biochemistry, the food industry, and pharmacy, and is still under fast 

development. In order to have an accurate “snapshot” of the dissolved analytes in an ESI mass 

spectrum, a clear understanding of the whole electrospray process is very important. 

 We focus on the effect of the droplet shrinking process in the electrospray plume, 

especially the effect on the solvent polarity, which not only influences the charge state 

distributions of biomolecules in ESI-MS spectra, but also can change the conformation of 

proteins. Two solvatochromic dyes, nile red and 4-dicyanomethylene-2-methyl-6-p-

dimethylaminostyryl-4H-pyran (DCM) were used as probes, and their fluorescence spectra 

were measured along the axial and radial directions in the spray plume using laser-induced 

fluorescence (LIF).  Ethanol was used as the solvent. The results indicate that the solvent 

polarity increases when the droplets become smaller at the periphery of the plume or further 

away from the emitter. Both solvent evaporation and water entrainment from surrounding air 

contribute to the polarity change in the plume. In addition, LIF results on a complex system, 

nile red and methoxychlor, suggest that dissociation and re-association of the complex 

probably occur in the electrospray process.   

  Based on ESI, many ambient ionization methods have been developed recently, which 

expand the application range of ESI. For example, electrosonic spray ionization (ESSI) is a 

softer ionization method compared to ESI, which is favorable for analysis of biomolecules 

such as proteins. We investigated the mechanism of ESSI, especially how the high pressure 

gas helps to keep proteins in their near-native structures, using ESSI-MS, numerical 

simulations and theoretical analysis. Two globular proteins, cytochrome C and myoglobin, 

were systematically analyzed under different experimental conditions. With a small sample 

flow rate (1-5 μL/min) and a neutral buffer solution, no switch-over of ionization for these 

proteins from ESI to ESSI was observed when the gas velocity varies from subsonic to 

supersonic speed. Small droplets produced by the stable electrospray mostly undergo 

acceleration instead of breakup by the high-speed nebulizer gas. However, under particular 

experimental conditions, such as low pH (< 7) or high sample flow rate  (≥ 200 µL/min), the 

high-speed nebulizer gas helps proteins to keep their folded structures in the spray process. 

 The mechanism of another popular variant of ESI, extractive electrospray ionization 

(EESI), was also investigated by several methods, such as LIF, MS, Phase Doppler 
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Anemometry (PDA), numerical simulations, and theoretical analysis. An EESI source consists 

of a neutral spray delivering the sample and an electrospray delivering the charged solvent. In 

the EESI process, the analytes are first aerosolized/nebulized and then ionized via collision 

with charged droplets generated by an electrospray with pure solvents. LIF studies of 

dissolved rhodamine 6G proved that the charged ESI droplets and neutral sample droplets 

interact predominantly in the liquid phase. A strong dependence on the analyte solubility in 

the solvents of the primary ESI spray and sample spray was found by MS measurements, 

implying that a selective extraction occurs between the charged ESI droplets and the neutral 

analyte droplets. Theoretical analysis, together with PDA results, demonstrated that no 

coalescence occurs between the charged ESI droplets and the neutral analyte droplets, and 

fragmentation is possibly the dominant type of the droplet-droplet interaction in the EESI 

spray process. 

       In summary, we have systematically investigated the mechanisms of ESI, ESSI and EESI. 

Our results not only provide the detailed mechanisms, but also provide valuable insights for 

optimizing the performances of these three ionization methods in future applications.   
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Zusammenfassung 
         Elektrospray Ionisations Massenspektrometrie (ESI MS) wird in vielen wichtigen 

Gebieten angewendet, wie z.B. in der Biochemie, der Nahrungsmittelindustrie und in der 

Pharmaindustrie. Deshalb steht diese Technologie auch unter ständiger Weiterentwicklung. 

Um eine exakte "Momentanaufnahme" der gelösten Analyten in einem ESI Massenspektrum 

zu erhalten, ist ein klares Verständnis des ganzen Elektrospray-Prozesses von enormer 

Bedeutung.  

        Wir fokussieren uns auf die Effekte der Tröpfchenverkleinerung im ESI Nebel, vor allem 

den Effekt der Lösemittelpolarität, welche nicht nur die Ladungszustandsverteilung von 

Biomolekülen im ESI-MS Spektrum beeinflusst, sondern auch die Konformation von 

Proteinen ändern kann. Zwei Farbstoffe, Nilrot und 4-Dicyanomethylen-2-methyl-6-p-

dimethylaminostyryl-4H-pyran (DCM) wurden als Sonden verwendet und ihre 

Fluoreszenzspektren wurden entlang der axialen und radialen Richtung im Spraynebeln 

mittels Laser-induzierter Fluoreszenz (LIF) gemessen. Die Resultate weisen darauf hin, dass 

die Lösungsmittelpolarität zunimmt, wenn die Tröpfchen an der Peripherie des Spraynebels 

oder weiter entfernt vom Emitter kleiner werden. Lösungsmittelverdampfung wie auch die 

Aufnahme von Feuchtigkeit aus der umgebenden Luft tragen zur Polaritätserhöhung im 

Spraynebel bei. Zusätzlich weisen die Resultate von komplexeren Systemen, wie Nilrot und 

Methoxchlor, darauf hin, dass die Dissoziation und die Reassoziation vom Komplexren 

wahrscheinlich im Elektrosprayprozess selbst stattfindet.  

         Viele Ionisierungsmethoden bei Normaldruck basierend auf ESI wurden innerhalb der 

letzten zehn Jahre entwickelt und haben das Anwendungsfeld stark erweitert. Zum Beispiel ist 

Electrosonic Spray Ionisation (ESSI) eine verglichen mit ESI weichere Ionisationsmethode, 

und ist deshalb günstig für die Analyse von Biomolekülen wie Proteinen. Wir haben mittels 

ESSI-MS, nummerischen Simulationen und theoretischen Analysen vor allem den Einfluss 

hohen Gasdruckes auf Proteine studiert, und wie dadurch die Proteine in einer fast nativen 

Konformation bewahrt werden können. Zwei globuläre Proteine, Cytochrom C und 

Myoglobin, wurden unter verschiedenen experimentellen Bedingungen systematisch 

analysiert. Unter Verwendung einer geringen Probenflussrate (1-5 μL/min) sowie einer 

neutralen Pufferlösung wurde für beide Proteine kein Wechsel von ESI zu ESSI gefunden, 

wenn die Gasgeschwindigkeit von unter Schall geschwindigheit zu Überschall verändert 

wurde. Die kleinen Tröpfchen, welche bei einem stabilen Elektrospray gebildet werden, 

werden durch die hohe Gasgeschwindigkeit stark beschleunigt. Durch die entstehende grosse 
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Reibung verdampfen Lösungsmittelmoleküle schnell und die Tröpfchen werden kleiner. 

Unter besonderen experimentellen Bedingungen, wie ein geringer pH (< 7) order eine hohe 

Flussrate (> 200 µL/min), hilft die hohe Geschwindigkeit des Nebulisierungsgases die 

Proteine während des Versprayungsprozesses in ihrer gefalteten Struktur zu bewahren.  

       Der Mechanismus von der Extraktiven Elektrospray-Ionisation  (EESI), einer anderen 

populären Variante der ESI, wurden mittels verschiedenen Methoden wie der LIF, der MS, 

der Phasen Doppler Anemometry (PDA), numerischen Simulationen sowie theoretischen 

Analysen studiert. Die ESSI Quelle besteht aus einem neutralen Spray, welcher die Probe 

befördert und einem Elektrospray, welcher geladene Lösungsmittel-Tröpfchen zuführt. Im 

Prozess der EESI werden die Analyte zuerst aerosolisiert/nebulisiert und anschliessend über 

Kollisionen mittels der geladenen Tröpfchen ionisiert. Experimente mit LIF von gelösten 

Rhodamine 6G zeigten, dass die geladenen ESI Tröpfchen und die neutralen Probetröpfchen 

überwiegend in der Flüssigphase interagieren. Eine grosse Abhängigkeit der Analytlöslichkeit 

wurde im primären ESI Spray und im Probenspray mittels MS Messungen gefunden. Dies 

bedeutet, dass eine selektive Extraktion zwischen geladenen ESI Tröpfchen und den neutralen 

Analyttröpfchen stattfindet. Theoretische Analysen kombiniert mit PDA-Resultaten bewiesen, 

dass keine Koaleszenz zwischen den geladenen ESI Tröpfchen und den neutralen 

Probetröpfchen stattfindet. Fragmentierung ist die dominante Art der Tröpfchen-Tröpfchen 

Wechselwirkung im EESI Prozess.   

         Zusammengefasst haben wir den Mechanismus von ESI, ESSI und EESI systematisch 

studiert. Unsere Resultate liefern nicht nur detaillierte mechanistische Erkenntnisse, sondern 

auch wertvolle Anregungen zur Optimierung der Effizienz dieser drei Ionisationsmethoden in 

zukünftigen Anwendungen. 
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1.1 General introduction 

       Mass spectrometry (MS) is a technique used for determining the abundance and mass-to-

charge ratio (m/z) of ions in the gas phase. It can provide important information about the 

analytes, including their structure, purity and composition. In a simplified picture, a mass 

spectrometer consists of three components: (1) ionization source, which ionizes the analytes 

and transfers them into the gas phase; (2) mass analyzer, a device that separates ions 

according to their m/z values; (3) detector, which measures and amplifies the ion current of 

mass-resolved ions. 
Table 1.1  Modes of ionization (adapted from 1) for mass spectrometry 

Elemental analysis  
Molecular analysis 

Sample phase 
for ionization 

Mode Pressurea 

Thermal ionization Gas phase Electron ionization(EI) HV 
Spark source  Chemical ionization(CI) IV 

Inductively coupled  plasma  Photoionization(PI) HV 
Resonance ionization  Metastable atom bombardment HV 

 

Condensed 
phase 

Thermospray LV 
 Atmospheric pressure CI(APCI) AP 
 Atmospheric pressure PI(APPI) AP 
 Electrospray  AP 
 Plasma desorption HV 
 Secondary-ion MS(SIMS) HV 
 Fast atom bombardment(FAB) HV 
  Matrix-assisted laser desorption  HV 

a 

The first mass spectrometer was invented in 1913 by John Thomson
HV, high vacuum; IV, intermediate vacuum; LV, low vacuum; AP, atmospheric pressure. 

2. In 1943, 

commercial mass spectrometers appeared on the market from Consolidated Engineering 

Corporation. Beginning in the early 1950s, much research was done on MS instrumentation, 

especially on the mass analyzer. People were trying to develop mass analyzers with lower cost, 

which were more convenient to use compared with sector-based instruments. This led to the 

invention of time-of-flight (TOF)3, ion cyclotron resonance (ICR)4, quadrupole5, and ion trap6 

mass analyzers. In the 1960s, gas chromatography (GC)/MS was developed7,8, marking the 

start of complex mixture analysis by MS. During that period of time, tandem mass 

spectrometry (MS/MS)9 and chemical ionization (CI) also emerged10. In the 1960’s, MS 

became a standard analytical technique for the analysis of volatile organic compounds. 

However, application in the area of biology was restricted by the ionization methods because 

biomolecules are nonvolatile and often thermally labile. This issue was solved twenty years 

later, when several soft ionization techniques emerged, such as electrospray ionization (ESI)11, 
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and matrix-assisted laser desorption/ionization (MALDI)12,13. These two methods can 

generate ions ranging in mass well beyond 100 kilodaltons (kDa), which made the use of MS 

in biology and life science possible. In the last three decades, many ambient ionization 

methods based on ESI and MALDI have sprung up for analyzing complex samples in various 

fields such as forensic science, food safety, and produce quality control.  Table 1.1 shows the 

typical modes of ionization used in MS nowadays. 

Electron ionization (EI) 

       Electron ionization or electron impact ionization (EI) is one of the oldest modes of 

ionization, first invented by Dempster in 1918 14. It is widely used to characterize the structure 

and molecular weight of organic compounds with a mass of less than 1000 Da by ionization 

and fragmentation of the ions. 

     The schematic diagram of an EI source is shown in Figure 1.1. A beam of 70 eV 

electrons is produced by heating a metal filament (normally made of rhenium wire) to an 

incandescent temperature. These electrons are then guided into a metal chamber through a slit 

by the electrical potential between the filament and the metal chamber. Sample molecules, in 

the form of a gas-phase stream, are guided into the chamber through another hole, collide with 

the electrons and then become ions as long as the kinetic energy of the electrons exceeds the 

ionization potential of the analytes. To improve the efficiency of ionization, a weak magnetic 

field is usually applied parallel to the moving direction of the electrons in order to restrict the 

electrons in a narrow helical trajectory. The electrons are later collected by a trap, while the 

sample ions are pushed to another slit and exit the chamber by applying a potential on a 

repeller electrode.  

 The advantage of EI is that it is simple to use and it provides fingerprint mass spectra of 

organic compounds, which can be identified using well established spectral libraries. This is 

very practical for analyzing complex GC-MS data. Hence, EI is also usually implemented as 

ionization method for GC-MS. However, EI requires the analytes to be in the gas phase. This 

makes many thermally labile and nonvolatile compounds inaccessible to EI. Another 

limitation of EI is that many compounds are not stable under EI conditions because it is a 

highly energetic process, sometimes resulting in the absence of a molecular ion peak, which 

renders molecular weight determination difficult. 
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Figure 1.1  Schematic of an EI source (Adapted from1) 

 

Chemical Ionization (CI) 

      Chemical ionization (CI) was first developed by Munson and Field in 196610. It is an 

ionization method that is a less energetic than EI, which minimizes the fragmentation of ions. 

In CI, the ionization is accomplished by transferring the charge from the ions generated by a 

reagent gas (e.g., methane) to analyte molecules, different from the ionization process in EI, 

in which analyte molecules are ionized by interacting with electrons directly. This 

characteristic of CI reduces the energy impacted on the analyte molecules and the 

fragmentation of ions.  

      The ion source setup in CI is similar to that in EI, with several modifications. First, the 

pressure in the source block is 0.1-1 torr, higher than that in EI (10-5-10-6 torr), because the 

reactions between ions of the reagent gas and analyte molecules are more effective at higher 

pressure. In addition, the energy of the electron beam is 200 to 500 eV, higher than that of EI 

(~70 eV), to ensure that the electrons fly far adequate into the source block. The magnet and 

the electron trap in EI are eliminated in CI.  

       There are three main steps in the CI process. Firstly, the reagent gas, such as methane, is 

ionized by colliding with the electron beam and forms radical cations such as CH4
+ ▪. 

Subsequently, stable reagent ions are generated by the interactions between the reagent gas 
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and the radical cations. These reagent ions later interact with the analyte molecules and the 

analyte ions are produced.  

 

Atmospheric pressure chemical ionization (APCI) 

       In the 1970s, Horning and coworkers developed APCI, as an ambient ionization method. 

APCI has an ionization mechaism similar to CI. In the first APCI experiment, a 63Ni foil was 

used as a source of electrons to induce the ionization of the reagent gas and later the charges 

were transferred from reagent ions to analyte molecules15-17. In their later works, they changed 

it to a corona discharge electrode17,18, which became the model for modern commercially 

available APCI interfaces.   

       In a typical APCI source, a liquid sample is delivered through a heated nebulizer probe 

(350-500°C) together with a sheath gas (N2). Due to the nebulization gas flow and the heat 

from the probe, the liquid solution is converted to a gas stream when it exits the probe. A 

discharge electrode (corona pin) with 2-3 kV potential is situated at the outlet of the probe. 

Primary ions, N2+, N4+, and H2O+ are generated by the interaction between the corona-created 

electrons and the sheath gas or air.  These ions transfer their charge to the gas-phase solvents, 

such as H2O, methanol, or acetonitrile, which are produced from the liquid solution, forming 

a set of solvated charged species, such as H3O+(H2O)n, CH3OH2
+(CH3OH)n, and 

CH3CN+(CH3CN)n

      The main advantage of APCI is good ion beam stability. This makes this method popular 

for quantification of less polar and thermally stable compounds with an upper mass range of 

1500 Da. it is particularly suitable as an interface between liquid chromatography (LC) and 

MS to analyze LC effluents quantitively.  

.  Finally, the protons are transferred from these solvated ions to the 

analyte molecules, resulting in positively charged analytes. In negative mode APCI, the 

negatively charged analyte ions are usually produced via interactions with solvated oxygen 

anions generated from air. 

      APCI and ESI are complementary in nature and both are commonly used as an interface in 

LC-MS. It should, however, be pointed out that APCI is generally better for less polar and 

lower molecular weight species than ESI. Also, APCI has a greater tolerance against matrix 

effects than ESI does.  Finally, ESI and APCI have similar source designs.  Recently, several 

variants based on APCI have emerged, such as, direct analysis in real time (DART)19 and the 

atmospheric pressure solid analysis probe (ASAP)20. 

 

Atmospheric pressure photoionization (APPI) 
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      APPI is a derivative of APCI, first reported by Bruins and coworkers in 2000 21. The main 

difference between APPI and APCI is that the charge source of APPI is a gas discharge lamp 

that generates ultraviolet photons (10.2 eV), instead of the corona discharge needle found in 

APCI sources.  

Compared to APCI, APPI has several advantages. (1) For some compound classes, APPI 

can provide better detection limits compared to APCI; (2) APPI is able to provide conditions 

that promote the formation of radical cations, good for less polar analytes, which are difficult 

to analyze by APCI; (3) APPI is suitable for flammable solvents because photons instead of a 

discharge are used for the ionization. 

 

Matrix-assisted laser desorption ionization (MALDI) 

      Matrix-assisted laser desorption/ionization (MALDI) was developed nearly 

simultaneously by two groups, Karas and Hillenkamp12 in Germany and Tanaka and 

coworkers in Japan13. MALDI is one of the most important soft ionization methods for 

proteins and other biomolecules with a large mass (even in excess of 500 kDa).  In MALDI, 

the sample solution is first mixed with a matrix material in a large molar ratio (ca. 10,000:1 

matrix:analyte). This mixture is deposited on a specially designed MALDI sample target, and 

then the sample-matrix crystals are formed on the target by solvent evaporation. Subsequently, 

in a vacuum environment, a laser beam of high irradiance (106 Wcm−2) and short pulse width 

(a few nanoseconds) irradiates the sample-matrix crystals to generate a MALDI plume by 

laser ablation. This MALDI plume includes primary ions of the matrix. Consequently, the 

charges are transferred from primary ions to analyte molecules by ion-molecule interactions.  

To have a high ionization efficiency, the matrix should be able to absorb enough energy at the 

wavelength of the laser radiation, to produce sufficient primary ions22,23. Traditionally, 

MALDI is applied to biomolecules such as peptides and proteins. Analysis of small molecules 

(<500 Da) is a challenge for MALDI, primarily due to an excessive background from the 

matrix, whose mass is in the low mass range. It is also difficult for MALDI to perform 

quantitative analyses due to the heterogeneity of the sample crystals on the MALDI target and 

the influence of the position of the laser beam during the irradiation. 

 

Electrospray Ionization (ESI) 

Electrospray ionization is an ambient pressure soft ionization method, which was first 

coupled to MS in 1968 by Dole 24and later was developed for macromolecule analysis in the 
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980s by Fenn’s group11,13 and Alexandrov’s group25. The history and evolution of ESI will be 

described later. Here, its strength and applications will be briefly introduced. 

Generally speaking, electrospray is a well-known phenomenon producing fine charged 

droplets through a small capillary due to a high voltage applied between the capillary and a 

counter electrode as shown in Figure 1.2. The details of the electrospray process will be 

explained in Chapter 2.  

Nowadays, ESI is widely applied in qualitative and quantitative studies of nonvolatile 

organic compounds, thermally labile inorganic compounds and biomolecules, which are 

difficult to analyze using EI, APCI or APPI. Unlike MALDI, this ionization method is 

suitable for low to high mass molecules. In contrast to MALDI, where biomolecules usually 

produce singly charged ions, multiply charged biomolecules are generated in ESI. In addition, 

it is possible to achieve on-line MS measurements from an LC effluent using ESI, since the 

analyte does not have to undergo a phase change before introduction to the ion source. This is 

not the case in MALDI where the analyte is required to be co-crystallized with a solid matrix. 

ESI is also used for studies of noncovalent interactions between proteins and ligands, and to 

quantify the binding constants of these interactions. This is difficult for MALDI because of 

the drawback mentioned above related to quantitative analysis. Recently, many new ambient 

ionization sources have appeared that are based on the traditional ESI technique, but extend 

the normal application of ESI to broader fields. This will be discussed in the following part. 

Finally, ESI is also an ideal ionization method for capillary electrophoresis (CE)-MS. 

 

 

Figure 1.2 Schematic diagram of ESI-MS 
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1.2 History of electrospray ionization 

     Electrospray ionization (ESI) has been used as an ionization method for mass spectrometry 

(MS) for roughly thirty years. The history of electrospray can be traced back to the sixteenth 

century. The first description of an electrospray phenomenon is believed to be an experiment 

with static electricity in the famous book "De Magnete" by Gilbert, who was an English 

physicist. In this book, he described the following observation:"in the presence of a charged 

piece of amber, a drop of water deformed into a cone26", which is clearly related to an 

electrospray. In 1745, the German scientist Bose wrote about observations of liquids with an 

electrical potential applied to a glass capillary27. Roughly at the same time, Nollet, a French 

physicist, performed some experiments on human blood with electricity28, which was also 

related to electrospray. In the early 20th century, the phenomenon of an electrospray was 

described by Burton and Wiegand29, and later was observed more thoroughly by Zeleny, who 

was a Czech-American physicist30-32. However, during that time, electrospray was mainly 

used as an effective painting technique. In 1964, Taylor derived a theory describing the 

maximum amount of charge which a liquid droplet could carry, now known as the "Rayleigh 

limit"33. A few years later, electrospray was first used as an ionization source for MS by Dole 

et al24,34. In Dole’s works, polystyrene was analyzed using a crude mass spectrometer. Evans 

and coworkers used an ionization source closely related to ESI, but with the source operating 

at a lower pressure35, called electrohydrodynamic mass spectrometry (EHMS). This technique 

had problems with solvent evaporation. In the late 1970s, Thomson and Iribarne used a 

technique related to electrospray based on charge induction by an external electric field 

applied across the spray plume, without the direct connection between the capillary of the 

spray and the electric field36,37.  In the beginning of the 1980s, the groups of Fenn38,39 and 

Alexandrov25 independently used electrospray as an ionization source to generate gas-phase 

ions for MS measurements successfully for the first time. In 1987, Bruins and coworkers 

introduced pneumatically assisted electrospray or so-called ion sprayTM 40, in which a sheath 

gas was used to assist the formation of charged aerosols. In 1988, Fenn and coworkers 

reported the observation of multiply charged gas-phase ions of polyethylene glycols formed 

by ESI-MS11,41. This was a landmark for ESI-MS. Due to this work, Fenn was awarded the 

Nobel Prize in Chemistry in 2002. Afterwards, ESI has beem widely used to analyze large 

molecules, such as peptides and proteins on cheaper, more common mass analyzers with 

limited mass range because of its soft ionization mechanism and the possibility of multiple 

charging of biomolecule ions.  
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Figure 1.3 The evolution of ESI 

     Today, ESI has evolved in many aspects in order to be used in a broader range of 

applications. As shown in Figure 1.3, the evolution tree has two main branches: (1) 

Optimization of a direct ESI source; (2) Post-ionization using ESI, meaning that the sample 

introduction and analyte ionization are separated into two steps. First, the sample is 

introduced via a neutral spray/gas flow or desorbed using ESI or other techniques. 

Subsequently, the analytes are ionized through interactions with an ESI spray. 

1.3 Evolution of the direct electrospray ionization method 

     In the last thirty years of development, huge advances in the ESI technique have been 

made in several aspects including the delivery flow rate, capillary size, environmental 

pressure and the sheath gas, resulting in significantly improved ionization efficiency and ion 

transmission efficiency for the analytes, especially biomolecules, in ESI-MS measurements. 

 

1.3.1 Nanoelectrospray Ionization (NanoESI) 

       At the early stage of ESI-MS development, a capillary of over one hundred micrometers 

in diameter and a delivery flow rate of over 1 μL/min were usually implemented for 
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producing the electrospray. For example, in the first ESI-MS experiment done by Dole’s 

group, a delivery flow rate of 300 ±100 μL/min and  a capillary with an outer diameter of 

approximately 200 μm  were used24. The large capillary and high flow rate produce large 

droplets, which need a long time to evaporate the solvent prior to the formation of gas-phase 

ions, resulting in a poor ionization efficiency. Indeed, Wilm and Mann demonstrated a strong 

correlation between the delivery flow rate and the size of the droplets formed from the 

capillary42. Based on their own work, they developed a method named nanospray, which 

generates an electrospray using a very fine capillary (≤ 10 μm) and very low delivery flow 

rates (≤ 1000 nL/min), produced via capillary action instead of a syringe pump43. In NanoESI, 

small droplets are produced, which leads to much better ionization efficiency and ion 

transmission efficiency compared to conventional ESI. Thomson and coworkers demonstrated 

a linear increase in the ionization efficiency when lowering the flow rate from 1000 to 4 

nL/min44. This is especially important for biomolecule analysis, since a small flow rate means 

less sample consumption. Moreover, NanoESI has been found to greatly reduce ion 

suppression and matrix effects, which was a typical drawback of conventional ESI. This is 

probably because the droplets are small enough to avoid the uneven droplet fission during 

solvent evaporation, which is a typical reason for ion suppression in conventional ESI45. Due 

to these advantages, nanoESI has become one of the most popular ionization methods for 

proteomics and analysis of other biomolecules, e.g., in metabolomics and glycomics46. 

       The properties of the capillary play a pivotal role in the behavior of nanoESI. The size of 

the droplets, the shape and stability of the spray plume are highly dependent on the 

architecture of the capillary. To date, many advances in nanoESI capillaries have been made 

in different aspects, such as the emitter geometry, tip modification, and electrical contact in 

the capillary, in order to reduce the inner diameter of the tip and at the same time avoid 

clogging of the tip. 

One important direction is to improve the fabrication methods of nanoESI capillaries47-49.  

Nowadays, a pulled fused silica capillary emitter, which is made by pulling and subsequent 

etching, is most widely employed in the fabrication of nanoESI capillaries. To avoid wetting 

of the tip surface, investigations of how to chemically and physically modify the tip have been 

performed. Typically,  hydrophobic coatings, such as fluorinated polymers50, acrylic paints51, 

and perfluoroalkyl coatings52 are applied. Alternatively, the wetting characteristics of the 

emitter can be changed by roughening the surface of the emitter, as reported by  Su et al53.  

Another important issue related to emitter fabrication is how to apply the voltage on the 

nanoESI capillary, which is made of a nonconductive silica material. Different techniques 
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have been developed to  increase the electrical contact of the capillary: (1) inserting a metal 

wire into the capillary54-56; (2) using an electrode to make electrical contact with the solution 

upstream of the capillary, usually designed with a union or tee57,58; (3) coating the surface of 

the capillary by conductive materials59-62.  

In addition to the developments mentioned above, the use of an array of ESI emitters has 

been investigated for several years due to the advantage of increasing ion sampling 

efficiency63,64. Smith and coworkers applied this array with nanoESI emitters and modified 

the MS inlet to allow for the use of the multi-capillary device, and a 11-fold enhancement of 

the ion signal has been achieved with this array design65.  

  

1.3.2 Subambient pressure ESI (SPIN) 

     One of the biggest issues of the ESI technique is the large ion loss during transmission 

from atmospheric pressure to the low-pressure region of the mass analyzer66-68. Most ion 

losses occur at the inlet and skimmer of the ESI-MS interface, and therefore, the ion losses 

should be reduced by moving the ESI source from ambient environment to the sub-ambient 

pressure inlet chamber. This concept was initially reported as a design called electrodynamic 

ionization (EHD) by Evan and coworkers35, and later developed for several applications69. In 

the 1990’s, several new designs of ESI sources operating at low pressure emerged70,71.  In 

these initial designs of sub-ambient pressure ESI, the electrospray was operated at pressures 

much lower than 0.1 Torr, below the suitable pressure (~1 Torr) for electrical breakdown. In 

addition, a low operating pressure for ESI may degrade the electrospray performance due to 

the freezing of the solvents during plume expansion, which results in insufficient evaporation. 

       Recently, the Smith group developed an optimized sub-ambient pressure nanoESI method, 

called SPIN, in which the electrospray was operated in a MS inlet chamber of 30 Torr 

pressure 72. In their later works, they improved this ion source and observed a roughly 50% 

ion transmission efficiency for ions travelling from solution to the vacuum region of the mass 

spectrometer73.  Moreover, they also coupled this ion source with gradient reversed-phase 

liquid chromatography (RP-LC)-MS. A 5-12 fold improvement in ion sensitivity was 

obtained for detected peptides, compared to a conventional atmospheric pressure nanoESI 

source74. 

       Another interesting approach is the high pressure electrospray ionization source, 

developed by Kiraoka and coworkers this year75. In this technique, the ESI source is set under 

a pressurized condition of up to 6 bar. The ions exit the high pressure chamber via a nozzle to 

an ambient environment and re-enter the vacuum system of the mass spectrometer through the 
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ion sampling skimmer. A stable spray is achieved with solvents of high surface tension such 

as water, because pressurized air can eliminate the corona discharge or arc discharge 

produced by the high voltage normally applied when solvents of high surface tension are 

sprayed. However, this feature can also be easily achieved with a sheath gas by including a 

trace gas additive to eliminate the discharge in the ambient environment, which is much 

simpler than this design. 

 

1.3.3 Pneumatic electrospray ionization (Pneumatic ESI) 

     For ESI, smaller droplet size in the spray means better desolvation of the analytes in the 

plume. One way to decrease the initial droplets size is to reduce the sample flow rate and 

capillary size, as in the case of nanoESI. Another important way is to use a sheath gas. In 

1987, Bruins and coworkers introduced pneumatically assisted electrospray or so-called ion 

spray40, in which a sheath gas was used to assist the formation of charged aerosols. Since then, 

pneumatic electrospray has grown in popularity for use with liquid chromatography (LC)/MS. 

With the help of pneumatic nebulization, the analyte solution can generate a stable ion current 

at relatively high flow rates, commonly encountered in LC.   

       The gas velocity of the nebulizers used today for LC-MS usually ranges from 100 to 300 

m/second over a distance of less than 3 mm from the exit of the gas nozzle. The fast gas 

creates an aerodynamic force at the gas-liquid interface within the first few millimeters from 

the exit of the gas nozzle. This force is sufficient to break up large droplets into small ones 

(from submicron to several microns in diameter). After the breakup by the aerodynamic force, 

droplet fission and solvent evaporation take over the reduction of the size of small droplets, 

similar to the ESI process. Due to this feature, the usable ranges of the voltage and the flow 

rate can be very wide for pneumatic ESI.  

 

 Sonic spray ionization (SSI)  

When the gas flow has a sonic or supersonic speed, ions can be generated from the spray 

even without a voltage, which is called sonic spray ionization (SSI). Sonic spray ionization 

was invented by Hirabayashi and coworkers in the mid-1990s76,77. In a conventional ESI 

process, the analytes obtain the charges due to charge separation and subsequent 

disintegration of the droplets induced by the electric field. Without the electric field, the 

mechanism of charge acquisition by the analytes is mainly via the high-speed gas flow in the 

SSI process. A sheath gas flow at sonic speed can create a statistical imbalance of charges in 

the droplets. Hirabayashi and coworkers suggested two possible mechanisms: (1) microscopic 
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fluctuations of the ion concentrations in large droplets can induce an uneven distribution of 

positive and negative ions in the small droplets, formed by the sudden disruption of the large 

droplets.(2) the negative and positive ion concentrations are different in the small droplets, 

when the small droplets are generated from the surface of the large droplets, on which the 

negative and positive ions distribute unevenly77. They also did some fundamental studies of 

SSI. They found that the ion intensity was enhanced when the gas flow rate increased to sonic 

speed. In the supersonic region, the ion intensity reduced with increasing gas speed due to the 

formation of a shock wave. As a result, the smallest droplets are formed because of the sonic 

speed of the gas flow78.  

   McLuckey and coworkers studied proteins and peptides using nanoESI-MS and SSI-MS 

to compare the behavior of these two ionization methods79. Lower charge states and narrower 

charge state distributions were observed in SSI compared to nanoESI, probably due to the 

lower charge density of the droplets in SSI. They also found that for a binary mixture with 

equal molar ratio of a protein and a peptide, the ion intensities of the peptides were several 

times higher than those of the proteins in SSI, while this trend was different in nanoESI. In 

addition, in the case of solutions containing metal salts, the signals of the protein/peptide ions 

with metal adducts were much higher in SSI than the ones in nanoESI. This is probably 

because of the larger size of the initial droplet in SSI compared to nanoESI. They also used 

SSI to generate ions of dual polarity and exploited it to investigate ion-ion reactions80. 

In order to increase the charges within a droplet, a voltage is applied on the capillary used 

to emit the liquid solution. The charges produced by the spray droplets, have a comparable 

value to the Rayleigh charge78,81. Hirabayashi and coworkers also applied SSI in several 

different fields, such as capillary electrophoresis  (CE)-MS82, ICP-MS 83, and LC-MS for 

protein detection84. SSI also can be implemented in a microchip as a gentle ionization 

method85. However, there is no apparent analytical advantage for SSI compared to ESI, and so 

far it is only used by a limited number of groups.  

Another interesting development of SSI has been done by Cooks and coworkers. They 

optimized the original design of the SSI source to form cluster ions of amino acids86.  By 

changing the original aluminum orifice of 0.4 mm diameter to a coaxial fused-silica capillary 

with an internal diameter of 0.25 mm, it was found that the ion intensity of the protonated L-

serine octamer obtained by SSI was 10-15 times higher than the intensity obtained by ESI. 

Furthermore, the ion intensity ratio of dimer to monomer of L-serine was much higher than 

that found using ESI. From these data, they concluded that the ions generated by SSI had 

considerably lower internal energy than the ones formed by ESI. A saturation effect of ion 
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intensity appeared at a certain gas flow rate, indicating the complete evaporation. This value 

was higher in the case of water than in methanol, suggesting the charge residue model for the 

mechanism of the gas-phase ion formation in SSI, because the ionization efficiency is highly 

dependent on the volatility of the solvent in the charge residue model. Based on this research, 

they applied a voltage to the capillary and extended this method to another new ionization 

method: electrosonic spray ionization (ESSI).  

           

Electrosonic spray ionization (ESSI) 

 Electrosonic spray ionization, a combination of ESI and SSI, was first reported by the 

Cooks group in 200487.  This ionization method is similar to the ion spray technique as 

described earlier40,88. In a typical ion spray source, the capillary for delivering the sample is a 

Teflon tube with the inner diameter of 0.8 mm and a gas flow rate of 0.5-5 L/min40, while in 

an ESSI source, the capillary is a fused silica capillary with an inner diameter of 0.25 mm and 

the gas flow rate is over 3 L/min87.  It has been demonstrated that ESSI can be successfully 

used for the analysis of proteins in an aqueous buffer solution at neutral pH, which is difficult 

for conventional ESI87,89-93.  

The analytical characteristics of ESSI are (1) narrow width of charge state peaks and (2) 

narrow charge state distribution of proteins in the mass spectra. These advantages can be 

attributed to the high gas velocity applied in the electrospray source, which can generate fine 

initial droplets in the spray. Hence, in the ESSI process, folded proteins and their noncovalent 

complexes can be preserved in the spray. This gentle nature of ESSI allows it to be 

implemented in studies of biomolecules and their noncovalent complexes.  

 Several works on protein-ligand complexes using ESSI-MS have been done in our group. 

Jecklin et al. compared the binding constants of several protein-ligand complexes, such as the 

complex of hen egg white lysozyme and NAG3, obtained by ESI-MS, nanoESI-MS, and 

ESSI-MS91. They found that the binding constants obtained by ESSI-MS were closest to the 

values obtained in solution phase reported in the literature. This suggests that ESSI can 

minimize the shift in the equilibria of the noncovalent interactions during the spray process. 

Touboul et al. investigated the internal energy distributions of ions formed by ESI-MS, 

nanoESI-MS, SSI-MS, and ESSI-MS using substituted benzylpyridinium ions as a 

thermometer probe89. No clear differences were observed. In addition, they developed a fast 

and sensitive mass spectrometric measurement of gas-phase proton affinities of peptides and 

proteins based on ESSI-MS90,92. The measurements were done by introducing the volatile 

reference bases between an ESSI source and the inlet of the MS. The proteins/peptides were 
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delivered through an ESSI spray, encounter the gas-phase bases, and then undergo proton 

exchange reactions. This method showed a good sensitivity with a detection limit smaller than 

10 μM, good precision (< 2%), and is not very time consuming (< 20 min for screening up to 

23 volatile bases). A similar design to study protein-ligand complexes using ESSI-MS has 

been introduced by Takats’ group94. In this setup, the proteins are sprayed via an ESSI source, 

and the ligands are sprayed by an SSI source. They meet in front of the inlet of an MS and 

complexes are formed. These complexes are selectively detected by performing precursor ion 

scanning for singly charged ions of the ligand molecules. This technique gives direct evidence 

for the various mechanisms of ion formation of noncovalent complexes. They also proved the 

lack of shift in the equilibria of the protein–ligand complex in the ESSI process. 

Besides the application of ESSI to biological studies, ESSI can also be used to 

investigate polymers. Cooks’ group investigated the average molecular weight and molecular 

weight distributions of solution-phase and solid-phase polymers using ESSI and desorption 

electrospray ionization (DESI)95, respectively. The results of solution-phase polymers using 

ESSI were similar to the results of solid-phase polymers using DESI, proving that these two 

ionization methods were complementary with regard to the physical state of polymers. 

Recently, in our group, ESSI has been successfully coupled with LC-MS96 to investigate 

peptides. The ion chromatograms of LC-ESSI-MS were shown to be very stable even with 

flow rates higher than 1.0 mL/min. The coefficients of determination for the calibration of 

instrument response showed excellent linearity over a concentration range from 0.1 to 100 μM 

using ESSI, while the results of ESI were linear over a much smaller range, from 0.1 to 20 

μM. This suggests that ESSI as an interface between LC and MS is quite robust. Another 

important application of ESSI is its use as the primary spray in desorption electrospray 

ionization (DESI)97, which is a popular desorption ionization method nowadays.   

 The idea of the production of fine droplets using a high speed gas flow has also been used 

in several other ionization methods, such as cold spray ionization98 and electrospray 

ionization coupled with an air amplifier99.  ESI coupled with a high-velocity gas flow from an 

air amplifier was also found to generate narrower peaks of protein ion signals and a shift to 

lower charge state distributions compared with those obtained by conventional ESI. The 

authors suggested that these phenomena were a result of better desolvation induced by the 

high-speed gas flow, similar to ESSI. However, a number of open questions remain relating to 

why the native proteins can be preserved in the spray process assisted with a high-speed gas 

flow. Is there a critical point for the analyte ion peaks when the gas flow speed increases from 

subsonic speed to sonic or supersonic speed? How does a gas flow with various speeds 
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influences the droplets in an ESSI spray? These questions were not answered in the above-

mentioned references. In Chapter 5, detailed mechanistic studies of ESSI will be described. 

1.3.4 Techniques that generate an electrospray from a Probe/Paper 

     Another trend of modern ESI is to change the capillary material itself, which opens the 

door for some special applications such as fast analysis of blood spots, which cannot be 

achieved with the use of the traditional capillary materials, such as stainless steel capillaries or 

fused silica capillaries. Here, we describe three methods which use other materials to generate 

electrospray, namely, the direct electrospray probe (DEP), probe ESI (PESI), and paper spray.  

 

DEP/PESI 

      The direct electrospray probe (DEP) method was invented by Shiea and coworkers in 

1999100. In this technique, a small metal ring is used instead of a traditional ESI capillary. One 

droplet of the sample (≤ 1 μL) is pre-deposited on the ring through a micro pipette, and then 

the ring is subjected to a high voltage. The sample introduction systems required for the 

conventional ESI, such as a capillary, a syringe pump, and sheath gas, are unnecessary. 

Shiea’s group used several kinds of materials for the ring, such as a copper wire100, optical 

fibers coiled with a platinum wire101, and a surface-modified glass rod102.  DEP is particularly 

useful for rapid analysis of dirty samples or when the samples are only available in an 

extremely small volume. 

      A similar technique, named probe ESI (PESI) was reported by Hiraoka’s group in 2007103. 

In this method, a needle instead of a ring is used to generate ions of the analytes. This needle 

picks up a small amount of the sample on the tip (∼700 nm) by dipping and lifting from the 

sample solution without disturbing the surface dramatically. The probe is then positioned 

close to the inlet of the mass spectrometer and a 3 kV potential is applied to ionize the 

analytes. Compared to DEP and ESI, PESI not only requires a smaller amount of the analyte, 

but also provides higher sensitivity because the sample has a larger surface coverage on the 

tip of the needle than in the traditional ESI, which can increase the number of charges 

generated in a unit volume of liquid.  Due to these advantages, PESI can be used to do direct 

profiling and analysis of surfaces of living tissues104-106 and fruit samples107. In addition, this 

method can be applied in real-time reaction monitoring of protein denaturation, peptide 

hydrogen/deuterium exchange, and Schiff base formation108 since PESI has a high tolerance 

for high concentrations of salts109. However, there are two drawbacks of PESI: (1) it is 

difficult to control the amount of sample picked up by the needle, making PESI unsuitable for 
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quantification of the analytes, and (2) the solvents in the samples should be polar and 

encourage ionization of the analyte, which limits the ability to analyze polar materials.  

  

Paper spray 

      Paper spray was introduced by Cooks and coworkers in 2010110. In this method, a simple 

triangle-shaped porous substrate, e.g., paper, instead of the capillary used in the conventional 

ESI source is used. Paper spray is a very simple, robust and user-friendly ambient ionization 

method. In practice, the liquid or solid phase sample is loaded onto a paper or other porous 

substrate with a triangle shape, which has a sharp point to provide the sufficient strength of 

the electric field. An addition of a small amount of solvents (~10 μL) is put on the paper. A 

spray of the cone-jet shape is generated by applying a high potential (3-5 kV) at the sharp tip, 

similar to a conventional ESI spray. This ionization method is suitable for low molecular 

weight organic compounds as well as biomolecules111, including peptides and proteins. This 

technique is especially useful for the direct analysis of a blood spot112 since this paper spray 

requires a small volume of sample (<50 μL) and is extremely convenient for blood collection 

and transportation. This method is still in the development stage, and probably will be 

coupled with a miniaturized MS to enable portable analysis in the near future. 

 

1.4 Development of electrospray-based ambient post-ionization methods 

In a traditional ESI experiment, sample preparation is always needed: the sample should 

be first dissolved in a proper solvent, sometimes be pre-separated using LC, and then be 

pumped by a syringe and syringe pump. This limits the use of ESI for many applications, 

especially for bio-samples. First, methanol, or a mixture of methanol with water are normally 

used in ESI since pure water is difficult to be sprayed stably, and in these solvents, proteins 

can easily unfold. Second, in practice, especially in clinical applications, samples normally 

have very complex matrices, which require sophisticated purification processes before 

dissolvation in the ESI solvent, making the analysis slow, expensive and complicated.  

In order to simplify or even get rid of the sample preparation, many new ionization 

methods have been developed in the last ten years. Differing from conventional ESI, these 

methods usually separate the sample introduction and analyte ionization into two steps: first, 

the sample is introduced via a gas flow or desorption, and then the analytes are ionized by the 

interaction with the ESI spray. These post-ionization techniques facilitate the sample 

preparation, and make the ESI method versatile for extensive applications. Here, several 

popular ESI-based post-ionization methods are introduced briefly.  
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1.4.1 Sample introduction via a gas/liquid flow (GC-ESI, SESI, EESI, FD-ESI) 

These types of the ionization methods use a gas/liquid flow to deliver the sample, and 

generate small droplets, aerosols or neutral gas-phase molecules, which enter a conventional 

ESI spray plume and obtain charges during the interaction process. This type is suitable for 

the analysis of liquid-phase or gas-phase samples. No sample preparation is needed, and these 

methods do not suffer from the influence of matrices in the sample and the high electric field 

typical for an ESI spray. 

 

Gas chromatography-electrospray ionization (GC-ESI)/Secondary electrospray ionization 

(SESI) 

     These two methods are designed for the analysis of gas-phase samples. GC-ESI was 

developed by Shiea’s group in 1998113. They coupled a GC column to a seven-channel ESI 

source in order to detect a mixture of volatile organic compounds separated via GC. The 

scheme of the set up is similar to the one shown in Figure 1.4. The analytes are first eluted 

from the GC column and then transported by a heated nitrogen gas flow to the center channel 

of the ESI source. Subsequently, the analytes obtain charges by interacting with the charged 

droplets from the ESI spray. Recently, Kostianinen and coworkers modified the design by 

changing the multi-capillary ESI to a single-capillary ESI. They found that this method had 

good reproducibility and sensitivity for volatile organic compounds114.  

 
Figure 1.4 Schematic diagrams of GC-ESI and FD-ESI 

     In 2000, Hills and colleagues coupled this method with an ion mobility spectrometer (IMS) 

and gave it a new name: secondary electrospray ionization (SESI)115.  Martínez-Lozano and 

coworkers modified this method and explored its suitability for breath analysis116. As shown 

in Figure 1.5, the gas-phase sample is delivered together with CO2 gas and enters an 

ionization chamber. Inside the chamber, a nanoESI spray is operated.  The gas-phase 
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molecules in the sample are forced to pass through the nanoESI spray and some of them are 

charged and sucked into the inlet of the MS. The rest of the sample leaves the chamber on the 

other side. This group also extended this method by coupling it to different mass analyzers117.  

They detected various fatty acids in human breath116; the limits of detection achieved were at 

the  sub-ppt level118.  

 
Figure 1.5 Schematic diagram of SESI 

 

Fused droplet electrospray ionization (FD-ESI)/Extractive electrospray ionization (EESI) 

These two ionization techniques use a gas flow to deliver a liquid-phase sample via a 

neutral spray. The neutral droplets containing analyte encounter charged droplets from a 

conventional ESI spray, are charged and experience an ESI-like shrinking process to form 

gas-phase ions.  

Fused droplet electrospray ionization (FD-ESI) was developed by Shiea’s group in 

2002119. The scheme of this method is shown in Figure 1.4. In FD-ESI, droplets containing 

the analytes are formed by an ultrasonic, pneumatic, or piezoelectric nebulizer120-122. The 

droplets are delivered together with a nitrogen gas flow at 90˚ angle into an ESI plume for 

post-ionization. They found that FD-ESI is much more tolerant to high salt concentration than 

traditional ESI. This is probably due to the low solubility of salts in methanol, a typical 

solvent for MS analysis. Hence, very little salt can be transferred from the neutral droplets to 

the charged droplets with methanol as the solvent, reducing the influence of the salts on the 

ionization and the final analysis of the analytes120-122. Based on this feature, FD-ESI has been 

applied in protein studies with high concentrations of salts. For example, ions of cytochrome c 

were detected in solutions containing 1.709 M of NaCl or 425 mM of NaH2PO4. The width of 

the ion peaks of cytochrome c was similar to those obtained from the solution lacking NaCl 

and NaH2PO4
122. They also found that multi-charged ions of proteins could be detected from 
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solutions containing high concentrations of tris(hydroxymethyl) aminomethane buffer and 

sodium dodecyl sulfate, even as high as 1 M and 0.01 M, respectively121.  In addition, they 

developed a micro-nebulizer for using FD-ESI-MS to analyze myoglobins. The results show 

that this micro-nebulizer provides better results for MS measurements of proteins compared to 

commercial ultrasonic and pneumatic ones120. However, the applications of FD-ESI are 

restricted only to the protein studies.  

A similar method, extractive electrospray ionization (EESI) was developed in Cooks’ 

group in 2006123. In this method, the sample is delivered by a neutral spray and generates 

neutral droplets containing the analytes. These droplets collide with the charged droplets from 

an ESI spray as shown in Figure 1.6. The angle between two sprays is usually 60˚, different 

from the angle of 90˚ in FD-ESI. Subsequently, the analytes obtain charges during the 

interaction between the neutral droplets formed by the sample spray and the charged droplets 

formed by the ESI spray only containing the solvents. Hence, the analytes are not influenced 

by the high voltage of the ESI source, i.e., the physiological/biological status of the analytes is 

unchanged during the ionization process. This is beneficial for in-vivo analysis of gaseous 

samples (e.g., exhaled breath124). Furthermore, the solvents in the ESI spray can be optimized 

to selectively extract analytes from a complex matrix. This feature is perfect for nonpolar 

analytes and enhances the tolerance of matrix in EESI. Thus EESI can be implemented in the 

continuous monitoring of untreated biological samples, such as undiluted urine 123, milk125, or 

waste water126.  

Different from FD-ESI, EESI has found much broader applications. EESI-MS was 

initially developed for rapid online or in-situ analysis of liquid samples123. Later, the 

technique was further developed for analysis of samples in various physical states, such as gas, 

aerosol, solid, gel, and viscous samples. Some samples, e.g., powders, solid-phase and viscous 

samples, are difficult to be sprayed directly with the nebulizer gas into the EESI source. 

Therefore, for the analysis of these special samples, EESI has been modified to several 

variants, such as neutral desorption EESI (ND-EESI), which will be described in the 

following part, and nanoEESI.  

EESI has been implemented in the following fields: (1) Food safety testing. EESI was 

used to detect melamine in milk and gluten with a detection limit of 500 ng/g125. A derivative 

of EESI, nanoEESI was developed for the rapid in-situ analysis of liquid samples. An aerosol 

generator was used to deliver the sample by producing very fine droplets127. NanoEESI-MS 

has been used to detect functional components such as taurine, caffeine, and vitamin B6 in an 

energy drink, and the main components such as caffeine, phosphoric acid, and fructose in soft 
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drinks128. NanoEESI-MS is able to detect trace amounts of cocaine in drinks, with a limit of 

detection in the range of 7 to 15 ng/L128. (2) Drug quality control. NanoEESI-MS can be 

applied in the rapid detection of aerosol drugs (within 1.2 second) and the limit of detection 

was 10 pg/mL129. This suggests that nanoEESI is potentially useful for in-situ monitoring of 

drug samples. (3) Environmental monitoring. Rapid and direct detection of heterocyclic 

pesticides, such as paraquat, in waste water has been done by EESI with a detection limit 

from 6 to 10 μg/ L129. Furthermore, the isotopic signature of uranium in waste water has been 

successfully detected by EESI-MS126. (4) On-line detection of chemical reactions. EESI has 

been applied for on-line monitoring of chemical reactions in real-time, as the 4-DMAP 

acetylation reaction130 or basic hydrolysis of ethyl salicaylate to salicylic acid131.  EESI has a  

dynamic range of around 3.5 orders of magnitude with a linear range of around 2.5 orders of 

magnitude and is able to analyze samples with concentrations down to several μg/L. (5) 

Metabolomics. Urine samples of rats with different diets have been monitored by EESI-MS. 

The results showed that several compounds such as alloxan, 3-hydroxy-kynurenine, gluconic 

acid and glucose could be observed in urine samples132, which is potentially interesting for 

cancer diagnosis. In addition, on the basis of EESI-MS and NMR results, biometabolites of 

rats having different diets were successfully differentiated, implying the potential application 

of EESI for monitoring the pathways of specific biochemical reactions. (6) In-vivo analysis. 

EESI-MS is able to do in-vivo analysis of exhaled gas samples, profiling metabolites within a 

few seconds. For example, 2,3,5-trimethyl pyridine, isoprostaglandins, and arachidonic acid, 

which are the typical compounds produced by smoking, were detected in the breath samples 

of smokers124. In addition, EESI can be used to analyze biologichemical surfaces, such as 

micro-organisms133, human skin134, and plants135, on which the analytes are collected using 

the neutral desorption (ND) technique. 

Despite the vast number of applications of EESI, the mechanism of this method is still 

unclear. For example, how do the droplets from the ESI spray and sample spray interact with 

each other? Furthermore, what is the mechanism for the corresponding transfer process of 

analytes? Some of these questions will be answered in Chapter 6 and Chapter 7. These 

mechanistic studies will lead to a deeper understanding of the EESI process, which is 

important for optimizing its performance in terms of sensitivity, universality and 

reproducibility. 
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Figure 1.6 Schematic diagram of EESI 

 

1.4.2 Sample introduction via desorption using ESI/SSI/gas (DESI, EASI, ND-EESI) 

These types of post-ionization methods introduce the sample from a surface via 

desorption using an ESI spray, a SSI spray or a gas flow. Hence the sample can be in the 

liquid phase or the solid phase, placed on a surface in its original form without sample 

preparation. The ionization mechanism of the analytes varies depending on the individual 

method.  

 

Desorption electrospray ionization (DESI)  

DESI was introduced by Cooks group in 200497. A schematic diagram of DESI is shown 

in Figure 1.7. In DESI, a solvent or solvent mixture is sprayed via the conventional ESI 

method assisted with a sheath gas flow onto a surface at an angle ranging from 30˚ to 70˚.  

The gas pressure is in the range from 8 to 12 bar. The ESI spray usually generates charged 

droplets with diameter smaller than 10 μm and a velocity of roughly 120 m/s136. The first 

droplets that arrive wet the surface and dissolve/collect the analytes on the surface in a thin 

liquid layer. Subsequent droplets impact this layer and break it up due to the high momentum 

of the charged droplets, generating numerous offspring droplets containing the analytes and 

charges. Subsequently, these offspring droplets experience solvent evaporation and Coulomb 

fission, and finally form gas-phase ions analogous to the conventional ESI process136,137. This 

is referred to as the “droplet pickup” mechanism. 
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Figure 1.7 Schematic diagrams of DESI and EASI 

To bridge the gap between the sampling area and the entrance into the mass spectrometer, 

a transfer capillary (not shown) is usually mounted in front of the entrance. The angle 

between the sample surface and the transfer capillary is 10˚ to 30˚ and the distance between 

them is 1 to 5 mm.  This capillary increases the transmission efficiency of the analytes from 

the surface to the MS; desolvation of the droplets is facilitated by heating the capillary. 

Several factors can influence the behavior of DESI, such as solvent composition in the ESI 

spray138, gas velocity136, geometry of the setup139, composition, texture, and insulating 

properties of the surface substrate140. The LOD of DESI is typically 1 to 10 fmol, an order of 

magnitude less than that in the conventional ESI experiments97,141 for both small molecules 

and biopolymers. Quantitative results has been shown with relative standard deviations below 

5%142. The spatial resolution of imaging by DESI is ~40 μm143. These remarkable analytical 

characteristics make DESI a very popular ionization method and therefore widely used in 

many fields including forensics, imaging, metabolomics, characterization of pharmaceuticals, 

natural products, bacteria, polymers, proteins, and explosives detection144. 

EASI is a variant of DESI developed by Eberlin’s group in 2006. The initial name of this 

technique was desorption extractive electrospray ionization (DeESI)145 and later was changed 

to easy ambient sonic spray ionization (EASI)146, which is used nowadays.  The only 

difference between EASI and DESI is that the spray used to desorb the sample on the surface 

is a SSI spray instead of an ESI spray as shown in Figure 1.7.  The gas pressure for the spray 

is usually ca. 30 bar in order to achieve the required sonic speed of the gas flow. The method 

has shown good results for the fingerprinting of biodiesel fuel147, vegetable oil148, perfumes149, 

fabric softeners150 and on-line monitoring of polymerization reactions151. However, this 

method has drawbacks similar to those of SSI. The charging efficiency of the analytes is 
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much worse than DESI. Furthermore, studies of DESI have shown that the desorption 

efficiency  cannot be improved with a supersonic speed gas flow136. This is the reason why 

the typical gas pressure in DESI method is less than 12 bar. The speed of gas flow applied in 

EASI is much faster than that in DESI. Hence, the desorption efficiency of EASI should be 

lower than that of DESI. 

 

Neutral desorption extractive electrospray ionization (ND-EESI) 

For the original EESI method, mentioned above, it is difficult to analyze samples in the 

solid phase or with high viscosity. ND-EESI is a variant of EESI developed in 2007133, which 

is a remedy for the analysis of solid or viscous samples. The typical design of ND-EESI is 

shown in Figure 1.8. Here, desorption is by a gas flow, which liberates analytes from a 

surface, often in the form of an aerosol. Subsequently, the aerosol is fed into a sample tube 

and interacts with an ESI spray plume. Analytes are extracted and ionized during the 

interaction. In a typical ND-EESI setup, the distance between the sample tube outlet and the 

inlet of the MS is 10 mm, and the angle between the sample tube and the inlet of the MS is 

150˚. In addition, the angle between the sample tube and the ESI capillary is 60˚, and the 

distance between the sample tube outlet and the ESI capillary tip is 2 mm152,153. In order to 

make ND-EESI suitable for the analysis of viscous samples and improve the sampling 

efficiency, several small modifications of ND sampling have been made. For example, 

microjet ND sampling with the help of a needle stuck into a liquid is used for the analysis of 

viscous samples154. A sealed ND sampling design with a C-shaped glass cell155 can improve 

the sampling efficiency compared with the original open air design133.  

 
Figure 1.8 Schematic diagram of ND-EESI 

The major benefits of ND-EESI setup compared to the DESI and EASI methods are: (1) 

the acquisition of charge by the analyte is separated from the sample desorption. There is no 
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contact with the bulk sample directly, giving this method a very good tolerance of extremely 

complex matrices. (2) Desorption is by a nitrogen gas flow or by compressed air, both of 

which are compatible with biological or chemical surfaces. This is not true for ESI or SSI 

sprays. This kind of gas flow can minimize the potential for undesired biological or chemical 

reactions of the analytes compared to a high-speed flow of charged liquid, and preserves the 

physiological or pathological status of the analytes, for example in the case of skin134 or 

tissue153.  Due to these advantages, ND-EESI has been widely implemented, e.g., for the 

analysis of toothpaste156, olive oil154, honey157, beer158, cheese155, explosives134, and biological 

samples153. 

 

1.4.3 Sample introduction via desorption using other techniques 

Besides the spray and gas flows, there are several other ways to generate enough kinetic 

energy to desorb material from a sample surface. For example, a laser is a good choice. 

Several ionization methods apply laser photons for desorption. For traditional laser 

desorption/ablation ionization techniques, e.g., LDI and MALDI, it is difficult to generate 

multiply charged ions similar to those observed in ESI especially for biological samples. 

Coupling of laser desorption/ablation to ESI in the ambient environment, however, produces 

multiply charged biomolecules and circumvents the need for high vacuum condition as in 

MALDI. In 2005, Shiea’s group developed a method called electrospray laser desorption 

ionization (ELDI) that employs a pulsed UV laser to desorb neutral material from a solid 

sample surface. These analytes are then post-ionized in an ESI spray plume without a sheath 

gas flow as shown in Figure 1.9159.  The power of the laser pulse is high enough to desorb 

material from a hard sample surface such as wood. Dissolved samples need to be deposited on 

the surface and dried to form a thin layer before irradiation.  

Similar technique called MALDIESI was developed in 2006. The difference between 

MALDIESI and ELDI is that in the former method, the samples are mixed with a MALDI 

matrix before they are deposited on a surface160.  Both of these two methods require 

pretreated samples, which makes them unsuitable for in-vivo analysis of biological samples. 

In 2007, another technique was developed based on changing from a UV laser (λ= 337 nm) to 

an IR laser (λ=2.94 μm), which is absorbed well by water-rich biological samples161. This 

method is named laser ablation electrospray ionization (LAESI).   
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Figure 1.9 Schematic diagrams of ELDI, MALDIESI, LAESI, LIAD-ESI, and RADIO 

However, samples that are sensitive to the laser wavelength used in the desorption, are 

difficult to analyze in these laser desorption/ablation techniques. Considering this issue, 

Golovlev’s group developed a desorption method in 1997, which uses a laser to irradiate the 

back of a sample surface. They called it laser-induced acoustic desorption (LIAD)162. Later, 

Kenttämaa’s group combined LIAD with several ionization methods, e.g., CI163. Shiea’s 

group coupled LIAD with ESI in 2009, so called LIAD-ESI164. In LIAD-ESI, acoustic and 

shock waves are generated by the laser irradiation. A desorption plume containing the 

analytes is produced by the acoustic and shock waves and heating. Hence, the samples are not 

exposed to the laser light directly. Another similar technique developed by Muddiman’s group 

is radio frequency acoustic desorption and ionization (RADIO) 165, which is also based on 

acoustic desorption. In this method, a small volume of sample (~1 μL) is dropped onto a 

quartz crystal microbalance (QCM) electroplated with gold on chromium, and a radio 

frequency waveform (10.09-10.11 MHz) is applied to it. The waveform rapidly induces the 

actuation of the piezoelectric material, which causes aerosolization of the liquid samples and 

generates neutral droplets from the samples. These droplets later interact with an ESI spray 

plume and the analytes are ionized in this process.  

 

1.5 Outline of this thesis 

An introduction of mass spectrometry (MS), ionization methods used for MS including 

electrospray ionization (ESI), and ESI-based ambient ionization was given in this Chapter. 

The unique advantages of ESI were presented. ESI-based ambient ionization methods have 

been introduced including their features and limitations for MS analysis. The extensive 

applications of ESI and its variants prove their significance in the research field of MS. 
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However, many questions about the mechanism of ESI and its variants still remain 

unanswered, but are crucial for the development of potential applications. Therefore, in this 

project, we will clarify the mechanism of ESI and several important variants in the following 

chapters.  

Chapter 2 presents the whole picture of the ESI process including the physical theory, the 

related research results done in the past, and unsolved questions concerned with the 

mechanism of ESI.  

In Chapter 3, all the instrumentation used in this project is explained. In-situ optical 

methods such as laser-induced fluorescence (LIF) are used to investigate the spatio-temporal 

evolution of the chemical environment in the ESI plume using dyes as probes. Phase Doppler 

Anemometry (PDA) is implemented to understand the physical properties of the droplets in 

the ESI, ESSI and EESI plumes, including the droplet size and velocity. A quadrupole time-of 

flight (Q-TOF) mass spectrometer is employed to investigate the influence of experimental 

parameters on the ion signals in ESSI-MS and EESI-MS measurements. 

Chapter 4 reports a mechanistic studies of ESI using in-situ optical methods. The 

evolution of the solvent polarity in the ESI plume has been investigated by LIF. Two 

solvatochromic dyes, nile red and DCM, were used as probes. The solvent polarity was found 

to change significantly during the shrinking process of the droplets in the ESI plume due to 

the solvent evaporation and water entrainment from the surrounding air. In addition, the 

influence of these two factors on the noncovalent complex between methoxychlor and nile red 

was also investigated in the ESI plume. Infrared spectroscopy was used to investigate the 

chemical structures of the compounds at various positions in the ESI plume. Primary results 

suggest the potential of using infrared spectroscopy for mechanistic studies of ESI. 

Chapter 5 presents an investigation of the ESSI mechanism, especially the role of the 

nebulizer gas in the ESSI process. Two proteins, myoglobin and cytochrome C, were studied 

with nebulizer gas at various pressures using MS measurements. The charge state distribution 

and average charge state of these proteins were compared under different experimental 

conditions, such as pH, geometry, voltage and gas flow rate. It was found that ESSI can 

preserve the native state of the proteins during the shrinking process of the droplets only 

under certain experimental conditions. Numerical simulations and theoretical analysis were 

conducted to further clarify the ESSI mechanism.  

Further mechanistic studies of EESI are presented in Chapter 6 and Chapter 7. The EESI 

mechanism, e.g., how the analytes are charged during the interaction between the ESI spray 

and the sample spray is a process that is not fully understood. These two chapters present a 
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systematic investigation of the mechanism of the charging process of analytes via LIF, MS 

measurements, PDA, and numerical simulations. An extraction mechanism was shown to take 

place in the interaction between two sprays by LIF and MS measurements (Chapter 6). A 

clear picture of droplet-droplet interaction in the EESI process is presented in Chapter 7. The 

droplet behavior in the EESI process was analyzed in detail via PDA measurements. Detailed 

theoretical analyses of droplet-droplet interaction in the EESI process were carried out, 

assisted with experimental data and numerical simulations.  

Finally, Chapter 8 summarizes the results obtained from all the chapters and proposes 

future developments based on these projects. 
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In Chapter 1, the history and evolution of ESI have been introduced in detail, and 

miscellaneous features of ESI have been described. In order to exploit these features in 

various applications, the mechanism of the electrospray process should be clarified. The 

theory and previous mechanistic studies of ESI are reviewed in this Chapter. 

 

2.1 Overview of electrospray process 

     

 Figure 2.1 Schematic diagram of a typical electrospray process in the positive ion mode. The blue arrow 

represents the movement of the positive ions and the red arrow represents the movement of the negative 

ions. TC represents the total current. Four steps of the electrospray process are labeled as (1)-(4). 

       A typical electrospray process is separated into four steps: (1) electrochemical reactions 

inside the ESI capillary, which produce charges for analyte ionization; (2) generation of 

charged droplets at the tip of the ESI capillary; (3) shrinking process of the charged droplets 

via solvent evaporation and repeated fission; (4) gas-phase ion formation from very fine 

droplets resulting from the shrinking process. The typical electrospray process in the positive 

ion mode is shown in Figure 2.1. The bulk solution is first pumped by a syringe into the ESI 

capillary. The circuit, consisting of the capillary, the high voltage supply and the counter 

electrode, is established when electrons pass through the metal wire continuously. The 

electrons are produced via the oxidation inside the capillary.  The electric field applied 

between the capillary and the counter electrode leads to a separation of positive and negative 

ions at the meniscus, which is formed at the tip of the capillary. The positive ions move 

towards the tip of the capillary, accumulate at the surface of the meniscus, and make the 

liquid form a cone. When the repulsion force between the positive ions overcomes the surface 

tension, a fine jet is generated from the cone. Later, the jet emits charged droplets. These 

droplets fly towards the counter electrode and experience solvent evaporation and fission 
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processes until all the solvents are gone and gas-phase ions are formed from the droplets. The 

four steps are emphasized by the green frames in Figure 2.1. 

 

2.2 Electrochemistry inside the ESI capillary  

In Figure 2.1, the positively charged droplets continuously exit from the tip of the 

capillary and carry off positive charge. To keep the charge balance, an electrochemical 

conversion from ions to electrons must occur inside the ESI capillary. Hence, the ESI process 

can be thought as a special type of electrolytic cell166 and the capillary can be considered as an 

electrode. Electrochemical reactions inside the capillary may change the composition of the 

solution, which will influence the nature of the final gas-phase ions observed in the MS. 

Therefore, understanding the electrochemical characteristics of the electrospray process is an 

important aspect of ESI. Possible electrochemical reactions in the ESI capillary and their 

influences are introduced below. 

 

2.2.1 Electrochemical reactions in the ESI capillary 

      In the positive ion mode of ESI, oxidation reactions happen at the liquid-metal interface of 

the capillary. There are two possible ways to release electrons: (1) oxidation of metal from the 

capillary, e.g., M(s)→Mn+(aq)+ne-, (2) oxidation of solvents, analytes, contaminants, or 

electrolyte additives in the solution. Kebarle and coworkers connected a zinc tip to a stainless 

steel capillary, because zinc is very easy to oxidize (E0= -0.76 V vs. standard hydrogen 

electrode (SHE)). Zn2+ ions were observed in the mass spectra166. This was the first work that 

proved the electrochemical nature of the electrospray. The results clearly demonstrated that 

the Zn2+ ions were released via oxidation reactions on the surface of the capillary. At about 

the same time, Van Berkel and colleagues observed molecular radical cations of easy-to-

oxidize species from the bulk solution, such as aromatic amines, in the mass spectra under 

proper conditions, suggesting that compounds in the solution can also be involved in  

oxidation reactions inside the capillary167,168. The standard reduction potentials of the possible 

electrochemical reactions, involving the typical ESI solvents, additive systems or metal 

capillaries, are shown in Table 2.1. These values are obtained by thermodynamic standard 

methods. However, the actual potential of an electrochemical reaction inside the capillary also 

depends on the physical property of the capillary and the components in the solution.  
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Table 2.1 Standard reduction potentials of electrochemical reactions involving typical materials for the ESI 

capillary, the solvents or additives used in ESI-MS169 

 

The interfacial potential inside the capillary determines which reactions may happen. 

Van Berkel’s group did computational simulations to estimate the interfacial potential inside 

the capillary170. Later, Cole’s group measured the interfacial potential by a simple floated or 

grounded capillary system171,172. Both groups found that the interfacial potential had the 

highest value at the tip of the capillary (≤ 2.5 V vs. SHE), and decreased rapidly towards the 

inside of the capillary. Therefore, electrochemical reactions mostly occur at the tip rather than 

inside the capillary. The interfacial potential is affected by several factors. (1) current 

intensity inside the capillary, which is determined by the current and the effective length of 

the capillary.  The effective length of the capillary, over which the electrochemical reactions 

actually take place, is usually far less than the physical length due to the limited electric field, 

which can penetrate through the liquid inside the capillary. Van Berkel’s group predicted that 

a significant part of the total current was generated as far as 1 cm into the capillary169. Similar 

Oxidation 

(positive ion mode) 

E0 (V) 

vs SHE 

Reduction 

(negative ion mode) 

E0 (V) 

vs SHE 

Solvent system reactions  Solvent system reactions  

HCOOH=CO2 -0.20 +2H++2e- O2+4H++4e-=2H2 1.23 O 

CH3OH+H2 0.10 O=HCOOH+4H++4e- O2+2H++2e-=2H2O 0.70 2 

CH3 0.23 OH =HCHO+2H++2e- CH3OH+2H++2e-=CH4+H2 0.58 O 

2HCOOH=H2C2O4 0.25 +2H++2e- 2H2O+ O2 0.40 +4e-=4OH- 

4OH-=2 H2O+O2 0.40 +4e- HCOOH+4H++4e-= CH3OH+H2 0.10 O 

2OH-= H2O2 0.88 +2e- 2H2O+2e-= H2 0.07 +2OH- 

Cl-+2OH-=ClO-+H2 0.89 O+2e- 2H++2e-= H 0.00 2 

2H2O= O2 1.23 +4H++4e- O2+e-= O2 -0.33 - 

    

metal in the capillary reactions  metal in the capillary reactions  

Fe+2OH-=Fe(OH)2 -0.87 +2e- Pt(OH)2 0.16 +2 e-= Pt+2OH- 

Fe+3OH-=HFeO2
-+H2 -0.80 O+2e- Fe(OH)3+e-= Fe(OH)2 -0.56 +OH- 

Fe=Fe2++2e- -0.44 Fe(OH)2 -0.87 +2e-= Fe+2OH- 

Fe=Fe3++3e- -0.03   

Pt+2OH-=Pt(OH)2 0.16 +2e-   

Pt+2H2O =Pt(OH)2 0.98 +2H++2e-   
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results were obtained by Cole’s group with spatial measurements of current using a grounded 

ESI capillary173. Higher current and shorter length result in a higher interfacial potential. (2) 

capillary material. The interfacial potential varies with different capillary materials, unless the 

current density inside the capillary is high enough for solvent oxidation/reduction to mainly 

supply the current174.  

       

2.2.2 Influence of electrochemical reactions on ESI-MS measurements 

     As shown in Table 2.1, oxidation of water (2H2O = O2

175

+4H++4e-) may take place in the 

capillary. The formation of protons can decrease the pH of the solution in the capillary 

compared to the pH of the bulk solution. Van Berkel and coworkers observed that the pH of 

the solution exiting the capillary decreased up to 4 pH units via optical methods . The 

dramatic change of the pH in the solution can alter the ion intensity of a weakly basic analyte 

or the molecular conformation of proteins. Konermann et al. observed a higher charge state 

distribution of cytochrome C in the mass spectra when the syringe needle was grounded.  The 

electrochemical acidification inside the capillary, due to the oxidation of water, could 

decrease the pH of the solution and result in unfolding of cytochrome C176. Van Berkel’s 

group also studied the time-dependent change of the pH in nanoESI silica capillaries. They 

found that the pH could be altered by one or more units over an experimental period of more 

than 10 minutes56.  Since nanoESI is used for studies of proteins and noncovalent interactions 

between proteins and ligands, attention should be paid to the alteration of the pH value during 

experiments. McLuckey and coworkers showed that the mass spectra of a mixture including 

three proteins of various pI changed with time in the negative ion mode of nanoESI-MS 

measurements177. This suggests an increase of the pH in the solution during the experiments 

due to the reduction of water inside the capillary (2H2O+2e- = H2

178

+2OH-). Klassen and 

colleagues also found that nanoESI-MS measurements for binding affinities of proteins to 

carbohydrates need to be done within the first 10 minutes of the initial spraying , as the pH 

decreased at least one unit afterwards and lowered the apparent binding affinities determined 

by the MS results.  

        Besides the change of pH in the solution, metal cations produced by oxidation of the 

metal of the capillary wall can also influence the final mass spectra. These metal cations cause 

extra background signals in the mass spectra. For example, Ijames et al. reported that ion 

peaks at m/z 622 and 538 were observed, corresponding to the complex Fe3O(O2CR)6(L)0-3 

where (O2

179

CR) was the acid additive in the solution and L as the ligand was the solvent or 

water used in the solution . The iron cation was generated by oxidation in the stainless steel 
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capillary. The way to decrease these background signals is to reduce the current inside the 

capillary or exchange the stainless steel capillary with a platinum capillary. Usually, with a 

low current density, the metal cations generated via the oxidation have an extremely low 

concentration, and do not influence the final mass spectra. If the current density is high 

enough, some reactive species can be formed, e.g., H2O2 (2OH- = H2O2

180

+2e-), which could 

react with other components in the solution to produce extra background signals in the mass 

spectra. Therefore, in order to reduce the influence of the electrochemical reactions, the 

current density should be low. More examples and explanations can be found in Van Berkel’s 

review in 2007 .  

       The electrochemical reactions can be exploited as an advantage for some special 

applications. For example, certain types of compounds are difficult to be ionized during the 

shrinking process of droplets in the electrospray, but they can be ionized via the 

electrochemical reactions in the capillary, such as fullerenes and derivatives181. In addition, 

the metal cations produced via the electrochemical reactions can be used to form metal-

analyte complexes56,182 for further analysis by MS. 

 

2.3 Onset and emission of an electrospray 

As shown in Figure 2.1, in the positive-ion mode, the positive ions are accumulated near 

the surface of the meniscus at the tip of the capillary. This gives the liquid the shape of a cone, 

the so-called Taylor cone, usually having a half angle of 49.3˚ for conductive liquids33. The 

cone produces a fine jet, which splits into charged droplets later.  In this step, different spray 

modes can be formed under various experimental conditions, which may produce charged 

droplets with distinct properties, and ultimately ion signals in the mass spectra are generated. 

Here, the electrical properties of the electrospray, different spray modes and their effects are 

presented. 

 

2.3.1 Electric field, current and voltage of the electrospray 

The electric field at the capillary tip (Ec) is usually very high (≈ 106 V/m) due to the sharp 

tip. The value of Ec
183 can be derived as shown below : 

𝐸𝐸𝑐𝑐 = 2𝑉𝑉𝑐𝑐/ �𝑟𝑟𝑐𝑐𝑙𝑙𝑙𝑙(4𝑑𝑑
𝑟𝑟𝑐𝑐

)�          (2.1) 

where Vc is the voltage applied to the capillary and rc is the outer radius of the capillary tip. d  

represents the distance between the capillary tip and the counter electrode.  
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       The total current (I) represents the total number of the excess charges leaving the 

capillary as shown in Figure 2.1. It is calculated by the following equation184: 

𝐼𝐼 = 𝑓𝑓 � 𝜀𝜀
𝜀𝜀0
���𝛾𝛾𝛾𝛾𝑉𝑉𝑓𝑓

𝜀𝜀
𝜀𝜀0
�              (2.2) 

where γ is the surface tension of the solvent. ε and ε0 are the permittivity of solvent and 

vacuum, respectively. ε/ε0 represents the dielectric constant of the solvent, and K and Vf are 

the conductivity and flow rate of the solution, respectively. f(ε/ε0) is a numerical function of 

ε/ε0
184 . The value of f(ε/ε0) is approximately 18 for liquids, with ε/ε0

In order to generate a Taylor cone and a fine jet at the apex of the cone, the electric field 

should be sufficiently high. This critical value can be estimated by the equation below 

  higher than 40.  

185: 

𝐸𝐸𝑜𝑜𝑙𝑙 ≈ ��2𝛾𝛾𝑐𝑐𝑜𝑜𝛾𝛾𝛾𝛾
𝜀𝜀0𝑟𝑟𝑐𝑐

�                 (2.3) 

where γ is the surface tension of the solvent and θ is the half angle of the Taylor cone. ε0

𝑉𝑉𝑜𝑜𝑙𝑙 ≈ ln �4𝑑𝑑
𝑟𝑟𝑐𝑐
���𝑟𝑟𝑐𝑐𝛾𝛾𝑐𝑐𝑜𝑜𝛾𝛾𝛾𝛾

2𝜀𝜀0
�     (2.4) 

 

represents the permittivity of vacuum. Combining equation (2.1) and equation (2.3), the 

minimum voltage (𝑉𝑉𝑜𝑜𝑙𝑙 ) needed for the onset of a stable electrospray can be estimated as 

follows: 

      We can substitute the values of ε0 and θ as 8.8×10-12 J-1C2 and 49.3˚, and assume the 

distance d is 100 mm and the outer radius rc is 0.36 mm according to the experimental 

conditions used in our project. Then the onset voltage Von

People found that the value of the onset voltage needs to be a few hundred volts higher 

than the value of V

 can be calculated for typical 

solvents which are used in ESI-MS, as shown in Table 2.2.  

on
185-187 to form a stable electrospray in the experiments .  According to 

equation (2.4), it is clear that the solution with water needs highest onset voltage (> 4 kV in 

practice) to generate a stable electrospray due to the highest surface tension of water. Hence 

using water as a solvent can induce an electric discharge from the capillary tip on account of 

the high onset voltage. This problem is more serious in the negative ion mode, because the 

onset voltage for the electric discharge is lower in the negative ion mode than the value in the 

positive ion mode186,187, probably owing to the emission of electrons from the capillary in the 

negative mode, which initiate the discharge. The onset voltage for the discharge with metallic 

capillaries is also lower than that of capillaries made with other materials. In the positive ion 

mode, the presence of protonated solvent clusters such as H3O+(H2O)n and 

CH3OH2
+(CH3OH)n  in the mass spectra prove the existence of a discharge if the bulk 
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solution is not acidic186. The discharge increases the capillary current above 10-6 A, 10 times 

higher than that without a discharge, resulting in abundant solvent clusters produced by the 

discharge. These ions present very high ion intensities in the mass spectra, which suppresses 

the ion signals of the analytes. There are three ways to eliminate the discharge effect. (1) 

replacement of the metal capillary by a silica capillary with a metal wire positioned inside the 

capillary for applying the voltage; (2) reduction of the onset voltage for a stable electrospray 

by decreasing the capillary size rc or the distance d, i.e., moving to nanoESI; (3)  adding a 

trace gas additive, such as SF6

186

, in the nebulizer gas, which can capture electrons and convert 

them to atomic or molecular negative ions . 
 Table 2.2: Onset voltage Von

Solvent 

 for various solvents used in ESI-MS. 

methanol acetonitrile water 

γ (N/m) 0.026 0.03 0.073 

Von 1.89 (kV) 2.14 3.43 

 

2.3.2 Spray modes of the electrospray 

When the applied voltage is lower than the onset voltage Von

188

, the liquid still can be 

sprayed in other modes without forming cone and jet shapes. By changing the applied voltage, 

the electrospray exhibits several spray modes for a given set of solvent and other parameters 

of an ESI source, as shown in Figure 2.2. People usually classify spray modes according to 

their morphology  or spray current189,168 and current frequency190,191.   

 

Dripping mode 

When the voltage is low, e.g., < 2.1 kV for methanol189, the dripping mode is observed.  In 

the dripping mode, large droplets are generated by irregular ejection as shown in Figure 2.2 

(a). This mode is characterized by both low and high-frequency current pulsations at, for 

example, 30 Hz and 1-2 kHz, respectively189 (Figure 2.3 a). 

Microdripping mode 

Applying low voltages, the microdripping mode can appear under certain conditions. It is 

named microdripping mode because the emission of the liquid takes place droplet by droplet 

similar to the conventional dripping mode (Figure 2.2 b). However the droplets have a much 

smaller diameter than the tip of the capillary, different from the conventional dripping mode. 

Sometimes, the microdripping mode and the cone-jet mode can appear under identical 

experimental conditions. In the transition zone, one spraying mode may replace the other, 
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each being maintained for a long period. However, the conditions under which the 

microdripping mode appears are much more restricted than those of the cone-jet mode. 

Pulsating-cone jet mode 

When the applied voltage is increased to a value slightly lower than that required for a 

stable jet (e.g., in the range of 2.2-3.1 kV for methanol189), a jet may be emitted only 

intermittently and the apex of the meniscus alternately forms a pointed or rounded form as 

shown in Figure 2.2 (c). In this pulsating-cone jet mode, the diameter of the jet varies during 

the emission phases, which occur at regular time intervals, so that the distribution of droplet 

sizes is very wide192,193 compared to that in a stable mode formed at a slightly higher voltage. 

Similar to the dripping mode, current oscillations also exist in the pulsating-cone jet mode, 

but with higher frequency. These current pulsations are probably a result of the imbalance of 

the amount between the amount of liquid lost through the emission and the liquid supplied by 

the capillary189.  Vertes’ group clarified the mechanism of formation of pulsating-cone jet 

mode using fast time lapse imaging and current measurements. The cone pulsation cycle 

consists of four phases: liquid accumulation, cone formation, ejection of a jet and relaxation. 

In this work, they also provided the first direct evidence that links spray current oscillations to 

the cone pulsation190.  

Stable-cone jet mode  

When the applied voltage is further increased, a stable-cone jet forms, including a Taylor 

cone and a fine jet. The shape of the meniscus varies depending on the conductivity of the 

liquid, as shown in Figure 2.2 (d). The typical shape of a stable-cone jet mode is shown in 

Figure 2.1. The jet, generated from the apex of the cone, will break up into the droplets after a 

certain length. This length usually varies with the viscosity, the resistivity and the flow rate of 

the bulk solution, in the range of 10-5-10-1 m188.  For a liquid of low viscosity, the distance 

between two consecutive breakups of a jet is around 4.5 times the width of the jet, while the 

diameter of the droplet formed from the jet is roughly 1.89 times the width of the jet188.  

Satellite droplets may be created at the moment of the breakup, which were observed by 

Phase Doppler Anemometry (PDA) experiments done by Tang and Gomez194. 

It is difficult to distinguish the stable-cone jet mode and the pulsating-cone jet mode by 

their morphologies or the current oscillations, because both of them have a cone and jet shape 

and the current oscillations are similar (Figure 2.3 (b) and Figure 2.3 (c)). Vertes’s group 

presented a simple and straightforward way to distinguish these modes by monitoring the 

Fourier spectrum of the spray current using an oscilloscope191.  In the pulsating-cone jet mode, 
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a current oscillation of high frequency is formed. However, the stable-cone jet mode exhibits 

a higher DC current component without oscillation of high frequency.  

 
 

Figure 2.2 Illustration of various spray modes. (a) different stages of drop formation of dripping mode 

with emission of a jet; (b) different stages of drop formation with microdripping mode; (c) pulsating-cone 

jet mode; (d) stable-cone jet mode with different forms of meniscus; (e) multi-jet mode with different forms; 

(f) various types of the ramified-jet mode, adapted from188 

 

Multi-jet mode 

When the voltage is further increased, multiple jets appear at the apex of the meniscus. In 

this multi-jet mode, the higher the voltage the more small jets are emitted and the higher the 

emission frequency. Similar to the pulsating-cone jet mode, this mode also shows current 

oscillation of high frequency as shown in Figure 2.3 (d).  

Ramified-jet mode 

When the applied voltage is too high, another mode different from the multi-jet mode is 

formed, called ‘ramified-jet mode’. In this mode, the behavior of the jet is first similar to the 

jet in the stable-cone jet mode; then numerous ramifications occur. 
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Figure 2.3 Current oscillations of the various spray modes when spraying pure ethanol solvent. (a) 

dripping mode at 2.8 kV; (b) pulsating-cone jet mode at 3.2 kV; (c) stable-cone jet mode at 3.8 kV; (d) 

multi-jet mode at 6.0 kV. 

 

2.3.3 Influence of various spray modes on ESI-MS measurements 

The ion production yield is strongly related to the size of the charged droplets generated in 

the electrospray, because analyte molecules in smaller droplets have less surrounding solvent 

molecules and have more chance to obtain charges in the electrospray. In the stable-cone jet 

mode,  the droplet size is smaller than in all other spray modes, which is preferable for MS 

analysis193.  In addition to the effect on the ion yield, it was also found that the chemical 

properties of the produced ions, such as the internal energy and the fragmentation of ions 

were related to various spray modes. Generally, the stable-cone jet mode is the most suitable 

mode for ESI-MS measurements, and nowadays, people usually operate the electrospray in 

the stable-cone jet mode for MS analysis.   

 

2.3.4 Spray modes of nanoESI 

As mentioned in Chapter 1, nanoESI is an important variant of ESI, which has been 

widely used in the analysis of biological systems, and therefore, understanding the spray 

modes of nanoESI is critical for optimizing the ionization process. Juraschek et al. did 

pioneering work on the spray modes of the nanoESI spray189. They observed that pulsating 

mode phenomena appeared only after a discharge is generated from the capillary due to high 

voltage applied on the capillary. Later, a systematic investigation was performed by 

Alexander and coworkers 195.  They found that the dripping and pulsating modes were subtly 
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different from those in the conventional ESI spray. The dripping mode appears below 1.3 kV 

in water. The pulsating-cone jet mode occurs in the range of 1.3-1.4 kV, and the current 

oscillation has lower frequencies than in conventional ESI sprays. A new type of oscillation 

starts at 1.5 kV. The oscillation frequency jumps by one order of magnitude and the minimum 

current is much higher compared to those in the pulsating-cone jet mode. In this mode, a fine 

jet still emits from the apex of the meniscus. However this is not alike the stable-cone jet 

mode in the conventional ESI spray, which has no current oscillation of high frequency. 

When the voltage is higher than 1.9 kV, a chaotic flipping jet is formed with an indefinable 

frequency. Therefore, no stable-cone jet mode was observed in their experiments. This is 

consistent with the work of Vertes’ group. They also observed an astable-cone jet mode in the 

nanoESI spray196 instead of the stable-cone jet mode.  

2.4 Shrinking process of droplets in the electrospray  

2.4.1 Size and charge of initial droplets 

   The radius (R) and the charge (q) of the initial droplets generated at the tip of the capillary 

can be estimated by the following formulas: 

𝑅𝑅0 ≈ (𝑉𝑉𝑓𝑓𝜀𝜀/𝛾𝛾)1/3                  (2.5) 

𝑞𝑞 ≈ 0.7 �8𝜋𝜋�𝜀𝜀0𝛾𝛾𝑅𝑅0
3�1/2�     (2.6) 

     These two formulas were proposed by Fernandez de la Mora and Loscertales based on 

experimental results of the current, charge and size of droplets, as well as theoretical 

estimations184. Equation (2.5) and (2.6) are valid only for the stable cone-jet mode of the 

electrospray. In equation (2.5), we see that the initial droplet size (R0) increases when the 

flow rate of the liquids (Vf) increases and the conductivity of the liquid (K) decreases; and 

equation 2.6 shows that the charge of the droplet is related to the initial droplet size (R0

 

) and 

surface tension of the solvent (γ).  

2.4.2 Solvent evaporation and coulombic fission of droplets in the electrospray 

As shown in Figure 2.1, when an initial droplet with the size R0

66

 and charge q is formed at 

the tip of the capillary, repulsive forces caused by charges will deform the meniscus and form 

the Taylor cone. When the repulsive force overcomes the surface tension, a fine jet is formed 

from the cone. Subsequently, the jet emits charged droplets. After being ejected, these 

droplets shrink due to solvent evaporation. After a period of time of solvent evaporation t, the 

droplet size decreases to R, which can be deduced by the solvent evaporation rate as follows : 
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𝑅𝑅 = 𝑅𝑅0 −
𝛼𝛼𝑣𝑣�𝑝𝑝0𝑀𝑀
4𝜌𝜌𝑅𝑅𝑔𝑔𝑇𝑇

𝑡𝑡                   (2.7) 

where α, ρ and M are the condensation coefficient,  density and molecular weight of the 

solvent, respectively. �̅�𝑣 represents the average molecular velocity of the solvent gas, p0 is the 

vapor pressure of the solvent at the temperature of the droplet T, and Rg

 In positive ion mode, the positive charges stay on the surface of the droplet. As the 

droplet gets smaller, the charge density on the surface of the droplet increases, and 

consequently, the repulsive forces between the charges become larger. At a certain size R of 

the droplet, the repulsive forces on the surface overcome the surface tension, and fissions 

occur, often referred to as Coulomb fission or Coulomb explosion. The amount of charges on 

the surface which produces the repulsive forces equal to the surface tension, can be calculated 

by the Rayleigh equation

 is the gas constant. 

197: 

𝑞𝑞𝑅𝑅𝑅𝑅 = 8𝜋𝜋�(𝜀𝜀0𝛾𝛾𝑅𝑅3)                     (2.8) 

Usually qRy

198

 is called the Rayleigh charge. The changes of the mass and the charge 

during the fission process can be measured by different methods, such as an electrodynamic 

balance (EDB)  or by Phase Doppler Anemometry (PDA).  In the EDB measurement, a 

single charged droplet is introduced into an electrodynamic levitator, which suspends the 

droplet inside the setup. Optical methods, e.g., a high-speed microscopic camera, are normally 

implemented to observe the evolution of the droplet size and shape during the fission process. 

The charge of droplets can be determined by the levitator voltage. However, this method is 

not an in-situ method for the electrospray and unsuitable for fast evaporating solvents 

commonly used in ESI, e.g., water and methanol.  Fortunately, these limits can be overcome 

by PDA, a method complementary to EDB. PDA can be used to observe the change of the 

droplet number, size and velocity directly in the ESI spray plume regardless of the volatility 

of the solvents194. With the help of EDB and PDA, people have found that after the fission, 

the generated offspring droplets usually carry only 2%-5% of the mass of the parent droplet 

but 15-25% of the charge of the parent droplet. Therefore, the offspring droplets usually have 

higher charge density than that of the parent droplet. The size of the offspring droplets 

Roffspring 
199can be estimated using the following equation : 

𝑅𝑅𝑜𝑜𝑓𝑓𝑓𝑓𝛾𝛾𝑝𝑝𝑟𝑟𝑜𝑜𝑙𝑙𝑔𝑔 = �𝛾𝛾
𝜌𝜌
�𝜀𝜀
𝛾𝛾
�

2
�

1
3
         (2.9) 

 where ρ is the density of the solution in the offspring droplets. Under common experimental 

conditions of ESI-MS, Roffspring is about 1/10 of the radius of the parent droplet. Thus 

approximately 20 offspring droplets are generated from one parent droplet in a fission.   
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In a practical situation, the charge of the parent droplet right before fission is usually 

slightly below or above qRy (70% -120%). For example, in a strong electric field, excess 

charges in a charged droplet can be forced to move downfield and accumulate on the 

downfield side. The force induced by this asymmetric charge distribution inside the droplet 

can cause the downfield side of the droplet to deform and form a cone and jet shape. The jet 

can split into offspring droplets under certain conditions, similar to the generation of the cone 

and jet part of the electrospray in the stable-cone jet mode. In this case, the charge of the 

droplet before fission is lower than the Rayleigh charge. A droplet with only 4% of qRy 

200

can be 

forced to emit a cone-jet by a field of 2.15*106 V/m, which is not far higher than the field 

needed to initiate a stable electrospray . 

Tang and Smith created a theoretical model to predict the diameter and charge for both 

offspring droplets and residual parent droplet after the fission process201. The theoretical 

analysis showed that the offspring droplets become unstable much faster (more than one order 

of magnitude) than the residual parent droplets after Coulomb fission. This indicates that the 

offspring droplets are most likely the primary source of ions measured by MS, because 

offspring droplets generate gas-phase ions faster than the residual parent droplets. Since the 

offspring droplets are mostly ejected sidewise, towards the periphery of the electrospray 

plume due to their smaller inertia, the abundance of useful ions for ESI-MS are enriched at the 

periphery of the plume. This is the theoretical foundation of the commercial Z-shaped design 

of the ESI source, in which the electrospray is orthogonal and off-axis to the inlet of the MS. 

In this way, the amount of ions sampled by the MS is higher compared to other geometries. 

The calculations also showed that the surface charge density of offspring droplets can be 

either higher or lower than those for parent droplets before and after fission, depending on the 

number of offspring droplets produced in the fission process.  

Based on these experimental results and theoretical estimations, Kebarle and coworkers 

outlined the droplet evolution process in nanoESI in order to understand by how much the 

analyte concentration in the droplet could increase due to droplet shrinking. This is critical for 

the determination of binding constants of noncovalent interactions between proteins and 

ligands using nanoESI-MS. They found that after 10 successive fissions of the initial droplet, 

its volume decreases by a factor of i.e, 29, the concentration of the analyte increased 29 times 

accordingly202.  
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2.5 Evolution of the conformation and concentration of analytes in the electrospray 

plume 

     Whether the ions observed in MS represent the conformation and concentration of analytes 

in the bulk solution is a crucial issue for ESI-MS. During the droplet shrinking process, 

solvent evaporation and uneven fission of droplets can alter the chemical environment inside 

the droplets, such as the pH and the solvent polarity, and this could change the conformations 

of analytes. Furthermore, the concentration of the analytes increases due to the solvent 

evaporation, which may induce aggregation. Uneven fission of droplets could change the 

relative concentrations of analytes in offspring droplets and cause suppression of the ion 

signals in MS. In these cases, the final ions obtained in MS no longer represent the analytes in 

the bulk solution, resulting in unrealistic information about the analytes. According to the 

shrinking process described above, there are mainly three factors influencing the 

concentration and conformation of analytes: (1) solvent evaporation, (2) droplet fission, and 

(3) partitioning effects.  

 

2.5.1 Solvent evaporation 

      If a solvent mixture is used in the solution, solvent evaporation can alter the solvent 

composition inside the droplet due to the different volatilities of the solvents used. This can 

cause a pH or solvent polarity change inside the droplets, resulting in a conformational change 

of the analyte. Furthermore, solvent evaporation increases the concentration of the analytes in 

the droplets, and this might induce aggregation. 

     Tian and Kass have investigated tyrosine and p-hydroxybenzoic acid in a water-methanol 

mixture of different ratios using MS and tandem MS. In negative mode, they observed the 

relative intensity of two deprotonated forms of these compounds, the phenoxide and 

carboxylate, in various solvent mixtures203. Phenoxide is formed in the gas phase easier 

compared to carboxylate, while carboxylate is mostly generated in the liquid phase. In order 

to differentiate these two isobaric ions, they used trimethylsilyl azide as a reagent to react 

with them, generating products with different m/z, and the ion intensity ratio of the two 

products to represent the relative intensity of two deprotonated forms. They found that the 

intensity ratio of phenoxide to carboxylate increased when increasing the fraction of methanol, 

suggesting the phenoxide is dominant in the gas-phase ions measured by MS. This suggests 

that an isomerization from carboxylate to phenoxide happens when the carboxylate is 

transferred from the liquid to the gas phase in the methanol/water mixture. They also observed 
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similar phenomena in positive mode204. Their work provides strong evidence for the 

conformational change of analytes caused by solvent evaporation.  

      However, MS is not an in-situ method, and does not provide direct evidence for the 

influence of solvent evaporation in the electrospray plume. Alternately, optical methods such 

as laser induced fluorescence (LIF) and surface-enhanced Raman spectroscopy (SERS) can be 

applied to investigate the conformational and concentration changes of analytes caused by the 

solvent evaporation in the electrospray plume directly. SERS was first used in a study of an 

electrospray plume by Cook and coworkers205. They used silver nanoparticles to obtain 

Raman spectra of Crystal Violet in the electrospray and profiled the intensity of the 

vibrational peak of Crystal Violet along the axis of the plume. This work demonstrated the 

potential of using vibrational spectroscopy to obtain chemical information directly from the 

electrospray plume. However, this method is limited by the analyte, which should have a 

strong SERS signal. Infrared (IR) spectroscopy is an alternative method without the 

requirement of SERS-active compounds. We have done several experiments with IR 

spectroscopy in the electrospray plume, which will be introduced in Chapter 4.  

      Laser-induced fluorescence (LIF) is another approach for in-situ measurements. LIF has a 

high sensitivity. Furthermore, biomolecules can be easily tagged with dye molecules, and 

some proteins, e.g. green fluorescence protein (GFP), have intrinsic fluorescence. Therefore, 

LIF can be utilized in biological systems and is the most important technique to characterize 

ESI plumes.   

     Using LIF, Cook’s group has investigated changes of the temperature, the solvent fraction 

and pH at various spatial positions in an electrospray plume. They used  a mixture of 

rhodamine B and rhodamine 110 to measure the temperature206, a sovlatochromic dye, nile 

red, in acetone/water to investigate the solvent composition207 and a pH sensitive dye, carboxy 

SNARF-1, in water to explore the pH208,209. Their results showed that the fraction of acetone 

in water decreased downstream in the plume due to faster evaporation of acetone compared to 

water. They also found that the pH was reduced downstream when the initial pH in the 

solution is smaller than 7 because the solvent evaporation increases the concentration of 

protons. The temperature experiments showed a dramatic decrease in temperature within 2 

mm from the tip of the ESI capillary, and then the temperature slightly increased downstream 

and outwards from the center of the plume.  Scott and coworkers studied the concentration of 

a dye in an electrospray plume by LIF210. They added a quencher to deactivate the emission of 

the dye, and then measured the fluorescence of the dye with different concentrations of the 

quencher. Subsequently, the concentration of the dye was determined by a Stern-Volmer plot.  
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       Several works related to conformational changes of fluorescent proteins in the 

electrospray plume have been done by LIF, too. Cytochrome C is a suitable probe because it 

contains one tryptophane residue, the fluorescence of which is almost quenched by energy 

transfer to the heme in the native form of cytochrome C. When the protein unfolds, the 

fluorescence of tryptophane increases. Ideue et al. investigated the fluorescence of 

cytochrome C in electrospray of both neutral and acidic solutions using LIF211. No 

fluorescence was observed in the electrospray of a neutral solution. However, the 

fluorescence increased downstream in the plume if an acidic solution was sprayed, suggesting 

a conformational change in the electrospray due to solvent evaporation and decease of the pH 

in the droplets. Parks and coworkers investigated the same system with different solvent 

mixtures212. They varied the methanol composition in a water/methanol mixture. At an 

intermediate methanol content, the fluorescence in the electrospray was lower than that in 

bulk of the same solvent mixture. This indicates that some fraction of cytochrome C refolded 

in the electrospray. They also observed similar phenomena in a propanol/water mixture, 

which should evaporate slower than a methanol/water mixture. This implies that protein 

diffusion towards the surface of the droplet or effects of the droplet/air interface may be the 

reason for the refolding of the protein rather on solvent evaporation.  

      Our group also used LIF to investigate the changes of the concentration of the analyte and 

the distance between the molecules inside the droplets in the electrospray plume192. In this 

work, no obvious aggregation was observed downstream in the plume, probably due to the 

cooling effect of solvent evaporation, the production of small offspring droplets by Coulomb 

explosion, and the short timescale of the droplet movement. In addition, fluorescence 

resonance energy transfer between two dyes was observed 20 mm downstream, indicating that 

the distance between the molecules decreased to roughly 10 nm, resulting from an increase of 

the concentration within the droplets.  We have extended this method to investigate other 

factors in the electrospray plume, such as solvent polarity, which will be discussed in Chapter 

4. We also have implemented LIF in the mechanistic studies of ESI-based ambient ionization 

methods, e.g., EESI, which will be introduced in Chapter 6.   

  

2.5.2 Droplet fission and partitioning effects 

     As mentioned above, droplets experience Coulomb fission when the charge of the droplet 

reaches the Rayleigh limit due to solvent evaporation. Droplets will produce numerous 

offspring droplets with much smaller size, which are the primary ion source for the ESI-MS 

measurements. During the fission process, the offspring droplets prefer to take the compounds 
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from the surface rather than the ones inside the droplet. In the droplet, there is an unequal 

distribution of the chemical composition between the surface and the interior, commonly 

referred to as the partitioning effect. This effect can cause the chemical composition of the 

offspring droplets to be different from that of the parent droplet. 

         Several investigations support the partitioning effect in the electrospray. For example, 

Tang and Smith investigated a two-component system including hydrophilic methyl Green 

(brown surfactant) and Fluorad Carbon by depositing  an electrosprayed sample on a plate and 

comparing the mass spectra obtained at on-axis and off-axis positions213. A large green region 

at the center together with a narrow periphery region with brown color was observed on the 

deposition plate.  The green region was attributed to large droplets of methyl green, which 

preferably stayed within the droplet due to it hydrophilicity. The brown region was generated 

by the surfactant, Fluorad Carbon, which likely remains on the surface of the droplet. More 

Fluorad Carbon molecules are in the offspring droplets, compared to methyl green, due to the 

uneven fission process. These offspring droplets carrying many Fluorad Carbon molecules 

mostly move to the periphery of the plume because of their lower inertia, and then produce a 

narrow brown ring on the boundary. The same conclusion was also reached by ESI-MS 

measurements of cytochrome C and sodium dodecyl sulfate (SDS), an ionic surfactant, 

mixture. The intensity ratio of cytochrome C to a cytochrome C-SDS adduct decreased when 

the measurement position was moved outwards from the center of the plume. This suggests 

that the SDS adducts prefer to stay on the surface of the droplet and finally accumulate at the 

periphery due to its lowering of the surface tension.  

        Besides the influence of the surface activity, the limitation of the charge number on the 

surface of the droplet can also induce a partitioning effect. When the surface of the droplets is 

completely filled with ions but the surface charge does not reach the Rayleigh charge, 

additional ions can only stay inside the droplet due to the limited space available on the 

droplet surface. Bruins and colleagues suggested that a saturation of ion signals often 

encountered at a high analyte concentration (~ 10-5 M)214, because of the limited available 

space on the droplet surface. They also observed multimers at high analyte concentrations, 

implying that the crowding of analyte ions on the surface could facilitate the formation of 

multimers. 

Enke developed an equilibrium-partitioning model, in which the analyte response is 

dependent on the droplet surface concentration of the analyte and an instrumental response 

factor. The surface concentration of the analyte is decided by the competition between the 

analyte and electrolytes or other additives in the solution for a fixed amount of excess charge 
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on the droplet surface215. Enke’s group further developed this model and discussed the effects 

of different ion strengths216,217. They also introduced an extended model, which includes the 

influence of uneven fission of the droplet218. Several groups have been involved in the 

verification and application of this model. Zhou and Cook developed a model to consider the 

charge gradient within the droplet. They included the effects of ion pairing, surface activity 

and electrophoretic mobility219. Agnes and coworkers summarized a number of the 

verification studies in their fluorescence microscopy studies of the location of rhodamine 6G 

ions in the electrosprayed droplets220. Sjöberg and colleagues rearranged the model in order to 

decrease the number of experiments needed to determine the partitioning constant. This 

allows to determine the partitioning constant only using the signal of one analyte 221. Based on 

this improved model, they investigated the effect of spray potential, flow rate of the nebulizer 

gas, ionic strength and solvent composition in the solution on the instrumental response 

factor222. Du and White improved the model for not only single analyte solutions, but also 

binary analyte solutions and solutions including one analyte and two additives223. People also 

studied several types of complexation, such as host guest complexation224 and metal ion 

complexation225, to understand how the equilibria of these complexations influence the 

relative electrospray response.  Researchers also exploited the relationship between acid-base 

equilibria and electrospray response of protonatable compounds226. 

 

2.6 Formation of gas-phase ions from droplets 

After successive solvent evaporation and Coulomb fission of the charged droplets in the 

electrospray, all solvent molecules depart from the droplets, and only analytes and some ionic 

charges remain. This leads to the formation of gas-phase analyte ions, which obtain the 

charges from the surface of the vanished droplets. This mechanism is known as charge residue 

model (CRM) as shown in Figure 2.4. If the ions on the droplet surface can overcome the 

attraction force from the surface, they can be emitted directly from the surface of the droplet 

to form gas-phase ions, so-called ion evaporation model (IEM).  

 

2.6.1 Ion evaporation model (IEM) 

      The ion evaporation model was proposed by Iribarne and Thomson in 197636. They 

predicted that when the droplet shrinks to a certain size, direct emission of the gas-phase ion 

from the surface of the droplets becomes possible before the droplets complete the solvent 

evaporation. In such a case, the Coulomb repulsion between the escaping ion and the charges 
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on the surface of the droplet overcomes the attraction force between the escaping ion and the 

droplet at enough distance between the escaping ion and the droplet. Iribarne and Thomson 

suggested the critical escape distance for a positive ion to be 7-14 nm from the droplet and for 

a negative ion to be 8.4 nm. The evaporation rate constant k for emission of ions from the 

droplets is given by:  

𝑘𝑘 = 𝑘𝑘𝐵𝐵𝑇𝑇
ℎ
𝑒𝑒−

∆𝐺𝐺
𝑘𝑘𝑇𝑇              (2.10) 

where kB

227

 is Bolzmann’s constant, T is the temperature of the droplets, and h is Planck’s 

constant. ΔG is the free energy of activation. ΔG is not only related to the attraction force and 

Coulomb repulsion, but also influenced by the desolvation free energy of the ions, i.e., the 

energy needed to dissolve a neutral droplet to a gas-phase ion of the same size. For alkali ions, 

they need relatively high desolvation energy, and thus, their gas phase ions usually include 

several solvent molecules .  For organic ions, the surface activity is very important for the 

gas phase ion formation via the IEM.  An uneven distribution of compounds exists in the 

droplet if the surface activities of these compounds are different. Compounds with higher 

surface activities prefer to stay on the surface rather than inside the droplets. Therefore they 

have more chance to form gas phase ions via the IEM compared to the compounds inside the 

droplets. 

     Several studies have been done to provide evidence for the IEM, based on MS results 

with varied experimental parameters and molecular dynamic simulations. In earlier research 

on the mechanism of gas-phase ion formation in the electrospray, people used alkali metal 

ions of identical concentrations as probes because these ions are stable228,229. The sequence of 

ion intensities was measured by MS and compared to their evaporation rate constants k 

calculated from desolvation energies. If the IEM is the dominant mechanism for gas-phase ion 

formation, the sequences of these two parameters should be consistent. Unfortunately, 

contradictory results were obtained from different groups, which make it hard to draw firm 

conclusion about the formation mechanism of these metal gas-phase ions.  Fernandez De la 

Mora and coworkers used a different method to provide support for the IEM for metal ions230. 

They used a salt solution to produce droplets and observed the charge and size of the solid 

residues formed after the solvents in the droplet evaporate completely. They found that the 

charge on the solid residue was considerably lower than the Rayleigh charge qRy

                                     

, proving that 

the IEM is the dominant mechanism of the ion evaporation instead of Coulomb fission.  
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Figure 2.4 Two models of the gas phase ion formation in the electrospray 

  Fenn’s group also did several works to provide experimental evidence for the IEM231,232. 

They measured several amino acids and peptides using MS. The sample solution was 

delivered together with a heated bath gas containing solvent vapor. The ion signals of peptides 

and amino acids increased when solvent vapor was added into the gas flow. Adding solvent 

vapor into the bath gas deceases the evaporation rate of the solvent from droplets. If a gas-

phase ion is generated via the CRM, the reduction of the solvent evaporation rate will 

definitely decrease the final ion signals of the analytes. However, the experimental results 

were opposite, indicating that the CRM was not the dominant mechanism. They proposed that 

the IEM should be the mechanism of gas-phase ion formation of these analytes. When solvent 

vapor condenses on the surface of droplets, this can heat up the surface because condensation 

is an exothermic process. Consequently, heat may provide the last bit of energy which an ion 

needs to escape from the surface.  

   Some groups have used molecular dynamic simulations to investigate the process of 

generation of gas-phase ions from a solvent droplet. Vertes’ group simulated the evaporation 

process of H3
233O+ ions from a nano-sized charged water droplet . They observed the overall 

shape deformation and surface fluctuation of the droplet. These induce transient surface 

protrusions, which serve as an intermediate stage preceding ion ejection. The evaporated ions 

escape from a droplet with a solvation shell of approximately 10 water molecules per ion. 
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They found that data was consistent with the solvated ion evaporation model for droplets 

close to the Rayleigh limit. Recently, Konermann’s group also showed simulation results for a 

water nanodroplet containing Na+ ions234, and a nanodroplet of a methanol/water mixture 

containing NH4
235+ ions .  They found that excess Na+ ions stayed inside the droplet rather 

than on the surface, suggesting that Na+ ions cannot escape from the surface of the droplet via 

the IEM234. With an increasing fraction of methanol in water, the rate of ion ejection and 

solvent evaporation increase significantly235. In addition, they found that ion emission from 

the surface of the droplet was associated with a major activation barrier, suggesting that the 

observed ion ejection can be interpreted as the IEM like field emission instead of a 

mechanism of the Rayleigh limit, because there is an energy barrier for the IEM, while droplet 

fission by the Rayleigh limit is thought to proceed in a barrier-free condition. These 

simulations give a clear picture of the molecular distribution inside a nanodroplet and of the 

possible mechanism of ion emission during solvent evaporation, which is difficult to obtain 

by experimental methods directly.  

  

2.6.2. Charged residue model (CRM) 

    The charged residue model was proposed by Dole and coworkers in 196824. In this model, 

the analyte is supposed to stay inside the droplet until all solvent molecules in the droplet 

evaporate. These extremely small droplets including one analyte and several ion charges lead 

to gas-phase ion formation of analytes as shown in Figure 2.4.  Early support for the CRM 

was provided by Röllgen and coworkers236.  

       Smith’s group also showed good evidence for the ion formation of proteins via the CRM. 

In the CRM, the number of proteins remaining in the final droplet can not only be one but also 

can be two or more. In IEM, it is difficult for more than one protein molecules to evaporate 

from the surface of the droplet due to the high energy barrier. In their work, monomers 

together with dimers, trimers, and even higher multimers were observed in the mass spectra237. 

This suggests that the CRM dominates the gas-phase ion formation of proteins. Fernandez de 

la Mora assumed that proteins remaining in droplets are neutral. Therefore, when all solvent 

molecules have already evaporated, all charges on the droplet surface will become charges of 

the protein observed in the mass spectra238.  In this case, solvents with lower surface tension 

should lead to lower charge state of the proteins, because the droplet charge at the Rayleigh 

limit is proportional to the square root of the surface tension as shown in equation (2.8). 

Iavarone and Williams investigated the effect of solvents with different surface tension on the 

charge states of macromolecules, such as dendrimers239.  Their results showed that the 
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average charge state of DAB 64 dendrimer in 2-propanol was smaller than that in water. 

These results support the CRM because the surface tension of 2-propanol is smaller than that 

of water. People also established several equations to correlate the average charge and 

molecular mass of proteins based on the CRM.  

       Fernandez de la Mora suggests that gas-phase ions of native globular proteins with 

molecular masses as low as 6,600 Da may also be produced by the CRM238. Kebarle suggests 

that larger ions of denatured proteins are probably produced by the CRM240, while alkali 

metal ions are mostly produced via the IEM227. Williams and colleagues investigated the 

formation of highly protonated ions of peptides, proteins, and synthetic polymers when the 

solvents used in the solution have low vapor pressures, e.g., glycerol or m-nitrobenzyl 

alcohol239,241. The results from such studies led them to conclude that organic ions, with a 

mass range from 100 to 7,000 Da, were most likely produced by the CRM233. Based on these 

results, it is difficult to provide a fixed range of molecular weight for these two models. 

Generally speaking, molecules with low mass usually form gas-phase ions via the IEM, while 

large molecules, e.g., proteins, typically generate gas-phase ions by the CRM.  
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3.1 Optical Methods 

3.1.1 Laser induced fluorescence (LIF) 

Basic concepts of fluorescence 

     Fluorescence is a type of luminescence, which describes the phenomenon where 

susceptible molecules emit light from electronically excited states produced by a physical 

(e.g., absorption of light), mechanical (e.g., friction), or chemical mechanism.  Stokes, a 

British scientist, first described the fluorescence phenomenon of the blue-white fluorescent 

mineral fluorite in 1852.   

 
Figure 3.1 Jablonski energy diagram depicting absorption, fluorescence and other emission processes. The 

thicker liners represent electronic states and the thinner liners denote the various vibrational energy levels. 

S0 is the singlet ground state, while S1 and S2 are the first and second excited singlet states, respectively. 

Copied from http://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html 

     When a molecule is illuminated, the absorption of light occurs in approximately10-15 

seconds, which is the time required for light to travel a distance of about one wavelength. 

Upon absorption, the molecule is excited from the lowest or higher vibrational energy levels 

of the singlet ground state (S0) to the first excited singlet state (S1) or second excited singlet 

state (S2

𝐸𝐸 = ℎ𝑐𝑐
λ

                  (3.1) 

), as labeled by the green arrows in Figure 3.1. The energy, E, associated with the 

absorption or emission of light is described by Planck’s law: 

where h is Planck constant, and c and λ represent the speed and wavelength of the emitted 

light, respectively. Immediately following the absorption of the light, the molecule relaxes to 

the lowest vibrational level of the first excited state via internal conversion, or so-called 

http://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html�
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vibrational relaxation (yellow arrows in Figure 3.1), usually in 10-11 – 10-14 seconds. During 

this process, heat will be generated. Typically, the excited molecule stays in the lowest 

excited singlet state for 10-9 -10-7 seconds, and subsequently relaxes back to the ground singlet 

state. If the relaxation process is accompanied by photon emission (red arrows in Figure 3.1), 

the emitted light is termed fluorescence and the molecule is denoted as a fluorophore. The 

energy associated with the fluorescence emission transition is typically less than that of the 

absorption, resulting in a red shift of the fluorescence wavelength compared to the absorption 

wavelength. This is known as a Stokes shift. Due to the widely spread vibrational levels 

associated with the ground singlet state, the spectral linewidth of fluorescence is normally 

broad (tens of nanometers). Most dyes can repeat the excitation and emission cycles hundreds 

or thousands of times before the molecule becomes photobleached and no longer capable of 

fluorescing.  

      There are several other relaxation processes competing with the fluorescence emission 

process. The excess energy of the excited molecule can be dissipated non-radiatively through 

heat (light blue arrow in Figure 3.1), or be transferred to another molecule via collisions, so-

called quenching (purple arrow in Figure 3.1).  The excited molecule may also undergo a spin 

conversion to the lowest excited triplet state, called intersystem crossing (blue arrow in Figure 

3.1).  Due to selection rules which forbid the transition from the triplet state to the ground 

singlet state, the molecule normally stays at the triplet state for a very long time (10-3 - 102 

seconds), much longer than that of fluorescence (10-9 – 10-7 seconds), before it relaxes back to 

its ground state via emission of a photon, which is termed phosphorescence  (red sidelong 

arrow in Figure 3.1), or transits back to the excited singlet state, which yields delayed 

fluorescence (cyan wavy arrow in Figure 3.1).  

      One important parameter describing fluorescence is the quantum yield of a fluorophore 

(ϕ), which is the ratio of the number of emitted photons to the number of absorbed photons. It 

can also be given by: 

𝜙𝜙 = 𝛤𝛤
𝛤𝛤+𝑘𝑘𝑙𝑙𝑟𝑟

              (3.2) 

where Γ represents the emissive rate of the fluorophore and knr is the rate of non-radiative 

decay to the ground singlet state.  The quantum yield can be close to unity if knr 

Another key parameter describing a fluorophore is the lifetime of its excited state (τ), 

which is defined by the average time, which the molecule spends in the first excited singlet 

state prior to the relaxation to the ground singlet state. It can be expressed in terms of the 

radiative and non-radiative rate constants as follows: 

<< Γ.  

However ϕ is always less than unity due to the Stokes loss.  
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𝜏𝜏 = 1
𝛤𝛤+𝑘𝑘𝑙𝑙𝑟𝑟

            (3.3) 

Generally, the lifetime of a fluorophore is in the range of 10-9 to 10-7 seconds. However, since 

fluorescence emission is a random process, few molecules emit the photons at precisely t=τ. 

For a single exponential decay, 63% of the molecules have decayed prior to t=τ and 37% 

decay at t >τ.   

 

Solvent effects on fluorescence emission 

 
Figure 3.2 Schematic diagram of dye-solvent excited state interactions. Copied from 

http://micro.magnet.fsu.edu/primer/techniques/fluorescence/fluorescenceintro.html 

Due to interactions between a dye and solvent, the alteration of the environment 

surrounding a dye molecule can affect the properties of its fluorescence, such as the quantum 

yield and emission wavelength. In a solution of dye molecules, the dipole moments of the 

solvent molecules assume an ordered distribution in the vicinity of the dye molecule in a 

fashion similar to that shown in Figure 3.2. During the excitation process of the dye molecule, 

the dipole moment of the dye molecule changes. However, the timescale is too short to allow 

the dye and solvent molecules to reorient. After the dye is excited to a higher vibrational 

energy level in the first excited singlet state, excess vibrational energy will be transferred to 

the surrounding solvent molecules and the dye molecule will relax to the lowest vibrational 

energy level. Solvent molecules assist the excited dye in stabilizing and further lowering the 

energy of the excited state by reorienting around the excited dye molecule in a time of about 

10-10 seconds, a process referred to as solvent relaxation. This reduces the energy difference 

between the excited state and the ground state and induces a red shift of the fluorescence 

emission wavelength of the dye. Higher solvent polarity results in a larger reduction of the 

excited state energy. The polarity of the dye also influences the sensitivity of the excited state 
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to the solvent effect. Polar or charged dyes have a stronger solvent effect than non-polar dyes. 

Theoretically, the solvent effect can be characterized by the Lippert-Mataga equation given 

below242,243: 

𝜈𝜈𝐴𝐴 − 𝜈𝜈𝐹𝐹 = 2
ℎ𝑐𝑐
� 𝜀𝜀−1

2𝜀𝜀+1
− 𝑙𝑙2−1

2𝑙𝑙2+1
� (𝜇𝜇𝐸𝐸−𝜇𝜇𝐺𝐺)2

𝑎𝑎3            (3.4) 

where μE  and μG  are the dipole moments of the dye molecule in the excited and ground state, 

respectively. νA and νF  

 

represent the wavenumbers of absorption and emission of the dye, 

respectively. ε and n are the dielectric constant and the refractive index of the solvent. a is the 

radius of the dye molecule. h is Planck’s constant and c is the speed of light.  

Laser induced fluorescence (LIF) 

LIF is an in-situ spectroscopic method, in which a pulsed or continuous wave laser with a 

fixed radiation wavelength is used to excite the fluorescent species in a system. The resulting 

fluorescence is dispersed and the spectrum is usually collected by a charge coupled device 

(CCD)-camera. Compared with absorption spectroscopy, LIF offers a better signal-to-noise 

ratio and better spatial resolution. It is also possible to distinguish several species by using 

multi-wavelength excitation or emission. Due to these merits, the LIF technique has become 

an important analytical tool for many different fields, such as monitoring bioaerosols for 

environmental protection, bio-imaging, and single molecule/particle tracking in biological 

cells. In addition, LIF can also be used to characterize the flow of gases, aerosols and particles 

resulting from combustion, plasmas, or sprays, and even the temperature and wind across 

each layer of the Earth’s atmosphere.  

In this thesis, LIF was employed to investigate an electrospray plume. The set-up is shown 

in Figure 3.3.  The excitation laser (Nd:YAG, 532 nm, 40 mW) is first expanded and 

collimated. The light is then reflected by a dichroic mirror (Z532 RDC, AHF Analysentechnik, 

Tübingen, Germany) and focused by an achromatic doublet (f=45mm, AC254-050-A1-ML, 

Thorlabs, New Jersey, USA) into the plume. The estimated beam waist of the focus is ~10 μm 

smaller than that in previous work (~1.3 mm in207), and the estimated interrogation volume is 

only ~ 3×10-5 mm3. After that, the fluorescent signal is collected by the same achromatic 

doublet and then coupled into a multimode optical fiber (M25L05, Thorlabs, New Jersey, 

USA), which guides the light into the spectrograph (Shamrock SR-163i, Andor Technology, 

Belfast, Ireland). Finally, the spectra are recorded by a Peltier-cooled CCD camera (iDus 

DV420A-OE, Andor Technology, Belfast, Ireland). 
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Figure 3.3 Schematic diagram of the LIF setup 

3.1.2 Infrared spectroscopy (IR) 

 IR absorption spectroscopy has been used as a routine technique in the laboratory for 

over eighty years. Generally, a molecule is irradiated with a continuum of IR frequencies, 

usually from 4000 cm-1 to 400 cm-1, but this molecule will only absorb radiation at several 

specific frequencies, which match the vibrational frequencies of the modes of the molecule. 

Consequently, the molecule is excited to a higher vibrational energy level of the ground 

singlet state (rather than to an electronically excited state, due to the low energy of IR 

radiation). Later, the energy absorbed by the molecule is rapidly dissipated and the molecule 

will lose its energy in less than 10-6 seconds. The energy is either converted into kinetic 

energy or released again as photons.  

An IR spectrometer typically measures the light intensity (I) that is not absorbed by a 

sample when IR radiation (I0) impinges on the sample, as a function of the frequency of 

incident light. The transmittance (T) is the ratio of I to I0

𝐴𝐴 = lg �1
𝑇𝑇
�                       (3.5) 

 and the absorbance (A) is calculated 

by: 

Usually transmittance, instead of absorbance, is reported in an IR spectrum. 

  An IR spectrum normally exhibits many sharp absorption peaks, which represent the 

characteristic vibrational frequencies of the sample molecules. Hooke’s law approximates the 
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relationship between the vibrational frequency (ν) and the bond strength of the molecule, 

which is described as 

𝜈𝜈 = 1
2𝜋𝜋𝑐𝑐

�𝑓𝑓(𝑚𝑚1+𝑚𝑚2)
𝑚𝑚1𝑚𝑚2

       (3.6) 

where m1 and m2

Based on these absorption peaks, the molecular features of the analyte in the sample can 

be identified. Therefore, IR absorption spectroscopy can be applied for identification of 

different samples. In addition, the absorption intensity of the peaks in the spectrum is a direct 

indication of the amount of the analyte present in the sample. With modern software 

algorithms, IR spectroscopy has become an excellent tool for quantitative analysis. 

 are the masses of two atoms connected by the bond, f is the force constant 

of the bond, and c is the speed of the light. The appearance of strong absorption peaks in the 

region of 4000 to 2500 cm-1 usually represent the stretching vibrations between hydrogen and 

other atoms with a mass of less than 19. Absorption peaks at the 2700 to 1850 cm-1 region are 

mostly due to triple bonds, and the 1950 to 1300 cm-1 region exhibits IR absorption from a 

wide variety of double-bonded and single-bonded functional groups. The region of 1300 to 

600 cm-1 exhibits peaks from complex interacting vibrations, which provides fingerprint 

structural information about the molecule.  

   Fourier Transform Infrared (FT-IR) absorption spectroscopy was developed in order to 

overcome the slow process of scanning through all the infrared frequencies in a traditional 

dispersive spectrometer. An interferometer is implemented in an FT-IR spectrometer, which 

can produce a unique type of signals that include all the infrared frequencies simultaneously. 

Thus, the time for scanning one spectrum is reduced to less than one second rather than 

several minutes. Due to this advantage, the signal-to-noise ratio of FT-IR spectrometers can 

be improved by many repeated scans in a rather short period of time.   
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Figure 3.4 Schematic diagram of an FT-IR measurement in the electrospray plume 

We also exploited FT-IR absorption spectroscopy to obtain chemical information from 

an electrospray plume. A commercial FT-IR spectrometer (Spectrum BXII, PE, Waltham, 

MA, U.S.A.) was used in all the measurements, and an electrospray plume was directly placed 

in the sample chamber, orthogonal to the IR beam as shown in Figure 3.4. During one 

measurement, the spray position was adjusted along the axis of the plume to obtain infrared 

spectra at different positions downstream. The IR absorption measurements provided 

molecular structure information of the analytes and solvents in the plume, and served as a 

valuable complementary method to LIF. 

 

3.2 ESI quadrupole time-of-flight (QTOF) mass spectrometry (MS) 

       A QTOF-MS is a hybrid mass spectrometer, which consists of a combination of two 

types of mass analyzers, a quadrupole and a time-of-flight instrument. The first TOF-MS was 

developed in 1948 by Cameron and Eggers244, and evolved slowly afterwards due to a lack of 

suitable pulsed ionization methods. The main advantage of TOF, that it has no limitation of 

mass range, was thus not be exploited until much later: things changed dramatically in the 

1980s, when several soft ionization methods for large molecules were developed, such as ESI 

and MALDI. Nowadays, the TOF has become one of the most important types of mass 

analyzer for analyzing molecules over a wide mass range. Pulsed ionization sources, such as 

MALDI, were traditionally used with TOF, but continuous ionization sources, such as ESI, 

have also been successfully coupled to TOF. 
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        The basic principle of TOF is very simple. First, a short pulse or package of ions 

carrying a number of charges (z) is accelerated by a voltage (V), typically in the range of 3 to 

20 kV. In this process, ions obtain a kinetic energy E, and since 𝐸𝐸 = 1
2
𝑚𝑚𝑣𝑣2 , they have 

different initial velocities (v) due to their distinct masses (m). These ions travel through a 

field-free tube of a length L. The time for the ions to travel through the tube (t) can be 

expressed as: 

𝑡𝑡 = 𝐿𝐿
𝑣𝑣

= 𝐿𝐿

�2𝐸𝐸
𝑚𝑚

                           (3.6) 

With the substitution E=zeV, where e is the elementary charge, we obtain: 

𝑡𝑡 = 𝐿𝐿 ∙ �𝑚𝑚
𝑧𝑧
∙ 1
√2𝑒𝑒𝑉𝑉

                   (3.7) 

Therefore, the mass-to-charge ratio of the ions can be determined by the travel time (t). For a 

singly charged analyte with a mass of 1000 Da, the travel time is around 28 μs when the TOF 

tube length is 1.5 m and the applied voltage is 15 kV.  

       The mass resolution of the TOF (R) is calculated as: 

𝑅𝑅 = 𝑚𝑚
∆𝑚𝑚

= 𝑡𝑡
2∆𝑡𝑡

≈ 𝐿𝐿
2∆𝐿𝐿

             (3.8) 

where Δm and Δt are the peak widths measured at the 50% level on the mass and time scales, 

respectively. ΔL is the spatial width of an ion packet approaching the detector. In the early 

development of TOF, the mass resolution was only a few hundred since some natural spread 

in the initial kinetic energy of the analyte was always present. The invention of the reflectron 

technique allowed TOF imbuement to achieve higher mass resolution.  Nowadays, the mass 

resolution can reach more than 10,000. The reflectron is an ion mirror, consisting of one 

(single-stage) or two (dual-stage) constant electrostatic fields, which can reflect the ion beam 

toward the detector.  Ions with higher energies penetrate deeper into the reflectron and take a 

longer path to the detector compared to the ions with lower energy. Therefore, the ions with 

the same mass and charge but different kinetic energies can be adjusted to arrive at the 

detector simultaneously by choosing the appropriate potentials and geometry of the reflectron. 

In addition, the length of the flight path is doubled by the reflectron without an increase in the 

length of the instrument.           
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Figure 3.5 Schematic diagram of a hybrid QTOF mass spectrometer. Q0, Q1, and Q2 are three quadrupoles 

Sometimes Q0 and Q2 are replaced by hexapoles.  Adapted from245 

      Since a TOF analyzer operates in a pulsed fashion, one of the challenges of this technique 

is how to couple it to continuous ionization sources, such as ESI. In 1989, Dawson and 

Guilhaus introduced an orthogonal acceleration for TOF-MS246. In this method, ions 

introduced into the TOF analyzer were accelerated along the axis perpendicular to their initial 

direction of travel. Therefore, the mass resolution of TOF no longer depended as much on the 

initial energy of the ions generated from the ionization source. The orthogonal acceleration 

was usually combined with collisional ion cooling which effectively separates the ion 

production step in the ion source from the mass analysis. The schematic diagram of the 

QTOF-MS shown in Figure 3.5 is a typical example.  

In ESI-QTOF MS, ions are first sampled from an electrospray at ambient pressure into a 

radio frequency (RF) ion guide, Q0, and then into a second quadrupole element capable of 

mass analysis, Q1. Q0 is used for collisional cooling and focusing of the ions. For single MS 

measurements, Q1 and Q2 are operated in RF only mode so that they serve merely as a 

transmission elements. For MS/MS measurements, Q1 is used as a mass filter to transmit only 

the precursor ions of interest, typically selecting a mass window from 1 to 3 Th. The parent 

ions of interest are then accelerated to an energy between 20 and 200 eV before they enter the 

collision cell, Q2, where the ions undergo collision-induced dissociation with neutral gas 

molecules (e.g., argon gas). After leaving Q2, the ions are focused in front of the orthogonal-
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acceleration TOF analyzer by ion optics. They form a parallel beam, which enters the ion 

modulator of the TOF analyzer. The modulator is initially field free, i.e., the ions continuously 

travel in their original direction. Later, a pulsed electric field is applied on the accelerating 

column, which is orthogonal to the original trajectory of the ions. Consequently, the ions are 

re-accelerated along the column and begin to traverse the field free drift space at the same 

time. Within the drift space TOF mass separation occurs. After that, the ions travel through 

the reflectron and finally arrive at the detector. This is repeated at a rate of several kHz. The 

detector is usually a multichannel plate detector. This type of the hybrid mass spectrometer 

was introduced commercially about 16 years ago. It allows MS/MS analysis to be carried out 

and couples the TOF with continuous ionization sources at ambient pressure. In this thesis, all 

the MS measurements were done on a QTOF instrument.    

3.3 Phase Doppler Anemometry (PDA) 

        The origin of phase-Doppler anemometry can be found in a paper by Durst and Zaré 

published in 1975247.  This technique became commercially available in 1984.  Nowadays, 

PDA is widely used as a simultaneous and non-intrusive technique for measuring the size, 

velocity and concentrations of individual spherical particles in gases, liquids or in the solid 

phase.  

         PDA is a technique based on light-scattering interferometry. Two laser beams are 

implemented in PDA, which are usually created by a beam splitter from a single laser. The 

intersection of the two laser beams results in a fringe pattern — a series of light fringes with 

maximum intensities and dark fringes with minimum intensities as shown in Figure 3.6. When 

a particle moves through this intersection, the so-called measuring volume, it scatters light 

when it crosses a bright fringe, and scatters no light when it passes a dark fringe. This results 

in a fluctuating pattern of scattered light intensity with a frequency proportional to the particle 

velocity. Since the distance between fringes (s) and the time for the particle to go from one 

fringe to the next (inverse of signal frequency, i.e., Doppler frequency fD) are known, the 

measured signal frequency fD

𝑣𝑣 = 𝛾𝛾𝑓𝑓𝐷𝐷                 (3.9) 

, collected by one photomultiplier (PM) shown in Figure 3.6, 

can be converted to the velocity of the particle (v), according to the equation below: 

      This is similar to the theory of laser Doppler Anemometry (LDA).  Compared to LDA, 

PDA not only can measure the particle velocity, but also can provide the information on 

particle size. The size measurement is also based on the information contained in the light 

scattered by the particle. When a particle moves through the measuring volume, it scatters the 

light in all directions, including some towards the photomultiplier. The frequencies generated 
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by the light fringes reflected or refracted at different locations on the particle surface, have a 

phase shift which is collected by two PMs. This phase shift corresponds to the radius of 

curvature, i.e., the particle size. Therefore, the phase shift (θ) can then be related to particle 

size (d), by: 

𝛾𝛾 = 2𝜋𝜋𝑑𝑑
𝜆𝜆
∙ 𝛾𝛾𝑜𝑜𝑙𝑙Θ𝛾𝛾𝑜𝑜𝑙𝑙Ψ
�2(1−𝑐𝑐𝑜𝑜𝛾𝛾Φ𝑐𝑐𝑜𝑜𝛾𝛾Ψ𝑐𝑐𝑜𝑜𝛾𝛾Θ)

, for reflection;                               (3.10) 

and for the first order refraction: 

𝛾𝛾 = −2𝜋𝜋𝑑𝑑
𝜆𝜆

∙ 𝑙𝑙𝑝𝑝 𝛾𝛾𝑜𝑜𝑙𝑙Θ𝛾𝛾𝑜𝑜𝑙𝑙Ψ

�2(1+𝑐𝑐𝑜𝑜𝛾𝛾Φ𝑐𝑐𝑜𝑜𝛾𝛾Ψcos Θ)(1+𝑙𝑙𝑝𝑝2−𝑙𝑙𝑝𝑝�2(1+𝑐𝑐𝑜𝑜𝛾𝛾Φ𝑐𝑐𝑜𝑜𝛾𝛾Ψ𝑐𝑐𝑜𝑜𝛾𝛾Θ))
      (3.11) 

   where np

 

 is the refractive index of the particle.  

Figure 3.6 Schematic diagram of PDA setup including the fringes generated at the intersection of two 

laser beams. Scattering angle Φ is in the XY plane, parallel to the fringe pattern. Elevation angle Ψ is 

symmetrical to the XY plane and Beam half-crossing angle Θ is symmetrical to the X axis in the XZ 

plane. 

         The size of particles that can be measured by PDA is limited at the low end by the 

amount of light (which depends on particle size, laser power, and light collecting optics) that 

is scattered by very small particles, and is limited at the high end by the Gaussian nature of 

the laser beams. Typical limits for common configurations might be 1 or 2 μm on the lower 

end and 500 μm to 1 mm on the upper end. 

      In mechanistic studies of EESI in this thesis, PDA was used to investigate droplet size, 

velocity and concentration in the EESI spray plume. The scheme of the PDA setup is shown 

in Figure 3.7. 
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Figure 3.7 Schematic diagram of the PDA measurements and EESI setup. The inset shows four 

possible processes following droplet-droplet collision 

A commercial Phase Doppler Anemometer (TSI Inc., St. Paul, MN, USA) was used to 

measure droplet velocity, droplet size and droplet density in the EESI spray and single-spray 

modes (i.e., one spray was turned off and the other spray was kept on); the sheath gas was 

always on for both sprays. Two laser lines (488 nm and 514.5 nm) from a water-cooled 5 W 

argon-ion laser (LA-70-5, Innova 70, Coherent, Santa Clara, CA, USA) were used in the PDA 

setup. The laser beams illuminated the EESI spray as shown in Figure 3.7, and the scattered 

light from the droplets in the spray was collected by a fiber-optic-based receiver, which was 

45° off the axis of the incident beams as depicted in Figure 3.7. The ESI spray comes from the 

negative X direction, while the sample spray comes from the positive X direction; both 

flowed along the Z axis after merging at the origin. The whole system was mounted on a 

three-dimensional translation stage (9450-XYZ500, Isel Germany AG, Dermbach, Germany) 

controlled by a stepping motor (C142-4.1, Isel Germany AG, Dermbach, Germany), to allow 

for automated movement of the measurement point and creation of a profile. The PDA 

measurement volume formed by the two intersecting laser beams had a half axis of 

approximately 2.5 mm in length and 0.22 mm in width and height248. The measurements were 

done at 49 positions (7×7 grid) in the X-Y plane by moving the measurement point 

automatically. The measurement area was defined according to the size of the spray plume. 

The detection ranges of droplet size, velocity and density were 1-100 µm, ≈ 0-640 m/s, and ≥ 

0/cc, respectively249. It only takes droplets with a size of 4 µm 10 µs to be accelerated to the 

speed of the gas flow250, a time short enough to consider the velocities of these droplets to be 
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the same as the velocity of the sheath gas251. Thus, in this work, the gas velocity was derived 

from the velocities of droplets smaller than 4 µm from the raw PDA data. 
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4.1 Evolution of solvent polarity in the electrospray plume 

4.1.1 Abstract 

       Solvent polarity plays an important role in electrospray ionization-mass spectrometry 

(ESI-MS), one of the most widely used analytical methods for biochemistry. In order to have 

a comprehensive understanding of how solvent polarity affects ESI-MS measurements, we 

systematically investigated the polarity change in the ESI plume formed from an ethanol 

solution using laser induced fluorescence (LIF) spectroscopy. Two solvatochromic dyes (i.e., 

dyes whose fluorescence emission is sensitive to solvent polarity), nile red and DCM (4-

dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran), were used as probes. The 

peak emission wavelengths of these two dyes exhibited significant red shifts (8-12 nm) when 

the measuring spot was moved away from the spray tip and in radial direction in the plume, 

indicating a dramatic polarity change during shrinking of the droplets. The emission 

intensities were also measured with a polarity-insensitive dye as a reference. The results are 

consistent with the peak wavelength measurements. Two key mechanisms responsible for the 

change of solvent polarity in the plume were considered, water entrainment from the 

surrounding air and solvent evaporation. Furthermore, quantitative analysis of the solvent 

polarity change was performed by using the Lippert-Mataga polarity parameter ∆f. The value 

of ∆f reached 0.305-0.307 at the periphery of the ESI plume, which means that the solvent 

polarity in the smaller droplet is close to that of a mixture of 30% water and 70% ethanol (∆f 

= 0.307), even though the bulk solvent was ethanol containing less than 1% water as an 

impurity.  

4.1.2 Introduction 

     Electrospray ionization-mass spectrometry (ESI-MS) is widely used in many important 

fields, e.g. biochemistry, the food industry, and pharmacy, and is still under fast development. 

Despite its huge success, only relatively few fundamental studies on the mechanism of ESI 

have been undertaken:  the different modes of the electrospray193,252, partitioning effects in 

sprayed droplets215,253,254, size, charge and mass changes of the droplets during solvent 

evaporation194,213,255-258, chemical equilibria in the electrospray process192,225,259, and ion 

formation from the droplets227,232,240,260-262 have been studied. However, more fundamental 

studies are still needed to make ESI-MS a totally reliable method for wider applications. 

      In this work, we focus on one fundamental aspect of the ESI process, the solvent polarity 

in the ESI plume. As one of the most basic physical properties, solvent polarity controls the 

rates of many chemical reactions263,264 and chemical equilibra265,266 in solution, which have 
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been widely studied by ESI-based techniques130,267,268. Especially, solvent polarity can have 

significant effects on biomolecules. For example, the charge state of biomolecules in ESI 

mass spectra can vary with solvent polarity269,270. The solvent polarity also influences protein 

conformation271, the stability of enzymes272, and the structural characteristics of lipid 

bilayers273. Therefore, if the solvent polarity in the ESI plume changes, it will influence the 

chemical properties of analytes, and the final ion distribution in ESI mass spectra may no 

longer represent the analytes originally present in the bulk solution.  

      Despite its importance, there is very little literature concerned with the study of solvent 

polarity in electrospray plumes. In the interesting work by Zhou et al., the change of solvent 

composition in the electrospray plume was studied using a solvatochromic dye, nile red 

(C20H18N2O2

207

), in acetone/water and acetone/ethylene glycol binary solvent mixtures using 

LIF . They observed that the peak wavelength of nile red exhibited a red shift along the 

spray axis and in the radial direction, and attributed this phenomenon to the evaporation of the 

more volatile solvent component during the shrinking of the ESI droplets. The shift in the 

peak emission wavelength was used to derive the acetone content of the ESI spray plume at 

any given position. Their work indirectly indicates that the solvent polarity changes in the ESI 

plume. 

       Inspired by their work, we used two solvatochromic dyes, nile red and DCM, to 

systematically and quantitatively study the solvent polarity in the ESI plume by LIF. The aim 

of our work was somewhat different than that in Zhou and Cook’s publication: we mainly 

investigated whether the solvent polarity change is the key reason causing variations in the 

fluorescence emission behavior in the ESI plume, and we investigated the possible 

mechanisms responsible for the solvent polarity change in detail. A single solvent, ethanol 

(EtOH, frequently used for ESI-MS), was employed instead of solvent mixtures, to simplify 

the system. In addition to nile red, another dye, DCM, was used to confirm the changes in 

solvent polarity. In Zhou and Cook’s work, only the peak emission wavelength was measured, 

whereas in our work, the quantum yield was also evaluated to gauge the solvent polarity at 

different locations in the ESI plume, which was done with the aid of a reference dye.  Other 

factors that could influence the fluorescence emission in the plume, temperature and 

concentration, as well as partitioning effects, are addressed. Finally, the solvent polarity in the 

ESI plume was quantitatively analyzed using the Lippert-Mataga polarity parameter242,243, 

instead of Kosower’s index 274, an empirical parameter used in 207, because the latter cannot 

be used to estimate the polarity of an unknown solvent composition without using a standard 

dye (1-ethyl-4-carbomethoxypyridinium iodide). Water entrainment from the surrounding air 
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and solvent evaporation were found to be the most likely causes for the solvent polarity 

change. 

4.1.3 Experimental and methods 

     The ESI source and the LIF optical system are shown in Figure 3.3. The ESI source 

consists of a capillary (1725RNR, Hamilton, Bonaduz, Switzerland), a counter electrode and a 

high voltage supply (HCN140-12500, FuG, Rosenheim, Germany). The capillary is made of 

stainless steel. The length, i.d., and o.d. of the needle are 50 mm, 150 µm and 720 µm, 

respectively. The diameter of the counter-electrode plate is 10 cm. The spray capillary, 

together with the counter electrode, is attached to an xyz stage in order to move the ESI 

assembly precisely with respect to the focus of the LIF optics. The sample was delivered by a 

500 µl syringe (Hamilton) and a syringe pump (NE-1000, New Era Pump Systems, New York, 

USA). Different parameters of the ESI source were tested and it was found that it would 

operate stably in the stable cone-jet mode for a long time with a 20mm capillary-plate 

distance, a supply voltage of 3.50 kV, and a flow rate of 5 µl/min. We used these conditions 

in all the electrospray measurements. The current of the spray was monitored by measuring 

the voltage drop across the input resistance (1 MΩ) of the oscilloscope (9350A, LeCroy, New 

York, USA) in order to ascertain

 

 the stability of the electrospray. It fluctuated by around 8% 

in the stable cone-jet mode, while fluctuations were around 20% in the pulsating Taylor-cone 

mode.  A second capillary with smaller size was also used as the ESI capillary, in order to 

understand the influence of the capillary size on the solvent polarity. A silica capillary of 50 

μm i.d. was tapered towards the tip, where the inner diameter was 8 μm, much smaller than 

the i.d. of the conventional ESI capillary. Due to the smaller size of the capillary tip, the 

essential voltage to generate a stable electrospray is lower than that of a conventional 

capillary. Therefore, the voltage varied in the range from 2 kV to 4 kV. The sample flow rate 

changed from 0.2 μL/min to 1 μL/min. 

      Nile red, DCM and rhodamine 6G (R6G) were obtained from Acros Organics (Geel, 

Belgium), with a purity higher than 99%. The peak emission wavelength of nile red shows a 

red shift, and its quantum yield decreases when the solvent polarity increases because of a 

twisted intramolecular charge transfer (TICT) excited state275. For comparison, another 

polarity-sensitive dye DCM was used. It also exhibits a red shift of its peak wavelength with 

increasing polarity of the solvent, but its quantum yield changes in the opposite direction 

compared to that of nile red276. To account for dilution affects, the quantum yield 

measurements of both nile red and DCM were referenced against R6G which shows no 
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change in quantum yield polarity with in EtOH/water277, according to the following 

equation278: 

2

2

R

R

R
R n

n
A
A

Int
Int

×=φφ                                                                                                  (4.1) 

where φ is the quantum yield of the solution, Int is the fluorescence intensity of the sample, A 

is absorbance at the excitation wavelength, and n is the refractive index of solvent. The 

subscript R denotes the respective values of the reference substance. For the same solvent, n 

should be equal to nR

277

. The quantum yield and peak wavelength of the R6G reference are 

neither influenced by aggregation in EtOH/water  nor by solvent polarity changes279,280. 

Furthermore, the absorption spectra of dyes are generally much less sensitive to the solvent 

polarity than their emission spectra281. Therefore, the quantum yield of R6G, φR, and the ratio 

of AR/A can be regarded as constants in the electrospray plume. The quantum yield φ is thus 

proportional to the intensity ratio, Int/IntR,   

     The solvents used were EtOH, water (analytical grade, ≥99.9%) from Merck (Darmstadt, 

Germany) and acetonitrile (ACN, HPLC grade, ≥99.9%) from Sigma-Aldrich (Steinheim, 

Germany). The water content in EtOH was measured by a Karl-Fischer Titrator (DL 38, 

Mettler-Toledo, USA).  

in Equation (4.1). In the experiments, the intensity 

ratio was used as a measure to follow the quantum yield changes of nile red and DCM in the 

plume. The concentrations of nile red and DCM in the solution used for the in-plume LIF 

studies are 15 µM. The fluorescence intensity ratio of these two dyes to R6G is close to 1 in 

the bulk solution. 

 

       All the fluorescence spectra of the bulk solutions were measured in a thin glass capillary 

(0.3 mm diameter) in order to avoid self-absorption in solution, by the same LIF setup, using 

an excitation wavelength of 532 nm. The fluorescence spectra of the three dyes in bulk 

solution are shown in Figure 4.1. The peak emission wavelengths (λmax,bulk) of nile red, DCM, 

and R6G in EtOH are 639.5 nm, 626.0 nm, 561.6 nm respectively, and that of nile red in a 

mixture of 96% water and 4% EtOH is 667.2 nm, at a concentration of 15 µM. During the 

ESI plume experiments, the fluorescence spectra were mapped along the spray axis and in the 

radial direction (5 mm away from the ESI emitter) of the plume. A home-made program was 

used to separate the peaks, extract the peak wavelengths and evaluate the peak intensities of 

individual dyes.  
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Figure 4.1 Fluorescence emission spectra of nile red, DCM, R6G in EtOH and nile red in a solvent 

mixture of 96% water and 4% EtOH, with 15 µM concentration 

4.1.4 Results and discussion 

Spatially resolved LIF in the ESI plume 

     Fluorescence measurements in the ESI plume were performed with different dye solutions 

(nile red, DCM and their mixtures with R6G), as shown in Figure 4.2.  The peak emission 

wavelengths (λmax) of nile red and DCM in the plume are red shifted by 8-12 nm when 

moving away from the emitter on the spray axis by 15 mm (Figure 4.2a). In contrast, R6G 

does not show any wavelength shift. The trends and values of the peak wavelength shifts 

(∆λmax= λmax- λmax,bulk

        The fluorescence behavior of these two dyes as a function of the radial position in the 

plume was also studied at a distance of 5 mm from the ESI spray tip. ∆λ

) of nile red and DCM are very similar no matter whether a single-dye 

or a two-dye solution was used. This means that R6G does not influence the fluorescence 

behavior of the other two dyes. The intensity ratios of nile red and DCM to R6G in the spray 

direction are plotted in Figure 4.2 (b). The value of the intensity ratio of nile red/R6G system 

decreases by more than 50%, while that of DCM/R6G increases by 20% when the 

interrogation zone was moved by 15 mm away from the emitter. The quantum yields of nile 

red and DCM are proportional to the intensity ratio according to equation (4.1). Thus, it is 

clear that the quantum yield of nile red decreases in the spray direction, while that of DCM 

increases.  

max and intensity ratio 

changes in the two-dye system are depicted in Figure 4.2 (c) and 4.2 (d).  The changes in λmax 
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for nile red and DCM systems are very similar: it is small, 2-4 nm, at the center of the plume 

(5 mm from the spray tip) and increases with distance from the center in radial direction. 

Moreover, the intensity ratio of nile red to R6G decreases, while that of DCM to R6G 

increases with radial distance. In the periphery of the plume or further away from the emitter, 

where smaller droplets prevail, the peak wavelengths of both two dyes have shifted 

significantly, and the quantum yield of nile red decreased while that of DCM increased. These 

observations imply that the solvent polarity increases significantly as the droplet diameters in 

the plume decrease.  

 
Figure 4.2 (a) ∆λmax of nile red, DCM, and R6G in the single-dye system (hollow dot) and two-dye 

system (solid dot). (b) The intensity ratios of nile red/R6G and DCM/R6G. (a) and (b) are in the axial 

direction. (c) ∆λmax of nile red and DCM in two-dye system. (d) The intensity ratios of nile red/R6G 

and DCM/R6G. (c) and (d) are in the radial direction, 5 mm away from the ESI emitter. The peak 

wavelength of the dyes in bulk solution (λmax,bulk

       

): nile red, 639.5 nm; DCM, 626.0 nm; R6G, 561.6 nm. 

Besides solvent polarity, other possible reasons that may cause changes in the 

fluorescence spectra of the dyes were also considered. Partitioning may cause smaller droplets 

at the periphery of the ESI plume to be enriched or depleted in some of the compounds, which 

can influence the measured intensity ratio. During the shrinking of ESI droplets, the dye 

concentration will increase, and the temperature of the droplet will decrease because of 

solvent evaporation. Aggregation should therefore be considered: some dyes aggregate when 

their concentrations increase and exhibit a red-shift of their fluorescence emissions282. 
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Another possible reason is the temperature. The fluorescence emission of thermochromic dyes 

is mainly sensitive to temperature.  In order to evaluate the impact of the latter two factors, we 

measured the fluorescence spectra of nile red in a cuvette at different concentrations (0.2 µM - 

0.69 mM; 0.69 mM is close to the saturation concentration of nile red in EtOH) and 

temperatures (-12 °C - 72°C) in bulk solution (data not shown). Both a theoretical estimation, 

done by using the method described by Kebarle and Tang262 and experimental results obtained 

by phase Doppler anemometry 192 in the ESI plume indicate that the droplet size shrinks from 

6 µm to 4.6 µm when the measuring spot moves on the spray axis from 3 mm to 16 mm from 

the emitter. This means that the concentration only increases around three times due to droplet 

shrinking. Thus the maximum concentration used, 0.69 mM, is above that expected in shrunk 

droplets for an initial concentration of 0.015 mM. 

      The temperature dependence shows that the peak wavelength of nile red increases by less 

than 2 nm when the temperature drops from room temperature to 0 ºC.  As far as the influence 

of concentration was concerned, the peak wavelength of nile red was found to shift by less 

than 1 nm when the concentration increased three thousand times. Compared with the 8-12 

nm peak wavelength shifts in the electrospray plume, the shifts caused by the temperature 

decrease and by possible aggregation of nile red are much smaller. Thus, neither a 

temperature decrease nor aggregation can explain the observed changes of the fluorescence 

emission.  

      As proposed by Enke215, partitioning of compounds can take place in an ESI droplet. After 

a Coulomb explosion, off-spring droplets preferentially incorporate material from the surface 

of the precursor droplets, i.e., if partitioning does take place, it can cause the chemical 

composition of the off-spring droplets to be different from that of the parent droplet. For 

example, Smith and Tang found that surface active compounds were enriched in the smaller 

droplets in an ESI plume213. In our experiments, the question is whether the intensity ratio of 

two dyes in the plume may be affected by partitioning effects.  However, nile red and 

rhodamine 6G have similar chemical structures and both of them are not surface active, 

neither in EtOH nor in water.  Any partitioning due to surface activity is thus expected to be 

very similar, and of minor importance. Even if a small fraction of the dye molecules reside 

preferentially at the droplet surface because they carry some of the charge, the intensity ratio 

should not be affected. We are thus focusing our attention on changes in the solvent polarity 

as the most reasonable explanation for the spectral change in the electrospray plume. 

 

Quantitative analysis of the solvent polarity changes in the ESI plume 
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In order to analyze the solvent polarity change in the plume quantitatively, the Lippert-

Mataga polarity parameter ∆f was used.  This parameter can be deduced by the following 

equation: 
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                                                                                                   (4.2) 

where ε is the dielectric constant of the solvent and n is the refractive index of the solvent. In 

equation (4.2), the first term )12()1( +− εε  represents the low frequency polarizability of the 

solvent and the second term )12()1( 22 +− nn  represents the high frequency polarizability of 

the solvent. An equation can be used to describe the energy difference between the ground 

and excited states of dyes as a property of ∆f, called the Lippert-Mataga equation242,243, 
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where λA  and λF  are the wavelengths of the absorption and emission maxima of the dye, 

respectively, h is Planck’s constant and c is the speed of the light.  µE and µG

281

 are the dipole 

moments of the excited state and ground state of the dye.  a is the radius of the cavity in 

which the dye resides. Since the absorption spectra of dyes are generally much less sensitive 

to the solvent polarity than their emission spectra , the value of λA

283

 can be considered 

roughly as the constant, (550 nm in EtOH ) to simplify the estimation of the solvent polarity 

in the plume. The values of the slope, ( ) 32 /2 hcaGE µµ −  and the intercept were obtained by 

fitting the spectral results of nile red in a series of water/EtOH mixtures in the bulk solution 

by equation (4.3).  The dielectric constant εMS and refractive index nMS

284

 of a water/EtOH 

mixture can be calculated by the following equations : 

EEWWMS ff εεε +=                                                                                                      (4.4) 

222
EEWWMS nfnfn +=                                                                                                      (4.5) 

where the subscripts W and E represent water and EtOH, respectively, and f represents their 

volume fractions. Dielectric constants ε and refractive indices n of pure water and EtOH are 

78.3, 24.3 and 1.33, 1.35, respectively281,282. From this,  the Lippert-Mataga parameter ∆f of a 

water/EtOH mixture can be obtained from equation (4.2). The experimental data and the 

Lippert-Mataga plot calculated by a linear fit are shown in Figure 4.3(a).  It is clear that the 

experimental data exhibit a good linear relationship between ∆f and ∆v (R2=0.9863). The 

value of ( )
3

22
hca

GE µµ −  is 22.49 and ∆f in the ESI plume can then be calculated from equation 
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(3) as shown in Figure 4.3 (b). The value of ∆f increases from 0.296 near the spray needle to 

0.305 at the periphery of the plume and to 0.307 at a vertical distance of 15 mm from the ESI 

emitter. For pure EtOH and water, the values of ∆f are 0.293 and 0.321, respectively. This 

means that the solvent polarity in smaller droplets is close to the polarity of a mixture of 30% 

water and 70% ethanol (∆f = 0.307), even though the bulk solvent is ethanol containing less 

than 1% water as an impurity.  

 
Figure 4.3 (a) Experimental data (∆v as black dot; volume fraction of water as blue dot) and linear-

fitting plot (line) of nile red in various compositions of water and EtOH mixtures. (b) The values of ∆f 

in spray (black dot) and radial (blue dot) directions in the electrospray plume. 

 

Mechanism of the solvent polarity change 

       The above discussion shows that a larger solvent polarity is associated with the shrinking 

of the electrospray droplets. The most obvious explanation for this could simply be solvent 

evaporation: EtOH evaporates faster than water because of its higher vapor pressure. This is 

also true for only very small amounts of water, because a mixture of water and ethanol will 
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not form an azeotrope when the temperature is below  305.7 K285.  The percentage of water, 

initially present at trace amounts, will increase in the droplet when fewer EtOH molecules 

remain due to the faster evaporation of the latter, resulting in a solvent polarity increase as the 

ESI droplets shrink. Thus the dependence of the peak wavelength of nile red in EtOH as a 

function of initial water content was measured along the spray axis. A wide range of water 

contents between 0.02% to 46.78% was chosen. The results are shown in Figure 4.4(a). 

Surprisingly, the shift of EtOH with 46.78% water content is still close to 7 nm, even a bit 

higher than for EtOH with 0.43% water. If solvent evaporation were the only mechanism 

responsible for the solvent polarity change, the shift of nile red in EtOH with 46.78% water 

content would be much less than that of nile red in EtOH with 0.43% water content. This 

indicates that solvent evaporation cannot be the only mechanism causing the change in 

solvent polarity.  

For EtOH with a very low water content, water entrainment from the surrounding air 

may contribute. Several studies have already shown this: Innocenzi and coworkers studied the 

evaporation of EtOH and water from droplets by time-resolved infrared spectroscopy and 

found that water entrainment from the atmosphere occurred when the water content in the 

solution was less than 1%286. Katta and Chait observed water entrainment into ESI droplets in 

a study on H/D exchange287. Zhou et al. sprayed a nonaqueous acetone/ethylene glycol sample 

without nebulizing gas207. They also found that the peak wavelength of nile red red-shifted 

beyond the 655 nm expected for pure ethylene glycol because of water entrainment from the 

surrounding air. Thus, the largest shift, which occurs in EtOH with the smallest water content 

(0.02%) can be explained by water entrainment. The shift obviously decreases when the water 

content in EtOH increases (Figure 4.4a) because the effect of water entrainment becomes less 

significant with increasing water content in the EtOH itself. Thus, both solvent evaporation 

and water entrainment are responsible for the changes of solvent polarity in the plume. For 

high-purity EtOH, the effect of water entrainment becomes more significant than solvent 

evaporation. However, neither solvent evaporation nor water entrainment can explain the 

exceptionally high shift in EtOH with 46.78% water. Further study will be needed for 

understanding this behavior. 

        Finally, several experimental parameters that should affect the change of the solvent 

polarity in the plume were studied. The influence of a sheath gas (dry N2) with various gas 

pressures was investigated. The peak wavelength shifts of nile red along the axis of the plume 

are shown in Figure 4.4(b). Water entrainment from the surrounding air can be suppressed or 

at least reduced with dry sheath gas surrounding the plume. Thus the peak wavelength shift of 
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nile red should be less compared to a situation without sheath gas. This is exactly what was 

observed (Figure 4.4b). However, the peak wavelength shift was still more than 2 nm even at 

the highest sheath gas pressure used (5 bar), showing an effect other than pick-up of moisture 

contributes to the change in solvent polarity. Neither aggregation nor a temperature decrease 

during the droplet shrinking process can cause a shift of more than 2 nm. Thus, preferential 

evaporation of EtOH is the most reasonable reason for this residual wavelength shift. Water 

impurities in EtOH will in this case influence the spectral behavior of nile red in the 

electrospray plume. 

      Solvent volatility impacts the solvent evaporation directly, i.e., should affect the solvent 

polarity change in the plume. The peak wavelength shift of nile red in ACN, another common 

solvent used in ESI-MS, which evaporates even faster than EtOH because of its higher vapor 

pressure, was investigated along the spray direction. The results showed that the peak 

wavelength of nile red shifts further in ACN than in EtOH: for example, at 14 mm from the 

emitter (on axis), the ∆λ is 12 nm for ACN as compared to only around 9 nm for EtOH, 

demonstrating that the solvent volatility affects the change in solvent polarity.  

       The influence of the high voltage applied to the capillary was investigated, too. A voltage 

range from 3.15 kV to 3.55kV was chosen because the spray can maintain a stable mode in 

this range. The peak wavelength showed no obvious shift as a function of spray voltage. 

Switching the polarity of the voltage did not affect the shift, either. These results demonstrate 

that neither the quantity nor the sign of the charges in the ESI droplets affect the evolution of 

the solvent polarity. The effect of the charge density during droplet shrinking can be 

addressed using an electrodynamic balance288. Preliminary results showed a minor peak 

wavelength shift (< 2 nm for a size decrease of 30 µm to ≈ 2 µm; data not shown) , suggesting 

that the increase in charge density in one droplet does not influence the solvent polarity much.   
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Figure 4.4 (a) ∆λmax of nile red in EtOH with various water contents (mass percentage). λmax,bulk of 

nile red with different water contents: 0.02%, 639.5 nm; 0.43%, 638.9 nm; 1.88%, 639.5 nm; 7.04%, 

641.8 nm; 19.48%, 645.7 nm; 46.78%, 655.2 nm. (b) ∆λmax

        

 of nile red in EtOH with the sheath gas of 

various gas pressures along the spray axis. 

      In addition, the influences of the applied voltage and sample flow rate were investigated 

using an ESI capillary of 8 μm i.d, which is much smaller than that of the conventional ESI 

capillary (150 μm). The maximum emission wavelength (λemiss) of nile red along the axis of 

the plume is plotted in Figure 4.5 (e).  The red shift of λemiss 16 mm from the emitter was 

around 16 nm, much larger than that for the conventional ESI capillary (≤ 10 nm). This is 

mainly attributed to the much smaller droplets from the small ESI capillary compared to the 
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case employing the conventional ESI capillary, resulting in a faster solvent evaporation and a 

larger red shift of the λemiss. When the sample flow rate decreased from 1 μL/min (black dots 

in Figure 4.5e) to 0.2 μL/min (blue dots in Figure 4.5e), the red shift of the λemiss

      At a flow rate of 0.2 μL/min, the fluorescence of nile red can only be detected within 6 

mm from the emitter of the capillary because of the poor signal-to-noise ratio at larger axial 

positions. The trends of the λ

 along the 

axial direction increased at the same distance from the emitter of the capillary due to the 

reduced size of the initial droplets. All this suggests that solvent evaporation is the crucial 

factor that determines solvent polarity along the axis of the electrospray plume. 

emiss of nile red were similar to those with the applied voltage 

≥2.5 kV, distinct from that at 2 kV. This is probably due to the different spray modes at 2 kV 

and higher voltages, resulting in different initial droplet sizes. The photos of the electrospray 

plume at distinct voltages (Figure 4.5a-d) show the stability of these sprays. It is clear that the 

electrospray is much wider at 2 kV than at higher voltages, suggesting an unstable spray mode 

at 2 kV. Once the voltage was higher than 2 kV, the electrospray achieves a stable mode and 

the initial droplet size became similar at various applied voltages. When the flow rate was 1 

μL/min, the electrospray was unstable and generated pulsed jets even when the voltage was 

3.4 kV (Figure 4.5d), at which the red shift of the λemiss

Finally, in ESI-MS measurements, electrolytes are usually added into the solution to 

facilitate ionization of the analytes. Thus, the effect of electrolytes on the solvent polarity was 

studied. We investigated the system with acetic acid and sodium fluoride. The trends of the 

shift in pure EtOH and those in EtOH with both acetic acid and sodium fluoride are quite 

close. These observations suggest that electrolytes do not appreciably affect the solvent 

polarity in the electrospray plume.  It can be concluded that the addition of small amounts of 

electrolytes neither influences solvent evaporation nor water entrainment, the two important 

mechanisms responsible for the change in solvent polarity in the ESI plume. 

 is the lowest at the same distance from 

the emitter of the capillary in Figure 4.5e, due to the largest initial droplet size compared to 

lower flow rates.  
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Figure 4.5 (a-d) Photos of the electrospray plume, and (e) the maximum emission wavelength λemiss

4.1.5 Conclusions 

 of 

nile red in EtOH as a function of the distance from the emitter of the capillary along the axis, at 

various flow rates and applied voltages of a small ESI capillary of 8 μm i.d. The concentration of nile 

red is 15 μM. 

      In this work, the solvent polarity in the electrospray plume using solvent EtOH was 

studied in both the spray and radial directions. Two solvatochromic dyes, nile red and DCM, 

were used as probes to investigate the solvent polarity change by an in-situ method, laser-

induced fluorescence spectroscopy. The peak wavelength of nile red exhibits a 8-12 nm red 

shift, and its quantum yield decreased by more than 50% over a distance of 15 mm in the axial 

direction, away from the emitter. The peak wavelength of DCM also had an 8-12 nm red shift, 

but its quantum yield increased in the axial direction. Similar phenomena were observed in 

the radial direction of the plume.  Effects of temperature and concentration were found to be 

negligible. All these findings demonstrate that the solvent polarity directly causes the 

observed changes of the fluorescence emission, and the polarity increases when the droplets 

become smaller at the periphery of the plume or further away from the emitter.  
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       The possible mechanisms of the solvent polarity change were discussed. Both solvent 

evaporation and water entrainment from surrounding air were found to contribute to the 

polarity change in the plume. When EtOH with very low water content was employed, the 

effect of water entrainment becomes more significant than solvent evaporation. The solvent 

volatility also has a significant effect on the evolution of the solvent polarity, but neither the 

addition of electrolytes to the solution nor the ESI spray voltage influenced the solvent 

polarity change. 

 

4.2 Behavior of noncovalent complexes in the electrospray plume 

ESI-MS is an analytical technique that is well suited to study noncovalent complexes. 

Thus, it is important to know why a noncovalent complex can be preserved in the electrospray 

plume. Herein, a noncovalent complex system of nile red and methoxychlor (DMDT) was 

investigated in the electrospray plume by LIF. The chemical structures of DMDT and nile red 

are drawn in Figure 4.6. Hassoon and Schechter found that in aqueous solution DMDT and 

nile red formed a complex, which increased the fluorescence intensity of nile red and induced 

a blue shift of its maximum emission wavelength (λemiss
289) . The authors assumed that the 

uncomplexed nile red molecules in the aqueous solution were stabilized by a layer of DMDT 

molecules because both of them are hydrophobic.  

As shown in the previous section, the increase of the solvent polarity in the electrospray 

plume induces a red shift of the λemiss of nile red and a reduction of its fluorescence intensity. 

On the contrary, the complexation reaction of nile red and DMDT enhances the fluorescence 

intensity of nile red and causes a blue shift of the λemiss. Hence it is easy to separate the effects 

of solvent polarity and noncovalent interaction with DMDT based on the fluorescence of nile 

red in the plume using LIF.      
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Figure 4.6 Chemical structures of methoxychlor (a) and nile red (b). 

           

       As mentioned in Chapter 2, it is difficult to form a stable electrospray from a pure 

aqueous solution. Therefore, a solvent mixture of methanol (MeOH) and H2O was used in 

this work.  The λemiss of nile red was measured in bulk solutions with H2O and MeOH at 

various mixing ratios, as shown in Table 4.1. When the volume ratio of H2O and MeOH was 

2 to 1, λemiss of nile red in the presence of DMDT at a concentration ratio of 10 to 1 exhibits a 

large blue shift (29 nm), compared to the λemiss

       In pure MeOH, the λ

 in a solution of nile red alone at the same 

concentration. This indicates that an interaction of DMDT and nile red occurs.  

emiss of nile red did not change even when the concentration ratio of 

DMDT to nile red reached 300, suggesting no interaction between nile red and DMDT in pure 

MeOH. When the volume ratio of H2O to MeOH was 1 to 1, the λemiss of nile red did not 

change at a concentration ratio of DMDT to nile red covering the range of 30 to 1, indicating 

that no interaction occurred either.  In the previous section, it has been shown that the water 

content in the solvent mixture increases downstream in the electrospray plume due to the 

solvent evaporation and water entrainment from the surrounding air. Hence an interaction of 

nile red and DMDT may happen downstream due to the increasing water content in the 

droplets even though there is no obvious interaction in the bulk solution because of the low 

water content, e.g., 50% in the MeOH and H2

 

O mixture.  
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Table 4.1 Maximum emission wavelengths (λemiss) of nile red in the solution alone and with DMDT in 

various MeOH and H2

sample 

O mixtures.  

Concentration

(μM) 
Solvent 

λ

(nm) 
emiss 

nile red/DMDT 15/450 MeOH/H2 658 O (1:1) 

nile red/DMDT 15/450 MeOH/H2 626 O (1:2) 

nile red/DMDT 15/150 MeOH/H2 658 O (1:1) 

nile red/DMDT 15/150 MeOH/H2 634 O (1:2) 

nile red 15 MeOH 643 

nile red 15 MeOH/H2 660 O (1:1) 

nile red 15 MeOH/H2 663 O (1:2) 

nile red/DMDT 15/4500 MeOH 643 

nile red/DMDT 15/30 
MeOH/H2

632 
O 

(1:19) 

 

      Based on the results in bulk solution, it is interesting to investigate whether these 

complexes in the bulk solution can be preserved in the electrospray plume or whether the 

complexes can be formed in the electrospray plume due to the change in solvent composition. 

Therefore, the fluorescence spectra of nile red and DMDT solutions in the H2O and MeOH 

mixture at the volume ratios of 1 to 1 and 2 to 1 were measured along the axis of the plume 

using LIF. The λemiss of nile red alone in the solution was also measured for comparison with 

the results of the mixed nile red-DMDT solution. The LIF setup was the same as the one used 

in the solvent polarity study (Figure 3.3). The λemiss of nile red as a function of distance from 

the emitter of the capillary is shown in Figure 4.7. When the concentration ratio of nile red 

and DMDT was between 1 and 30 in the 1:1 MeOH:H2O mixture, the fluorescence of nile red 

can only be detected within 4 mm from the emitter of the capillary because of the poor signal-

to-noise ratio at further axial positions.  When the volume ratio of MeOH and H2O mixture 

was 1 to 1, the shift of the λemiss of nile red in the solution containing DMDT along the axis of 

the plume was similar to that of the single nile red solution. This suggests that no interaction 
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of DMDT and nile red occurs downstream of the electrospray plume and thus the increasing 

water content during the desolvation process did not promote the complexation reaction in the 

plume. When the volume ratio of H2O and MeOH mixture was 2 to 1, the λemiss of nile red at 

2 mm from the emitter of the capillary surprisingly increased to 663 nm, a dramatic red shift 

compared to that of the same bulk solution (634 nm), which is close to the λemiss of the single 

nile red solution. This implies that the complexes of nile red and DMDT may dissociate when 

they are sprayed, probably caused by electrochemical reactions inside the capillary. However, 

the λemiss 

 

of nile red had an obvious blue shift downstream, suggesting the re-association of 

nile red and DMDT in the electrospray plume.  

Figure 4.7 Maximum emission wavelengths (λemiss) of nile red as a function of distance from the 

emitter of the capillary with H2O and MeOH mixture at volume ratios: 1 to1 and 2 to 1. The 

concentrations of nile red and DMDT and the maximum emission wavelength of nile red in the bulk 

solutions (λemiss,bulk

      In addition, experiments of nile red and DMDT mixture were performed with a nebulizer 

gas pressure of 10 bar to investigate the effect of the nebulizer gas on the complexation of nile 

red and DMDT. The λ

) are shown in the legend. The concentration of nile red is 15 μM. 

emiss of nile red showed different trends downstream in the plume with 

the nebulizer gas and without the gas (Figure 4.8). When the volume ratio of MeOH and H2O 

mixture was 1 to 1, with the nebulizer gas, the λemiss of nile red in the solution with DMDT 

had a slight blue shift downstream, opposite to the results without gas. This suggests that a 

complexation interaction occurs to some extent in the electrospray plume with the help of the 
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nebulizer gas, probably because the water content increases faster in the droplets due to the 

better desolvation. Furthermore, when the volume ratio of H2O and MeOH mixture was 2 to 1, 

the λemiss 

 

decreased slower along the axis of the plume with the nebulizer gas than that without 

the gas. It is hard to explain this phenomenon clearly only based on the results of LIF. 

However, this primary work indicates that the noncovalent complexes can be dissociated or 

associated in the electrospray plume under certain experimental conditions.  

Figure 4.8 Maximum emission wavelengths (λemiss

 

) of nile red and  DMDT solutions at  two 

concentration ratios, 1 to 10  (dot) and 1 to 30  (square),  as a function of distance from the emitter of 

the capillary, with a nebulizer gas of 10 bar (hollow) and without the gas (solid).The concentration of 

nile red is 15 μM. 

4.3 Investigation of the electrospray plume by infrared spectroscopy 

        LIF needs a specific dye as a probe, so it is difficult to obtain direct information about 

non-fluorescent molecules in the electrospray plume, e.g., organic solvents. FT-IR 

spectroscopy is a complementary method to investigate analyte or solvent properties in the 

electrospray plume directly without the requirement of the dye. We used a simple setup 

including a commercial FT-IR spectrometer to measure the IR spectra in the electrospray 

plume as shown in Figure 3.4. Several systems, ethanol with or without another solvent, such 
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as water, acetone, acetonitrile or diethylene glycol, at a volume ratio of 1 to 1, were measured 

downstream of the electrospray plume and in bulk solutions. The applied voltage was 3.8 kV 

and the sample flow rate was 5 μL/min. No nebulizer gas was applied in these experiments.  

     
Figure 4.9 IR spectra of ethanol in the bulk solution (dash) and 20 mm from the emitter of the 

capillary along the axis of the electrospray plume (solid line).The νst

      The IR spectra of ethanol in bulk solution and in the electrospray plume are shown in 

Figure 4.9. In the bulk solution, a relatively broad band with a peak at 3318 cm-1 was 

observed, which represents the stretching vibration of the hydrogen bonded hydroxyl groups 

(O-H) of ethanol

 represents the frequency of the 

streching vibration.  

290. However, this band disappeared in the spectrum of ethanol obtained in 

the electrospray plume, and a sharp band at 3677 cm-1 appeared.  The stretching vibration of 

O-H group at 3677 cm-1 is due to free or unassociated hydroxyl groups290, implying that this 

peak originates from isolated ethanol. These monomers are formed in the liquid phase only at 

extreme low concentration, which is not the situation in the electrospray plume. Therefore, the 

peak must be due to gaseous ethanol molecules generated by evaporation. The band shape of 

stretching vibrations of C-H group in the spectrum obtained in the electrospray plume is also 

similar to that of pure ethanol vapor290.  A tiny band at 3218 cm-1 was observed in the 

spectrum obtained in the plume, as shown in the zoom in Figure 4.9. This band is probably 

from O-H groups in liquid-phase ethanol in the tiny droplets in the spray. It is shifted to a 

lower wavenumber compared to the band of the O-H groups in bulk solution (3318 cm-1), 
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suggesting the hydrogen bonding of ethanol slightly changes, which may be resulted from the 

cooling effect by the evaporation.   

Similar results were obtained in the other systems. Results from the diethylene glycol-ethanol 

mixture are shown in Figure 4.10. Only a small band at 3222 cm-1 and a sharp band at 3670 

cm-1 were observed in the spectrum obtained in the plume, owing to the stretching vibration 

of O-H group from residual liquid-phase ethanol and vapor ethanol, respectively. Only limited 

information was obtained from the liquid droplets in the spray even though diethylene glycol 

has very low vapor pressure, and should mostly remain in the droplets. We also sprayed 

several other samples including solutions of polymers and proteins. However, it was difficult 

to obtain their IR spectra in the electrospray plume and the observed signals are simply those 

from the solvent vapors.  

 
Figure 4.10 IR spectra of diethylene glycol and ethanol mixture at 1:1 volume ratio in the bulk 

solution (dash) and 20 mm from the emitter of the capillary along the axis of the electrospray plume 

(solid line). The νst

      The intensity of scattered light from liquid droplets and from gas-phase molecules is very 

different. Liquid droplets in the electrospray range in size from 1 to 10 μm, which is close to 

the wavelength of IR light (2.5 μm -25 μm). On the other hand, gas-phase molecules, such as 

ethanol, which has a size of 0.446 nm roughly, are much smaller than the wavelength of IR 

light. The intensity of the scattered light increases with particle size. Hence, instead of being 

absorbed, most IR light scatters on the surface of the liquid droplets due to their large size and 

 represents the frequency of the streching vibration.  
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lens-like spherical shape, generating a huge background that covers the signals from 

absorption. On the other hand, for the gas-phase molecules, the scattered light becomes 

negligible and the signals from absorption can then be observed. Thus, the size of the droplets 

should be decreased to 1 μm or even less in order to diminish the intensity of the scattered 

light and obtain reasonable infrared spectra of the liquid sample in the electrospray plume. 
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5.1 Abstract 

     In this work, we investigated the role of the nebulizer gas flow in electrosonic spray 

ionization (ESSI), by systematically studying the relation between the flow and the ion signals 

of proteins, such as cytochrome C and holomyoglobin using ESSI-mass spectrometry (MS). 

When a pH-neutral solution was delivered with a small sample flow rate (≤5 μL/min), no 

obvious transition from electrospray ionization (ESI) to ESSI was found as the gas velocity 

varies from subsonic to supersonic speed. Droplets mostly experienced acceleration instead of 

breakup by the high-speed nebulizer gas. On the contrary, using particular experimental 

conditions, such as an acidic solution or high sample flow rate (≥ 200 μL/min), more folded 

protein ions appear to be kept in droplets of diminishing size due to breakup by the high-

speed nebulizer gas in ESSI as compared to ESI. Theoretical analyses and numerical 

simulations were also performed to explain the observed phenomena. These systematic 

studies clarify the ionization mechanism of ESSI, and provide valuable insight for optimizing 

ESSI and other popular pneumatically assisted electrospray ionization methods for future 

applications. 

 

5.2 Introduction 

Electrosonic spray ionization (ESSI), first developed by Cooks’ group in 200487, is a 

combination of electrospray ionization (ESI)11 and sonic spray ionization (SSI)76,77. Compared 

to the conventional ESI source, the pressure of the nebulizer gas in an ESSI source is much 

higher and can generate a supersonic flow, arguably rendering ESSI a very soft ionization 

technique. ESSI possesses more flexibility than conventional ESI: experimental parameters, 

such as sample flow rate, high voltage and geometry, can be changed over a wide range, 

providing more comprehensive control over the ionization process. This flexibility has proven 

valuable for different applications. It has been reported that, with the help of the supersonic 

gas flow, an ESSI source is able to keep the  folded conformation of proteins and produce 

narrow peak widths and charge state distributions at lower charge states of multiply charged 

protein ions87. It has also been demonstrated that ESSI can be used as a powerful tool for 

investigating the noncovalent interaction between proteins and ligands due to its capability of 

preserving the noncovalent complex in the ionization process91,93.  

The high-speed gas flow plays a central role in the ESSI technique.  It not only lies at the 

origin of the versatility of ESSI but also brings additional complexity to the ionization process. 
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However, there is hardly any literature studying how the gas flow influences the ionization 

process of analytes using ESSI, particularly with respect to the following questions: 

(1) Is there a clear switch-over from ESI to ESSI when the gas velocity is varied from 

subsonic to supersonic speed? 

(2) Is the preservation of the folded conformation of proteins in ESSI caused by the high-

speed gas flow? 

(3) How does the nebulizer gas affect the droplet size and droplet velocity in the spray plume?  

In the first paper on ESSI-MS87, the authors compared the difference of the charge state 

distribution of protein ion peaks obtained by ESSI-MS with that produced by nano ESI-MS. 

However, other parameters also changed significantly in the comparison of these two 

ionization methods, e.g. the distance between the emitter of the capillary and the MS inlet, 

and the sample flow rate. To the best of our knowledge, there is still lack of a direct and 

comprehensive investigation of the relation between the charge state distribution of protein 

ion peaks and the nebulizer gas flow. While it is the gas velocity that is a key factor, the gas 

pressure is the parameter that is experimentally accessible. In this work, the gas pressure 

instead of gas velocity is thus reported when discussing the experimental results.    

We systematically investigated the effect of the gas pressure on the MS signal of proteins. 

Two globular proteins, cytochrome C and holomyoglobin, which bind the heme group 

differently, were studied. The heme group is covalently bound in cytochrome C, while it 

interacts noncovalently with myoglobin. This may cause different behavior upon changing the 

nebulizer gas flow.  A comparison of the protein ion mass spectra, particularly of the charge 

state distribution as an important indicator for protein conformation changes291-293, was done 

over a range of gas pressures with other parameters kept the same in the ESSI source. 

Experiments varying the solution pH and sample flow rates were performed to clarify the 

function of the nebulizer gas for keeping folded proteins during the ESSI process, especially 

at atypical experimental conditions. In addition, theoretical analyses and numerical 

simulations were conducted in this work to support the experimental findings.  

 

5.3 Experimental and Methods 

Instrumentation 

A homebuilt ESSI source was used in this work as shown in Figure 5.1. The source was 

mounted on a XYZ stage in order to adjust the relative position between the source and the 

MS inlet. The ESSI source was perpendicular to the MS inlet, as in the typical “Z-spray” 
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configuration. The vertical distance between the emitter of the capillary and the inlet was 10 

cm and the horizontal distance was 0 cm (i.e., flush with the inlet cone), a standard geometry 

for ESSI sources87,91. All the capillaries of this source were made of untreated fused silica 

tubing (BGB Analytik, Böckten, Switzerland). The size of the inner capillary (for sample 

delivery) was 150 μm o.d. and 50 μm i.d., while that of the outer capillary was 350 μm o.d. 

and 250 μm i.d, the same as those used in previous work87,91. A high voltage power supply 

(HCN140-12500, FuG, Rosenheim, Germany) was used to apply 4 kV to the sample solution 

in all the experiments91. The sample solution was delivered by a 500 μl or 5 ml syringe 

(Hamilton, Bonaduz, Switzerland) and a syringe pump (NE-1000, New Era Pump Systems, 

New York, USA) resulting in flow rates of 5 μL/min or 200 μL/min. Dry nitrogen was used as 

nebulizer gas, with a pressure varying from 5 to 45 bar, corresponding a gas volume flow rate 

of approximately 1.5 to 12 L/min near the spray tip according to a calibration done previously 
91.  

 
Figure 5.1 Schematic diagram of the ESSI-MS setup 

 

ESSI mass spectra of cytochrome C and myoglobin were collected in the positive ion 

mode on a quadrupole time-of-flight (Q-ToF) mass spectrometer (Q-ToF UltimaTM, 

Micromass/Waters, Manchester/UK). In the ESSI-MS measurements, the cone temperature 

was fixed at 50°C, and the cone and RF lens voltages were optimized for maximum ion signal. 

All mass spectra were accumulated for 80 - 100 seconds with 1 second scan time. The mass 
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range was m/z 500-3000 in all measurements. The Mass Lynx software (V4.0, Waters, 

Manchester, U.K.) was used for analyzing the mass spectra. Complementary Phase Doppler 

Anemometry (PDA) measurements (TSI Inc., St. Paul, MN, USA) were done to investigate 

the droplet size and velocity in the spray plume.    

 

Sample preparation 

Cytochrome C from bovine heart (95% HPCE, Fluka, Buchs, Switzerland; MW=12327 

Da) and holomyoglobin from horse heart (≥90%. Sigma-Aldrich, Buchs, Switzerland; 

MW=17568 Da) were used as model proteins in this work. In the experiments, they were 

dissolved in 100 mM ammonium acetate solution at a concentration of 10 μM, with various 

pH values.  The ammonium acetate solution was prepared from a 7.5 M stock solution 

(SigmaFine Chemicals, Buchs, Switzerland) and water with a resistivity of 18 MΩ•cm 

obtained from a NANO pure water purification system (Barnstead, IA, USA).  The acidity of 

the solution was adjusted by adding acetic acid (> 99.0%, Fluka, Buchs, Switzerland).  

 

Numerical Simulations 

Full 3D numerical simulations were performed to calculate the gas flow pattern in the 

vicinity of the emitter of the sample capillary using a computational fluid dynamics (CFD) 

software package (ANSYS CFX 12.1, ANSYS, Berlin, Germany). The shear stress transport 

(SST) model was implemented in the simulation, with both laminar and turbulent flows 

considered. The inner side of the outer capillary and the outer side of the inner capillary were 

defined as no-slip walls. The dimensions of the inner and outer capillaries were the same as 

those in the ESSI-MS measurements. According to the experimental geometry of the ESSI 

source, the length of the outer capillary was fixed at 30 mm and the length of the inner 

capillary was 31 mm. The inlets of the two capillaries were on the same plane, while the 

outlet of the inner capillary protruded 1 mm from the outlet of the outer capillary. The gas 

entered the inlet with a pressure varying from 5 to 45 bar. The outlet was set to open to the air 

(i.e. with 1 bar pressure). In order to simulate the distribution precisely, the mesh size was set 

to be as fine as 3 μm around the emitter. 

 

5.4 Result and discussion 

Nebulizer gas flow effect using neutral solutions at a sample flow rate of 5 μL/min 
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     ESSI-MS measurements of cytochrome C (cyt c) and holomyoglobin (hMb) in ammonium 

acetate buffer at pH of 7.0 were first done, with various nebulizer gas pressures ranging from 

5 to 45 bar.  ESI-MS data without any nebulizer gas cannot be shown, because no signals 

from protein ions were observed, presumably due to the fairly long distance between the 

emitter of the capillary and the MS inlet. As plotted in the inset of Figure 5.2, a narrow charge 

state distribution of cyt c ions in the low charge state range (6+ to 7+) was observed, 

suggesting the generation of folded cyt c ions294. However, there was no obvious shift in 

charge state with increasing gas pressure. Only the absolute intensity of the ion peaks 

increased clearly and the intensity ratio of the ion peak at charge state 7+ to the peak at charge 

state 6+ slightly rose as shown in Figure 5.2. The improvement in absolute intensity can result 

from concentrating the plume and a better desolvation efficiency resulting from the high-

speed gas flow. The surprising decrease of intensities at the highest gas pressure of 45 bar and 

the intensity ratio change of two peaks still need further studies.   

 
Figure 5.2 Intensity change as a function of gas pressure for charge states 6+ and 7+ of 10 μM 

cytochrome C in 100 mM ammonium acetate buffer solution at various sample flow rates. The inset 

shows the mass spectrum of cytochrome C with a sample flow rate of 5 μL/min at 5 bar nebulizer gas 

pressure. 

      The results of hMb at a sample flow rate of 5 μL/min were similar to those of cyt c.  A 

narrow charge state distribution of hMb ions in the low charge state range (7+ to 8+), but no 

distinct apo-myloglobin (aMb) ion peaks were observed at all pressures of the nebulizer gas. 

All these indicate the production of folded hMb ions during the ESSI process.  There was no 

obvious shift in charge state with increasing gas pressure, either.  Only the intensity ratio of 
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charge state 8+ to charge state 7+ slightly increased when the gas pressure was raised, 

consistent with the results of cyt c. These results show that there is no switch-over of the 

charge state distribution of the proteins when the gas pressure of the nebulizer gas varied from 

5 to 45 bar. In other words, the transition of the gas velocity from subsonic speed (1.5 L/min) 

to supersonic speed (12 L/min) probably has no substantial impact on the protein ions. A 

theoretical analysis in the subsequent section will support this observation.   

 

Nebulizer gas flow effect using neutral solutions at a sample flow rate of 200 μL/min 

     Since no influence of the gas pressure on the ionization of the two proteins was observed at 

low sample flow rate, more ESSI-MS measurements of cyt c and hMb were carried out at 

high sample flow rate to understand how the gas pressure change affects the protein ionization 

under particular conditions. A stable electrospray plume normally cannot be formed at very 

high sample flow rate. However, with the assistance of the high-speed nebulizer gas, the spray 

plume can be stabilized and the ion signals at high sample flow rate are comparable to or even 

better than the signals at low sample flow rate. Surprisingly, the mass spectra of cyt c were 

very similar to those at small sample flow rate (5 μL/min). No distinct charge state shift was 

observed with increasing gas pressure. However, the change of the absolute intensity of the 

protein ion peaks was different between the two sample flow rates when gas pressure was 

varied as shown in Figure 5.2. At a nebulizer gas pressure of 5 bar, the intensity at high 

sample flow rate was lower than that at low sample flow rate; the nebulizer gas might be 

insufficient to stabilize such high sample flow rate sprays. However, when the gas pressure 

increased to 45 bar, the intensity at 200 μL/min was higher than that at 5 μL/min. The high-

speed nebulizer gas obviously increases the ion signal intensities at high sample flow rate, 

similar to those at low sample flow rate.  

         In contrast, hMb exhibits different behavior at high sample flow rate, as shown in Figure 

5.3(a). A broad charge state distribution of aMb ions in the range from 7+ to 11+ and a new 

peak of hMb at charge state 9+ were observed. This indicates that hMb undergoes a 

conformational transition during the spray process. Larger droplets are produced at a sample 

flow rate of 200 μL/min, which need a longer time to completely evaporate the solvent. The 

longer timescale of the evaporation enhances the probability that any change in the chemical 

environment inside the droplet, such as a decrease in pH, induces a conformational change of 

the protein. Further studies will be done to clarify the conformational change in the neutral 

solution during the spray process. With increasing gas pressure, the intensities of the hMb ion 

peaks at charge state 7+ and 8+ increased, possibly due to a better desolvation efficiency of 
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the folded hMb molecules, temperature decrease caused by the adiabatic expansion of the 

nebulizer gas produced, or reduction of the transit time of the droplets from the emitter to the 

entrance of the mass spectrometer. 

 
Figure 5.3 (a) Mass spectra of 10 μM myoglobin in ammonium acetate buffer solution (pH=6.8) at 

various gas pressures (accumulation time was 80 seconds). (b) Mass spectra of 10 µM cytochrome C 

in acidic aqueous solution (pH=4.1) at various gas pressures (accumulation time was 100 seconds). 

The sample flow rate was 200 μL/min. 

 

     The distinct behavior of hMb and cyt c was presumably on account of the different 

stabilities of these proteins.  The unfolding free-energy changes in the absence of a denaturant 

( OH

D
G 2∆ ) of hMb and cyt c are 11.8 and 15.4 kcal/mol respectively295, indicating that hMb is 

less stable than cyt c in aqueous solution.  Hence, compared with cyt c, hMb can be more 

easily disturbed by an environmental change occurring during the relatively long timescale of 

solvent evaporation.  

 

Nebulizer gas flow effect using acidic solutions 

     Dealing with proteins in acidic conditions is also common in positive ion mode ESI 

measurements, since the presence of protons enhances the analyte ion signals. However, the 

conformation of proteins can easily change in acidic solution during the electrospray 

process211,296,297. Here, the influence of the gas pressure on the protein conformation in acidic 

solution was investigated. The mass spectra of cyt c at a sample flow rate of 200 μL/min are 
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shown in Figure 5.3(b). Besides the folded cyt c ion peaks at low charge state (6+ and 7+), an 

additional distribution of ion peaks at higher charge states (10+ to 15+) was observed at 5 bar 

nebulizer gas pressure, indicating a transition of cyt c from its folded form to an expanded 

structure, due to acid-induced unfolding291,298. With increasing gas pressure, the absolute 

intensity of the folded ion peaks obviously increased, i.e. the conformational transition of cyt 

c was less pronounced with the assistance of the high-speed nebulizer gas. This is possibly 

due to the temperature decrease caused by the adiabatic expansion of the nebulizer gas, a 

better desolvation efficiency, or reduction of the transit time of the droplets from the emitter 

to the entrance of the mass spectrometer. 

   Similar phenomena were observed in the ESSI-MS measurements of hMb (data not shown). 

All these results demonstrate that in acidic solution more folded protein ions are kept during 

the ESSI spray process with increasing gas pressure.  

 

Nebulizer gas flow effect on the electrosprayed droplets 

(1) Numerical simulations 

      In order to better understand the behavior of the nebulizer gas flow around the emitter of 

the ESSI capillary, the gas velocity pattern close to the emitter was numerically simulated 

using the ANSYS software. In order to simplify the simulation, the droplet behavior was not 

accounted for. The gas velocity profiles at various gas pressures are shown in Figure 5.4. The 

simulation results are consistent with previous experimental observations. For example, 

Venter et al. measured the droplet velocity at 2 mm from the emitter of the capillary in a 

charged solvent spray with a high-speed nebulizer gas. It was found to be approximately 120 

m/s136, suggesting the same value for the gas velocity due to the relatively short relaxation 

time of the droplets 249. With a similar gas pressure implemented in our simulations, the gas 

velocity was found to be 108 m/s at 2 mm from the emitter, very close to the estimated value 

of 120 m/s.  
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Figure 5.4 Simulation of gas velocity profiles at various gas pressures. 

 

     The contour profiles at pressure from 5 to 45 bar were very similar, only the absolute 

values of the gas velocity were different. The gas velocity decreased dramatically with 

distance from the emitter.  For example, when a gas pressure of 5 bar was applied, the 

velocity close to the outlet of the outer capillary was 143 m/s, but dropped to only 2 m/s 10 

mm from the outlet of the inner capillary. With a gas pressure of 45 bar, the velocity was 600 

m/s at the outlet of the outer capillary and decreased to 16 m/s 10 mm from the emitter. The 

average droplet velocity is around 10 m/s in the stable electrospray plume without the 

nebulizer gas194,257. When the gas velocity is close to or lower than the droplet velocity, the 

influence of the gas flow on the droplets is negligible (vide infra). This indicates that any 

significant interaction between the gas flow and the droplets must happen within 10 mm from 

the emitter.   

     The gas velocity profile at a pressure of 45 bar is shown as a zoomed view of the part, 

within 10 mm from the emitter, see Figure 5.5(a). In order to compare this with the precise 

geometry of a stable electrospray plume, its position is superimposed on the graphic. The 

stable electrospray plume consists of a Taylor cone, a jet, and a plume. Based on previous 

experimental results and theoretical estimations192,299, the jet length is around 5 mm under the 

experimental conditions in this work. Thus the spray plume should start 5 mm from the 

emitter, where the gas velocity was 66 m/s. A gas flow with this velocity cannot break up 

droplets smaller than 10 μm (vide infra), which is the typical size in the stable spray plume192. 
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Figure 5.5 (a) Gas velocity map with a nebulizer gas of 45 bar pressure. A sketch of a stable 

electrospray plume is superimposed on the map to depict the geometry of the system. (b) zoom-in view 

of the emitter part of panel (a) including the jet and Taylor cone of the spray plume. The inset of (b) 

shows the gas velocity distribution inside the Taylor cone area. 

 

    In Figure 5.5(b), the profile was enlarged further to show a zoomed view of the part 300 μm 

from the emitter, to investigate exactly how the gas flow influences the Taylor cone and the 

jet part of the spray plume. A low gas flow region is formed in this area, due to the large gas 

pressure difference between the outlets of the inner and outer capillaries. Since conductive 

solutions were used as samples in this work,  the Taylor cone can be assumed to have a half 

angle of 49.3 degree assuming a perfect conductor is being sprayed300. Based on the inner 

diameter of the inner capillary and the angle, the length of the Taylor cone can be estimated to 

be 21.5 μm. The Taylor cone thus just penetrates into in the low gas flow region, where the 

velocity is between 6 and 90 m/s. The jet part is located in an area with a gas velocity ranging 

from 66 to 400 m/s. The jet diameter was estimated to be 6.3 μm according to the 

experimental conditions 188. This is consistent with a droplet size of 5-7 μm obtained by 

complementary Phase Doppler Anemometry (PDA) measurements of the ESI spray without 

nebulizer gas. With a high-speed nebulizer gas, the disruption point of the jet, where first 

droplets appear, probably shifts closer to the emitter, due to the enhanced shear on the jet 
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stream by the gas flow. However, the droplets at the disruption point of the jet, with a size 

close to the jet diameter of 6.3 μm, should mostly experience an acceleration instead of 

breakup by the gas flow as discussed in the following parts. Another key result of our PDA 

measurements is that the velocity of the droplets produced from the jet increased two times 

when a nebulizer gas of 5 bar pressure was used, but the size remained the same. More PDA 

measurements will be performed in the near future to clarify the influence of the nebulizer gas 

on the droplets.  

      The numerical simulation results discussed above demonstrate that the gas velocity has 

decreased dramatically 10 mm from the emitter, implying that the gas flow mostly influences 

the droplets within less than 10 mm from the emitter. A comparison of the geometry of a 

stable electrospray plume and the gas velocity profile provides useful information about the 

impact of the gas flow on the electrospray.  

 

(2)Theoretical analysis 

        A theoretical analysis was also performed to explain the phenomena observed in the 

ESSI-MS experiments. Theoretically speaking, the nebulizer gas can influence the 

electrosprayed droplets during the spray process in three ways: (1) breakup of droplets; (2) 

acceleration of droplets; (3) acceleration of droplet desolvation. 

 

Breakup of droplets 

       When the ESSI droplets are suspended in a nebulizer gas flow with a much higher 

velocity, the gas flow exerts an aerodynamic force on the droplets. If the force is high enough, 

the droplets will break up. This process is also called “atomization” of droplets298, a topic 

which has been thoroughly studied. A key parameter in this process is the Weber number 

which is a dimensionless value used for analyzing complex fluidic flows with fluid-fluidic 

interfaces. It is known that droplets suddenly placed in a high-speed gas flow will experience 

breakup if the Weber number exceeds approximately 10301,302. The Weber number can be 

calculated as: 

σ
ρ dvv

We dgg
2)( −

=                                                                                             (5.1) 

where ρg and vg represent the density and velocity of the gas, vd and  d are the velocity  and 

diameter of the droplet, and σ is its surface tension. The minimum velocity of gas flow 

required for breakup can be estimated from equation (5.1). For simplicity, only water and 

nitrogen are considered for the droplet and the gas, respectively. Without nebulizer gas, the 
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average droplet diameter is approximately 5-10 μm 192 and the average droplet velocity is 10 

m/s194,257 for a stable electrospray at low sample flow rate. For a water droplet with 10 μm 

diameter, the gas velocity relative to the droplet should be 240 m/s to reach a Weber number 

of 10. If the water droplet diameter decreases to 5 μm, the gas velocity relative to the droplet 

needs to be at least 339 m/s to break up the droplet. When the sample flow rate is higher than 

200 μL/min, the initial droplet diameter can be as high as 50 μm according to the size of the 

inner capillary. In this case, the gas velocity needs to be 107 m/s for breakup. Furthermore, 

when the droplet size decreases, the droplet is easier to accelerate, resulting in the reduction of 

the relative velocity between the gas flow and droplets. Therefore, the acceleration of droplets 

by a high-speed gas flow also needs to be considered. 

 

Acceleration of droplets 

        When droplets are immersed in a high-speed gas flow, they will also be accelerated. The 

terminal velocity of a droplet  depends on the relaxation time τ, defined as 303: 

η
ρτ

18

2
Cd Cd

=                                                                                                              (5.2) 

where d and ρd  are the diameter and density of the droplet, η is the coefficient of dynamic 

viscosity, and Cc 

303

is the Cunningham correction factor. Equation (5.2) shows that a smaller 

droplet with less relaxation time will reach the gas velocity faster by the acceleration of the 

gas flow. Previous studies of the relaxation time show that a water droplet with a diameter of 

50 μm has a relaxation time of 8 ms. When the size decreases to 10 and 1 μm, the relaxation 

times are 0.31 ms and 3.5 μs, respectively ,  Thus, a 4 μm droplet with a relaxation time of 

10 μs303 is small enough to closely follow the gas-phase flow almost immediately 251. In other 

words, the droplet velocity can rapidly increase to the gas velocity when the droplet diameter 

is smaller than a few μm. The Weber number will become very small in this case, due to the 

small value of (vg-vd

        If the diameter of a droplet is larger than 50 μm, the relaxation time is too long to 

accelerate droplets and breakup of droplets driven by high sample flow rate should dominate. 

This aerodynamic breakup should split droplets to a common size, which is relatively 

independent of the initial droplet size

) , and breakup will not take place according to equation (5.1).   

304. Zilch et al. suggested that after breakup, the final 

size of droplets converges to around 3 μm304. Thus it is difficult to have droplets much smaller 

than 3 μm in the early part of an ESSI plume even with a supersonic nebulizer gas. This is 

consistent with previous results from Cooks’ group136. They measured the droplet size in a 

charged solvent spray using a high-speed nebulizer gas 5 mm from the spray tip by a phase 
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Doppler particle analyzer, and found the droplet diameter to vary from 2 to 6 μm, which is 

close to the final droplet size estimated theoretically.  

 

Acceleration of droplet desolvation 

    When the nebulizer gas meets droplets in the spray, the gas flow can carry solvent vapor 

away from the surface of the droplet, thereby boosting evaporation. However, the nebulizer 

gas can also accelerate the droplets, reducing the time available to travel from the emitter of 

the capillary to the MS inlet, thus shortening the time available for solvent evaporation. These 

two factors have opposite effects on desolvation efficiency. Here, we discuss this issue using 

the evaporation rate (N) equation303,305: 

( ) ( )
)

)(
(

)6.00.2( 3/12/1

∞

∞−
−+

=
RT
pX

RT
Tp

d
DvvdD

N
d

dsatdgdd ρσσρ                             (5.3) 

where R is the gas constant, D is the diffusion coefficient of the vapor molecules, d and ρd 

represent the diameter and density of the droplet, psat is the saturation vapor pressure at the 

temperature of the droplet Td, and p∞, T∞ and X are the pressure, temperature, and the mole 

fraction of the vapor well away from the droplet surface. vd and vg

     Thus the desolvation efficiency for small droplets (≤4 μm) cannot be dramatically 

improved by an increasing gas pressure in ESSI. This explains the phenomena observed in an 

ESSI-MS measurement of proteins in neutral solution at low sample flow rate. It also put into 

question whether a new acronym (ESSI) is at all justified for ESI at elevated gas flows in this 

case. Droplets less than 10 μm in diameter are produced at a 5 μL/min sample flow rate

 are the velocities of the 

droplet and nebulizer gas. The evaporation rate of the droplet thus depends on the relative 

velocity between the droplet and the nebulizer gas. When the droplet size is ~4 μm, rapid 

acceleration of the droplet takes place and the droplet velocity increases to the gas speed, 

thereby decreasing the evaporation rate.  

192, i.e. 

very close to the 4 μm size.  These droplets mostly experience acceleration instead of breakup 

by the high-speed gas flow. As a consequence, there is no significant improvement of the 

desolvation efficiency by the high-speed nebulizer gas, meaning that the amount of water and 

ammonium acetate surrounding the proteins is not reduced rapidly. This cannot cause a 

significant conformational transition of the proteins. When the solution is acidic, acceleration 

of the small droplets can reduce the transit time from the emitter to the MS inlet, resulting in a 

lower probability for a conformational change, and the survival of more folded proteins 

during the ESSI process.  
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       In the case of a high sample flow rate, initial droplets with diameters as large as 50 μm or 

even more are formed. The breakup of droplets by the nebulizer gas dominates at the 

beginning of the ESSI plume. When the high-speed gas flow reduces the droplet size to ~ 3 

μm, which is similar to that in a stable electrospray at small sample flow rate, the acceleration 

becomes dominant. Thus the mass spectra of the protein ions at a nebulizer gas pressure of 45 

bar should be very similar even if very different sample flow rates are used, due to the similar 

final droplet size produced in the spray plume. This is exactly what was found experimentally.   

 

5.5 Conclusions 

     In this work, measurements of cyt c and hMb in neutral solution with various gas pressures 

show that there was no obvious change of the charge state distribution of protein ion peaks 

when the sample flow rate was 5 μL/min, indicating that there was no switch-over of 

ionization from ESI to ESSI when the gas velocity varies from subsonic to supersonic speed. 

Droplets of small size produced by the stable electrospray mostly undergo acceleration 

instead of breakup by the high-speed nebulizer gas. However, under particular experimental 

conditions, such as low pH and high sample flow rate, the high-speed nebulizer gas helps 

proteins to keep their folded structures in the spray process. In acidic solution at small sample 

flow rates, the transit time of small droplets from the emitter to the MS inlet decreases 

because of the acceleration, resulting in a lower probability for unfolding of proteins. At high 

sample flow rates, much smaller droplets are produced due to breakup. The final droplet size 

in the plume is similar to that in the stable spray formed from neutral solutions at low sample 

flow rates.  
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6.1 Abstract 

 Extractive electrospray ionization (EESI) is a powerful ambient ionization technique 

that can provide comprehensive mass spectrometric (MS) information on aerosols, complex 

liquids, or suspensions without any sample pretreatment. An understanding of the EESI 

mechanism is critical for defining the range of applications, the advantages and limitations of 

EESI, and for improving its repeatability, sensitivity and selectivity. However, no systematic 

study of EESI mechanisms has been conducted so far.  In this work, fluorescence studies in 

the EESI plume using rhodamine 6G and H-acid sodium salt directly demonstrate that liquid-

phase interactions occur between charged ESI droplets and neutral sample droplets. Moreover, 

the effect of the composition of the primary ESI spray and sample spray on signals of the 

analyte of EESI-MS was investigated systematically. The results show that the analyte signals 

strongly depend on its solubility in the solvents involved, indicating that selective extraction 

is the dominant mechanism involved in the EESI process. This mechanistic study provides 

valuable insights for optimizing the performance of EESI in future applications. 

 

6.2 Introduction 

   Extractive electrospray ionization (EESI) mass spectrometry (MS) was first introduced by 

Chen et al.306 to examine and characterize compounds in complex liquid matrices. In the 

traditional ESI process, dissolved analytes are infused directly to generate ions, which results 

in a low tolerance against sample matrices and can lead to significant ion suppression effects. 

In contrast, in the EESI process, the analytes are first aerosolized/nebulized with a nebulizer 

gas and then ionized by collision with the charged droplets generated by an auxiliary ESI 

spray formed from pure solvent. Thus EESI often does not require special sample 

pretreatment, because the nebulization and ionization processes are isolated in both space and 

time. 307-315 These advantages make EESI an ideal ionization method for the analysis of 

samples with complex matrices such as untreated urine,306 breath aerosol,307 milk,311 reaction 

mixtures,312-314 honey314 and  olive oil.314,315   

Since the early stages of the development of this technique, there has been controversy 

about the similarities and differences among EESI, fused droplet-electrospray ionization (FD-

ESI)316,317 and secondary electrospray ionization (SESI).318-321 It is generally thought that 

ionizations in EESI, FD-ESI, and SESI occur through one of two pathways, either i) via 

liquid-phase interactions between the neutral analytes and the charged electrospray droplets or 
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ii) via gas-phase ion-molecule reactions between the neutral analytes and the charged ions 

generated from ESI solvent droplets. The dominant ionization mechanism still remains 

unclear. Previous investigations of FD-ESI by Shiea and coworkers revealed that the 

composition of the electrospray solution was a significant factor in determining the ionization 

efficiency of the analyte.322,323 Later,  the same research group visualized the mixing of the 

analytes with the electrospray plume in the electrospray laser desorption/ionization (ELDI) 

process.324,325 They proposed that liquid-phase interaction occurs as the charged ESI droplets 

meet with the analyte droplets. Several early EESI studies306-308 also postulated that liquid-

phase interaction might be the key ionization mechanism when liquid samples were brought 

into the EESI source by nebulization, a hypothesis which is further supported by results from 

Metzger and coworkers.313 In their studies of electron transfer catalyzed dimerization of trans-

anethole,313,326,327 they virtually eliminated a possible gas-phase interaction/ionization 

between the charged ESI droplets and the neutral analytes.  

If  liquid-phase interactions really dominate in EESI, several processes such as bounce, 

disruption, fragmentation and total coalescence of droplets may happen (lower part of Figure 

6.1).328,329 If the charged ESI droplets and neutral analyte droplets bounce, or undergo 

disruption or/and fragmentation processes, a selective liquid-liquid extraction (LLE) is 

expected to occur. The secondary solvated analyte ions are then released from the droplets to 

produce gaseous ions by well-known ESI mechanisms.  One consequence of this selective 

LLE process would be that the relative solubility of the analyte in ESI and sample solvents is 

significant in determining the extraction efficiency of the analyte from the sample spray, e.g., 

an efficient LLE can occur when the analyte is more soluble in the ESI spray solvent than in 

its original solvent. Conversely, in a total coalescence process, the two droplets will coalesce 

to form a larger droplet before the latter is ionized. Thus, no extraction process occurs. As 

such, the relative solubility of the analyte in ESI spray solvent and sample solvent is of 

secondary concern in the total coalescence process. The surface tension of the droplets and the 

solvent miscibility between the two spray solvents, on the other hand, are decisive if total 

coalescence is to occur. Hence, a study of the effect of the relative analyte solubility in the 

ESI spray solvent and the sample solvent is needed to evaluate whether selective LLE or total 

coalescence will occur.  

Several applications of EESI-MS311,314,315 have already illustrated the importance of the 

nature of the solvents used for both the ESI spray and the sample spray. Zhu et al. analyzed 

melamine in milk using EESI-MS and in the course of this study also compared the detection 

sensitivity for melamine dissolved in different solvents such as water, acetonitrile, 2-propanol, 
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ethanol and methanol. They found that ion signals were enhanced when methanol and ethanol 

were used.311 Recently, research by Law et al. showed that the composition of the primary 

ESI spray strongly influenced the type of molecules extracted into the charged ESI 

droplets.315 By adjusting the composition (polarity) of the primary ESI spray, compounds with 

different polarities present in extra virgin olive oil can be differentially extracted. Furthermore, 

ion signal intensities varied with the composition of the primary ESI spray.  All these works 

imply that the solvents used in the charging spray and the sample spray influence the 

performance of EESI. However, none of them systematically investigated the effect of analyte 

solubility. There is still a lack of detailed studies to sustain the liquid-phase interactions and 

selective extraction hypothesis.  

In this study, fluorescence studies were employed for the first time to investigate the 

EESI mechanism.  Fluorescent dyes, such as rhodamine 6G and H-acid sodium salt were used 

to directly probe liquid-phase interactions between charged ESI droplets and analyte droplets.  

In order to elucidate whether total coalescence or selective extraction is the dominant 

mechanism in EESI, the influence of the analyte solubility in both the primary ESI spray and 

sample spray with different solvent systems was also investigated. Nile red (positive mode) 

and fatty acids (negative mode) were used in this part of the work.    

 

6.3 Experimental Methods 

EESI-MS Measurements 

        EESI-MS of nile red and fatty acids were obtained in either positive or negative ion 

mode on a commercial quadrupole time of flight (Q-TOF) mass spectrometer (Q-TOF 

UltimaTM, Micromass/Waters, Manchester/UK) with minimal source modification. The 

scheme of the EESI setup is shown in Figure 6.1. The angles between the sample spray and 

the MS inlet (α) and between the two spray sources (β) were 60o and 150o, respectively. The 

distances between the origin of the EESI plume (intersection point between the two individual 

sprays) and the MS inlet (a), and between the ESI spray and sample spray (b) were 2 cm and 

1.5 cm, respectively. This optimized source geometry with respect to the distances and the 

angle between the two sprays had been established previously330,331, and no further 

optimization of these parameters was undertaken. Typical positive mode EESI-MS conditions 

were as follows: source temperature 25oC, desolvation temperature 50oC, the ESI and cone 

voltages were set to +3.8 kV and +40 V, respectively. The N2 gas flow rates of the primary 

ESI spray and the sample spray were both 50 L·h-1. Both the sample solution and primary ESI 
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solvent were infused at 5 µL·min-1. As for negative mode EESI-MS, the source temperature 

was set to 25oC, the desolvation temperature to 50oC, and the ESI and cone voltages were set 

to -4.0 kV and -60 V, respectively. Unless stated otherwise, an electrospray solvent mixture 

(methanol/H2O in a ratio of 8:2, containing 0.5% NH4

 

OH) was infused at 5 µL·min-1 in the 

negative mode. The Mass Lynx 4.0 software (Waters, Manchester, U.K.) was used for the Q-

ToF-MS experiments. Mass spectra were typically collected for about 90 s with a single scan 

time frame of 1 s. Mass spectra were acquired over the 50-500 Da range. Background 

subtraction of the spectra was performed using the background subtraction algorithm from the 

Mass Lynx Software.  

Figure 6.1 Schematic diagram of the EESI-MS setup. Below: Possible processes for liquid-phase 

interactions. The angles between the sample spray and the MS inlet (α) and between the two spray 

sources (β) were 60o and 150o, respectively. The distances between the origin of the EESI plume 

(intersection point between the two individual sprays) and the MS inlet (a), and between the ESI spray 

and sample spray (b) were 2 cm and 1.5 cm, respectively. 

 

Fluorescence Measurements 

The geometry and parameters of the EESI setup in the fluorescence measurements were 

the same as described above; the optical set-up is shown in Figure 6.2. In the optical system 

for laser-induced fluorescence (LIF), the excitation laser with 473 nm (Nd:YAG, CNI, 

Changchun, China, 40 mW, beam width=1 mm, defined as the y axis) passed directly through 
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the EESI plume (spray direction: defined as the z axis).  An optical fiber (M25L05, Thorlabs, 

Newton, NJ, USA, defined as the x axis) was placed in front of the plume center and 

perpendicular to both the laser beam and the plume to collect the fluorescence. Laser light 

scattered from the droplets was blocked by a long-pass filter (FEL0500, Thorlabs, Newton, 

NJ, USA). The fiber guides the collected light into a spectrograph (Shamrock SR-163i, Andor 

Technology, Belfast, Ireland). Finally, the spectra were recorded by a Peltier-cooled charge-

coupled device (CCD) camera (iDus DV420A-OE, Andor Technology, Belfast, Ireland). The 

solvent used in both the traditional ESI and the EESI sources was methanol with 1% acetic 

acid.  In fluorescence measurements of the H-acid sodium salt, a UV lamp (ZF-2 3 UV 

analyzer，Shanghai Huayan Equipments and Instruments Co. Ltd, Shanghai, China) with an 

emission wavelength of 254 nm was used as an excitation light source.   

 
Figure 6.2 Right part: schematic diagram of the LIF setup; middle part: the photo of the EESI plume; 

left part: three fluorescence spectra of R6G measured in the bulk solution (blue), at the origin of the 

EESI plume (green dot), and at 30 mm from the origin of the EESI plume (red). The sample spray was 

a methanolic solution of Rhodamine 6G, whereas the primary ESI solvent spray was methanol with 1% 

acetic acid. 

 

Chemicals 

Nile red (NR, C20H18N2O2) and rhodamine 6G (R6G, C28H31N2O3Cl) were obtained 

from Acros Organics (Geel, Belgium), with a purity higher than 99%. H-acid sodium salt (1-

amino-8-hydroxynaphthalene-3,6-disulfonic acid monosodium salt, C10H8NNaO7S2) was 

bought from Shanghai SSS Reagent (Shanghai, China, technical grade). Myristic acid (C14:0), 
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palmitic acid (C16:0) and linoleic acid (C18:2) were obtained from Sigma (Buchs, 

Switzerland) whereas stearic acid (C18:0), oleic acid (C18:1) and arachidic acid (C20:0) were 

obtained from Fluka (Buchs, Switzerland). HPLC-grade solvents such as benzene, 

cyclohexane, trichloromethane, methanol and acetonitrile were obtained from Merck 

(Darmstadt, Germany). Water used throughout this experiment had a resistivity of ≥18 

MΩ·cm and was obtained from a NANOpure water purification system (Barnstead, IA, USA). 

In the fluorescence measurements, the concentration of rhodamine 6G was 15 µg·mL-1 in 

methanol with 1% acetic acid in the traditional ESI source or in pure methanol in the EESI 

source , and H-acid sodium salt was 1% (w/w) in water.  The concentrations of nile red and 

fatty acids in EESI-MS measurements were 1 µg·mL-1.  

 

6.4 Results and Discussion 

Fluorescence Measurements 

              R6G was used as a probe in order to investigate if the EESI process occurs in liquid 

phase. Fluorescence spectra of R6G in a traditional ESI plume were measured along the axial 

direction of the ESI plume. The results are shown in Figure 6.3. The fluorescence emission 

maximum of dissolved R6G is at 552 nm, which is consistent with the values in the 

literature.332 R6G molecules observed 20 mm from the emitter of the ESI capillary are thus 

mostly in the liquid phase. A new peak at 509 nm only appears at 30 mm from the ESI emitter. 

This new peak is due to fluorescence emission of gas-phase R6G ions according to previous 

studies of gas-phase R6G ions in both atmospheric and vacuum environments.333-335  

Fluorescence spectra were also measured along the axis of the EESI plume using the same 

optical system. Three fluorescence spectra, recorded at the origin of the EESI plume, at 30 

mm from the EESI plume origin, and in the bulk solution are shown in Figure 6.2.  They are 

very similar; no obvious fluorescence peak of gas-phase R6G ions is observed even 30 mm 

from the origin of the EESI plume. Thus, with the current geometry of the EESI source used 

in this work, where the origin of the EESI plume is ≈20 mm from the emitters of two sprays 

(see in Experimental Methods, section on Fluorescence Measurements), most R6G molecules 

are dissolved in liquid droplets.  
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Figure 6.3 Fluorescence emission spectra of R6G in a traditional ESI plume along the axial direction 

(off-set on the y-axis for better readibility). The optical system is same as the one used in the LIF 

measurement in EESI source as shown in Figure 6.2.  The ESI spray consisted of Rhodamine 6G in 

methanol with 1% acetic acid. 

 

Another compound, H-acid, a pH sensitive fluorescent dye, was used to demonstrate that 

liquid-phase interaction during the EESI process is predominant. In order to obtain 

fluorescence images of sufficient quality and contrast, fairly high infusion rates for the ESI 

spray solution (200 µL·min-1) and the neutral spray solution (100 µL·min-1) were used. In 

aqueous solution, H-acid sodium salt exhibits a blue fluorescence when it is exposed to UV 

irradiation.336 The fluorescence intensity is enhanced in a basic environment (pH≥8.5) 

whereas it is suppressed in an acidic environment (pH≤4.5).337 Figure 6.4(a) shows a photo of 

the EESI plume created by spraying an aqueous H-acid solution in the ESI spray and pure 

water in the neutral spray. The blue fluorescence of H-acid sodium salt was observed in the 

EESI plume. When the pure water was replaced by an aqueous KOH solution (2 %) or an 

aqueous HCl solution (2 %), the fluorescence intensity changed accordingly, as shown in 

Figure 6.4(b) and 6.4(c). Compared with Figure 6.4(a), the blue fluorescence in the EESI 

plume containing base (Figure 6.4b) was brighter. This must be due to extraction of KOH 

from the neutral droplets into the charged droplets of H-acid, raising the pH value of the H-

acid solution.  Conversely, when the H-acid molecular environment was acidified by 

introducing an HCl solution via the neutral droplets, the fluorescence intensity of the H-acid 

was suppressed resulting in less fluorescence in the EESI plume (Figure 6.4c). Some fraction 

of HCI could of course be in the gas phase. However, similar results were observed when HCl 
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was replaced by H2SO4

 

, which is much less volatile than HCl. We interpret these 

observations as a change in the environment of H-acid due to liquid-phase interaction between 

neutral droplets and charged droplets in the EESI plume. All results from the fluorescence 

studies thus directly support a liquid-phase interaction between droplets in the EESI process.  

Figure 6.4  Fluorescence images of H-acid sodium salt in an EESI plume created by spraying 

different solutions in the neutral spray (1). a) aqueous solution, b) aqueous KOH solution, c) aqueous 

HCl solution.  H-acid sodium salt was delivered in the ESI spray (2). The ESI spray and neutral spray 

were infused at 200 µL•min-1 and 100 µL•min-1, respectively. Other conditions were as stated in 

Experimental section. A grounded plate was placed underneath the UV lamp. 

 

Positive mode EESI-MS 

If liquid-phase interactions are the major contribution to the EESI process, total 

coalescence and selective extraction, as mentioned in the introduction, are expected to be two 

possible mechanisms responsible for analyte ionization in EESI. Thus, the analyte solubilities 

in both the primary ESI spray and the sample spray were investigated in order to figure out 
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which is the predominant mechanism. In this study, Nile red (NR) was chosen as a probe. In 

order to exclude miscibility effects between the solvents in both the sample and primary ESI 

sprays, two miscible solvent systems were chosen, methanol/water and 

methanol/tricholomethane. The solubility of NR is the highest in tricholomethane (>4mg·mL-

1, solubility test) followed by methanol (≤1mg·mL -1, data from Acros Organic) and water 

(≤1μg·mL-1).338 In the first experiment, the sample spray was NR in methanol, and the 

primary ESI spray was a methanol/water mixture with various volume ratios (from 0% to 

100%). The ion intensity of protonated NR at m/z = 319.25 was found to be enhanced with 

increasing methanol fraction in the primary ESI spray  as shown in Figure 6.5(a). When the 

primary ESI spray was pure methanol (plus 1% acetic acid), the ion intensity was clearly the 

highest upon introducing the sample spray into the EESI plume. On the contrary, the ion 

intensity did not even increase when pure water with 1% acetic acid was used as the primary 

ESI spray.  In other words, when the water content in the primary ESI spray increases, less 

NR molecules are extracted from the sample spray into the charged ESI droplets, due to its 

lower solubility in water.  

In order to further verify that this obvious change in ion intensity is not caused by 

instabilities of the instrument itself, another solvent system, a tricholomethane /methanol 

mixture, was investigated by using an internal standard (caffeine, 10 µg∙L -1), which was 

added into the primary ESI spray. The ion intensity of protonated caffeine did not change at 

all when the analyte was introduced. Thus, the relative ion intensity of the protonated NR can 

be measured by calculating the ion intensity ratio of the protonated NR to the protonated 

caffeine.  Two sets of experiments were carried out. In the first set, the sample spray consisted 

of NR in methanol with 1% acetic acid, and the tricholomethane/methanol mixture with 

various volume ratios was used as the primary ESI spray. In the second set, the primary ESI 

spray was methanol with 1% acetic acid, and the sample spray was NR in the tricholomethane 

/methanol mixture with various ratios.   
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Figure 6.5  (a) Ion chromatograms of protonated NR with 1 µg•mL-1 in methanol extracted at 

m/z=319.25. The sample spray contained NR dissolved in methanol, whereas the primary ESI spray 

was composed of water/methanol with 1% acetic acid with various volume ratios (original data in 

black; data after smoothing in red). (b) Ion intensity ratio of the protonated NR to protonated caffeine 

with the various trichloromethane volume contents of a tricholomethane/methanol mixture in both the 

sample spray (solid black dots) and the primary ESI spray (open circles). 

 

        The results are depicted in Figure 6.5(b). The ion intensity ratio of protonated 

NR/caffeine increased with increasing proportion of tricholomethane in the primary ESI spray, 

except at the lowest tricholomethane contents (≤20%). Above 20% tricholomethane, the ion 

intensity ratio decreased with the increasing proportion of tricholomethane in the sample 

spray. At low volume fractions of tricholomethane (≤20%), other factors may come into play, 

which will require further study. However, the main trends of the data in Figure 6.5 can be 

rationalized as follows: when the content of tricholomethane increased in the sample spray, 

NR molecules prefer to remain in the neutral sample droplets, as NR has a higher solubility in 

tricholomethane than in methanol. Thus fewer NR molecules are extracted and ionized from 
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the neutral sample droplets into the charged ESI droplets, i.e., the ion intensity of protonated 

NR is lower. In contrast, more NR molecules are extracted into the charged ESI droplets and 

ionized when the content of tricholomethane increases in the primary ESI spray. These results 

are consistent with the abovementioned results of the methanol/water system. All these results 

demonstrate that the analyte solubility in the EESI process has a dramatic influence on the 

analyte ion signal.  

 

Negative Mode EESI-MS 

Figure 6.6 illustrates the effect of the water content in MeOH in the primary ESI spray 

on the absolute ion signal intensity of fatty acids. Six fatty acids were used in this study to 

validate that any changes in signal intensity are not caused by instabilities of the instrument 

itself. Overall, the signal of fatty acids was low when very small amounts of water were added 

into the primary ESI spray. The signal increased with increasing concentration of water (up to 

20% water) in the primary ESI spray.  This is because more primary charges are created, 

which improves the overall ionization efficiency.  Above 20% H2O, all signals decreased with 

further increase of the water content.  This is mostly due to the fact that, as the water content 

of the primary ESI spray increases, the solubility of fatty acids in the primary ESI spray 

decreases, hence a lesser amount of fatty acids can be extracted into the charged ESI droplets. 

Similar results were obtained when increasing the amount of NH4

To further validate the analyte solubility hypothesis, the effect of various organic solvents 

on the fatty acid ion signals was investigated. In this part of the study, the primary ESI spray 

consisted of 0.5% NH

OH in the primary ESI 

spray.  These results indicate that the solubility of fatty acids in the primary ESI spray are the 

key factor determining the ion signal of fatty acids in EESI-MS.  

4

339-341

OH in a methanol/water mixture (80:20) whereas different solvents 

were used in the sample spray for introducing the fatty acids. The dependence of the signal 

intensity of fatty acids on the various solvents is illustrated in Figure 6.7. Due to the low 

solubility of the fatty acids in acetonitrile, they prefer to be extracted into the charged ESI 

droplets, the ion intensity of the deprotonated fatty acids hence increased. A remarkable 

decrease of signal was observed when tricholomethane was used in the sample spray. Fatty 

acids are generally better soluble in tricholomethane compared to the other investigated 

solvents and also to the methanol/water mixture of the primary ESI spray,    thus a lesser 

amount of fatty acids is extracted from the neutral sample droplets by the charged ESI 

droplets. The ion intensity of fatty acids in tricholomethane was much lower than in other 

investigated solvents.   
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Figure 6.6 Effects of water/methanol ratios in the primary ESI spray on the signal intensity of 

fatty acids. The sample spray contained the fatty acids dissolved in methanol, whereas the primary ESI 

spray was 1% acetic acid with various water/methanol ratios. 

 
Figure 6.7 Effects of different organic solvents on the signal intensity of fatty acids. The 

sample spray contained the fatty acids dissolved in different organic solvents, whereas the primary 

ESI spray was 1% acetic acid in methanol. 

       To further evaluate the influence of solvent properties such as polarity, volatility, 

evaporation rate etc, the response of the fatty acids with methanol or with acetonitrile in the 

sample spray was compared. Methanol and acetonitrile are commonly used in ESI and are 

quite similar with respect to volatility, evaporation rate, dielectric constant and proton 



 Chapter 6: Mechanistic studies of extractive electrospray ionization using 
 laser-induced fluorescence and mass spectrometry                                                                             125 
 

 
 

affinity.342 The most important difference is that methanol is a protic solvent whereas 

acetonitrile is an aprotic solvent. Besides, the solubility of fatty acids is reported to be higher 

in methanol compared to acetonitrile. 339,341 The ESI response of fatty acids in protic solvents 

is much higher than in aprotic solvents based on previous reports.343,344 However, for all fatty 

acids, we found that the EESI response of fatty acids dissolved in acetonitrile was indeed 

much higher than in methanol. Hence, the aprotic or protic properties of the solvent cannot be 

responsible for the observed phenomena. Moreover, the huge difference of the signal intensity 

between acetonitrile and methanol demonstrates that volatility, evaporation rate, dielectric 

constant and proton affinity of the sample spray play minor roles in the EESI mechanism and 

that the analyte solubility is the main factor contributing to the ion signals in EESI-MS. The 

results with various solvents also confirm that there is little correlation between the response 

of fatty acids and the surface tension of the solvent in the sample spray. The surface tensions 

of benzene, tricholomethane and acetonitrile are similar,342 however they show obvious 

differences in the EESI ion signal intensity for fatty acids. The difference observed for these 

solvents (tricholomethane, benzene and acetonitrile) is again due to the different analyte 

solubility. Moreover, this idea is also supported by the fact that the difference in ion signal 

intensity for fatty acids was not observed when cyclohexane or methanol was used in the 

analyte spray. Finally, the miscibility between the primary ESI spray and sample spray was 

also investigated. Cyclohexane, benzene and hexane are not miscible with a primary ESI 

spray consisting of methanol/H2O (80:20) with 0.5% NH4

 

OH. However, no significant 

difference in the ion signal intensity for fatty acids was observed. This demonstrates that the 

miscibility between the charged ESI spray and sample spray does not influence the EESI 

process as significantly as analyte solubility does.  

6.5 Conclusions 

        The following picture emerges about the processes in EESI: 1) charged ESI droplets and 

neutral sample droplets interact predominantly in the liquid phase. This was proven by the 

fluorescence studies of R6G and H-acid sodium salt directly in the EESI plume,  2) A strong 

dependence on the analyte solubility in the solvents of the primary ESI spray and sample 

spray was found both in positive mode by NR and in negative mode by fatty acids, which 

implies that a selective extraction occurs between the charged ESI droplets and the neutral 

analyte droplets. Other solvent properties, such as surface tension or proton affinity were 

found to play minor roles in this extraction process. The effect of other operating parameters 

such as the drying gas flow rate or the temperature, not within the scope of this study, are 
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expected to play minor roles in affecting the extraction and ionization processes in EESI. The 

results obtained here are consistent with previous FD-ESI studies317,322,323. 

A corollary is that EESI can be tuned to ionize target analytes selectively in complex 

liquid matrices by optimizing the solvents used. This systematic investigation provides a more 

in-depth understanding of how analytes are extracted and ionized by the charged ESI droplets, 

and hence, affords a basis for optimizing and predicting the EESI response. 
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7.1 Abstract 

        Dual-spray extractive electrospray ionization mass spectrometry (EESI-MS) as a 

versatile analytical technique has attracted much interest due to its advantages over 

conventional electrospray ionization (ESI). The crucial difference between EESI and ESI is 

that in the EESI process, the analytes are introduced in nebulized form via a neutral spray and 

ionized by collisions with the charged droplets from an ESI source formed by spraying pure 

solvent. However, the mechanism of the droplet-droplet interactions in the EESI process is 

still not well understood. For example, it is unclear which type of droplet-droplet interaction 

is dominant: bounce, coalescence, disruption or fragmentation? In this work, the droplet-

droplet interaction was investigated in detail based on a theoretical model. Phase Doppler 

Anemometry (PDA) was employed to investigate the droplet behavior in the EESI plume and 

provide the experimental data (droplet size and velocity) necessary for the theoretical analysis. 

Furthermore, numerical simulations were performed to clarify the influence of the gas flow on 

the EESI process.  No coalescence between the droplets in the ESI spray and the droplets in 

the sample spray was observed, using various geometries and sample flow rates. Theoretical 

analysis, together with the PDA results, suggests that droplet fragmentation may be the 

dominant type of droplet-droplet interaction EESI. The interaction time between the ESI 

droplet and sample droplet was estimated to be less than 5 µs. This work gives a clear picture 

of droplet-droplet interactions in the dual-spray EESI process and detailed information for the 

optimization of this method for future applications that require higher sensitivity. 

 

7.2 Introduction 

      Extractive electrospray ionization mass spectrometry (EESI-MS) in the dual spray 

configuration, a technique derived from electrospray ionization (ESI) and first introduced by 

Cooks and coworkers in 2006 123, has evolved into a powerful and versatile analytical method. 

Due to its advantages over ESI, it is widely applied in many fields requiring high-throughput 

analyses, such as on-line detection of chemical reaction products and intermediates 268, 

detection of native biomolecules 345, environmental monitoring in the field 126, and in-vivo 

metabolomics 132. This dual spray configuration is also applied in other ambient ionization 

methods, such as liquid sampling desorption ionization346. In the traditional ESI process, 

dissolved analytes are delivered through a capillary, and with the help of a high electric field 

and sometimes assisted with a sheath gas form a plume of charged droplets. Gaseous ions are 

produced after several desolvation steps. The last step, the release of an unsolvated ion, can be 
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described either by the ion evaporation model (IEM) 36 or by the charged residue model 

(CRM) 24. ESI has a relatively low tolerance to the presence of buffers, salts and complex 

matrices, which can lead to serious ion suppression effects. On the contrary, in the EESI 

process, the liquid sample is atomized using a sheath gas in the absence of an electric field, 

and forms roughly neutral droplets.  These droplets are dispersed into a conventional ESI 

plume formed from pure solvent, and collide with the charged ESI droplets in a Y-shaped 

intersection, where the analytes interact with charged ESI droplets. Finally, in the merged 

plume, analyte molecules mixing with charged solvent in the droplets become gaseous ions in 

a subsequent ESI-like process. Because analyte is dispersed over a large volume, EESI often 

does not require any special sample pretreatment. Another advantage is that the solvents in the 

charged ESI spray can be tuned to selectively extract the analytes, which is useful for the MS 

analysis of complex matrices 347. These advantages render EESI an ideal secondary ionization 

method for analysis of gaseous volatile, semi-volatile, and even non-volatile substances in 

various complex matrices such as exhaled breath 348,349, milk 125,350, and with viscous liquids 
154,157,351. 

     Despite the wide scope of applications, there are still a lot of unknowned questions 

regarding the charging of analyte molecules. For instance, how exactly do the droplets from 

the ESI spray and sample spray interact with each other in the Y-shaped intersection? Does a 

total coalescence occur between the droplets? Should this not be the case, there are three other 

types of droplet-droplet collision in addition to total coalescence: bounce, disruption, and 

fragmentation (as illustrated in the inset of Figure 3.7) 352,353. What is the dominant type of 

interaction between the droplets from the ESI spray and the sample spray? Furthermore, what 

is the mechanism for the corresponding charging process of analytes? A clear answer to these 

questions would definitely lead to a deeper understanding of the EESI process, which is 

important for optimizing the performance of the EESI method in terms of sensitivity, 

universality, and reproducibility. In our previous work using laser-induced fluorescence, it has 

been demonstrated that for nonvolatile compounds, the charged ESI droplets and the neutral 

sample droplets do collide in liquid form before the final desolvation and gas phase ion 

formation take place 346. In addition, we found a strong dependence of ion signals on the 

analyte solubility in both the ESI and sample spray solvents, implying that a selective 

extraction occurs between the charged ESI droplets and the neutral sample droplets. This 

excludes total coalescence as the dominant type of droplet-droplet interaction between the ESI 

droplets and the neutral sample droplets with different solvents in the two sprays.   
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        However, whether coalescence happens when the solvents in the ESI spray and sample 

spray are identical, and the reasons for the presence or absence of total coalescence of the 

droplets in the EESI process is still unclear. To further optimize the performance of EESI, a 

detailed investigation was conducted based on a theoretical model to distinguish the type of 

droplet-droplet interaction in the EESI process. Concrete information about the droplet size 

and velocity is essential for the theoretical analysis. However, mass spectrometric 

measurements cannot provide such information about the droplets in the EESI process 347.  As 

a complement to MS, we thus used Phase Doppler anemometry (PDA) in this work. PDA is a 

powerful tool to directly measure droplet size, velocity and number density in dynamic 

processes, such as electrospray 194,199,257 or desorption electrospray ionization 136. The size, 

velocity and density of droplets in the intersection where two sprays meet (referred to as the 

origin in the following) and 2 mm downstream from the inter were measured. Furthermore, 

the behavior of droplets in single-spray mode (defined in the experimental and methods 

section) was also studied for comparison with results from EESI, in order to understand how 

the droplet behavior changes upon collision with droplets from the second spray. In addition, 

the effect of experimental parameters such as the precise geometry and sample flow rate on 

the droplet behavior was investigated. In order to clarify the phenomena observed in the PDA 

measurements and to provide practical guidelines for optimizing EESI performance, 

numerical simulations of the gas flow dynamics in the intersection were conducted.  

 

7.3 Experimental and methods 

 Phase Doppler Anemometry (PDA) measurements 

         The measurement scheme is shown in Figure 3.7. The EESI setup consisted of two 

identical commercial electrospray sources (M955015DC6, Waters, Manchester, UK), which 

were constructed from two coaxial stainless capillaries for delivering the liquid and the sheath 

gas, respectively. The inner and outer diameters of these two capillaries are the same for both 

sources. They are 130 µm/230 µm, and 400 µm/700 µm, respectively. In the PDA 

measurements, one of the sources was used to spray the neutral sample, with a sheath gas at 2 

bar pressure (compressed air); the other one was used as the ESI source, with a sheath gas (2 

bar) and a voltage of +4 kV applied by a high voltage supply (HCN140-12500, FuG, 

Rosenheim, Germany). The voltage was fixed for all the experiments. The solutions were 

delivered by two 500 μl syringes (Hamilton, Bonaduz, Switzerland) and a syringe pump 

(Harvard 22 syringe pump; Harvard Apparatus GmbH, March-Hugstetten, Germany) which 
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provided a flow rate of 1-20 μl/min. The distance between the tips of the capillaries and the 

counter electrode was 10 cm. The measurements were performed with various geometries, 

with angles (α) of 30˚, 80˚, and 180˚ and distances between the tips of the two capillaries (d) 

of 3 mm, 4 mm, and 5 mm, respectively. 

 

Sample preparation 

    In the EESI spray measurements, a water-ethanol mixture (1:1 volume ratio) was used in 

both sprays. The ethanol was bought from Merck (HPLC grade, Darmstadt, Germany), the 

purified water (resistivity ~18 MΩ•cm) was obtained by using a water purification system 

(NANOpure, Barnstead, IA, USA). 

 

Numerical Simulations 

      Full 3D numerical simulations were performed to calculate the pattern of the two sheath 

gas flows from the ESI and sample sprays using a computational fluid dynamics (CFD) 

software package (ANSYS CFX 12.1, ANSYS, Berlin, Germany). The shear stress transport 

(SST) turbulence model was implemented in the simulations; when compared to results of a 

pure laminar flow model at 2 bar backing pressure, no differences were found. The geometry 

of the numerical model was the same as that used in the PDA experiments, with an 80° angle 

between the two sheath gas flows and a distance of 3 mm between the tips of the two spray 

capillaries. The dimensions of the inner and outer capillaries were identical to those in the 

experiments. The inlets of the two capillaries were in the same plane, and the inner capillary 

protruded 1 mm from the outlet of the outer capillary. The gas pressure at the inlets of the two 

capillaries was 2 bar, while the outlet pressure was set to open to the ambient pressure (i.e. 1 

bar). The mesh size was set as fine as 3 μm around the emitter to simulate the pattern 

precisely. 

 

7.4 Results and discussion 

Comparison of droplet sizes in EESI and in single-spray mode 

        With both the ESI and sample sprays on, the size, velocity and density of droplets were 

measured simultaneously in the EESI spray plume under various experimental conditions 

using PDA. The normalized volume density vs. droplet size under various geometries is 

shown in Figure 7.1. The Sauter mean diameter (SMD, the total droplet volume divided by 

the total droplet surface area) is usually used to characterize the droplets in the spray.  The 
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volume density rather than the number density was used to avoid bias from the large number 

of small droplets. The volume density was normalized to the sum of all droplet volumes in the 

measurement area, in order to avoid an influence of a varying volume density in different 

measurements. In the case of α=80°, the SMD of the EESI spray was measured to be 7.85 µm, 

as compared with a value of 8.82 µm by averaging the results of the ESI spray and sample 

spray in the single-spray mode, i.e., quite similar. If permanent total coalescence happens 

between the droplets from the two sprays, the droplet size distribution of the EESI spray 

should shift to a significantly larger value and the density of small droplets should decrease 

compared to the averaged data from the ESI spray and sample spray in the single-spray mode. 

However, no obvious shift of the distributions was observed, i.e., there was no significant 

change of the droplet size or dramatic decrease of the droplet density after two sprays met, 

implying that no permanent coalescence takes place at the origin of the EESI plume (z=0) 

even when the solvents in the two sprays are identical. This is fully in line with the results 

from our previous work 347, where different solvents were used for the two sprays. The droplet 

behavior 2 mm axially downstream from the origin was also measured, as shown in Figure 

7.1(b). The droplet sizes for both sprays have decreased further compared to the ones at the 

origin, due to the solvent evaporation; the decrease is stronger for the droplets in the sample 

spray. At 2 mm, the SMD of the EESI spray (6.65 µm) was similar to the average (6.77 µm) 

and the droplet size distributions of the EESI spray and the combination of the two single 

sprays were analogous, suggesting again that there is no total coalescence of droplets 2 mm 

downstream. 

      Similar results were obtained when other EESI geometries were applied. In Figure 7.1(c), 

the droplet size distribution for α=30° was comparable to the results for α=80°. O Only in an 

extreme case (α=180°, i.e., both sprays facing each other), the droplet size in the ESI spray 

increased dramatically compared to other geometries, which may be caused the particularly 

intense interactions between the droplets from two sprays in this case. The SMD of the EESI 

spray was 12.54 µm, while the average SMD was 14.07 µm. The droplet size distribution of 

the EESI spray assumed a slightly smaller value compared to the averaged results for the ESI 

spray and sample spray in single-spray mode. This reduction of the droplet size is probably a 

result of breakup of droplets due to the large momentum produced by the collision between 

the droplets from the two sprays in this geometry. All results with different geometries 

suggest that there was no coalescence of the droplets when the ESI spray met with the sample 

spray at the origin. Furthermore, the droplet behavior with various sample flow rates for α= 

80° was studied at the origin. The SMD of the EESI spray was similar to the average value at 
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different sample flow rates, again suggesting the absence of coalescence. Both the sheath gas 

and the electric field influence the size of ESI droplets, whereas only the sheath gas affects the 

size of sample droplets. As a result, ESI droplets are normally smaller than the droplets from 

the neutral sample spray as observed at low sample flow rates (≤ 5 μl/min). With a higher 

flow rate of 20 μl/min, the size of sample droplets shows no distinct change, while the size of 

ESI droplets increases.  Because the initial droplet size rises and the electric field was not high 

enough to break the large droplets into small ones, this caused a shift of the droplet size 

distribution of the ESI spray towards a higher value.  

 
Figure 7.1 Normalized droplet volume density versus droplet size in the EESI spray and single-spray 

mode obtained by the PDA measurements. a) α=80°, z= 0 mm (at the origin); b) α=80°, z= 2 mm (2 

mm downstream from the origin); c) α=30°, z= 0 mm; d) α=180°, z= 0 mm. The average is calculated 

and normalized from the results of the ESI and sample sprays in single-spray mode. 

 

Investigation of droplet behavior at the origin of the EESI plume 

        In order to obtain more information on the droplets in EESI for the theoretical analysis, 

the droplet behavior was investigated in detail at the origin of the EESI plume. Contour plots 

of gas velocity, droplet velocity, normalized droplet volume density and droplet size in the 

XY plane at z=0 are depicted for α=80° (Figure 7.2). The gas velocity profile of the EESI 

spray in Figure 7.2(a) exhibits a nearly circular shape, implying a good fusion of the two 

sheath gas flows from the ESI spray and the sample spray after encountering each other at the 

origin. However, the direction of the profile was 45° off the Y axis to the left, which will be 
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explained below. The highest gas velocity, 90 m/s, was at the center. The speed decreased 

gradually when going off-center, on account of the expanding gas flow. The gas velocity 

decreased to 60 m/s 2 mm downstream from the origin of the EESI plume (Figure 7.3a). 

When comparing the droplet velocity profiles (Figure 7.2g-i) and the gas velocity profiles 

(Figure 7.2a-c) in both the EESI and the single-spray modes, it becomes clear that the fast 

droplets were mostly located in the area of high-speed gas flow in both the EESI and the 

single-spray mode. At the origin, most droplets in the ESI spray were distributed roughly in 

two areas surrounding the conjunct gas flows (Figure 7.2e), while the droplets in the sample 

spray were mostly distributed in one area beside the gas flows (Figure 7.2f). The droplet 

distribution in the EESI spray was close to the sum of the results of the two single-spray 

modes (Figure 7.2d). In addition, the overlap area between the droplet distribution of the ESI 

spray and the distribution of the sample spray at the origin was fairly small. It is similar to the 

overlap area 2 mm from the origin (Figure 7.3e-f). The small overlap area results in little 

chance for the interactions between the droplets from the two sprays. 

 
Figure 7.2 Contour plots of the gas velocity (a-c), droplet volume density (d-f), droplet velocity (g-i) 

and droplet size (j-l) for the EESI spray, and the two single-spray modes measured by PDA with α=80° 

at the origin of the EESI plume. 

 

     At the origin, the size of most droplets in the ESI spray was approximately 3-5 μm based 

on the contour figures of the droplet volume density distribution (Figure 7.2e) and the droplet 

size distribution (Figure 7.2k). This is consistent with the droplet size in the conventional ESI 

spray, which usually has a fairly narrow size distribution if submicron sized off-spring 
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droplets generated from Coulomb explosions are ignored 194.  The latter cannot be “seen” by 

PDA, which only can observe droplets larger than ≈ 1 µm.  Compared with the volume 

density profile (Figure 7.2f) and the droplet size distribution (Figure 7.2i) of the sample spray, 

larger droplets were distributed at the place with higher droplet concentration, considered as 

the spray center. This is similar to the typical size distribution for a coaxial air-assisted spray, 

where the droplets are larger at the center along the radial direction of the spray 41. The 

droplet size distribution in the EESI spray was approximately the average of the distributions 

of the two sprays in the single-spray mode. At 2 mm from the origin (Figure 7.3), the droplet 

size distributions in both the EESI and single-spray modes were similar to the distributions at 

the origin.  

 
Figure 7.3 Contour plots of the gas velocity (a-c), droplet volume density (d-f), and droplet size (g-i) 

for the EESI spray, and the two single-spray modes measured by PDA with α=80° and 2 mm from the 

origin of the EESI plume. 

 

          In order to better understand the effect of the gas flow on the EESI process, the pattern 

of two gas flows from the ESI spray and the sample spray were also investigated by numerical 

simulations. Droplets were not explicitly accounted for, due to limitations in computing 

power. The velocity vector profiles of the gas flow pattern in the XY plane at the origin are 

shown in Figure 7.4. When two sprays were in a perfect head-on position, the two gas flows 
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converged and expanded along the Y axis, 90° off the spray direction (the X axis) (Figure 

7.4a). However, when the centerlines of two sprays were misaligned, e.g. with a 0.2 mm 

displacement between the tips of two spray capillaries, the two gas flows still converged, but 

the conjunct gas flow was roughly 30° off the Y axis as indicated in Figure 7.4(b). If the 

displacement increased to 0.4 mm, the conjunct gas flow was roughly 45° off the Y axis, 

which is consistent with the experimental observations in the gas velocity profile of the EESI 

spray: the direction of the gas flow profile in the EESI spray was roughly 45° off the Y axis in 

the PDA measurements (Figure 7.2a). This suggests that there was indeed a displacement of 

~0.4 mm between the tips of two spray capillaries, which is reasonable in the experimental 

scenario. It is nearly impossible to set up two sprays in an ideal head-on position in practice. 

The maximum velocity of the gas flow was 100 m/s, which is close to the experimental result 

of 90 m/s. Furthermore, the shape of the gas flow pattern in the simulations is similar to the 

shape of the gas velocity profile of the EESI spray measured by PDA. 

The simulated velocity profiles of the two gas flows in the XZ plane, for α = 80° and a 

0.4 mm displacement between the tips of two spray capillaries are shown in Figure 7.5(a). 

The XY profiles of these two gas flows downstream of the origin are also depicted in Figure 

7.5(b).   The gas velocity reduced to 70 m/s at 2 mm, which is similar to the gas velocity of 60 

m/s observed in the PDA measurements.  The phenomena observed in the droplet volume 

density profiles in single-spray mode at the origin (Figure 7.2e-f) and 2 mm downstream 

(Figure 7.3e-f) are then well represented by the simulations.  At the origin, the two gas flows 

mix partially even when the two spray capillaries are not perfectly aligned; part of the gas 

expands in the opposite directions (yellowish lobes in Figure 7.5b, top panel). Small droplets, 

such as the ones produced by the ESI spray, can more easily follow both expansion directions 

downstream. At 2 mm, there is almost no overlap between the two gas flows. Droplets from 

the ESI spray seem to preferentially follow the ESI sheath gas rather than both sheath gas 

flows in two directions (Figure 7.5b, bottom panel), although there is still some density in the 

sample spray direction (Figure 7.3e).  This effect is less pronounced for the sample spray 

droplets because of their larger size (Figure 7.2f, Figure 7.3f). 
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Figure 7.4 Simulated velocity vector distribution of two gas flows in the XY plane at z = 0, in the head-

on position (a) and with the sprays displaced by 0.2 mm (b) and 0.4mm (c). The geometry is α=80°. 

The color bar is scaled logarithmically. 
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Figure 7.5 (a) Simulated velocity profile of the two gas flows in the XZ plane. (b) the gas velocity 

vector profiles of two gas flows in the XY plane downstream along the plume at the origin, 0.5 mm 

from the origin, and 2 mm from the origin, respectively. The geometry is α=80°. The color bars are 

scaled logarithmically. 

 

Theoretical analysis of droplet-droplet collision in the EESI process 

        There are four types of droplet-droplet collisions. (1) Bounce: there is a thin intervening 

gas film between the surfaces of two droplets. If the collision kinetic energy (CKE) of the two 

droplets is not sufficient to penetrate this gas layer, then the droplets bounce off each other, 

meaning that there is no physical contact between two liquid droplets and they only flatten 

temporarily. (2) Total coalescence: when the CKE of two droplets is high enough so that the 

thickness of the gas film reaches a critical value, usually 10 nm 354, two droplets will coalesce 

temporarily or permanently, depending on the CKE. If the CKE is not too high, the coalesced 

droplet will oscillate with an amplitude of a few nanometers and finally achieve a stable form. 

If the CKE is too high, there are two possibilities for droplet-droplet collision. (3) Disruption: 

two droplets temporarily coalesce/contact, and afterwards separate into two droplets. (4) 

Fragmentation: after temporary coalescence/contact, the droplet undergoes catastrophic break-

up into numerous satellite droplets 352. 
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Figure 7.6 Schematic of droplet-droplet collision. 

 

          Based on the results of the PDA measurements, it is clear that there is no permanent 

coalescence at the origin of the EESI plume, because the droplet size in the EESI spray did 

not increase compared to the size in the single-spray mode. However, it is hard to decide 

which of the other three types is predominant in the EESI process only relying on the PDA 

measurements. Here, the type of droplet collision in the EESI process is evaluated 

theoretically. A diagram of a droplet-droplet collision is shown in Figure 7.6. One usually 

uses the impact parameter (b) and the Weber number (We) to determine the type of droplet 

collision instead of the CKE 351. The impact parameter (b), is the distance from the center of 

one droplet to the relative velocity vector (U) placed on the center of the other droplet as 

depicted in Figure 7.6. U is given by: 

   𝑈𝑈2 = 𝑉𝑉𝐸𝐸2 + 𝑉𝑉𝑆𝑆2 − 2𝑉𝑉𝐸𝐸𝑉𝑉𝛾𝛾 cos 𝛾𝛾       (7.1) 

where VE and VS represent the velocities of the ESI droplet and the sample droplet, 

respectively. θ is the angle between the directions of VE and VS

 𝑊𝑊𝑒𝑒 = 𝜌𝜌𝑈𝑈2𝐷𝐷𝐸𝐸/𝜎𝜎                                 (7.2) 

.  We is the ratio of the kinetic 

energy (it is the CKE in the droplet-droplet collision) to the surface energy of droplets defined 

as: 

DE is the diameter of an ESI droplet. The diameter of smaller droplet is used to calculate We. 

DE is used here because in the EESI process, the ESI droplets are usually smaller than the 

neutral sample droplets. ρ and σ are the density and surface tension of the solvents in the 

VE VS 
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colliding droplets, respectively (the solvents in two droplets are assumed to be the same in 

Equation  (7.2). Combining Equations (7.1) and (7.2), We can be calculated as follows: 

 𝑊𝑊𝑒𝑒 = 𝜌𝜌(𝑉𝑉𝐸𝐸2 + 𝑉𝑉𝑆𝑆2 − 2𝑉𝑉𝐸𝐸𝑉𝑉𝛾𝛾 cos𝛾𝛾)𝐷𝐷𝐸𝐸/𝜎𝜎              (7.3) 

         For DE VE, and VS, we use the average diameter of the ESI droplets, and the average 

velocities of the ESI and sample droplets from the whole measurement area covered by the 

PDA experiments. These values are 5.09 µm for DE, 39.67 m/s for VE and 21.04 m/s for VS

355

. 

For simplicity, the volume ratios of water to ethanol in the two droplets are assumed to be the 

same as the ones in the bulk solution, i.e., solvent evaporation and vapor condensation are 

ignored. The density and surface tension of a 1:1 water-ethanol mixture are 0.9260 g/cm3 

(20°C)  and 30.69 mNm-1 (20°C) 356. Considering a variation of θ from 0° to 180°, the 

value of We is 53.30 at θ=0° and 566.05 at θ=180°, i.e., We covers a range of more than an 

order of magnitude 351. An increase of We means an increase in the ratio of kinetic energy to 

surface energy according to the definition of We. When the value of We is lower than 10, 

bounce usually occurs in droplet-droplet collisions357,358, because the kinetic energy is 

insufficient to overcome the surface energy and to expel the intervening gas film. When the 

value of We is too high, e.g., 100, two droplets will coalesce temporarily and the excess 

kinetic energy can be transferred to rotational energy, which causes the coalesced droplet to 

separate, resulting in fragmentation or disruption. Gunn et al. concluded that the minimum 

kinetic energy to expel the intervening gas film is exceeded when the relative velocity of the 

droplets U is greater than a critical value,  �8𝜎𝜎/𝜌𝜌𝐷𝐷𝑆𝑆   358. Here, DS is the diameter of the 

sample droplet, which is the larger droplet used to calculate the critical value of U. The 

average diameter of the sample droplets is used as DS 

352

(12.32 µm).   In the EESI process, the 

critical value is estimated to be 4.64 m/s, much smaller than the actual value of U, which is in 

the range from 18.63 m/s to 60.71 m/s depending on θ (0°~180°). This clearly demonstrates 

that bounce is not the dominant process following droplet-droplet collision in EESI. 

Furthermore, different from disruption, fragmentation generates satellite droplets . The 

PDA measurements showed the slightly smaller value of the SMD in the EESI spray 

compared to the average SMD at the origin. This suggests the production of satellite droplets 

at the origin, which are too small to be detected by PDA (< 1 μm). Therefore, the 

fragmentation may be the dominant process following droplet-droplet collision in an EESI 

plume, which is considered to be beneficial for EESI-MS measurements due to the production 

of small satellite droplets with better desolvation characteristics and higher charge density.  

           Previous studies have indicated that for a larger diameter ratio of two droplets, there is 

a larger region of b for stable coalescence when the value of We is fixed 359,360.  In the EESI 
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process, the sizes of the droplets in the ESI spray and in the sample spray are not dramatically 

different, implying that the chance of total coalescence is low in EESI, consistent with the 

results obtained in the PDA measurements. In addition, when the impact parameter b is large, 

but still smaller than ½(DS+DE

351

), droplets may collide with temporary contact, followed by 

“catastrophic” break-up. In such a case, the fluid transfer direction between two droplets 

influences the material transfer during the collision. For colliding droplets with unequal size,  

the fluid from the smaller droplet is known to flow to the larger droplet as soon as contact has 

been made . PDA measurements show that ESI droplets are usually smaller than sample 

droplets, implying that it is more likely for the fluid from the ESI droplet to flow towards the 

sample droplet. In this case, if the sample contains salts, buffers or matrices at high 

concentrations, these compounds could not be efficiently separated from the analytes due to 

the fluid transfer direction. To optimize EESI in terms of matrix tolerance, it would be 

advantageous to have matrix from the sample droplets being diluted by flowing into the ESI 

droplets during a transient contact. Hence the sample droplets should be slightly smaller than 

the size of the ESI droplets. This is hard to achieve purely with the help of a sheath gas. 

Additional methods are needed, such as adjustment of the capillary size to reduce the droplet 

size, or an ultrasonic transducer 125 or an aerosol generator 11 to deliver the sample via a 

plume of  fine droplets (≤ 1µm). 

        Besides the issue of fluid transfer between the ESI droplets and the sample droplets, 

other factors are also crucial for enhancing ion signals in EESI-MS measurements, including 

the lifetime of the temporary coalesced droplets and the collision probability between the ESI 

droplets and the sample droplets. The extraction of the analytes mostly happens during the 

period of temporary coalescence. In order to let more analytes be extracted to the charged 

solvents, the lifetime t of temporary coalesced droplets should be as long as possible. t can be 

estimated  by the oscillation time of  a natural droplet as shown below 361,362: 

 𝑡𝑡 = 2𝜋𝜋(𝜌𝜌𝑅𝑅0
3/8𝜎𝜎)1/2          (7.4) 

where R0  is the radius of the temporary coalesced droplet. R0 can be estimated as 10 µm from 

the experimental data, and t is calculated to be 4.63 µs. It is possible to increase the value of t 

by optimizing the solvent components or increasing the droplet size of the ESI spray and 

sample spray. Furthermore, PDA measurements show that the overlap of the droplet 

distributions between the ESI spray and the sample spray at the origin and downstream from 

the origin were fairly small due to the gas flow effect. This definitely reduces the collision 

probability between the ESI droplets and the sample droplets. Therefore, an auxiliary setup 

could help to confine the two sprays to increase the overlap area of the two droplet 
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distributions, for example, a third gas flow together with a sealed chamber can be used to 

confine the two gas flows by producing turbulence to disturb the original gas flow pattern 

intentionally.  

 

7.5 Conclusions 

       In this work, the mechanism of EESI in the dual spray configuration has been clarified 

based on the systematic PDA measurements, numeric simulations and theoretical analysis. 

The measurements of droplet size, velocity and density were conducted in the EESI spray at 

the origin and downstream from the origin, using various experimental parameters. The 

droplet behavior in the single-spray mode was also investigated to compare with the results in 

the EESI spray. The results show that the droplet size distribution of the EESI spray was very 

similar to the averaged results in single-spray mode. This suggests that there was no 

permanent coalescence at the origin as well as further downstream in the EESI plume, 

although the solvents in the two sprays were identical. Similar phenomena were observed 

with different geometries of the EESI source and various sample flow rates. The absence of 

coalescence probably has two reasons: (1) the overlap of the droplet distributions between the 

ESI spray and sample spray was small, reducing the collision probability between the ESI 

droplets and sample droplets. (2) the kinetic energy of the droplet collisions in the EESI 

process was too high to produce stable coalesced droplets. Moreover, PDA measurements and 

numerical simulations indicate that the two sprays were off-center in the experiments. The 

results of droplet size measurements suggest that fragmentation rather than disruption may be 

the dominant type of droplet-droplet interaction following collision. The theoretical analysis 

suggests that increasing the size of ESI droplets compared to the size of sample droplets 

would enhance the chance of fragmentation and reduce the matrix effect on the analytes. This 

systematic work provides a comprehensive view of the mechanism of EESI process and 

allows practical suggestions for optimization of EESI.  
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Conclusions 

In this thesis, the mechanisms of ESI, ESSI, and EESI were investigated in detail.  

We investigated the evolution of the solvent polarity in the electrospray plume via LIF. 

Two solvatochromic dyes, nile red and DCM, were used as probes. The maximum emission 

wavelength of nile red exhibits a 8-12 nm red shift, and its quantum yield decreased by more 

than 50% over a distance of 15 mm in the axial direction, away from the emitter. The 

maximum emission wavelength of DCM also had an 8-12 nm red shift, but its quantum yield 

increased in the axial direction. Similar phenomena were observed in the radial direction of 

the plume, too. Two key mechanisms responsible for the change of solvent polarity in the 

plume were considered, water entrainment from the surrounding air and solvent evaporation. 

Several other factors, which may influence the solvent polarity change in the plume were 

studied, too: the solvent volatility had a significant effect on the evolution of the solvent 

polarity, but adding electrolytes into the solution did not influence the solvent polarity change. 

Furthermore, quantitative analysis of the solvent polarity change was performed by using the 

Lippert-Mataga polarity parameter ∆f. The value of ∆f reached 0.305-0.307 at the periphery of 

the ESI plume, which means that the solvent polarity in the smaller droplets is close to that of 

a mixture of 30% water and 70% ethanol (∆f = 0.307), even though the bulk solvent was pure 

ethanol. 

We also investigated the role of the nebulizer gas flow in ESSI, by systematically studying 

the relation between the flow and the ion signals of proteins, such as cytochrome C and 

holomyoglobin using ESSI-MS. When a neutral solution was delivered with a small sample 

flow rate (≤ 5 μL/min), no obvious transition from ESI to ESSI was found as the gas velocity 

varied from subsonic to supersonic speed. Theoretical analyses and numerical simulations 

indicate that small droplets produced by the lower sample flow rates mostly experience 

acceleration instead of breakup by the high-speed nebulizer gas. Consequently, there is no 

significant influence of the high-speed nebulizer gas on the protein behavior. 

However, at a high sample flow rate (≥ 200µL/min) or in an acidic solution, the intensity 

ratio of peaks representative of the denatured form to those assigned to the native form 

obviously decreases when the gas pressure increases. When the sample flow rate is high, 

much larger droplets will be formed and these droplets can then easily be torn apart by the 

high-speed gas flow, shortening the solvent evaporation process and consequently preserving 

the conformation of proteins in the droplets. In addition, the transit time from the emitter to 

the MS inlet is reduced by the acceleration of small droplets due to the high-speed gas flow 
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and the probability for a conformational change caused by low pH in the electrospray 

becomes lower. 

We also studied the mechanism of EESI using several different methods. In the LIF 

measurements, rhodamine 6G and H-acid were used to detect whether it is the liquid-phase or 

gas-phase interaction between two sprays that govern the EESI process. No fluorescence from 

gas-phase R6G ions and H-acid was observed even 30 mm away from the origin of the EESI 

plume, meaning that the interaction between the charged ESI droplets and the neutral sample 

droplets is mainly in the liquid phase. We further investigated how the analyte solubility 

influences the corresponding ion signals in EESI-MS measurements using nile red and several 

fatty acids in the two solvent mixtures, such as chloroform and MeOH. The ion intensity of 

protonated nile red was found to be enhanced with the increasing chloroform fraction in the 

primary ESI spray, when the solvents in the sample spray and the primary ESI spray are 

MeOH and a mixture of MeOH/chloroform, respectively. In contrast, the ion intensity of 

protonated nile red decreased with increasing chloroform content in the sample spray, when 

the solvents in the sample spray and the primary ESI spray are a mixture of MeOH and 

chloroform/MeOH, respectively. Since nile red has a higher solubility in chloroform than in 

methanol, these results indicate that nile red molecules prefer to be extracted from the neutral 

sample droplets into the charged ESI droplets when the chloroform content in the primary ESI 

spray increases. Fewer nile red molecules are extracted into the charged ESI droplets, when 

the chloroform content in the sample spray increases. Analogous results were obtained in the 

systems of fatty acids. All the results demonstrate that the analyte solubility in the EESI spray 

process has a significant influence on the ion intensities of the analytes. Thus, it is a selective 

extraction, rather than a total coalescence of droplets, that occurs during the collisions of the 

charged ESI droplets and the neutral sample droplets in the EESI process. 

 Furthermore, theoretical analysis together with the PDA results proved that no total 

coalescence occurs when the droplets from the two sprays collide with each other. The 

absence of coalescence probably has two reasons: (1) the overlap of the droplet distributions 

between the ESI spray and sample spray was small, reducing the collision probability between 

the ESI droplets and sample droplets. (2) the kinetic energy of the droplet collisions in the 

EESI process was too high to produce stable coalesced droplets. Theoretical analysis and 

PDA results also suggested that the fragmentation rather than disruption was the dominant 

progress after droplet-droplet collision in the two sprays.  
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Outlook 

Optical methods for in-situ studies of a spray plume 

      Measurements of the spatial distribution of physical and chemical properties in an 

electrospray plume using LIF are usually time-consuming and not precise because the 

position of the volume probed needs to be changed manually; the spatial resolution is also 

limited by the precision of the xyz stage. These issues can be solved by taking advantage of 

an imaging spectrometer system, which allows one to collect spectra along the axis of the 

electrospray plume in a single exposure. More precisely, one can first record a picture of the 

electrospray plume by illuminating the whole plume with an expanded laser beam (or a lamp), 

turning the grating to 0 nm where the grating functions as a mirror, and fully opening the 

entrance slit of the spectrograph. Then, the entrance slit of the spectrograph is narrowed to 

choose the part of the plume we are interested in. After that, one needs turn the grating to a 

proper position (based on the desired spectral range) for fluorescence measurements, and take 

another picture of the plume. With this method, one can obtain the fluorescence information 

of the plume at the locations chosen by the slit with a single exposure. There is no need to 

change the spray position, and the spatial resolution is limited only by the optical system and 

the resolution of the CCD chip. It also eliminates problem with fluctuations of the 

fluorescence intensity between measurements at each spatial position. In addition, using this 

imaging spectroscopic method, a UV lamp instead of an expensive high-power UV laser can 

be used for exciting the fluorescence of biomolecules without alignment of the optical path. It 

could be extremely useful for studies of biological systems in the electrospray plume, such as 

noncovalent complex systems.  

      In addition to LIF, another interesting approach is IR absorption spectroscopy. As 

mentioned in the previous chapter, FT-IR absorption spectroscopy can be used for in-situ 

investigation of chemical properties of analyte and solvent in an electrospray plume. 

Currently, this technique is mainly compromised by the strong scattering caused by large 

droplets. In theory, this issue can be resolved by decreasing the size of the droplets by 

spraying out of a smaller capillary, the assistance of a high nebulizer gas flow or a low sample 

flow rate. 

 

Noncovalent complex studies in the electrospray plume 

      ESI-MS is a typical analytical method for the study of noncovalent complexes. Therefore, 

whether noncovalent complexes dissociate or associate in an electrospray plume is a key 

question for ESI-MS. In Chapter 4, preliminary LIF results in the electrospray plume formed 
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by spraying a nile red-DMDT mixture indicated that complexes that exist in bulk solution 

may dissociate inside the ESI capillary and reassociate in the plume. In order to demonstrate 

this, it is necessary to obtain direct information about complex conformation at different 

positions in the plume, for which ESI-MS can be used by adjusting the distance between the 

MS inlet and the tip of the capillary. In addition, the sample at the tip can be collected and 

measured by fluorescence spectroscopy to confirm the dissociation of the complexes when 

they are sprayed out of the capillary.  

        Another interesting system is nile red and a surfactant, e.g., pentaethylene glycol 

monododecyl ether (C12E5). The maximum fluorescence emission wavelength of nile red with 

C12E5 at its critical micelle concentration (CMC) in water shifts to 641 nm, which is blue 

shifted compared to that of nile red alone in aqueous solution (662 nm). Since nile red is 

hardly soluble in water, it prefers to stay in the hydrophobic environment produced by the 

C12E5 micelles, which induces a blue shift of the maximum fluorescence emission 

wavelength of nile red.  However, in the electrospray plume, the C12E5 molecules would 

rather stay on the surface of the droplets, which may destroy the micellar structures of C12E5 

and alter the fluorescence emission wavelength of nile red. It will be interesting to investigate 

the influence of the partitioning effect on the environment of analytes inside the electrospray 

droplets using the nile red and C12E5 

       Nile red can also be used to probe the denaturation of proteins, because it is known to 

denatured proteins instead of native proteins, resulting in an enhanced and blue-shifted 

fluorescence emission

system. 

363.  For example, the fluorescence emission of nile red exhibits a blue 

shift of 50 nm and a five-fold increase of the intensity when it binds to denatured β-

galactosidase, but its fluorescence does not change in the presence of the native β-

galactosidase362. It will be interesting to study the conformational change of proteins in the 

electrospray plume using nile red as a probe.  

  

Studying submicron/nanometer-sized droplets in spray plumes 

In the context of mechanistic studies of ESI, gas-phase ion formation is still the key 

question. However, it is difficult to use LIF and PDA to measure the gas phase ion formation 

directly in the plume, because nanometer-sized droplets are too small to be detected by PDA 

or LIF. Therefore, a technique which can measure submicron or nanosized droplets should be 

implemented. A Scanning Mobility Particle Sizer (SMPS) is a possible choice. SMPS can 

measure particle size in the range from 2.5 nm to 1.0 μm, and in a very wide concentration 
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range, from 1 to 108 particles/cm3. However, this technique can only provide the droplet size 

distribution of the sample and it is a destructive technique compared to PDA.  

In addition, fluid dynamic simulations can also be used to investigate the evolution of the 

charge and size of submicron/nanometer-sized droplets during the solvent evaporation.  

 

Mechanistic studies of ESI-based ambient ionization methods 

As mentioned in Chapter 1, many ambient ionization methods have been developed based 

on ESI. Despite their wide applications, their ionization mechanisms still remain partially 

unclear.  

ESSI 

 In Chapter 5, the ESSI-MS results have proven that at a small sample flow rate, the gas 

flow has no obvious influence on the proteins in the buffer solution, while at high sample flow 

rate, the sonic or supersonic gas flow can preserve the native proteins in the plume. A detailed 

theoretical analysis has been done, which showed that this effect is related to the initial 

droplet size at different sample flow rates. Therefore, it will be interesting to experimentally 

study the initial droplet size in the plume via PDA or SMPS and investigate how the gas flow 

affects the droplet size at various experimental conditions.  

EESI  

      In Chapter 6 and Chapter 7, the mechanism of the interactions between the charged 

solvent droplets and neutral sample droplets in the EESI plume has been studied in detail.  

However, some aspects are still unclear. For example, what is the mixing process of charged 

solvent droplets and neutral sample droplets: does it occur mostly on the surface of the 

droplets or do the droplets mix completely and later split into several droplets? It is possible 

to answer this question using a system including a surfactant and another analyte with a 

similar ionization efficiency. Furthermore, LIF can be utilized to understand the interaction 

efficiency between the droplets from two sprays using the dyes usually used for 

complexometric titration, e.g., Eriochrome Black T. Eriochorme Black T can bind calcium 

ions, which results in a dramatic reduction of its fluorescence intensity and a red shift of 

around 100 nm of its maximum emission wavelength. It will be interesting to use Eriochorme 

Black T as a probe in studies of the interaction efficiency in the EESI plume. This dye can be 

delivered with calcium cations via the sample spray, while an EDTA solution can be delivered 

by the charging solvent spray. Once the droplets from two sprays collide and EDTA and 

calcium cations form complexes, Eriochorme Black T will dissociate from the cations and its 

fluorescence emission will be enhanced significantly accompanied by a large blue shift. Fluid 
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dynamic simulations can also be used to investigate how a charged droplet interacts with a 

neutral droplet and how the two gas flows influence the droplet-droplet collision.  

DESI 

 LIF can also be exploited to investigate the mechanism of DESI. For example, it should be 

possible to use a pH sensitive dye to measure how the pH varies when the charged solvent 

droplets impact the sample on the substrate. It is interesting to employ dyes commonly used 

for complexometric titrations as mentioned above, which can help one to understand the 

interaction efficiency between the charged solvent spray and the sample on the surface by 

checking the color change directly. In addition, systems with different reaction times can be 

used to investigate the timescale of the interaction between the solvent spray and the sample 

on the surface. 
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