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Abstract 

Characterizing the Effects of Solvent and Analyte Properties on Ionization Efficiency by 

Novel Field-free and Field-enabled Ionization Techniques 

 

Kinkini Udara Jayasundara 

In recent years the mass spectrometry (MS) area of field and/or direct analysis has grown 

dramatically. As a result, field-portable and miniaturized mass spectrometers, introduced only a 

few years ago, are proliferating. A highly desired feature for field-portable MS, or in-field analysis, 

is the ability to use ionization techniques requiring very little sample preparation as well as an 

ability to generate the ions under ambient conditions. Recently, a new ambient ionization technique 

termed vibrating sharp-edge spray ionization (VSSI) has been introduced which overcomes the 

field-portable limitations of other spray-based methods including the requirements for auxiliary 

components (e.g., nebulizing gas and high voltage). As a new ambient ionization technique with 

significant potential for field-portable and direct analyses, it is important that the chemical and 

physical properties of the VSSI technique be elucidated to optimize ion production performance.  

Here, experimental and theoretical studies provide insight into the influence of analyte and solvent 

molecule properties on the production of ions.  In Chapter 2, experiments employing protic 

solvents demonstrate that different analyte molecular properties are associated with increased 

ionization for VSSI methods compared with gold standard electrospray ionization (ESI) 

techniques; for VSSI methods correlations are observed for ion intensity and molecule proton 

affinity and polarity are observed which are absent for ESI.  In Chapter 3, experiments employing 

acetonitrile as the solvent also reveal difference between VSSI and ESI techniques.  For example, 

remarkably in positive ion mode, greater ion signals are observed for voltage-free VSSI compared 

with ESI. Additionally, analyte proton affinity exhibits an outsized relationship with ionization 

compared with protic solvents. In Chapter 4, molecular dynamics (MD) simulations of water 

droplets suggest that the energy of desorption of the ions can account for differences in voltage-

free and field-enabled VSSI. Further MD studies provide some support of analyte polarity 

influencing ionization efficiency.  Finally, Chapter 5 provides some direction for improving VSSI 

experiments and hardware to allow the clear elucidation of primary factors driving compound 

ionization. 
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1.       Introduction  

1.1. Mass spectrometry 

 Mass spectrometry (MS) is a versatile analytical technique used in many laboratories where 

it is utilized for measuring the mass-to-charge ratio (m/z) of ions in the gas phase. Using these m/z 

measurements, structural information can be deduced for a variety of compounds ranging from 

small metabolites to large biological compounds.1 2 3 4 5  These include molecular species such as 

proteins, nucleic acids, lipids and carbohydrates. Moreover, MS can be performed in different 

operational modes such that different types of ions can be observed. These include the analysis of 

the intact molecular species (precursor ions) or portions of the organic molecules (fragment ions).  

The mass information from such analyses can be used to elucidate the covalent framework of 

different compounds as well as makeup of large, non-covalent complexes. 

 A schematic diagram of a typical mass spectrometer instrument is shown in Figure 1.1. It 

consists of a vacuum system (vacuum chamber(s) and pumps), an ion source, a mass analyzer, and 

a detector. The ion source generates gas-phase ions from different samples including solution-

phase analyte molecules. These ions are ultimately focused into the vacuum chamber housing the 

mass analyzer. Typically, the pressure in this portion of the instrument is maintained at ~10-6 to 

10-9 Torr depending on the type of mass analyzer utilized. This low-pressure region is required to 

avoid ion-neutral collisions with background gas that would otherwise occur under normal 

atmospheric conditions and create a relatively small mean free path (~1 m).  A large mean free 

path is required as ultimately the m/z measurement correlates with an ion’s trajectory in a vacuum 

under the influence of an electric field(s). Thus, in the mass analyzer, the ions produced in the 

source are distinguished according to their m/z. Additionally, different mass analyzer consist of 

electric (and/or magnetic) fields that influence the trajectories of these ions ultimately leading to 
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their sorting by their m/z ratios. Finally, with the use of a suitable ion detector, the sorted ions will 

be associated with m/z values using the integration of the data collection software and a mass 

spectrum will be produced.6  Each mass spectrum displays m/z values on the x-axis and ion 

intensity or ion counts as the y-axis value.  

 As mentioned above, ionization of the analyte in MS experiments occurs at the ion source 

(Figure 1.1).  A broadly used area of ionization for MS is that occurring under atmospheric 

conditions. In such ion sources processes such as compound protonation, deprotonation, electron 

ejection, charge transfer, and adduction of small ions such as Na+ or NH4
+ can be operational. One 

of the first ion sources used extensively in the early development of MS was Electron Ionization 

(EI). In EI, the solution phase sample is transferred into the gas phase via processes such as heating 

and the gas-phase neutral compounds are bombarded with electrons emanating from a heated 

filament and focused into an energetic beam. With sufficiently energetic collisions, the ejection of 

an electron from the analyte molecule is an outcome and a radical cation of the analyte molecule 

is produced.  The ion energetics of this process are such that EI can cause extensive ion 

fragmentation (severing of chemical bonds) which is not preferred for large biomolecules.  Over 

the decades, softer ionization techniques were pursued such as chemical ionization (CI)7 and fast 

atom bombardment (FAB)8 in part to develop techniques that would not result in extensive 

fragmentation of larger compound ions such as those produced for peptides.  It can be argued that 

the most successful (and impactful) developments of soft ionization techniques occurred in the late 

1980s with the introduction of electrospray ionization (ESI) and matrix-assisted laser desorption 

ionization (MALDI). Both techniques do not produce extensive fragmentation and thus, fully 

intact macromolecules can be ionized.9 10 11 12 That said, as with all progress in measurement 
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science, it is crucial to continue the development of such techniques in order to produce a higher 

amount of charged analyte ions to obtain robust and sensitive MS measurements. 

 

  

1.2. Electrospray Ionization 

 ESI has become a standard ionization method for analyzing small molecules and larger 

biomolecules. In traditional ESI, the first step in the ionization process is the production of a 

microdroplet spray of a solution containing an analyte(s) molecule(s).  This is generally 

accomplished by infusing a sample solution through a capillary tip where a high electric voltage 

(~2-3 kV) is applied as shown in Figure 1.2. The electric field creates an electrophoretic charge 

separation at the meniscus (the solution at the capillary tip). Eventually this charge buildup leads 

to a deformation of the meniscus and the formation of the Taylor cone which disintegrates at the 

distal end to micrometer-sized, charged droplets. Due to a series of solvent evaporation events, the 

charge density on the droplet surface increases and eventually the cohesive surface tension forces 

Figure 1-1 Schematic diagram of a general mass spectrometer. 

The inset shows the data output (mass spectrum). 
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and the Coulombic repulsive forces reach a critical point. This is called the Rayleigh limit. 13  At 

this point, the total number of charges the droplets contain (ZR) can be determined according to: 

 

                                    𝑍𝑅𝑒 = 8𝜋√𝜀𝜊𝛾𝑅3                  equation 1.1 

 

 Where 𝑒 is the elementary charge, 𝜀𝜊is the permittivity of free space, 𝛾 is the surface 

tension of the solvent and 𝑅 is the radius of the droplet. When the droplet reaches the Rayleigh 

limit, it becomes unstable leading to a series of Coulombically-driven fission events resulting in 

the micrometer-sized parent droplets create several much smaller progeny droplets 14. After a 

fission event, the charge density of the parent droplet becomes lower than that at the Rayleigh 

limit. However, after another series of evaporation events, the charge density on the droplet again 

reaches the Rayleigh limit resulting in further droplet fissioning. While this process is occurring, 

the analyte ion present in a droplet may release into the gas phase. The theoretical models which 

have been introduced to describe this ESI process has shown that ~20 progeny droplets conduct 

~2% of the mass and 15% of the charge away from the precursor droplet.  
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1.3. Ionization mechanisms: CRM and IEM 

Shortly after the introduction of ESI as a method for biomolecular ion generation, two 

different mechanisms were proposed to describe the process of ion production at the end of the 

droplet lifetime. There two mechanisms are based on a number of theoretical and experimental 

studies. Much of the information comes from early ESI-MS studies. The two models are referred 

to as the ion evaporation model (IEM) 15 and the charged residue model (CRM) 16. Both IEM and 

CRM processes undergo solvent evaporation and Coulombic fission events but eventually these 

two mechanisms diverge into distinct pathways.  Figure 1.3 shows a simplified diagram of both 

processes. In the IEM, an analyte ion is released into the gaseous environment by overcoming the 

activation barrier associated with desorbing from the surface of a charged droplet. In the CRM, 

Figure 1-2 .Schematic diagram of the Electrospray Ionization process. 
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the droplet is evaporated to dryness, a portion of the remaining charge may be transferred to the 

ion, and then the ion is released into the gas phase. Because the mechanism for analyte ion transfer 

into the gas phase at the latter stages of ESI remains a matter of debate, there are some new models 

apart from the IEM and CRM mechanisms. The combined charged residue-field emission model 

proposed by Hogan and coworkers is a mechanism that seeks to resolve the difference between  

IEM and CRM. 17 Additionally, a new mechanism of ion evaporation of macromolecules 

introduced by Consta and Malevanets is different from the conventional CRM and the IEM.18 The  

Konermann group proposed a chain ejection model (CEM) where they describe the effect of 

protons “hopping” from the droplet surface to transfer onto emerging portions of unfolded proteins 

being expelled into the gas phase.19  Though others have proposed mechanisms that are somewhat 

controversial and there is ongoing debate in the field of mass spectrometry, it is considered that 

the CRM and IEM are the most established models to describe the ionization mechanism. 

 According to the IEM model, the precursor droplet undergoes successive columbic fission 

events and evaporation before an ion emission can occur 20. Smaller droplets that contain small 

analytes are proposed to go through this process when the electric field at the droplet surface 

approaches the Rayleigh limit. When this occurs, the stability of the droplet is regained by ejecting 

the solvated analytes and/or electrolyte ions.  According to Thomson’s IEM model, the detachment 

of a solvated analyte ion from the parent droplet is a process which requires an activation energy 

as shown in Figure 1.4. The free energy minimum of the profile corresponds to an initial 

configuration where the analyte ion is in the droplet. The free energy maximum or the transition 

state (TS), represents a disconnected state between the precursor droplet and the detached solvated 

analyte ion. This TS energy barrier is overcome when the ion is approximately a distance x from 

the surface of the droplet as shown in Figure 1.4 The above-mentioned free energy barrier is a 
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result of two competing electrostatic factors namely, the attractive force is a result of the image 

charge effect 21 of the detached analyte ion and the repulsive force arising from the detached 

analyte ion and like charges on the droplet surface. According to early explanations of the IEM, it 

is assumed that the transition state represents the final (detached) state more than the initial 

configuration and it is known as a ‘late transition’ state 15 . Hence, according to Born’s model the 

free energy barrier can be estimated as a free energy change required to move a solvated ion from 

the bulk neutral solvent to an infinite distance from the droplet center. 

An estimation of the activation energy ( G*)  can be used to determine the rate constant of 

charge detachment by the transition state theory expression 15 22 23. In equation 1.2, ΔG* is the 

height of the activation energy barrier, h is plank's constant, T is the temperature, and 𝑘𝐵  is the 

Boltzmann constant. 

 

                                                      𝑘 =
𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (

−𝛥𝐺∗

𝑘𝐵𝑇
)       Equation 1.2 
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Figure 1-3 Shown are a sole precursor droplet, droplet drying (solvent evaporation), 

and the release of the analyte ion via desorption (right side) and complete drying (left 

side) 

The red circle with the charge represents the analyte ion and the black circle represents 

the final droplet. 
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Figure 1-4 Schematic diagram of the free energy change associated with the ion releasing into the gas phase from the 

droplet. 

Here, TS represents the transition state and Δ G* is the activation energy barrier.  The red circle represents the 

analyte ion and the black circle represents the final droplet. 
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1.4. Ambient ionization  

 After the introduction of ESI and MALDI, scientists began to consider other techniques to 

generate gas phase ions for MS under ambient conditions (i.e., atmospheric pressure, near ambient 

temperature) with minimal or no sample preparation and pre-ionization separations.24 In part this 

developmental period was influenced by a desire to extend the utility of mass spectrometry to 

direct or in-situ analyses as well as for field work.25 26 27 

 The first alternative sources to be designated as an ambient ionization source was  

desorption electrospray ionization (DESI) which was introduced in 2004.28  It is an effective 

technique derived from traditional ESI methods; here, a spray of charged droplets from a 

pneumatically assisted electrospray needle is directed towards a surface containing the sample of 

interest which is placed directly in front of the mass spectrometer inlet (ambient environment). 

This results in an extraction of the analyte into droplets emerging from the surface via recoiling or 

sputtering.  The droplets are charged and thus undergo traditional ESI processes such as the IEM, 

CRM, or CEM mentioned above to produce gas-phase ions from molecules residing on the surface. 

Shortly later another ionization technique was introduced and named direct analysis in real time 

(DART). DART operates based upon the desorption of condensed- or solid-phase analytes with 

the aid of a hot gas carrying active species generated from a plasma discharge.  The ionization 

process of DART initiates with penning ionization of gaseous species such as N2.  A series of 

reactions produce various reagent ions (water cluster ions) which interact with the neutral analyte 

in the gas phase to produce the ions of interest.  Such interactions include those listed above (e.g., 

protonation and deprotonation). Since the the introduction of DESI and DART, there has been a 

rapid proliferation of ambient ionization methods over the past decade which can be categorize 

according to various operating principles such as electric discharge and plasma generation, 29 30 31 

electrospray variants, 32 33 thermal desorption, 30 acoustic nebulization,34 35 24 36 and inlet-assisted37 
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38 39, as well as the method of sample introduction (e.g spray-based, plasma-based, vacuum-based, 

and laser-based) to the mass spectrometer.  

 It should be noted that one of the desires for ambient ionization is to allow for its usage 

with field-portable MS. That said, most of the reported methods mentioned above require 

dedicated and specialized instrumentation or auxiliary components (pressurized gas, solvents, 

laser, power supplies, etc.). These limitations are problematic when it comes to designing a field 

– portable mass spectrometer. That said, some research has been directed towards simplifying the 

ambient ionization source such as the zero-voltage paper spray ionization (zPSI) method 

introduced by Wang et al. in 2010 to address some of these limitations 40. zPSI adds to a growing 

repertoire of voltage-free ionization methods such as sonic spray ionization (SSI) 41, EASI 42, zero-

voltage paper spray ionization 43, ultrasonic ionization 44and solvent assisted inlet ionization 39 .  

All of these techniques are currently available in the field of mass spectrometry and yet there is 

ample room for further development of ambient ionization techniques.  This is especially true with 

regard to increasing the portability of the technique as well as the sensitivity while decreasing the 

overall cost of the approach. 

 

1.5. Capillary Vibrating Sharp-edge Spray Ionization (cVSSI) 

 As part of the renewed ionization source development work, in 2018, Li and coworkers 

introduced a new, spray-based ionization technique termed vibrating sharp-edge spray ionization 

(VSSI) 45. The new approach only required a vibrating substrate containing a sharp edge.  The first 

demonstration consisted of placing a liquid pool at the edge of a microscope slide and 

subsequentlyvibrating the slide (~100 kHz at ~10 Vpp).  This was shown to produce a plume of 

micrometer-sized droplets which only emanated from the sharp tip of the slide.  Ionization from 
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the plume was demonstrated to produce ESI-like ions.45 Subsequent studies showed that the sharp 

edge employed in droplet production could be a fused-silica capillary segment through which 

sample was infused; this was termed capillary VSSI (cVSSI)46.  The demonstration of direct 

infusion enabled the coupling of VSSI with condensed-phase separation techniques.  More 

recently, the coupling of a voltage applied to the infused solution with cVSSI (field-enabled 

cVSSI) using a pulled-tip capillary was shown to provide enhancements of ~10 to 100 fold in ion 

signal levels compared with ESI for native MS analyses performed in negative ion mode; more 

modest improvements (typically 5 fold) were observed for positive ion mode47.  Conceptually, 

field-free cVSSI may be similar to sonic spray ionization, SAII, surface acoustic wave nebulization 

ionization, and field-free paper spray ionization in that a plume of similarly charged droplets is 

directed into a mass spectrometer inlet results in ion production.  Unique to the VSSI and cVSSI 

approaches is the method of droplet production which requires the vibrating sharp edge. 

 Overall, the process that underlies the above ionization methods including cVSSI, is 

desolvation of the micro or nano droplets which consist of the analyte of interest. Thus, the final 

stages of the cVSSI process may be similar to an ESI mechanism (e.g., IEM or CRM), but this 

remains to be determined. Notably, the mechanism proposed by Cooks  and co-workers for zPSI 

may ultimately be applied to  cVSSI  as demonstrated in Figure 1.5 43.  In order to improve cVSSI 

techniques and applications an improved understanding of the late-stage ionization process is 

required.  This work seeks to fill lay the foundation for such required experimental and theoretical 

studies.  A goal is to begin to address how physicochemical properties of analyte molecules as well 

as the solvent molecules contribute to the overall ionization efficiency.  Admittedly to begin to 

describe the process, the precise makeup of the end-stage droplets is highly critical.  However, the 

exact mechanism by which the vibrating sharp edge creates the spray of solvent is still an active 
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area of investigation.  Thus, here, a first principles treatment of droplet composition is utilized to 

begin to compare and contrast the experimental and theoretical results for cVSSI with those of 

ESI.  

 

 

 

 

 

 

 

 

 

 

 

 

    

 

  

 When an analyte solution is introduced to the microscope slide (VSSI) or capillary emitter 

(cVSSI), the analyte may be ionized in the solution phase. If the analyte is a basic compound (M) 

it will be dissolved in solvent (S), and depending on pH to some extent, the analyte can be 

protonated by the solvent, according to following equation, 

                                    M +S ⇌[M+H]++[S-H]-                       (1) 

If the analyte is an acidic compound (N), depending on the solution pH, it may exchange protons 

with the solvent to produce the following ion pairs: 

                                                N+S ⇌ [N-H]-+ [S+H]+                        (2) 

 

For any present ionic molecules such as salts or buffer components (CA), these species will 

dissociate into the equilibrium ionic forms: 

                                                  CA ⇌C++A-                                        (3) 
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Figure 1-6 Schematic diagram of droplet formation in cVSSI at different stages of droplet's life time. 
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 Hence, the droplets which are formed due to the streaming effect and aerodynamic breakup 

in VSSI and cVSSI may consist of droplets with a net positive or negative charge while containing 

ion pairs as shown in Figure 1.5. 

  In ESI, the droplet composition may be entirely different than that suggested for VSSI. 

Therefore, it is important to examine both ESI and cVSSI at the final stages of progeny droplets 

with a closer view. For example, the counter ions present in the infused solution for ESI are mostly 

neutralized by the supplied voltage. Thus, the droplets formed by the capillary tip primarily consist 

of either cations or anions (Figure 1.7 A) 48. This is mainly because of the high voltage applied in 

the ESI method. If a positive voltage is applied, due to the oxidation process, anions are neutralized 

and cations survive through migration to the meniscus. When a negative voltage is applied, anions 

will survive as the cations are neutralized .This phenomenon is known as “neutralizing the counter 

ion” principle 49 . 

 In contrast, in field-free VSSI and cVSSI, rather than neutralizing counter ions, anions and 

cations are separated to a lesser degree (Figure 1.7 B) , which is suggested to be common to the 

voltage-free ionization techniques.43 50 51 This can occur due to mechanical forces, shockwaves or 

abrupt heat provided to the analyte solution according to the operation of each ionization 

technique. In VSSI techniques, this occurs due to the streaming occurring right at the sharp edge 

of the device.  Here, aerodynamic breakup is expected to provide a distribution of droplets centered 

at zero net charge.  However, many positively and negatively charged droplets are produced within 

this distribution.  This may occur due to aerodynamic breakup charging as proposed by Jarrold 

and coworkers.52 This is also somewhat similar to a  mechanism explained by the electric double 

layer as described by Chapman. When the solvent films are torn apart extensively by pneumatic 

forces, the uniform distribution of cations and anions is disrupted and an unequal distribution of 
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ions occurs in the progeny droplets. This phenomenon is known as “separating the ions”49.  This 

could lead to droplets of the form shown in Figure 1B. 

A final consideration is given to field-enabled cVSSI.  Here, it is acknowledged that it may produce 

ions by a different process due to differences in overall droplet makeup.  That is, the aerodynamic 

breakup of the droplet may occur before fuller charge separation as experienced by electrophoretic 

migration of charge carriers thereby producing droplets having a net charge that is intermediate to 

those produce by field-free cVSSI and ESI (Figure 1.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7 Schematic diagram of an ESI-like droplet charging process and voltage-free charging process. 

Panel shows a cartoon representation of electrophoretic charge migration imposed by the application of voltage 

during ESI. Panel B shows an input of energy and aerodynamic breakup producing limited charge separation as 

may be expected for field-free cVSSI. 
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1.6. Molecular Dynamics (MD) simulations 

  Several groups have studied ionization processes using molecular dynamics (MD) 

simulations. Russel and coworkers studied the structural evolution of proteins in drying 

nanodroplets. Here a droplet model which consisted of Cl- and H3O+  as counter ions was utilized 

53. Consta et al. also published similar work for PEG analyte molecules in a droplet containing Na+ 

and Cl- ions as counter ions 54. Furthermore, the Konermann group has presented simulation 

studies for different proteins in an aqueous environment containing Na+ and Cl- ions 55. All of the 

above-reported work mainly focused on the impact of the counter ions on analyte structure. A 

major limitation of such work is that the analyte ion’s behavior in the droplet with different degrees 

of charges and its effect on mass spectrometry signals was not considered to be effective. Work 

performed by the Vertes group focused on the analyte ion’s chemistry inside the droplet while 

accounting for the diffusion coefficient and the enthalpy of evaporation in only a cation 

environment 56.  In this work, it was indicated that the further introduction of counter ions and 

macromolecular ions with different hydrophobicity would lead to a promising path of investigation 

for the segregation of analyte ions into a charged droplet and eventually into the gas phase.  

 With advanced development in computer science, researchers have increasingly adopted 

molecular simulations as an alternative method for verifying experimental measurements and 

making theoretical predictions.  Several powerful techniques such as X-ray crystallography 

spectroscopy, cryo-electron microscopy, and nuclear magnetic resonance spectroscopy that 

provide detailed conformational information in both the liquid and solid phases but, for the study 

of the release of an analyte ion from a nanodroplet to the gaseous environment, these are in 

effective tools. Molecular dynamics (MD) simulations may play a role for such studies by while 

possibly providing atomic-level structural detail during the process. Additionally, even though 

MS-associated tools such as ion mobility spectrometry 57, optical techniques, and dissociation 
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studies can be used to investigate the transfer of analyte ions from the solution phase to the gas 

phase, this information is still not sufficient to completely understand the chemistry occurring 

inside the solvent droplet 58 . 

 MD adopts Newtonian mechanics to model the temporal movement of atoms within a 

system. In MD, there are potential functions that account for covalent and non-covalent 

interactions. The covalent interactions like bond bending, stretching, and rotation of chemical 

bonds can be modeled by harmonic potentials. In the case of non-covalent interactions like 

electrostatic forces, a Coulomb potential can be employed, and for van der Waals forces, a 

Lennard-Jones (LJ) potential can be used. Additional algorithms are often also employed for non-

covalent interactions.59 

 In MD each atom is considered as a classical particle and the force on the particle is 

modeled using Newton’s second Law (equation 1.3),where the particle index is i, the time is t ,the 

mass of the particle m and the potential energy function U 3 ; 

 

                                                 �⃗�𝑖 = 𝑚𝑖
𝛥2𝑟𝑖⃗⃗⃗ ⃗

𝛥𝑡2 =
𝜕𝑈(𝑟⃗⃗ ⃗⃗

�̇�…�⃗�𝑁)

𝜕𝑟𝑖⃗⃗⃗ ⃗
        ; equation (1.3) 

 

 The potential energy (U) of an atom is calculated by interactions with all other atoms in 

the system using the force field which considers atomic charges, Lennard-Jones parameters and 

torsional parameters. According to equation 1.3, any particle in motion without any external force 

will continue in its uniform trajectory, and for every interaction between particles there is an equal 

and opposite reaction as encountered in Newtonian mechanics. From this description, it is clear 

that MD simulation models a system of particles which are at the atomic level. Hence, the 

trajectory of all particles in the system will give a series of microscopic states. From this 
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microscopic data, one may be able to elucidate macroscopic properties such as structure, as well 

as thermodynamic (temperature, pressure, density) and other properties like diffusion and 

activation energy by applying statistical mechanics.  

  Figure 1.8 shows the general steps of a MD simulation. As an initial step of a MD 

simulation, the parameters of the system which control all aspects of the simulation run 

(temperature, time step, parameters for the particles, number of particles, etc.) are input from an 

external file (normally termed a configuration file). Then, the initial coordinates of all the atoms 

in the system (the PDB file) are read into the memory of the program. Next the forces are calculated 

between all the atoms in a pair-wise fashion.  Eventually, newly calculated forces are used to obtain 

the new positions of the atoms. When the atomic positions are updated, new velocities, kinetic 

energy and linear angular momentum can be computed. The current/instantaneous positions of the 

atoms are written to an external file for future analysis as well as resetting the initial positions, to 

be used for the next time step. The above steps require approximately 1 femtosecond. After 

resetting the new positions, the process reaches a conditional statement, where a check is imposed 

on whether or not the time limit of the simulation has been reached. If the time limit has been 

reached, the simulation run will be terminated; if it has not been reached, the simulations will recur 

in an iterative manner until reaching the time limit.   
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Figure 1-8 Simplified flow chart showing the steps of a general MD simulation process. 
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1.7. Research Description 

 Having described the new ionization technique of cVSSI and the type of droplet that may 

be produced by the new approach as well as the MD simulations tools available for its study, it is 

useful to briefly review the contents of this dissertation. The work will focus on elucidating factors 

that contribute to the ionization of different molecular species. These efforts focus on studying the 

influence of physicochemical properties of the solvent and analyte compounds.  For the analytes, 

the influence of the property parameters log of the partition coefficient (log P), log of the base 

dissociation constant (pKb), and proton affinity (PA) are examined.  For the solvent systems the 

effect of solvent polarity and whether or not protic conditions exist are considered.  

Chapter 2 of this work describes the relative influence of log P, pKb, and PA on the ionization 

efficiency of different compounds undergoing ionization by field-free and field-enabled cVSSI as 

well as ESI. The samples are sprayed from solutions of the protic, polar solvents of methanol and 

water.  Chapter 3 of this work then presents the same experiments with the exceptions that a polar, 

aprotic solvent (acetonitrile) is used as well as experiments are conducted in both positive and 

negative ion mode.  Chapter 4 uses the droplet makeup considerations outlined above and applies 

them in MD simulations.  A goal of this approach is to better understand the influence of log P on 

ionization efficiency; log P is implicated as playing a major role in ionization efficiency for field-

enabled cVSSI with both protic, polar and aprotic, polar solvent systems (Chapter 2 and Chapter 

3).  Notably, the mechanism proposed by Cooks and coworkers suggests that the surface activity 

of the analytes in the droplets plays a major role in zero-potential ionization techniques.43 Chapter 

5 discusses future work that may help to further develop VSSI techniques of highly sensitive MS 

measurements.  

 Overall, the work reported here lays the foundation for understanding important factors 

associated with ionization by an already highly efficient ionization technique.  With such 
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knowledge it may be possible to further the advantages of cVSSI relative to other ionization 

techniques.  The importance of such advancements cannot be overstated.  Currently, a portion of 

‘omics experiments are transitioning to single cell analyses.60 61  Such work has the potential to 

greatly expand the knowledge of factors affecting human health.  
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2 Physicochemical property correlations with ionization efficiency in 

capillary Vibrating Sharp-edge Spray Ionization (cVSSI) 

Reprinted with permission from the American Society for Mass Spectrometry: Physicochemical property correlations 

with ionization efficiency in capillary Vibrating Sharp-edge Spray Ionization (cVSSI). Kinkini Udara Jayasundara, 

Chong Li, Anthony DeBastiani, Daud Sharif, Peng Li, Stephen J. Valentine. J. Am. Soc. Mass Spectrom.(2021), 32 

(1), 84-94. 

2.1       Introduction  

The introduction of the soft ionization techniques electrospray ionization (ESI) and matrix-

assisted laser desorption ionization (MALDI) in the 1980s opened the door to the world of 

biomolecule mass spectrometry (MS)1-3. Even with the MS instrumentation of the day, it became 

possible to accurately measure the masses of large biomolecular species with a high degree of 

accuracy1, 4-7. In the immediately ensuing years, different variations on these ionization themes 

were developed such as atmospheric pressure MALDI8, micro and nano-spray ionization9, 10, 

desorption electrospray ionization11, sonic spray ionization (SSI) 12, electrosonic spray 

ionization13, and paper spray ionization14.  Furthermore, combinations of the two methods were 

also developed to include electrospray laser desorption ionization15, and matrix-assisted laser 

desorption electrospray ionization16 and laser ablation electrospray ionization17.  Indeed, gauging 

the impact of ESI and MALDI on the scientific world is a difficult task.  Since their inception, 

these techniques have spawned whole fields of study including (but not limited to) bottom-up and 

top-down quantitative proteomics18-26 , structural proteomics27-33 ,molecular imaging in biological 

samples34-38, and microbe characterization/identification39-42. 

The development of Laser Spray Ionization within the last decade initiated a new round of 

rapid ionization technique development43, 44.  Seminal studies would shortly later reveal that ions 

could be produced from MALDI matrices using only the presence of a vacuum45 .  More 

remarkably still, further studies showed that ion formation from solid and liquid matrices as well 
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as ablated material required only heat and the inlet of a mass spectrometer 46, 47.  Later it was also 

shown that even the heated transfer tube was not required to produce ions from some   matrices48. 

This foundational work has most recently led to the demonstration of high-sensitivity 

measurements and the introduction of a commercial source employing solvent-assisted inlet 

ionization (SAII), matrix-assisted inlet ionization (MAII), and ESI methods49. 

As part of the renewed ionization source development work, in 2018, Li and coworkers 

introduced a new, spray-based ionization technique termed Vibrating Sharp-edge Spray Ionization 

(VSSI) 50. The new approach only required a vibrating substrate containing a sharp edge.  Placing 

a liquid pool at the edge of a microscope slide and subsequently vibrating the slide (~100 kHz) 

was shown to produce a plume of micrometer-sized droplets which only emanated from the sharp 

tip of the slide.  Ionization from the plume was demonstrated to produce ESI-like ions.  Subsequent 

studies showed that the sharp edge employed in droplet production could be a capillary through 

which sample was infused; this was termed capillary VSSI (cVSSI)51.  The demonstration of direct 

infusion enabled the coupling of VSSI with condensed-phase separation techniques.  More 

recently, the coupling of a voltage applied to the solution with cVSSI (field-enabled cVSSI) using 

a pulled-tip capillary was shown to provide enhancements of ~10 to 100 fold in ion signal levels 

compared with ESI for native MS analyses performed in negative ion mode; more modest 

improvements (typically 5 fold) were observed for positive ion mode52.  Conceptually, field-free 

cVSSI is similar to sonic spray ionization, SAII, surface acoustic wave nebulization ionization, 

and field-free paper spray ionization in that a plume of droplets directed into a mass spectrometer 

results in ion production.  Unique to the VSSI and cVSSI approaches is the method of droplet 

production which requires the vibrating sharp edge. 
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Over the years, much development for spray-based ionization techniques has been directed 

towards improving ionization efficiency.  Examples include the use of heated transfer tubes and 

bath gases to aid ion desolvation53, 54,the use of precise sample application to the transducer in 

SAWN55, the use of microchips and microfluidic-chips in sonic spray ionization 56, 57, the use of 

heated ion transfer tubes in SAI46, and the use of  carbon nanotube (CNT)‐impregnated paper 

surface in field-free PSI58, 59. More recently, and from a different perspective, significant interest 

has been given to the role of the physicochemical properties of different analytes in the ionization 

process.  For ESI, most studies have indicated that log of the base dissociation constant (pKb) has 

the strongest correlation with the formation of small-molecule ions60, 61 .  However, some studies 

have suggested that different solvent conditions such as pH could cause other factors such as 

polarity and volatility to be associated with the process 62, 63.  Remarkably, to some degree, 

differences in the degree of correlation by different molecular properties were found to be 

instrument dependent indicating the challenge associated with quantifying molecular property 

effects. 

Here we present the first efforts to associate the effects of different molecular 

physicochemical properties with ion intensities for field-free and field-enabled cVSSI.  The results 

are compared to those obtained for ESI using the same flow rates and emitter tips. For these 

experiments, the molecular properties were described by pKb, log of the partition coefficient (log 

P), and gas-phase proton affinity (PA).  In an attempt to hold all other variables constant, the same 

emitter tip type (blunt-tip and pulled-tip), the same applied voltages (field-enabled cVSSI and ESI) 

and the same emitter tip distance to the MS inlet are used for conducting the separate analyses.  

Similarly, all mass spectrometer settings are maintained between the separate experiments. In total, 

experiments were conducted for analytes in aqueous and non-aqueous (methanol) samples to 
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determine whether or not molecular properties could exhibit different correlations for samples 

relying on different solution charge carriers.  In general, from multiple regression analysis, 

differences in physicochemical factors associated with ion intensities were observed for all six 

systems (field-free and field-enabled cVSSI and ESI × 2 solvent systems).  These differences are 

discussed below in light of previous findings from ESI experiments and brief consideration is 

given to relationship to ionization mechanism. 

 

2.2       Experimental 

2.2.1 Ionization device fabrication  

 

5-cm-long, blunt-tip capillary emitters were obtained using pre-cut fused silica (100 μm ID 

× 360 μm OD).  Pulled-tip capillary emitters were obtained using a laser puller (Sutter Instrument 

Co, Model P-2000, Novato CA, USA) and the same fused silica.  Multiple devices were 

constructed (see below) using the blunt- and pulled-tip emitters.  All pulled-tip diameters were 

examined by microscope and only those having diameters of ~25 to 30 μm were used for these 

studies.  Droplet size distributions were obtained using representative blunt- and pulled-tip emitters 

where cVSSI was employed to create a droplet plume and droplets were captured on an oil surface.  

Under voltage free conditions, aqueous droplet diameters were determined to be 23.7 ± 12.5 and 

17.5 ± 5.6 µm for the blunt- and pulled-tip emitters, respectively. 

cVSSI and ESI sources were constructed as described previously 52.  Briefly, the blunt- or 

pulled-tip emitter was attached to the edge of a cVSSI device in the orientation shown in Figure 

2-1. The cVSSI devices consists of a piezoelectric transducer (Murata) which was attached to a 

microscope slide (VWR).  This was accomplished with epoxy-based superglue (Devcon). 
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To couple direct infusion of the samples with the emitter tips, 30-guage PTFE tubing is 

placed over the blunt end of the blunt- or pulled-tip capillary.  Near the tubing-emitter interface, a 

small (typically ~10 cm long) platinum wire is pushed through the PTFE tubing and glued in place.   

For the field-free and field-enabled cVSSI experiments, an amplified (2×, Mini-Circuits) square 

waveform (Tektronix) was applied to the piezoelectric transducer in the range of ~94-95 kHz while 

infusing the sample at flow rates of 10 μL / min (blunt-tip experiments) and 5 μL / min (pulled-tip 

experiments. 

 

 

 

 

 

+

A)

B) (i) (ii) (iii)

Figure 2- 1 Illustration of the cVSSI device and droplet production used in the current studies. 

A).  Component parts are labeled.  Component parts are not drawn to scale to provide greater detail. B) 

Operational modes of the cVSSI device representing (i) voltage-- free cVSSI, (ii) field-enabled cVSSI, 

and (iii) ESI.  For (i) and (ii), the waveform is applied to the leads on the piezoelectric transducer.  For 

(ii) and (iii), the DC voltage is applied to the platinum wire.  DC voltages and waveform characteristics 

are provided in the Methods section 
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2.2.2 Reagents and sample preparation 

 

For the experiments described here, 18 compounds were used and represent a similar group 

of molecules as analyzed by ESI in a previous study 60.  The compounds thymine, p-nitroaniline, 

benzamide, diphenylamine, 4-methoxybenzamide, cytosine, adenine, N-ethylaniline, 4-

methoxyaniline, 2-2 bipyridine, methyltriazinaminec, benzylamine, triethanolamine, 

triethylamine, N-methylbenzylamine, quinuclidine, N,N-dimethylbenzylamine, phenylethylamine 

were purchased from Thermo Fisher Scientific (Pittsburgh, PA USA) and used without further 

purification.  Table 2-1 shows the structures of the compounds and provides molecular weights, 

log P, pKb, and PA values.  pKb values were obtained from chemicalize.org by 

ChemAxon,Budapast,Hungary [https://chemicalize.com].  The majority of the PA values were 

obtained from the NIST Chemistry WebBook [http://webbook.nist.gov/chemistry] and the PA 

values of 4 compounds which were not included in NIST data base were calculated using the 

Gaussian 09 software suite64. 

For the aqueous samples, p-nitroaniline (#2), benzamide (#3), and diphenylamine (#4) did 

not dissolve completely in the aqueous buffer and so these compounds were not included in the 

comparisons.  For all experiments, ammonium acetate (100 mM) was utilized to limit the amount 

of droplet protonating species (H3O+ or MeOH2
+) for both of the solvent systems.  Prior to analysis 

by MS, all samples were diluted to 0.01 mg / mL with the appropriate buffered solvent. 

Stock solutions of each compound were made by dissolving 1 mg of each compound in 1 mL of 

solvent.  Two different solvent systems were investigated namely methanol and water. 

 

 

 



 32 

Table 2- 1 Structures and physicochemical property values for the compounds used in the ionization experiments. 

# Compound Structure               pKb logP     PA 

(kJ/mol) 

 

    MW 

Water MeOH 

1 Thymine  15.61 17.51 

 

-1.00 

 

  880.0 

 

   126.11 

 

2 p-Nitroaniline  11.9 13.8   1.37    866     138.12 

3 Benzamide  14.36 16.26   0.74    892.1     121.05 

4 Diphenylamine 

 

13.2 15.1   2.97    916.5     169.22 

5 4-Methoxybenzamide  14.21 16.11   0.81     900.3     151.16 

6 Cytosine  9.2 11.1  -2.29     949.9     111.10 

7 Adenine   10.3 12.2  -0.03     942.8      135.13 

8 N-ethylaniline   9.1 11   2.13     924.8 123.15 

10 4-Methoxyaniline    

8.9 

 

10.8 

 

0.74 

    

  900.3 

    

  123.5 
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                                                                      Table 2-1. continued 

 

 

 

 

 

 

 

 

 

# Compound Structure             pKb logP PA 

(KJ/mol) 

 

MW 

Water MeOH 

12 Methyltriazinaminec   

9.2 

 

11.1 

 

-1.34 

 

882.7 

 

154.17 

13 Benzylamine   

4.7 

 

6.6 

 

   1.09 

 

    922.7 

 

 107.15 

14 Triethanolamine 

 

 

5.6 

 

7.5 

 

-0.74 

 

   1000.4 

 

149.19 

15 Triethylamine 

 

  

3.8 

 

5.7 

 

  1.66 

 

    981.8 

 

101.19 

16 N-

methylbenzylamine 

 

 

4.6 

 

6.5 

 

 1.60 

 

    980.4 

 

 

  121.18 

17 Quinuclidine   

3.1 

 

5 

 

 1.38 

 

    983.3 

 

   111.18 

18 N,N-

dimethylbenzylamin

e  

 

5.1 

 

7 

 

  1.98 

 

    968.4 

 

   135.21 

19 Phenylethylamine 

 

 

4.2 

 

6.1 

 

  1.49 

 

    936.2 

 

   121.18 
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2.2.3 Mass spectrometry data collection 

 

Experiments were conducted on two separate mass spectrometers as prior research has 

suggested that different physicochemical properties are more effective in ionization by ESI for 

different instruments62. The first set of experiments utilized a linear ion trap (LTQ-XL, 

ThermoFisher) and employed cVSSI devices with blunt-tip emitters.  The second set of 

experiments were carried out on an orbitrap mass spectrometer (Q-Exactive, ThermoFisher) using 

cVSSI devices with pulled tip emitters.  Replicate datasets for the methanol and aqueous samples 

were conducted on both mass spectrometers.  Droplet production was initiated on the infused 

samples by voltage-free cVSSI, field-enabled cVSSI, or ESI.  For voltage-free and field-enabled 

cVSSI experiments, the glass slide was vibrated as described above.  For the latter two methods, 

voltages of 4 kV and 2 kV were utilized for the blunt- and pulled-tip emitters, respectively; the 

higher voltage was required to initiate ion production from the more diffuse charge and higher 

flow rate.  The voltage was applied to the platinum wire just prior to the emitter tip (see Figure 1).  

Experiments were conducted in positive ion mode on both mass spectrometers.  The ion transfer 

tube temperatures for both mass spectrometers were maintained at 275 °C for all experiments. Unit 

resolution was employed on the linear ion trap instrument and the precursor ion resolving power 

was set at 7 ×104 on the orbitrap mass spectrometer.  Data were collected for 30 seconds over a 

m/z range of 50 to 300. 

 

2.2.4 Data analysis 

 

Peak intensities were obtained using the xCalibur software suite (ThermoFisher). For all 

comparisons signal intensities were obtained from total ion signals for each compound.  In orbitrap 

experiments, for two compounds, neutral loss of ammonia was observed.  For these compounds, 
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the fragment ions were included in the summation of the ion intensities.  This was done because 

the separate experiments on the LTQ XL mass spectrometer using the same transfer tube 

temperature did not show ion fragmentation for these compounds in either water or methanol.  

Thus, it is believed that the fragments should be counted as part of the total ion intensities.  

Additionally it is noted that ion fragmentation has been treated in this manner in the past for ESI 

studies 62. 

For single parameter correlations, linear regression was performed using the Excel 

software suite (Microsoft, Redmond CA) for the data (peak intensity versus property) from the 

separate analyses.  R-squared values were compared for the separate regression analyses.  Because 

the R-squared values were relatively small, separate Spearman’s rank correlation analyses were 

performed using the Excel software suite (Microsoft, Redmond CA) for a subset of the data to 

serve as a cross check of the linear regression analysis. 

Peak intensities and molecular physicochemical properties for each analyte were input into 

the regression software (IBM SPSS Statistics 25).  Multiple regression analysis was performed 

using the three descriptor columns as the independent variables and the peak intensities as the 

dependent variable.  Beta coefficient values from the multiple regression analysis were used to 

indicate the relative degree of influence each molecular characteristic has on the degree of 

ionization (ion intensity).  The coefficients and their associated significance are listed in Tables 2-

4 (blunt-tip emitters) and 5 (pulled-tip emitters) for the different experiments. 
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2.3 Results and Discussion 

2.3.1 Linear ion trap experiments: ion intensities from compounds in methanol solvent.   

 

When voltage-free cVSSI is employed using the linear ion trap mass spectrometer, ion 

production for the 18 different compounds is observed to occur over an ~2.7 (i.e., 102.7) decade 

range in intensity. The compound exhibiting the greatest ionization efficiency is quinuclidine with 

an average ion intensity value of 1833.  The lowest ionizing species is thymine with an average 

ion intensity value of 3.  Table 2-2 lists the intensities of all of the compounds in methanol for the 

voltage-free study.  Figure 2-2 shows the relative intensity values for each of the compounds for 

these same experiments.  Notably, the numbering of the compounds in Figure 2 is the same as that 

used in the work by Cech et al.60, where the compounds were numbered according to increased 

ion intensity as observed by ESI. Figure 2-2 shows that, in general, the relative ion intensities for 

the voltage-free cVSSI experiments are somewhat similar to those reported earlier for these 

compounds in that the higher-numbered compounds typically have higher intensities.  Notable 

exceptions are 4-Methoxyaniline (#10), triethylamine (#15), and N,N-dimethylbenzylamine (#18).  

Additionally, Figure 2-2 reveals differences in the compounds in that large fluctuations in ion 

intensities are observed for species numbered above compound #10; this introduces some 

differences between these results and those reported previously.  The relating of such fluctuations 

to physicochemical properties of the compounds is the subject of the multiple regression analysis 

discussed below. 
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Table 2- 2 Molecule-specific ion intensities for the methanol experiments employing blunt-tip emitters. 

#             Compound                                           MeOH solvent system  

cVSSI cVSSI+4KV ESI 

[M+H]+ S.D. [M+H]+ S.D. [M+H]+ S.D. 

1 Thymine 

3.11E+00 8.93E-01 1.66E+04 2.48E+03 9.25E+03 2.30E+03 

2 p-Nitroaniline 

1.01E+02 1.93E+01 3.10E+04 9.93E+03 7.66E+04 4.08E+03 

3 Benzamide 

1.05E+02 1.84E+01 4.86E+05 2.00E+04 5.17E+05 1.50E+04 

4 Diphenylamine 

1.11E+02 9.54E+00 2.04E+05 4.67E+04 3.48E+05 4.73E+03 

5 4-Methoxybenzamide 

2.26E+02 1.90E+01 5.64E+05 2.30E+05 3.76E+05 1.91E+04 

6 Cytosine 

2.39E+02 1.40E+01 4.68E+04 2.88E+04 1.57E+05 8.89E+03 

7 Adenine 

1.51E+02 1.95E+01 1.95E+05 8.08E+03 2.26E+05 2.78E+04 

8 N-ethylaniline 

2.86E+02 3.09E+01 3.53E+05 6.00E+04 5.68E+05 2.08E+04 

10 4-Methoxyaniline 

4.85E+01 4.62E+00 5.74E+05 1.69E+05 2.11E+05 1.40E+04 

11 2-2 bipyridine 

1.36E+03 2.36E+02 3.60E+05 4.90E+04 5.24E+05 1.15E+05 

12 Methyltriazinaminec 

7.56E+02 1.25E+02 9.68E+05 1.06E+05 1.39E+06 3.79E+04 

13 Benzylamine 

4.66E+02 1.04E+02 4.21E+05 4.30E+04 1.14E+06 8.00E+04 

14 Triethanolamine 

1.11E+03 5.51E+01 8.58E+05 2.05E+05 1.37E+06 5.00E+04 

15 Triethylamine 

9.53E+01 3.44E+01 7.65E+04 1.09E+04 1.44E+05 7.00E+03 

16 N-methylbenzylamine 

8.62E+02 8.06E+01 1.29E+06 70945.99 2.77E+06 7.21E+04 

17 Quinuclidine 

1.83E+03 2.37E+02 2.41E+05 4.41E+04 1.04E+06 4.05E+04 

18 N,N-

dimethylbenzylamine 
2.61E+02 3.74E+01 1.24E+06 95043.85 6.91E+05 3.48E+04 

19 Phenylethylamine 

1.11E+03 2.19E+02 3.58E+05 5.55E+04 1.46E+06 1.89E+05 
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The next experiments examined the effects on ionization upon applying a voltage to the 

infused solvent while vibrating the cVSSI device (field-enabled cVSSI).  One motivating factor 

for studying field-enabled cVSSI has been the tremendous advantage observed in ionizing 

biomolecules from aqueous environments compared with ESI alone; 10 to 100 fold enhancements 

in signal levels have been reported for a variety of molecules when using field-enabled cVSSI52 .  

Upon applying voltage to the cVSSI device, the intensities of all compounds increase (see Table 

2-2).  The range of ion intensities narrows somewhat compared with the voltage-free experiments 

(~2.7 to ~2 decades).  N-methylbenzylamine (#16) exhibits the greatest ionization efficiency with 

an ion intensity value of 1.3 × 106. The lowest ionizing species is again thymine with an ion 
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Figure 2- 2 Plot of relative ion intensities for the voltage-free cVSSI (solid circles), field-enabled cVSSI (solid 

triangles), and ESI (open triangles) experiments using the methanol samples.  The blunt-tip emitters were used 

to collect the data. 
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intensity value of 1.7 × 104.  In general, the ion intensities also increase with increasing compound 

number as shown in Figure 2-2.  That said, there are notable differences between the voltage-free 

and field-enabled cVSSI experiments.  For example, although N-methylbenzylamine (#16) is 

ionized relatively well by field-enabled cVSSI, it exhibits a relatively low ion signal level (<50%) 

in the voltage-free cVSSI experiments.  Another dramatic difference is the observed increase in 

ionization of 4-methoxyaniline (#10) upon application of voltage to the cVSSI device (see Figure 

2-2). Two more examples in which a dramatic increase in relative ion signal level is observed are 

benzamide (#3) and 4-methoxybenzamide (#5). 

 The ion intensities of the same compounds have also been recorded upon removal of the 

vibration of the cVSSI device.  Here, charged droplets are produced by the application of the high 

voltage alone.  For these ESI experiments, differences and similarities are observed with the other 

two ionization techniques.  For example, Figure 2-2 shows that for the ions phenylethylamine 

(#19), N,N-dimethylbenzylamine (#18), triethylamine (#15), methyltriazinaminec (#12). 4-

methoxyaniline (#10), and 4-methoxybenzamide (#5), the relative ion signal levels of ESI are 

closer in value to those obtained from voltage-free cVSSI.  In contrast, the ESI ion signal levels 

for quinuclidine (#17), N-methylbenzylamine (#16), 2-2 bipyridine (#11), cytosine (#6), and 

diphenylamine (#4) are more similar to those recorded for the same compounds examined by field-

enabled cVSSI.  Notably, the relative ion signal level was the same for all three techniques for 

triethylamine (#15) in methanol solution 
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2.3.2 Linear ion trap experiments: ion intensities for compounds from aqueous samples.   

To investigate whether or not changes in relative ion intensity levels could be affected 

significantly by the solvent environment for the different experimental modes of ion production, 

the same studies have been conducted for samples in which the compounds were dissolved in 

buffered water.  The intensities of ions produced from the aqueous samples for the voltage-free 

cVSSI, field-enabled cVSSI, and ESI experiments are listed in Table 2-3. Additionally, the relative 

ion signal intensities are shown for the three different experiments in Figure 2-3. 
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Figure 2- 3 Plot of relative ion intensities for the voltage-free cVSSI (solid circles), field-enabled cVSSI (solid triangles), 

and ESI (open triangles) experiments using the water samples.  The blunt-tip emitters were used to collect the data. 



 41 

        

Table 2- 3 Molecule-specific ion intensities for the methanol experiments employing blunt-tip emitters. 

#             Compound                                          Water solvent system  

           cVSSI           cVSSI+4KV           ESI  

[M+H]+ S.D. [M+H]+ S.D. [M+H]+ S.D. 

1 Thymine 

3.70E+00 3.10E+00 8.97E+03 2.20E+03 1.56E+04 2.46E+03 

5 4-Methoxybenzamide 

1.28E+02 9.25E+01 6.65E+04 5.88E+04 1.67E+04 1.78E+03 

6 Cytosine 

9.77E+01 5.65E+01 1.39E+04 1.33E+04 4.51E+03 8.87E+02 

7 Adenine 

4.47E+01 2.06E+01 3.23E+04 5.37E+03 2.05E+04 5.14E+03 

8 N-ethylaniline 

1.05E+02 1.53E+01 1.75E+05 2.44E+04 4.07E+04 2.56E+04 

10 4-Methoxyaniline 

8.88E+01 1.14E+01 1.08E+04 7.01E+03 7.21E+04 6.38E+03 

11 2-2 bipyridine 

6.40E+01 8.02E+00 1.33E+04 4.44E+03 4.13E+04 6.89E+03 

12 Methyltriazinaminec 

7.08E+02 1.40E+02 6.25E+04 7.57E+03 1.67E+05 1.19E+04 

13 Benzylamine 

1.46E+03 1.59E+02 8.81E+03 6.00E+03 5.03E+03 3.40E+03 

14 Triethanolamine 

6.84E+02 4.47E+01 1.97E+04 7.79E+03 9.77E+04 4.93E+03 

15 Triethylamine 

1.71E+01 6.07E+00 9.65E+03 3.12E+03 1.15E+05 1.57E+04 

16 N-methylbenzylamine 

2.46E+03 3.24E+02 3.79E+05 6.11E+04 5.39E+04 5.23E+03 

17 Quinuclidine 

1.56E+02 6.98E+01 3.27E+05 6.37E+04 3.31E+04 2.31E+03 

18 N,N-

dimethylbenzylamine 

9.09E+02 1.13E+02 4.88E+05 1.44E+05 3.87E+05 7.77E+03 

19 Phenylethylamine 

1.04E+03 2.10E+02 9.10E+04 8.35E+03 9.88E+04 1.16E+04 
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Upon sample nebulization by vibration alone, as with the methanol samples, the ion 

intensity levels exhibit nearly a 2.8 decade range in values for the various compounds (see Table 

2-3).  The highest and lowest ionizing compounds are N-methylbenzylamine and thymine, 

respectively.  Figure 2-3 shows that, in general, relative ion intensities increase with increasing 

compound number as was observed for the methanol samples.  Notable differences in relative ion 

signal levels are evident for the voltage-free cVSSI experiments when comparing the two different 

sample types.  For example, consider the relative intensities of N-methylbenzylamine (#16) and 

quinuclidine (#17).  For the water samples (Figure 2-3), the relative values of the respective 

compounds are 100% and ~9%.  For the methanol samples (Figure 1), the relative ion signal levels 

are reversed (47% and 100%, respectively).  Similar to the methanol studies, 4-methoxyaniline 

(#10) and triethylamine (#15) exhibit some of the lowest relative ion intensity levels (Figure 2-3). 

 When high voltage is applied to the cVSSI device, the intensity levels of all ions increase 

as was also observed for the methanol samples (Table 2-3).  The range of ion intensity values (~1.7 

decades) narrows with the application of voltage to these aqueous samples as was observed for the 

methanol samples.  As with all other experiments described to this point, a general trend is an 

increase in relative ion signal level with increasing compound number as shown in Figure 2-3.  

However, there are notable differences among the data obtained for the field-enabled cVSSI for 

the methanol and aqueous samples.  One example is that the relative ion intensity levels for 4-

Methoxyaniline (#10) and 2-2 bipyridine (#11) decrease by ~20% and ~10%, respectively, for the 

aqueous samples (Figure 2-3).  Conversely, for quinuclidine(#17), the relative ion signal is about 

4 times higher for the aqueous sample.  In comparison to the voltage-free cVSSI of the aqueous 

samples, the relatively ion signal levels for the field-enabled cVSSI change the most for thymine 
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(#1) and triethanolamine (#14) where an ~12 fold increase and an ~7 fold decrease are observed, 

respectively. 

 Upon removal of the glass slide vibration, ESI also produces ions with varying intensities 

(i.e., a range of ~1.9 decades) as shown in Table 2-3.  In general, Figure 2-3 shows that, for ESI 

of aqueous samples, the relative ion intensities increase with increasing compound number as 

observed for all other experiments.  Compared to ESI from methanol (Figure 2-2), the relative ion 

signal level for N-methylbenzylamine (#16) changes from 100% to ~14% for the methanol and 

aqueous samples, respectively.  In opposition to this, the respective relative ion signal levels for 

N,N-dimethylbenzylamine (#18) are ~25% and 100%. The ESI data for the aqueous samples also 

shows differences when compared with the voltage-free and field-enabled cVSSI data (Figure 2-

3).  In comparison to voltage-free cVSSI experiments for aqueous samples, the relative ion 

intensities for thymine (#1) and N-methylbenzylamine (#16) increase and decrease by factors of 

~26 and 7, respectively. In comparison to the field-enabled cVSSI, the compounds exhibiting the 

largest change in relative ion intensity are 4-methoxyaniline (#10) and quinuclidine (#17) which 

exhibit an increase and decrease by ~8 fold each for the ESI experiments. 

 

2.3.3 Linear ion trap experiments: evaluating physicochemical property associations with 

ion intensity.   

 

To determine whether or not ion intensities correlate with specific compound properties, 

linear regression can be employed and R2 values can be compared.  Figure 2-4 shows the 

correlations of ion intensity with pKb, log P, and PA of the compounds.  The data for Figure 2-4 

are obtained from experiments in which compounds are ionized from methanol solutions using 

voltage-free cVSSI.  From the R2 values, the strongest correlation, based on R2 values, is with PA 
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(R2 = 0.3239) The second largest correlator with a similar value (R2 = 0.2873) is pKb and log P is 

not observed to correlate appreciably (R2 = 0.0014) with ion intensity.  Because the R2 values are 

low, separate Spearman’s Rank Correlation analyses were performed for the data represented in 

Figure 2-4 to provide a cross check of the individual correlations.  Spearman’s rank coefficients 

were observed to resemble the R2 values from the linear regression; coefficients of 0.577, -0.501, 

and 0.124 for PA, pKb, and log P, respectively were obtained. Here we note that previous 

experiments employing ESI have shown that the strongest correlator with these compounds was 

pKb.  In that regard, it might be argued that voltage-free cVSSI produces ions in a manner similar 

to ESI.  However, notably the stronger correlation with PA is different than that observed 

previously for ESI possibly suggesting differences in ionization process(es) of these compounds 

by voltage-free cVSSI (see discussion below). 

To better compare all associations with ion intensity, multiple regression analysis has been 

conducted for each separate experiment.  The beta coefficients (relative effect) for each of the three 

molecular properties and their respective significance (p-value) are presented in Table 2-4.  From 

the multiple regression analysis of the voltage-free cVSSI results for methanol samples, the beta 

coefficients for pKb, log P, and PA are -0.391, -0.024, and 0.325, respectively. The significance 

assigned to the respective coefficients are 0.021, 0.838, and 0.058.  These beta coefficients and 

their respective significance values are mostly reflective of the R2 values that are obtained from 

the linear regression analyses of the individual physical characteristics (Figure 2-4).  In the 

independent comparisons, the compound PA shows the highest correlation followed by the pKb 

and the log P having respective R2 values of 0.324, 0.287, and 0.001.  Here, it is again noted that 

the primary correlation of ion intensity and pKb for voltage-free cVSSI is similar to what has been 

obtained for these compounds in the prior study using ESI 60.  A difference is that a secondary 
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correlation with PA is observed for the voltage-free cVSSI that is just outside the p<0.05 

significance threshold. 

Figure 2- 4 Plots of individual correlations between separate physichochemical property and ion intensity for the voltage-free cVSSI 

analysis of methanol samples using blunt-tip emitters. 

The compounds are numbered according to the method used in Table 1. Shown are the plots of ion intensity versus A) PA, B) pKb, and C) 

log P.  Linear least-squares best-fit lines are provided as dotted lines and the R2 value for each is shown in the respective plot. 
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When voltage is applied to the emitter tip of the cVSSI device used in the methanol studies, 

the correlation with pKb is not as strong resulting in a beta coefficient value of -0.279 and a 

significance of 0.187.  The beta coefficient for log P is -0.224 with a significance of 0.138 

suggesting a slightly stronger correlation albeit well outside the p<0.05 significance limit.  The 

least correlated physicochemical parameter is the PA with a beta coefficient of -0.937 and a 

significance of 0.354.  When the vibration of the slide is removed and ESI alone is performed, the 

only significant (0.000) correlator with ion intensity is pKb with a beta coefficient value of -0.770.  

This is followed by PA with a beta coefficient value of -0.259 and a significance of 0.130.  The 

respective values for log P are -0.125 and 0.303.  Notably, the result showing a significant 

association with pKb is again consistent with the results obtained in previous ESI studies of the 

same compounds 60. 

 

                  Table 2- 4 Beta coefficients and the associated significance values for the LTQ experiments. 

   Propertya 

                       MeOH solvent system                            Water solvent system  

      cVSSIb  cVSSI+4KV         ESI        cVSSI   cVSSI+4KV          ESI  

pKb -0.391(0.021)c -0.279(0.187) -0.774(0.000) -0.932(0.000) -0.101(0.639) -0.665(0.005) 

Log P  -0.024(0.838) -0.224(0.138) -0.125(0.303) -0.223(0.122) 0.365(0.025) 0.246(0.131) 

PA 0.315(0.058) -0.937(0.354) -0.259(0.130) -0.562(0.004) 0.139(0.495) -0.330(0.121) 

aPhysicochemical property for the different compounds.  The compound-specific values are listed in Table 1 in the Supporting Information section. 
bIonization mode. cVSSI, cVSSI+2kV, and ESI correspond to the voltage-free cVSSI, field-enabled cVSSI, and ESI experiments, respectively.  See 
the Experimental section for more details. 
cBeta coefficients and associated significance values (given parenthetically) for the separate regression analyses.  Bolded values represent the most 

significant results for each experiment. The sign of the coefficient indicates the nature of the correlation (positive versus negative correlation). 
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The multiple regression analysis for the aqueous samples show a marked similarity to those 

obtained for methanol as presented in Table 2-4.  That is, for the voltage-free cVSSI, the most 

significant correlators are pKb and PA.  When voltage is applied to the solution to enact field-

enabled cVSSI, log P provides the most significant association.  Finally, the ordering of 

significance for ESI of the water solutions is pKb, PA, and log P where only pKb meets the p<0.5 

confidence limit. 

 It is instructive to consider the individual correlations in light of the beta coefficient and 

significance values obtained from the multiple regression analyses.  For example, for the water 

analyses, using voltage-free cVSSI, the strongest individual correlation is observed for pKb 

exhibiting a R2 value of 0.26 as shown in Figure 2-5. The individual correlations with PA and log 

P are markedly lower with R2 values of 0.04 and 0.06, respectively.  Therefore, it is somewhat 

perplexing that PA is indicated to be a significant correlator by the multiple regression analysis 

(Table 2-4). It is noted that the difference in R2 values and beta coefficients is that the latter 

attempts to mathematically assign a relative association while accounting for the contributions of 

the other factors while the former only considers the single variable correlation.  That said, for the 

field-enabled cVSSI analysis of the water samples, the individual correlations are log P (R2 = 0.26) 

> pKb (R2 = 0.19) > PA (R2 = 0.14) as shown in Figure 2-6. This ordering is consistent with the 

respective beta coefficient significance values of 0.025, 0.495, and 0.639 (Table 2-4).  From this 

analysis it is evident that care should be taken when interpreting results either from the multiple 

regression or the individual correlation analyses.  In cases such as this where a single beta 

coefficient value significance is well outside the p<0.05 threshold and yet the R2 value is similar 

to the highest correlating factor, the difference is likely due to the fact that most of the individual 

correlation is assigned by the multiple regression analysis to the property with the highest beta 
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coefficient value; that is, there is a fairly large overlap between the two properties and their 

correlation with ion intensity.  That said, in general, the results agree when beta coefficient 

significance values are extremely low or high (p<0.05 or p>0.12) where the former predicts the 

strongest individual correlation and the latter often predicts little to no individual correlation. 
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Figure 2- 5 Plots of individual correlations between separate physichochemical property and ion intensity for 

the voltage-free cVSSI analysis of water samples using blunt-tip emitters. 

The compounds are numbered according to the method used in Table 1.  Shown are the plots of ion intensity 

versus A) PA, B) pKb, and C) log P.  Linear least-squares best-fit lines are provided as dotted lines and the R2 

value for each is shown in the respective plot. 
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Figure 2- 6 Plots of individual correlations between separate physichochemical property and ion intensity for the 

voltage-field enabled cVSSI analysis of water samples using blunt-tip emitters. 

The compounds are numbered according to the method used in Table 1.  Shown are the plots of ion intensity versus 

A) PA, B) pKb, and C) log P.  Linear least-squares best-fit lines are provided as dotted lines and the R2 value for each 

is shown in the respective plot. 
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2.3.4 Orbitrap experiments: physicochemical property associations.   

 

Because the orbitrap mass spectrometer has a larger inlet aperture, it can better sample a 

diffuse droplet plume produced by voltage-free cVSSI.  This enables the use of pulled-tip emitters 

which were employed for the orbitrap studies (see Experimental section). Molecule-specific ion 

intensities for the aqueous and methanol experiments employing pulled tip emitters in Orbitrap 

experiments show in Table 2-5 and 2-6 respectively. Table 2-7 shows the beta coefficient values 

for each of the physichochemical molecular properties as well as their corresponding significance 

as obtained from the multiple regression analysis for data obtained on the orbitrap mass 

spectrometer.  For the methanol analyses, the most significant associations with ionization are 

found to be pKb, pKb, and log P for the voltage-free cVSSI, field-enabled cVSSI, and ESI methods, 

respectively.  Here none meet the threshold of p<0.05; only the voltage-free cVSSI exhibits an 

approaching significance (p = 0.058) for pKb.  This highest significance attributed to pKb is similar 

to what was observed for the voltage-free cVSSI analyses of the methanol samples performed on 

the linear ion trap mass spectrometer (Table 2-4). 

 Results from multiple regression analyses for the data collected for aqueous samples using 

the orbitrap mass spectrometer show better agreement with the same data obtained from the linear 

ion trap mass spectrometer. For example, the most significant correlators with ion intensities are 

the same for both sets of analyses.  Here the factors providing the most significant association for 

the voltage-free cVSSI, field-enabled cVSSI, and ESI are pKb, log P, and pKb, respectively (see 

Table 2-7).  This ordering is identical for the strongest correlating factors from the linear ion trap 

analyses (see Table 2-4).  A notable difference is that, for the ion trap data, the multiple regression 

analysis also suggests an association for PA in voltage-free cVSSI experiments.  That said, the 

individual correlation is very weak for PA as mentioned above and shown in Figure 2-5.     
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Table 2- 5 Molecule-specific ion intensities for the aqueous experiments employing pulled-tip emitters. 

#             Compound                                                  Water solvent system  

cVSSI cVSSI+2KV ESI 

[M+H]+ S.D. [M+H]+ S.D. [M+H]+ S.D. 

1 Thymine 

3.68E+04 4.74E+04 6.31E+08 2.25E+07 4.23E+08 2.38E+07 

5 4-Methoxybenzamide 

1.08E+05 2.64E+04 2.27E+09 4.25E+08 3.13E+07 2.54E+07 

6 Cytosine 

5.06E+04 8.73E+03 3.08E+08 3.68E+07 3.68E+08 1.68E+07 

7 Adenine 

6.79E+04 1.06E+04 7.78E+08 5.64E+07 8.79E+08 1.91E+08 

8 N-ethylaniline 

1.61E+05 8.97E+04 1.37E+09 2.23E+08 1.42E+09 1.65E+08 

10 4-Methoxyaniline 

2.65E+04 4.48E+03 1.43E+09 1.33E+08 1.00E+09 1.30E+08 

11 2-2 bipyridine 

4.29E+05 2.37E+05 1.76E+09 6.24E+07 1.58E+09 3.68E+08 

12 Methyltriazinaminec 

2.12E+05 6.64E+04 2.08E+09 1.55E+08 2.45E+09 6.93E+07 

13 Benzylamine 

6.19E+05 2.44E+04 1.34E+09 2.00E+08 9.65E+08 1.43E+07 

14 Triethanolamine 

1.40E+05 4.40E+04 1.15E+09 4.04E+07 1.59E+09 1.15E+07 

15 Triethylamine 

1.58E+05 8.32E+04 6.68E+08 1.35E+08 4.62E+08 4.53E+07 

16 N-methylbenzylamine 

7.45E+05 4.24E+05 2.68E+09 3.61E+07 2.65E+09 2.31E+07 

17 Quinuclidine 

1.13E+06 6.11E+05 2.31E+09 2.52E+07 1.56E+09 2.62E+08 

18 N,N-dimethylbenzylamine 

6.16E+04 1.53E+04 1.33E+09 8.14E+07 1.54E+09 2.00E+07 

19 Phenylethylamine 

3.67E+05 7.16E+04 2.66E+09 1.39E+08 2.27E+09 5.47E+08 
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Table 2- 6 Molecule-specific ion intensities for the methanol experiments employing pulled-tip emitters. 

  

 

 
 

#             Compound                                                MeOH solvent system  

cVSSI cVSSI+2KV ESI 

[M+H]+ S.D. [M+H]+ S.D. [M+H]+ S.D. 
1 Thymine 

3.07E+06 1.22E+06 7.68E+08 3.18E+07 7.76E+08 1.98E+07 
2 p-Nitroaniline 

3.32E+06 3.54E+04 2.38E+09 3.54E+08 2.04E+09 4.95E+07 
3 Benzamide 

3.94E+06 2.40E+05 3.09E+09 5.66E+07 3.22E+09 1.41E+07 
4 Diphenylamine 

7.97E+05 5.73E+04 1.53E+09 0.00E+00 1.32E+09 1.48E+08 
5 4-Methoxybenzamide 

9.99E+06 1.00E+06 3.53E+09 - 4.36E+09 1.06E+08 
6 Cytosine 

3.10E+06 2.62E+06 1.22E+09 7.07E+06 1.17E+09 2.12E+07 
7 Adenine 

1.45E+06 1.41E+04 6.22E+08 1.34E+07 7.82E+08 4.95E+06 
8 N-ethylaniline 

1.03E+06 1.13E+06 2.81E+09 1.13E+08 1.96E+09 3.25E+08 
10 4-Methoxyaniline 

2.85E+05 2.72E+05 5.56E+08 - 1.03E+09 1.41E+07 
11 2-2 bipyridine 

1.74E+06 6.36E+04 2.37E+09 8.49E+07 2.20E+09 7.78E+07 
12 Methyltriazinaminec 

8.73E+06 2.33E+06 6.07E+09 4.95E+07 6.15E+09 5.66E+07 
13 Benzylamine 

8.56E+06 4.76E+05 2.76E+09 7.07E+06 2.49E+09 3.06E+07 
14 Triethanolamine 

8.39E+06 2.75E+06 4.34E+09 2.92E+08 4.71E+09 9.90E+07 
15 Triethylamine 

1.14E+06 1.34E+05 8.66E+08 3.10E+07 6.08E+08 9.07E+06 
16 N-methylbenzylamine 

2.43E+07 6.43E+05 3.52E+09 7.23E+07 3.05E+09 3.51E+07 
17 Quinuclidine 

3.54E+07 4.06E+06 4.50E+09 7.20E+08 4.50E+09 8.19E+07 
18 N,N-

dimethylbenzylamine 

3.11E+05 2.27E+05 2.00E+09 2.08E+07 1.35E+09 2.61E+08 
19 Phenylethylamine 

1.07E+07 1.04E+06 1.49E+09 2.83E+07 2.57E+09 1.17E+08 
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Table 2- 7 Beta coefficients and the associated significance values for the Q-Exactive experiments 

 

The compound-specific values are listed in Table 1 in the Supporting Information section. 
bIonization mode. cVSSI, cVSSI+2kV, and ESI correspond to the voltage-free cVSSI, field-enabled cVSSI, and ESI 

experiments, respectively.  See the Experimental section for more details. 
cBeta coefficients and associated significance values (given parenthetically) for the separate regression analyses.  

Bolded values represent the most significant results for each experiment. The sign of the coefficient indicates the 

nature of the correlation (positive versus negative correlation.  

 

 

2.3.5 Ionization mechanism considerations. 

 

Previous studies have suggested a strong pKb correlation with ion intensity for these and 

similar small molecules61, 65, 66 . That said, very extensive studies using a large number of 

compounds has suggested that despite this observed correlation, other factors such as log P and 

volatility can also correlate with ionization efficiency depending on factors as varied as solvent 

pH and the type of mass spectrometer employed for the analysis62, 67 . Because the same ionization 

device types are employed here, perhaps it is not entirely surprising that such a high degree of 

agreement is obtained for the analyses conducted on the linear ion trap and orbitrap instruments.  

That said, the observation that the voltage-free cVSSI and field-enabled cVSSI each exhibit 

different significant associations (compared with each other and with ESI) could indicate 

differences in the types of droplets produced and ultimately the process responsible for ionization.  

Propertya  

                        MeOH solvent system                    Water solvent system  

      cVSSIb   cVSSI+2KV         ESI        cVSSI  
  

cVSSI+2KV 
      ESI  

Pkb -0.443(0.058)c -0.403(0.119) -0.334 (0.183) -0.435(0.043) -0.235(0.303) -0.688(0.002) 

Log P  -0.029(0.844) -0.206(0.216) -0.257(0.123) 0.110(0.467) 0.348(0.035) -0.0278(0.856) 

PA 0.027(0.904) -0.132(0.595) -0.196(0.422) 0.028(0.888) -0.181(0.397) -0.229(0.242) 
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Admittedly, the number of molecules studied here is limited and so possible explanations for the 

observation of the different associations are highly tentative.  That said, it is instructive to consider 

potential explanations for these observations with the acknowledgment that further substantiation 

of such explanations will require much more extensive experimentation. 

 It is generally accepted68-72 that ESI of small molecules results in ion production via the 

ion evaporation mechanism (IEM) first proposed by Iribarne and Thomson73.  In summary, ion 

evaporation occurs as the field produced by the surface charge density of the droplets becomes 

sufficiently large to overcome forces associated with ion solvation.  It has been proposed that this 

field-induced emission process is highly suited to the ionization of molecules of low pKb 60, 73.  

Essentially Coulombic interactions would cause the location of the protonated species to be near 

the surface of the droplet whereupon further solvent evaporation would produce a field at the 

surface that is sufficiently large to eject the preformed ion into the gas phase.  Indeed, molecular 

dynamics simulations of the ESI droplet have shown that this Coulomb-driven positioning of ions 

at the surface can occur very rapidly74-76.  Thus, it is not surprising that, for the ESI experiments 

on the two mass spectrometers, the strongest association with ion intensity is pKb (see Table 2-4 

and Table 2-7). Additionally, this is consistent with what has been observed on other instruments 

using small-molecule analytes60, 62, 66, 77. 

 The molecular property associations for the field-free cVSSI are difficult to ascribe to 

physical processes in part because of the differences observed between the two instruments.  For 

the orbitrap instrument, as with ESI, pKb is the only significant association for field-free cVSSI 

(see Table 2-7).  For the linear ion trap studies pKb and PA were both calculated to associate with 

ion intensity for both water and methanol samples.  To present a possible explanation for such a 

difference it may be necessary to consider another field-free, spray-based ionization process.  It 
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has often been proposed77-79 that ion production from sonic spray ionization (SSI)12 occurs via the 

charge residue model (CRM)80.  This proposal stems from the concept of the statistical charging 

mechanism responsible for generating the net droplet charge.  It has even been suggested that only 

CRM is operative in SSI due to the comparatively low charge density of the SSI droplets78. For 

field-free cVSSI, it can be argued that charged droplets are produced in a similar manner.  

Therefore, ions could be formed via the CRM and thus the change in calculated association (i.e., 

the inclusion of PA along with pKb in Table 2-4) results from a change in ionization mechanism.  

Because, for CRM, analytes remain in the droplet until complete solvent evaporation, ion 

production could be governed ultimately by the relative proton affinities of the remaining species 

(solvent versus analyte).  Such a solvent-mediated process has been proposed for dictating protein 

charge state relatively early on81. 

 Having described the possibility of ion production via CRM and a potential link to the PA 

association, it is necessary to discuss caveats to the explanation.  The first problem is that the PA 

association is only observed for the linear ion trap instrument.  As mentioned above, others have 

noted differences in correlations for ESI performed on different instruments62.  One explanation 

for such differences could be related to instrument location (e.g., field and pressure regimes) where 

the bulk of ion production occurs even to include proposed processes such as IEM in the final 

stages of CRM70. Notably, droplet sizes produced by cVSSI are slightly different (see 

Experimental section) for the two instruments due to the necessity to produce a denser plume for 

the linear ion trap which could also affect the location of ion production.   The second problem is 

the negative beta coefficient value for water samples suggesting a negative correlation with PA.  

Comparatively, the single variable correlation with PA (Figure 2-4) is one of the weakest observed.  

The combination of a weak correlation and the limitation that only 3 parameters are tested by the 
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multiple regression analysis could result in a computational artifact.  This could also explain the 

lack of supporting data for a PA association from the orbitrap instrument.  That said, the fact that 

the ordering of compound ionization is sufficiently different from ESI in the linear ion trap data 

such that a difference in beta coefficients is obtained as well as the fact that the CRM has been 

proposed for other field-free ionization techniques suggests that further investigation of ion 

formation by field-free cVSSI is warranted. 

 Perhaps the most remarkable (and best supported by separate datasets here) observation is 

the fact that pKb decreases in association with ionization for field-enabled cVSSI and log P 

increases. It does so in every case (both solvent systems and both mass spectrometers) which serves 

as supporting evidence for the importance of molecular hydrophobicity in field-enabled cVSSI.   

The effect is observed more dramatically for the water samples where log P becomes the only 

association of statistical significance; simultaneously, pKb shows essentially no significance on 

both instruments for the aqueous samples.  In ESI, the surface activity of molecules has long been 

argued to benefit their ionization as more polar species are argued to prefer the core of the droplets 

whereas more hydrophobic species would locate at the surface71, 82-84 .  Indeed, a number of models 

have been developed to account for surface activity85-87 in the ionization of different molecules. 

The increased ionization of surface-active molecules in ESI would arise from their localization in 

the droplet as the ions would be more prone to be ejected in the ion-producing progeny droplets as 

well as their overall decreased solvation energies71, 72.  Above we presented the process whereby 

a preformed ion could be expelled from an ESI droplet readily due to rapid surface positioning by 

Coulomb forces and expulsion by the same.  For field-enabled cVSSI, experiments have shown 

that very efficient ionization occurs at voltages well below the onset of a Taylor cone and 

microdroplet production by Coulomb forces52.  Additionally, these experiments have shown that 
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field-enabled cVSSI dissipates charge at the emitter tip and thus overcomes the corona discharge 

problem in negative ion mode analyses.  Thus, it can be argued that field-enabled cVSSI produces 

droplets of net charge that are higher than field-free cVSSI (because of increased ion signal level 

observations) and yet smaller than ESI (because of charge dissipation and voltage onset 

observations).  The lower charge density could decrease the effect of rapid positioning of the 

preformed ion at the droplet surface (and thus enrichment to some degree) due to Coulomb 

repulsion.  Additionally, the decreased surface field would affect field-induced ion evaporation 

events.  In this environment, surface activity could provide somewhat more of an advantage to 

ionization leading to the log P associations obtained for field-enabled cVSSI. 

 One interesting observation of the log P prominence in field-enabled cVSSI is the sign of 

the beta coefficients.  For water, the beta coefficients are significant, and their sign is positive for 

both instruments.  This can be argued as being somewhat expected as the increased hydrophobicity 

of the molecules should result in greater surface association and thus ionization as described above.  

For the methanol samples, although the beta coefficient values are not significant, for both 

instruments they are negative.  This raises the interesting possibility that the hydrophobic 

molecules have somewhat of a relative preference for droplet retention by the organic solvent 

compared with the aqueous droplets. 

 

2.4     Continued studies: motivation and future work.   

Admittedly, the potential explanations for the ionization results presented above are very 

cursory.  One goal of the studies presented here was to begin to assess the differences in ionization 

efficiencies for the various techniques. A strong motivation for further study of the ionization 

process is that a number of fields stand to benefit from the elucidation of factors affecting 



 59 

ionization by cVSSI.  Here two fields are presented as they relate to recent advantages presented 

by cVSSI.  The first area is that of native MS88.  The relatively recent experiments showing 10 to 

100-fold improvement in ionization efficiency for proteins in negative ion mode using cVSSI52 

could revitalize the study of many acidic proteins.  Studies that utilize tandem MS and multistage 

tandem MS (MSn) where high ion utilization is typically required would be impacted by higher 

ion signal levels.  A second, but related, area is the analysis of small-molecule metabolites in 

negative ion mode.  Studies have suggested a relatively limited sensitivity for compounds such as 

nucleosides and nucleotides analyzed by LC-MS techniques74,75.  Such limitations have led to the 

development of novel LC-MS approaches to provide high-sensitivity quantification and 

identification of such compounds76.  In addition to challenges associated with studying negatively-

charge ions for ‘omics analyses, a largely underutilized regime for LC-MS studies is that 

employing microflow conditions89.  Such separations are highly robust and more amenable to high-

throughput characterization than nanoflow experiments; however, such advantages come at a cost 

to overall sensitivity.  Notably, the prior cVSSI experiments demonstrating enhanced ion signal 

levels were conducted in the microflow regime and offer the potential to obtain much higher 

sensitivity. 

Although future investigations of factors affecting ionization by cVSSI will be guided by 

their potential to impact structural and comparative ‘omics fields of study, the first experiments 

will continue to focus on simple systems such as those presented here.  First, a much more 

expansive group of molecules will be studied using the three different ionization techniques and 

the two mass spectrometers.  This will not only provide higher confidence associations but also 

allow for the comparison of a greater number of physicochemical properties.  The second area of 

research to be pursued is that of molecular dynamics (MD) simulations.  There are three goals for 
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the initial MD simulations. These are: 1) to provide confirmatory support of the ionization 

processes proposed above, 2) to determine the effects different counter ions have on the ionization 

processes, and 3) to outline the role of the solvent in the ionization processes.  To obtain 

confirmatory evidence, exhaustive MD simulations of water nanodroplets with the analyte ions 

and the appropriate amount of charge carriers and counterions (ionization technique dependent) 

will be conducted. For example, the number of ion evaporation events will be monitored for each 

molecule and for each type of modeled experiment (field-free cVSSI, field-enabled cVSSI, and 

ESI).   To address issues of counterions, initial MD simulations will focus on acetate ions as 

ammonium acetate was used in these experiments to limit the amount of charge carriers (H3O+ and 

MeOH2
+).  Finally, MD simulations will also be conducted using methanol nanodroplets. This is 

important as the role the solvent plays in the overall ionization process is not well understood.  For 

example, recent work has shown that solvent composition can be tailored to mitigate the effects of 

surface-active molecules82.  More recently studies have shown differences in ionization efficiency 

for fixed-charge organic ions depending on their origin from protic or aprotic solvent systems90.  

Thus a sound understanding of the effects of different solvent systems on the various ionization 

processes described here could allow the tailoring of cVSSI techniques for specific comparative 

and structural ‘omics analyses. 

 

2.5     Conclusions 

 The ion intensities of various small-molecule compounds have been recorded for three 

different ionization techniques namely voltage-free capillary Vibrating Sharp-edge Spray 

Ionization (cVSSI), field-enabled cVSSI, and ESI.  Experiments have been conducted for samples 

dissolved in methanol and water to examine ion intensities associated with the different solvent 
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systems.  Multiple regression analysis has been used to determine the degree to which different 

physicochemical characteristics can be associated with the overall ionization of the small 

molecules.  In general, the log of the base dissociation constant (pKb) is observed to correlate the 

most significantly to ESI for both solvent systems.  pKb and gas-phase proton affinity (PA) are 

associated with the ion intensities of compounds using voltage-free cVSSI for both methanol and 

aqueous samples while log of the partition coefficient (log P) exhibits the strongest correlation for 

the field-enabled cVSSI.  Currently the data are too limited to fully elucidate ionization mechanism 

details; however, the differences lay the foundation for future studies as they demonstrate the very 

real possibility that different mechanisms or combinations of mechanisms exist for the various 

ionization processes.  Additionally, a better understanding of the associations will help in the 

design of more efficient voltage-free and field-enabled cVSSI sources for mass spectrometry 

analyses.   
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3 Associating Molecular Physicochemical Properties with Ionization 

Efficiency for Compounds in Aprotic, Polar Solvent Using Field-free 

and Field-enabled cVSSI Techniques 

 

3.1   Introduction  

Mass spectrometry is one of the most versatile analytical techniques used for characterizing 

a broad range of samples, providing the mass-to-charge ratios (m/z) for gas-phase ions of various 

compounds. With the introduction of the soft ionization  electrospray ionization (ESI)1and matrix-

assisted laser desorption ionization (MALDI)2 in the 1980s, there was a rapid proliferation of new 

ionization sources such as atmospheric pressure MALDI3, micro-and nanospray ionization4 4, 5, 

desorption electrospray ionization (DESI)6, direct analysis in real time (DART)7, and atmospheric 

pressure chemical ionization (APCI)8.  Due to the  high utility of mass spectrometry applications 

in fields like chemical/biological warfare agent detection, forensic investigation, on-site 

metabolomics identification, and atmospheric toxic particle detection, the need for miniaturized 

and field-portable mass spectrometers has arisen9 10 11 12 13.  The need for in-situ and field analyses 

by MS has coincided with the development of various field-free ionization techniques such as 

sonic spray ionization (SSI)14, zero-voltage paper spray ionization (PSI)15, surface acoustic wave 

nebulization (SAWN)16, solvent assisted inlet ionization (SAII)17 and ultrasonication-assisted 

spray ionization18.  

Recently, Li and coworkers introduced a new, field-free spray-based ionization technique 

called vibrating sharp-edge spray ionization (VSSI)19. This unique ion source only requires a 

vibrating substrate containing a sharp edge. When a liquid sample is placed at the edge of a 

vibrating microscope slide and a RF voltage is applied to an attached piezoelectric transducer, the 
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vibrating (~100 kHz) substrate produces a plume of micrometer-sized droplets emanating from the 

sharp tip of the slide. In the initial work, it VSSI has been shown to produce ESI-like ions even 

though no external electric field was utilized. The later addition of a capillary segment/tip to the 

glass slide presented another form for a sharp edge for efficient introduction of a sample-infused 

plume to a mass spectrometer inlet; this has been termed capillary vibrating sharp-edge spray 

ionization (cVSSI)20. Finally, the application of a DC voltage to the solution infused through a 

cVSSI device (field-enabled cVSSI) provided an enhanced means of ion production. Remarkably, 

a ~10 to 100-fold ion signal enhancement in MS analyses in negative ion mode compared to ESI 

has been demonstrated21. Modest improvements (typically 5-fold) have also been observed for 

positive ion mode experiments. That said, because cVSSI can be conducted without the application 

of a voltage to the solution, the generated plume may exhibit some similarities to droplets produced 

by SSI, SAII, SAWN, and Zv-PSI. That said, it is here stressed that the plume generated by VSSI 

and cVSSI results from a unique, mechanical vibration process that provides advantages with 

regard to ease of on-line coupling, robust function over a wide range of infused flow rates, and 

reduced footprint due to very low power requirements. The very fact that such differences exist 

could suggest that the droplet plume produced by VSSI and cVSSI has unique characteristics that 

can be exploited/tailored for MS analyses. 

Over the years, much research effort has been expended to improve the ionization 

efficiency of new spray-based ionization techniques for MS analyses. For example, the use of 

heated transfer tubes and bath gas facilitated ion desolvation in SAII and droplet-assisted inlet 

ionization7 22. The advantages of using a carbon nanotube (CNT)-impregnated paper surface in 

field-free PSI23 and incorporating microchips and microfluidics chips in sonic spray ionization to 

enhance ionization efficiency have also been shown24 25.  One area of research that has lagged in 
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field-free ion source studies has been the determination of the roles of analyte physicochemical 

properties on the overall ionization efficiency as well as ionization effects resulting from different 

solvent systems. Because of the potential for field-free ionization sources in the various fields 

mentioned above, the research gap should be filled with robust studies seeking to elucidate such 

roles for these techniques.  

Over the years, several large-scale studies have sought to correlate specific 

physicochemical properties with ionization efficiency by ESI 26 27 28 29 30 31.  Here, studies show 

that the log of the base dissociation constant (pKb) significantly correlated with the ionization 

efficiency in small molecule analysis.27 29 Other studies have shown that different solvent 

conditions such as pH, polarity, and volatility influence ion signal levels in ESI.30 31 In an early 

study, Kebarle and coworkers reported that the high methanol content in a mixture of water and 

methanol gave rise to an enhancement in signal intensity of cocaine ions produced by ESI.32 In 

separate studies it was shown that by increasing the volume ratio of organic solvent in 

methanol/water and acetonitrile/water systems incremental changes in ion intensities of organic 

compounds could be achieved; as a general comparison, the optimum ion intensities for 

acetonitrile/water solvents were observed at lower proportions of organic component than for the 

methanol solvent system.33 A similar observation was observed by Schneider et al. where it was 

found that the ion current was suppressed when 100% acetonitrile was used as the mobile phase 

in condensed-phase separations. 34 In contrast, Takayama and coworkers showed that when amino 

acids were examined in negative ion mode under different solvent compositions of methanol and 

acetonitrile, higher ion signals were obtained with higher acetonitrile content.35 They proposed 

this may be due to a lower vaporization enthalpy for acetonitrile compared to methanol. In 

summary, these studies suggest that increased ion signal intensity is due to an increase in the 
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production efficiency of small droplets during the ESI process accomplished by a decrease in the 

surface tension and vaporization enthalpy of the solution system. 

Another novel, voltage-free ionization technique employing a vibration tip has shown that 

increasing the methanol content to 100% in a water/methanol buffer system resulted in a 

significant ion signal enhancement compared to lower methanol content solutions.36 Thus, the 

solvent effect on ionization efficiency differ between high voltage ionization techniques like ESI 

and voltage-free techniques.  Such differences are also altered based on the voltage polarity 

(positive or negative) utilized in experiments. It is therefore important to compare the solvent 

effects for small molecules for different ionization techniques (high voltage and field-free) are in 

both positive and negative mode. To highlight the importance of such studies, consider that the 

new knowledge will be beneficial for LC/MS studies allowing the selection of the optimum solvent 

conditions when coupling to different ionization techniques.  

The facile manner with which a DC voltage can be coupled with cVSSI make it an ideal 

source to perform studies seeking to understand the effects of solvent composition and molecular 

properties on ionization efficiency.  Here, the same emitter tip can be used for voltage-free cVSSI, 

field-enabled cVSSI, and capillary ESI without introducing confounding factors such as a 

nebulization gas as is associated with current state-of-the-art ESI sources.  Indeed, prior work 

explored the association of three molecular properties (proton affinity, solution base dissociation 

constant, and polarity) with ion intensities for compounds analyzed by field-free and field-enabled 

cVSSI.37 The results were compared with ESI using the same flow rates and emitter tips. 

The work reported here extends the study of ion formation by cVSSI techniques to include the new 

solvent systems of acetonitrile as well as acetonitrile:water (95:5).  The work focuses on the 

influence of the aprotic environment on ionization efficiency in both positive and negative ion 
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mode.  A motivation for this study is the fact that acetonitrile is used extensively in condensed-

phase separations (e.g., HILIC and reversed-phase LC) employed in metabolomics analyses. 

Correlation studies involving the physiochemical properties log pKb, log P, and proton affinity 

(PA) and ion intensity have been conducted in both positive and negative ion mode.  These 

experiments were conducting using  voltage-free cVSSI, field-enabled cVSSI, and ESI.  Notable 

differences are observed compared to the prior work examining protic solvent systems (water and 

methanol).  Here, pKb less frequently correlates with ionization efficiency even when employing 

a DC voltage.  Additionally, differences are observed in positive ion mode compared to negative 

ion mode; for example, for the former, both log P and PA appear to be most associated with 

ionization efficiency while for negative ion mode, the primary association is PA. The results are 

discussed with regard operational ionization mechanisms under different solvent compositions and 

electric field conditions. 

 

3.2   Experimental  

3.2.1    Ionization device fabrication.  

            Pulled-tip capillary emitters were obtained using a laser puller (Sutter Instrument Co, 

Model P-2000, Novato CA, USA) and fused silica (100 µm ID ×360 µm ID ).  Emitter tip 

diameters were examined by microscope to ensure that the tip sizes were ~25 to 30 µm. Previous 

work demonstrated that droplet size distribution under field-free cVSSI for aqueous solutions is 

17.5 ± 5.6 µm20. cVSSI and ESI devices were fabricated as described previously37. The VSSI 

devices were constructed by attaching a piezoelectric transducer (Murata) to a microscope glass 

slide using epoxy-based superglue (Devcon).  Pulled emitter tips were glued to each microscope 

slide at the distal end using an angle of ~60°. The sample solutions were infused through a syringe 
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connected to PTFE tubing.  The opposite end of the PTFE tubing was slip fit over the cVSSI 

emitter. In field-enabled cVSSI and ESI, high voltage was supplied to the solvent by connecting 

to a Pt wire that punctured into the PTFE tubing near the emitter tip connection.  

 

3.2.2  Reagents and Sample Preparation 

 For the experiments described here, 18 compounds for positive ion mode and 14 

compounds for negative ion mode studies were used. Many of the compounds overlapped with 

those used in the previous study examining the physiochemical properties correlation in the polar, 

protic solvents of methanol and water. The compounds N-ethylanileine, cimetidine, 

phenyethylamine, acetaminophen, N-N dimethylethyldiamine, 4-methoxyaniline, N-N 

dimethylbenzylamine, atropine, methyltriaziname c, 4-aminobenzoic acid, metronidazole, 

DADLE, N-methylbenzylamine, 3-aminopyridine, tetracine, trans 1,2 diaminocyclohexane, alpha- 

ketoglutaric acid, 2-4 dimethylphenol, phenol, p-cresol, benzoic acid, pentachlorophenol, MCPA, 

dicholoropropanol, captopril, acetylsalicyclic acid, and 4-nitrophenol were purchased from 

Thermo Fisher Scientific (Pittsburgh, PA, USA) and used without further purification. Tables 3-1 

and 3-2 in show the structures of the compounds and their molecular weights, log P, pKb, and PA 

values. The majority of the PA values were obtained from the NIST Chemistry WebBook; for the 

compounds not included on the NIST website, PA values were calculated using the Gaussian 09 

software suite. pKa values in acetonitrile were computed using the empirical conversion proposed 

previously.38 Stock solutions of each compound were prepared by dissolving 1 mg of each 

compound in 1 ml of solvent. Two different solvent systems were investigated, neat acetonitrile 

and a solvent mixture of acetonitrile and water in a 95:5 ratio (95% acetonitrile).  
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Table 3- 1 Structures and physicochemical property values for the compounds used in the positive mode ionization 

experiment. 

 

# Compound Structure 
pKa 

pKb 
(CH3CN) 

logP 
PA 

(kJ/mol) 
 

MW 
Water CH3CN 

1 

N,N 
dimethylethyldiamine 
 

 

9.48 11.71 20.49 -0.60 937.4 88.15 

2 

Trans-1,2-
Diaminocyclohexane 
 

             

9.9 17.69 14.51 -0.008 973.5 114.19 

3 
4-methoxyaniline 
 

 

5.36 12.16 20.04 0.74 900.3 123.15 

4 
N-ethylaniline 
 

 

4.91 11.71 20.49 2.13 924.8 121.14 

5 
Phenylethylamine 
 

 

9.79 17.49 14.71 1.49 936.2 121.18 

6 
Methyltriazinamine c 
 

 

4.87 12.57 19.63 -1.34 882.7 154.17 

7 
N-methylbenzylamine 
 

 

9.41 17.31 14.89 1.6 980.4 121.80 

8 

N-N-
dimethylbenzylamine 
 

 

8.9 17.75 14.45 1.98 968.4 135.17 

9 
Acteaminophen 
 

 

-4.4 2.4 29.8 0.907 824.1 151.17 
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                                                       .  Table 3- 1 To continued  

 

 

# Compound Structure  pKa 

 Water 

pKa 

CH3CN 

pKb 

(CH3CN) 

logP PA 

(kJ/mol) 

 

10 Cimetidine  6.91 13.51 18.69 -

0.109 

992.5 

11 Atropine 

 

 9.39 17.69 14.51 1.57 1002.1 

12 Tetracaine 

 

 8.42 16.72 15.48 2.80 1024.4 

13 Metronidazole  

 

 3.03 17.23 14.97 -0.46 886.9 

14 DADLE 

 

 7.73 15.43 16.77 -1.30 1008.6 

15 3-aminopyridine 

 

 5.75 13.45 18.75 -0.07 957.6 

16 4-aminobenzoic 

acid 

 

 2.69 9.49 22.71 0.80 834.5 

17 Benzamide  -1.2     -     - 0.74 892.1 
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Table 3- 2 Structures and physicochemical property values for the compounds used in the negative mode ionization 

experiment. 

# Compound Structure pKa logP PA 

(kJ/mol) 

 
Water CH3CN 

1 alpha-ketoglutaric 

 

 

2.66 18.16 

 

-0.10 1355.78 

2 2,4-dimethylphenol 

 

10.71 27.01 2.4 1448.24 

3 Pentacholorophenol 

 

 4.98 21.38 4.69 1316.37 

4 phenol 

 

 10.02 26.32 1.48 1432.65 

5 p-cresol 

 

 10.36 26.66 1.94 1439.48 

6 benzoic acid 

 

 4.08 19.58 1.89 1411.05 
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# Compound            Structure             pKa logP PA 

(kJ/mol) 

 
Water CH3CN 

7 MCPA 

 

 3.36 18.86 2.49 1373.64 

8 acetaminophen 

 

 9.46 25.76 0.90 1400.93 

9 Dicholoropropanol 

 

 

2.95 18.45 3.07 1376.90 

10 captopril 

 

 4.02 19.52 0.72 1373.18 

11 acetylsalicylic acid 

 

 3.41 18.91 1.23 1372.95 

12 DADLE 

 

 3.70 19.2 -1.3 1342.43 

13 4-aminobenzoic acid 

 

 4.77 20.27 0.80 1431.87 

14 4-nitrophenol 

 

 7.07 23.37 1.61 1341.69 
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3.2.3    Mass Spectrometry Data Collection.  

The experiments were carried out on an Orbitrap mass spectrometer (Q Exactive, 

ThermoFisher). The commercial ionization source was removed from the mass spectrometer, and 

the system software was externally triggered. The cVSSI device was placed directly in front of the 

MS inlet at a distance of ~1 cm throughout the data collection. Data were collected under field-

free cVSSI, field-enabled cVSSI, and ESI conditions. For the two cVSSI conditions, the glass slide 

was vibrated using an RF voltage of ~10 Vpp at a frequency of ~92 to 94 kHz (square wave). In 

both field-enabled cVSSI and ESI, a DC voltage of ±2 kV was utilized. Separate experiments were 

carried out with different sets of molecules for positive ion mode and negative ion mode 

experiments on the mass spectrometer. The temperature of the ion transfer tube was maintained at 

275 °C for all experiments. Data were collected for 30 s over a mass-to-charge ratio (m/z) range 

of 50-750. 

 

3.2.4    Data Analysis.  

For all comparisons, ion signal intensities were obtained for each compound using the 

Xcalibur software suite (ThermoFisher).  Linear regression was performed using the Excel 

software suite (Microsoft, Redmond, CA) for single parameter correlations of peak intensity versus 

physiochemical property of the molecules. The R2  values of each separate analysis were compared.  

Multiple regression analysis was performed using the regression IBM SPSS Statistics 25 software 

suite using each analyte’s peak intensity and physicochemical properties. In multiple regression 

analysis, the three physicochemical properties mentioned above were designated as independent 

variables and peak intensities were designated as the dependent variables. Each property's relative 

association with the degree of ionization (ion intensity) was compared using the beta coefficient 
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values from the multiple regression analysis. The coefficients and their associated significances 

are listed in Table 3-3 and 3-4 for each ionization mode and solvent system. 

 

                    Table 3- 3 Beta coefficients and the associated significance values for the positive mode. 
 

                  

                             Table 3- 4 Beta coefficients and the associated significance values for the negativemode. 

 
aPhysicochemical property for the different compounds.  The compound-specific values are listed in Table 3-1 and 

3-2 
bIonization mode. cVSSI, cVSSI+2kV, and ESI correspond to the Field-free cVSSI, Field-enabled cVSSI, and ESI 

experiments, respectively.  See the Experimental section for more details. 
cBeta coefficients and associated significance values (given parenthetically) for the separate regression analyses.  

Bolded values represent the most significant results for each experiment. The sign of the coefficient indicates the 

nature of the correlation (positive versus negative correlation). 

  

Propertya 

Neat acetonitrile (positive mode) 95% acetonitrile (positive mode) 

cVSSIb cVSSI+2KV ESI cVSSI cVSSI+2KV ESI 

pkb -0.175(0.235)c 0.166 (0.395) 0.235 (0.235) 

 

-0.163 (0.340) 

 

0.107(0.582) 0.264(0.146) 

logP 

 

0.235 (<0.001) 

 

-0.319 (0.024) -0.387(0.004) 0.434(<0.001) -0.215(0.117) -0.278(0.031) 

PA 

 

0.269 (0.073) 
 

 

0.519 (0.011) 
0.639 (<0.001) 

 

 

0.257(0.257) 
 

 

0.539(0.008) 
 

0.721(<0.001) 

 

Properties 

Neat acetonitrile (negative mode) 95% acetonitrile (negative mode) 

cVSSI cVSSI+2KV ESI cVSSI cVSSI+2KV ESI 

pkb 0.525(0.001) 0.352(0.031) 0.243(0.161) 0.070(0.630) -0.295(0.082) -0.388(0.021) 

logP -0.066(0.605)       0.071(0.585) 0.128(0.364) 0.587(<0.001) 0.317(0.025) 0.230(0.060) 

PA     -0.791(<0.001)       -0.759(<0.001) -0.625(<0.001) -0.527(<0.001) -0.388(0.019) -0.766(<0.001) 
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3.3       Results and Discussion 

3.3.1 Relative ion intensities for compounds in neat acetonitrile using positive ion mode. 

 A total of 18 compounds have been examined for ion production from acetonitrile 

solutions.  Here, field-free cVSSI as described previously 37 has been used initially to examine the 

relative ion signal levels produced in this operational mode.  Figure 3-1 and Table 3-5 show the 

ion intensity levels for the different compounds.  Overall, when voltage-free cVSSI is employed 

in positive ion mode, the ion signal intensity values span a relatively wide range (~106 to 108).  

Notably, the minimum and maximum value of this range is significantly greater than that obtained 

(~104 to 105) in the prior studies for compounds in water solutions examined by field-free cVSSI.  

Additionally, the magnitude of the range is also moderately greater than that obtained for methanol 

studies (~105 to 107).  For the prior studies, the same solution flow rates, pulled-tip emitter sizes, 

distance to the mass spectrometer inlet, and instrumentation settings were used as described in the 

Materials and Methods section above.  Admittedly, not all of the compounds are the same as those 

examined by water and methanol; however, there are 7 compounds that are the same and a similar 

diversity in terms of pKb, log P, and PA is captured in the 18 compounds studied here.  

Upon applying a voltage to the infused acetonitrile samples while vibrating the cVSSI 

device (field-enabled cVSSI), the average ion signal intensities decreased slightly for most 

compounds (Figure 3-1).  Exceptions to this observation are N-Ndimethylethyldiamine, 

benzamide, and metronidazole.  When the vibration of the emitter tip is subsequently stopped (ESI 

only), a total of seven compounds show significantly decreased ion intensity levels while four 

exhibit increased ion signal levels (Figure 3-1).  The six remaining compounds exhibit similar 

levels (field-enabled cVSSI versus ESI) of ion production. From the previous work, when 

methanol and water solutions were used under applied voltage conditions (field-enabled cVSSI 



 81 

and ESI), the same analyte compounds (4-methoxyaniline, N-ethylaniline, phenylethylamine, 

Methyltriazinamine c, N-methylbenzylamine, N-N-dimethylbenzylamine) have shown greater ion 

signal levels (~102 on average) compared to the neat acetonitrile solvent system.  

In summary, for positive ion mode analyses by field-free cVSSI of compounds in the polar, 

aprotic solvent acetonitrile, significant enhancements in ionization are observed when compared 

with results from polar protic solvents.  Additionally, with the application of a DC voltage to the 

solution, notable changes in ion intensities are observed depending upon whether or not the emitter 

tip undergoes vibration.  In comparison to the polar, protic solvents examined in the prior work, 

the ion intensity levels here are relatively depressed for both field-enabled cVSSI and ESI.  
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Figure 3- 1 Bar diagram log of the ion signal intensities of each analyte molecule in 95% acetonitrile under positive mode 

Field-free cVSSI, Field-enabled cVSSI, ESI. 

Bar diagram log of the ion signal intensities of each analyte molecule in 95% acetonitrile under positive mode Field-free 

cVSSI, Field-enabled cVSSI, ESI. 
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                 Table 3- 5 Molecule-specific ion intensities for the neat acetonitrile in positive mode analysis 

#             Compound                                           Neat acetonitrile solvent system  

cVSSI cVSSI+2KV ESI 

[M+H]+ S.D. [M+H]+ S.D. [M+H]+ S.D. 

1 N,N dimethylethyldiamine 

 
1.53E+06 

 

2.62E+05 

 

2.05E+06 

 

5.26E+05 

 

4.65E+05 

 

1.42E+05 

 

2 Trans-1,2-

Diaminocyclohexane 
 

8.11E+07 
 

5.20E+06 
 

6.23E+07 
 

2.81E+06 
 

6.09E+07 
 

7.09E+05 
 

3 
4-methoxyaniline 

 4.74E+07 

 

2.36E+07 

 

3.35E+07 

 

3.96E+07 

 

1.46E+07 

 

3.69E+06 

 

4 
N-ethylaniline 

 1.22E+08 

 

1.59E+07 

 

3.48E+07 

 

1.19E+07 

 

1.11E+07 

 

1.78E+06 

 

5 
Phenylethylamine 

 9.55E+07 

 

5.61E+06 

 

1.23E+07 

 

3.08E+06 

 

1.61E+07 

 

1.22E+06 

 

6 
Methyltriazinamine c 

   8.64E+07 

 

3.48E+07 

 

3.66E+07 

 

2.31E+07 

 

3.19E+07 

 

1.65E+07 

 

7 N-methylbenzylamine 

 
1.38E+08 

 

 7.57E+06 

 

2.91E+07 

 

1.93E+07 

 

8.21E+07 

 

3.90E+07 

 

8 N-N-dimethylbenzylamine 
 

4.33E+08 
 

2.62E+05 
 

2.05E+06 
 

5.26E+05 
 

4.65E+05 
 

1.42E+05 
 

9 Benzamide  

4.32E+06 2.15E+06 6.40E+06 5.44E+06 2.22E+06 1.91E+06 

10 Acteaminophen 

 
5.68E+06 

 

7.73E+05 

 

1.09E+06 

 

4.48E+07 

 

1.18E+06 

 

2.33E+05 

 

11 Cimetidine 
1.48E+08 

 

3.92E+07 

 

6.11E+07 

 

7.04E+07 

 

1.88E+07 

 

3.38E+06 

 

12 Atropine 
 

4.91E+08 
 

2.15E+08 
 

1.79E+08 
 

7.66E+07 
 

1.82E+08 
 

4.66E+07 
 

13 Tetracaine 

 
4.60E+08 

 

1.31E+08 

 

2.71E+08 

 

1.36E+08 

 

3.26E+08 

 

1.50E+07 

 

14 Metronidazole  

 
4.86E+07 

 

1.16E+07 

 

8.75E+07 

 

7.59E+08 

 

4.92E+07 

 

3.60E+06 

 

15 DADLE 

 
5.49E+06 

 

1.09E+06 

 

1.16E+09 

 

1.01E+09 

 

1.89E+09 

 

1.76E+08 

 

16 3-aminopyridine 
 

4.77E+07 

 

1.01E+07 

 

2.63E+07 

 

5.85E+07 

 

2.80E+07 

 

2.92E+06 

 

17 4-aminobenzoic acid 

 
1.48E+08 

 

5.12E+07 

 

8.89E+07 

 

2.25E+07 

 

7.40E+07 

 

1.85E+06 

 

18 Atenolol  
5.46E+08 

 

2.20E+07 

 

3.39E+08 

 

6.58E+07 

 

1.23E+08 

 

7.64E+06 
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3.3.2 Relative ion intensities for compounds in acetonitrile (ACN):water (95:5) solutions 

using positive ion mode. 

 

Having noted that ion production is enhanced for polar protic solvent systems upon the 

application of voltage, experiments have been designed to examine the effect of a small addition 

of such solvent to the acetonitrile solution.  To investigate the effect of increased protic solvent 

content on the ion signal levels, the same set of analyte compounds have been examined using an 

ACN:water (95:5) solvent system.  All other instrumentation and data collection parameters are 

identical to those described for the neat acetonitrile experiments. Figure 3-2 and Table 3-6 shows 

the different ion intensity values obtained for the various compounds that are sprayed from this 

solution composition.  In general, for field-free cVSSI, the ion intensity values do not change 

significantly (compared with neat ACN) ranging between 106 and 108.  Notable exceptions are N-

N dimethylethyldiamine and benzamide where a significant increase and a decrease, respectively, 

are observed.  Remarkably, the general ordering of ion intensities is preserved between the two 

different sample solution sets for field-free cVSSI. 

The application of voltage to the ACN:water solution (Figure 3-2) generally results in 

increased ion intensity levels (compared with neat ACN in Figure 3-1) for many compounds.  This 

is consistent with the increased ionization observed for identical compounds in water solution that 

occurs with the application of voltage37. A notable exception is benzamide where the ion intensity 

levels decrease significantly for both field-enabled cVSSI and ESI. 
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Figure 3- 2 Bar diagram log of the ion signal intensities of each analyte molecule in 95% acetonitrile under positive mode 

Field-free cVSSI, Field-enabled cVSSI,ESI. 

Blue bars represent Field-free cVSSI, orange bars represent Field-enabled cVSSI and grey bars re represent Field-

enabled cVSSI and grey bars represents cESI. Error bars represent relative error of one standard deviation about the 

mean. 
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                                Table 3- 6.Molecule-specific ion intensities for the 95% acetonitrile in positive mode analysis. 

#             Compound                                           95% acetonitrile solvent system  

cVSSI cVSSI+2KV ESI 

[M+H]+ S.D. [M+H]+ S.D. [M+H]+ S.D. 

1 
N,N dimethylethyldiamine 

 4.80E+07 

 

1.93E+06 

 

1.06E+07 

 

3.70E+06 

 

3.97E+07 

 

2.76E+07 

 

2 Trans-1,2-

Diaminocyclohexane 

 
1.23E+08 

 

3.54E+07 

 

1.90E+08 

 

3.96E+07 

 

1.51E+07 

 

5.00E+06 

 

3 
4-methoxyaniline 

 1.29E+08 

 

4.46E+07 

 

2.22E+08 

 

4.63E+07 

 

6.82E+07 

 

2.44E+07 

 

4 
N-ethylaniline 

 1.75E+08 

 

5.24E+07 

 

9.79E+07 

 

6.06E+07 

 

1.19E+08 

 

2.69E+07 

 

5 
Phenylethylamine 

 1.14E+08 

 

3.89E+07 

 

1.68E+08 

 

5.46E+07 

 

2.85E+07 

 

9.83E+06 

 

6 
Methyltriazinamine c 

 1.28E+08 

 

1.35E+07 

 

1.03E+08 

 

9.81E+06 

 

6.32E+07 

 

3.11E+06 

 

7 N-methylbenzylamine 

 
1.70E+08 

 

1.40E+07 

 

2.40E+08 

 

2.77E+07 

 

1.07E+08 

 

1.29E+07 

 

8 N-N-dimethylbenzylamine 

 
3.90E+08 

 
5.52E+07 

 
4.90E+08 

 
6.10E+07 

 
1.79E+08 

 
1.72E+08 

 

9 Benzamide  
   2.77E+06 2.25E+06 2.88E+05 9.40E+04 1.59E+05 3.71E+04 

10 Acteaminophen 

    5.61E+06 

 

8.64E+05 

 

2.19E+07 

 

2.75E+07 

 

2.95E+06 

 

5.86E+05 

 

11 Cimetidine 
   1.87E+08 

 

1.22E+07 

 

7.91E+07 

 

1.60E+07 

 

5.92E+07 

 

3.27E+07 

 

12 Atropine 
 

8.36E+08 

 

2.15E+07 

 

5.87E+08 

 

1.80E+08 

 

5.43E+08 

 

7.63E+07 

 

13 Tetracaine 

 
3.42E+08 

 

1.84E+08 

 

4.66E+08 

 

3.82E+07 

 

4.60E+08 

 

3.25E+07 

 

14 Metronidazole  

 
3.11E+07 

 

2.75E+06 

 

5.20E+07 

 

5.61E+06 

 

2.12E+07 

 

4.60E+06 

 

15 DADLE 

 
4.86E+06 

 

2.27E+06 

 

1.78E+09 

 

5.05E+08 

 

1.68E+09 

 

1.20E+08 

 

16 3-aminopyridine 

 
7.40E+07 

 

8.16E+06 

 

8.05E+07 

 

2.29E+06 

 

3.77E+07 

 

5.16E+06 

 

17 4-aminobenzoic acid 

 
9.74E+07 

 
4.95E+05 

 
3.85E+08 

 
3.04E+08 

 
9.22E+07 

 
1.56E+07 

 

18 Atenolol  
3.85E+08 

 

4.82E+07 

 

8.14E+08 

 

2.93E+08 

 

1.76E+08 

 

6.22E+07 
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3.3.3 Relative ion intensities for compounds in neat acetonitrile using negative ion mode.   

A total of 15 compounds have been examined for ion production from ACN solution in the 

negative ion mode studies.  When field-free cVSSI is used to ionize the analyte molecules 

dissolved in neat ACN, the ion signal intensity values ranged between ~102.5 and ~106 as shown 

in Figure 3-3 and Table 3-7 These values represent the lowest ionization efficiency recorded for 

the acetonitrile studies presented here.  In short, these varied compounds do not efficiently produce 

negatively charged ions from ACN solutions. 

Upon utilizing the field-enabled conditions, ion signals are increased significantly (within 

the range of ~106 to 1010) for both field-enabled cVSSI and ESI.  Here it is noted that this behavior 

is exactly opposed to that observed in positive ion mode (Figure 3-1).  In the positive ion mode 

studies, the field-free cVSSI generally provided the greatest ion production.  In this case, the 

difference is more pronounced as multiple compounds exhibit >103 fold difference in ion intensity 

with the application of the DC voltage.  Additionally, the ion intensities for field-enabled cVSSI 

and ESI are similar for most compounds and thus the same general ordering of ionization 

efficiency is preserved between the two methods (Figure 3-3).  Notably, greater variability in 

ionization efficiency was observed for these two ionization methods in positive ion mode (Figure 

3-1).  
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Figure 3- 3. Bar diagram log of the ion signal intensities of each analyte molecule in 95% acetonitrile under positive 

mode Field-free cVSSI, Field-enabled cVSSI, ESI. Blue bars represent Field-free cVSSI, orange bars represent Field-

enabled cVSSI and grey bars represent relative error of one standard deviation about the mean. 
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             Table 3- 7 Molecule-specific ion intensities for the neat acetonitrile in negative mode analysis. 

# Compound 

Neat acetonitrile solvent system 

cVSSI cVSSI+2KV ESI 

[M-H]- S.D. [M-H]- S.D. [M-H]- S.D. 

1 
alpha-ketoglutaric 

 

3.40E+05 

 

1.18E+05 

 

1.44E+09 

 

1.63E+08 

 

2.98E+08 

 

1.91E+07 

 

2 

2,4-dimethylphenol 

 

 

4.89E+03 

 

3.54E+01 

 

1.71E+07 

 

8.08E+05 

 

2.28E+06 

 

1.53E+04 

 

3 
Pentacholorophenol 

 

1.63E+06 

 

4.73E+04 

 

4.79E+09 

 

5.77E+07 

 

1.65E+09 

 

2.80E+08 

 

4 
phenol 

 

2.41E+03 

 

1.08E+02 

 

2.28E+05 

 

3.87E+04 

 

5.62E+05 

 

1.79E+05 

 

5 
p-cresol 

 

4.10E+02 

 

4.58E+01 

 

8.04E+06 

 

2.67E+06 

 

7.71E+06 

 

1.06E+06 

 

6 DNOC 
1.17E+06 

 

7.27E+08 

 

1.66E+10 

 

1.08E+09 

 

1.65E+10 

 

1.31E+09 

 

7 
benzoic acid 

 

2.19E+05 

 

5.51E+03 

 

2.62E+09 

 

7.57E+07 

 

1.12E+09 

 

4.93E+07 

 

8 
MCPA 

 

2.86E+05 

 

8.34E+04 

 

4.38E+09 

 

2.11E+08 

 

2.29E+09 

 

2.15E+08 

 

9 
acetaminophen 

 

2.73E+04 

 

3.46E+03 

 

1.22E+09 

 

8.74E+07 

 

1.05E+08 

 

1.65E+07 

 

10 
Dicholropropanol 

 

2.07E+03 

 

6.43E+01 

 

8.41E+04 

 

1.48E+04 

 

6.10E+05 

 

2.31E+04 

 

11 
captopril 

 

6.92E+05 

 

3.91E+04 

 

4.89E+09 

 

3.91E+08 

 

1.28E+09 

 

2.29E+08 

 

12 
acetylsalicylic acid 

 

3.62E+04 

 

5.23E+03 

 

9.79E+06 

 

4.64E+05 

 

4.51E+06 

 

3.30E+05 

 

13 
DADLE 

 

1.02E+06 

 

1.17E+05 

 

1.15E+09 

 

9.54E+07 

 

4.44E+08 

 

1.63E+07 

 

14 
4-aminobenzoic acid 

 

6.81E+04 

 

3.23E+03 

 

7.29E+07 

 

1.57E+07 

 

8.26E+07 

 

1.16E+07 

 

15 
4-nitrophenol 

 

6.95E+06 

 

5.98E+05 

 

1.26E+10 

 

1.74E+09 

 

4.62E+09 

 

2.32E+09 
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3.3.4 Relative ion intensities for compounds in acetonitrile (ACN): water (95:5) 

solutionnegative ion mode.  

 

When the 15 compounds used for negative ion mode studies are examined in an ACN 

solution containing 5% water, ionization efficiency for field-free cVSSI remains the lowest of the 

three techniques as shown in Figure 3-4 and Table 3-8. That is, the two methods employing a DC 

voltage provide the greatest ion signal levels.  Notably, for field-free cVSSI only one compound 

shows a truly significant change; pentachlorophenol ion signal increases by nearly 3 decades.  With 

the application of voltage, the ion signal levels are also similar to those observed for the neat ACN 

studies. One exception is the ion signal level obtained for acetylsalicylic acid where an increase of 

at least 2 decades is obtained for the 5% water solution (Figure 3-4). 
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Figure 3- 4. Bar diagram log of the ion signal intensities of each analyte molecule in 95% acetonitrile under positive 

mode Field-free cVSSI, Field-enabled cVSSI, ESI. Blue bars represent Field-free cVSSI, orange bars represent 

Field-enabled cVSSI and grey bars represent Field-enabled cVSSI and grey bars represent relative error of one 

standard deviation about the mean. 
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         Table 3- 8 Molecule-specific ion intensities for the 95% acetonitrile in negative mode analysis. 

#             Compound                                           95%  acetonitrile solvent system  

cVSSI cVSSI+2KV ESI 

[M-H]- S.D. [M-H]- S.D. [M-H]- S.D. 

1 alpha-ketoglutaric 

 
3.48E+05 

 

1.75E+04 

 

3.12E+09 

 

5.20E+07 

 

2.47E+09 

 

9.02E+07 

 

2 2,4-dimethylphenol 

 
 

4.75E+03 

 

1.86E+03 

 

6.37E+07 

 

5.51E+06 

 

5.65E+07 

 

4.90E+06 

 

3 Pentacholorophenol 

 
3.57E+09 

 

1.51E+08 

 

8.93E+09 

 

2.19E+08 

 

8.31E+09 

 

8.62E+07 

 

4 phenol 

 

3.81E+04 3.30E+03 2.80E+05 6.27E+04 3.34E+05 1.61E+04 

5 p-cresol 
 

2.95E+03 6.36E+01 5.06E+07 1.13E+07 2.52E+07 6.88E+06 

6 DNOC  2.43E+06 2.35E+05 2.83E+10 4.95E+09 5.45E+10 4.13E+10 

7 benzoic acid 
 

2.81E+05 1.73E+03 3.07E+09 2.95E+08 1.50E+09 5.77E+07 

8 MCPA 

 

4.04E+05 5.06E+04 4.52E+09 1.63E+08 2.27E+09 2.77E+08 

10 acetaminophen 

 

4.34E+04 6.83E+03 1.33E+09 3.27E+08 5.34E+08 5.53E+07 

11 Dicholropropanol 

 

1.17E+04 1.54E+03 3.03E+05 4.22E+04 3.59E+06 1.83E+05 

12 captopril 
 

1.39E+06 1.19E+05 3.57E+09 6.40E+08 1.12E+09 2.23E+08 

13 acetylsalicylic acid 

 

2.05E+04 2.64E+03 1.01E+10 2.38E+08 9.19E+06 1.93E+06 

14 DADLE 

 

1.12E+06 8.50E+04 1.14E+09 8.72E+07 8.95E+08 2.34E+07 

15 4-aminobenzoic acid 

 

1.33E+05 2.65E+03 7.91E+08 1.14E+08 2.18E+08 6.26E+07 

16 4-nitrophenol 

 

2.02E+06 2.19E+05 2.16E+09 7.94E+08 9.02E+09 8.90E+09 
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3.3.5 Associating molecular physicochemical property with ion intensity in positive ion 

mode studies. 

 It is instructive to consider the relationship of different physicochemical properties of 

analyte molecules and ion signal levels.  Such efforts may be useful to obtain information about 

operative ionization mechanisms for the various techniques.  Multiple regression analysis 

examines the correlations between ion signal levels (e.g., Figures 3-1to 3-4) and the three distinct 

physiochemical molecular properties, pkb, log p, and PA. Table 3-3 and Table 3-4 show the beta 

coefficient values for each of the properties and their corresponding significance from the multiple 

regression analysis for data obtained from the samples in neat and 95% ACN, respectively.  

For the experiments in which neat ACN solutions were used, no significant (p<0.05) 

associations are observed with compound pKb.  This stands in stark contrast to the prior work in 

which pKb correlated the most frequently for water and methanol solutions37.  For neat ACN, log 

P exhibits a significant correlation for all three ion source types.  However, it is directly and 

indirectly correlated for field-free and applied voltage conditions, respectively.  For the same 

solution, the largest significant correlation exists for PA for the experiments in which an electric 

field is utilized; for field-free cVSSI, this correlation is just outside the confidence interval (p = 

0.073, Table 3-3).  This is also very different than the prior results for methanol and water where 

the pulled-tip emitter studies showed no significant correlation with PA for all three ionization 

sources. 
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3.3.6 Associating molecular physicochemical property with ion intensity in negative ion 

mode studies. 

Having noted the differences between molecular property correlations with intensity 

between the protic and aprotic solvent systems, it is useful to determine whether or not unusual 

behavior is observed when producing negatively-charged droplets. As indicated above, expanding 

the knowledge of factors contributing to negative ion production of different molecules by the 

various techniques could hold tremendous value for many different experiments.  For example, 

consider ‘omics experiments in which quantitative determinations of nucleotides, carbohydrates, 

and fatty acids are desired.  That is, the new knowledge from molecular property correlations could 

help to tailor ion source type (e.g., field-free cVSS) and solvent system to targeted compound 

analyses. 

When the solvent is neat ACN, the largest correlating factor of significance is PA for all 

three ionization sources.  In every case (field-free and field-enabled), PA is inversely correlated 

with ion intensity. In contrast the to positive ion mode studies, no significant correlation is obtained 

for log P.  Another deviation from the positive ion mode data is the observation of significant 

correlations with pKb for both field-free and field-enabled cVSSI.  These are both direct 

correlations. 

When the solvent is ACN:water (95:5), the largest correlations of significance are also 

observed for PA.  Also, as observed for neat ACN, these are inverse correlations.  One difference 

when compared to the neat ACN is that log P is observed to provide significant correlation for 

field-free and field-enabled cVSSI but not for ESI.  Finally, pKb is observed to correlate in an 

inverse manner for ESI.  
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3.3.7 Ionization process considerations.  

Field-induced ionization processes like ESI have long shown strong correlations between 

pKb and ion intensity for small molecules examined from polar, protic solvents like water and 

methanol.29  26, 39 Several extensive studies have shown that other molecular properties such as log 

P and volatility of the analyte molecules can also correlate with ionization efficiency.30 40 Because 

so little is known about ionization from aprotic polar solvents, the studies reported here were 

pursued with the goal of determining the operative ionization processes for different source types. 

Above, the molecular property correlations with ionization efficiency for analytes in a polar, 

aprotic solvent were reported as well as the determination of how those correlations are subject to 

change upon adding an incremental amount of a polar, protic solvent (water) to the solutions. A 

question arises as to whether or not such correlations shed light on the type of ionization processes 

occurring for the different combinations of solvent system and ion source type.  This is examined 

below.  

It is widely accepted that the ionization of small molecules by ESI occurs via the ion 

evaporation mechanism (IEM) proposed by Iribarne and Thomson.41 42 43 44 45 In IEM, when the 

field created by surface charge density on a droplet is sufficient to overcome forces associated with 

ion solvation, an analyte ion will be released to the gas phase environment.46 Work performed by 

various research groups shows that the field-induced emission process is more efficient for the 

ionization of molecules having low pKb (preformed ions in solution).27 47 This occurs as columbic 

interactions within the droplet cause the protonated species to locate near the droplet's surface. As 

further solvent evaporation events occur, a sufficiently strong field is formed to eject such 

preformed ions into the gas phase. So, this process is considered to be the primary method for ESI 

ion production of small molecules in protic solvent media. Additionally, it has been proposed that 
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field-free ionization sources such as SSI produce ions via the charge residue model (CRM)48 of 

ion production;14 here, molecules are retained in the droplets until the last vestiges of solvent 

desorb and charge is transferred to the analyte. Hence, in the absence of a protic solvent medium, 

analyte molecules may undergo different protonation processes and/or different methods of release 

into the gas phase.   

Apart from pKb , the influence of surface activity or hydrophobicity of the molecules  has 

been shown to correlate with small-molecule ion signal intensities in ESI when analytes were 

sprayed from aqueous media.39 49 47 50 That said, Cech and coworkers reported that when the small 

molecules are sprayed from organic solvent like methanol there is no direct correlation between 

log P and ion signal intensity.27 Consistent with this work was the prior cVSSI studies in which 

no significant association of log P and ion signal level was obtained for ESI of methanol 

solutions37. Hence, the influence of molecule surface activity can be different depending on the 

solvent properties.  

A remarkable feature of the work reported here is that even in the absence of a protic agent 

(neat ACN) both protonated and deprotonated ions are readily formed even in the absence of an 

applied voltage. One explanation could be that the residual (~0.05%) water in neat ACN  may 

serve directly to produce H3O+ protonating reagent within the droplet. Another explanation can be 

extracted from the results of previous studies where the protonation of different molecules under 

ESI was not expected. Fenselau and coworkers detected protonated proteins upon being 

electrosprayed from highly basic (pH=10) solutions; there the solution basicity was adjusted using 

ammonia.51 Wang and Cole reported protonation of peptides and small proteins in very basic 

solvent conditions and named this phenomenon as the “wrong-way-round” method.52 Boyd and 

co-workers have  shown strong protonation incidents for smaller analytes like amino acids similar 
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to that reported for the “wrong-way-round” method 53  Zhou and Cook observed protonated 

caffeine from strong basic (ammonia) solutions and suggested this might result from an electric 

discharge-induced ionization process emanating from the ESI tip similar to atmospheric pressure 

chemical ionization (APCI).  They suggested that this processes could account for much of the 

established “wrong-way-round” processes.54  

Having established that ionization processes can lead to ion formation that is not intuitive, 

it is instructive to consider the correlations in Tables 3-3 and 3-4 to consider this unusual ion 

formation by cVSSI.  For positive ion production by field-free cVSSI (Table 3-3), the strongest 

correlating factor is log P.  Here it may be argued that, in the absence of high charge density at the 

droplet surface, the more surface-active molecules will locate at the interface with the apolar gas-

phase environment and are thus released from the droplet more readily. Comparatively, with the 

addition of voltage, the increased droplet surface charge would favor more polar species (or at 

least be less discriminating against).  This may account for the inverse correlation with log P for 

field-enabled cVSSI and ESI (Table 3-3).  Additionally, PA becomes the greatest correlating 

factor.  

To consider why PA could be a factor in field-free ionization, it is instructive to further 

consider ion production using a “wrong-way-round” protonation process as proposed by Kebarle 

and Ho.55 56 It was suggested that, because the basic solutions were made with ammonia and NH4
+ 

ions, the latter must be the major charge carriers on the droplet surface. They also suggest that 

multiple NH4
+ ions could protonate the protein in a manner similar to proton transfer reaction in 

the gas phase. In this scenario, when analyte molecules such as proteins undergo the CRM, 

protonation may be expected to happen at the end stage as the last solvent components leave the 

protein-containing droplet. Similarly, protonation may occur for ions that go through the IEM 
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when the analyte desorbs from the surface and represents a stronger base in the gas phase than 

NH3. 

Although the above explanation, is consistent with the observation that PA correlates 

strongly with ion signal level for field-free cVSSI (Table 3-3), there exists an alternate scenario 

for gas-phase proton transfer.  Boyd and co-workers have presented somewhat contradictory 

results. When basic amino acids like histidine were electrosprayed in a non-protic 

(tetramethylammonium hydroxide) basic solution, protonated amino acids, although unexpected, 

were observed.53 For these types of scenarios, when there is not an abundant proton source in the 

solution phase, a discharged-induced ionization process may be possible as a result of the high 

voltage applied to the ESI tip.54 Here, protonated solvent clusters would be generated in the gas 

phase similar to that described in the mechanism for atmospheric pressure chemical ionization 

(APCI) initiating from ambient species such as N2 and O2. These protonated solvent clusters would 

then serve as reagent ions and undergo proton transfer reaction in the gas phase as explained by 

Kebarle and Ho. Notably, the introduction of the droplet plume produced by cVSSI into an 

electrical discharge region termed cVSSI-APCI, shows remarkable ionization efficiency57. In the 

absence of a high electric field, alpha-particle irradiation of moist air can occur58. Additionally, 

gamma irradiation can account for the production of ions which initiate the cascade responsible 

for production of protonated solvent clusters. Therefore, the above-mentioned discharged-induced 

ionization can be operative even with the field-free cVSSI technique. 

When the water solvent is added to the ACN, the correlating factors remain relatively the 

same for positive ion mode (Table 3-3).  A direct correlation between log P and ion intensity is 

observed with field-free cVSSI. This shifts to an inverse correlation for log P and the largest 

correlation for PA when a DC voltage is used for the other two ionization sources.  Thus, it can be 
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argued that molecule/ion release from the droplet and protonation is similar to that observed for 

positive ion production from neat ACN.  That is, 5% water is not sufficient to shift the ion process 

to the solution (pre-formed ions) as was observed in the prior cVSSI studies37. 

It should be noted that the strongest association of ion intensity with log P for field-free 

cVSSI does not necessarily indicate that ions are produced via IEM. The earlier cVSSI work 

employing polar, protic solvent systems found that when there is not a sufficient electric field at 

the droplet surface to overcome the activation barrier, molecules will undergo ionization by the 

CRM similar to that proposed for sonic spray ionization37. In end stages of CRM, the evaporating 

droplet will experience several fission events upon reaching the Rayleigh limit and will end with 

complete solvent evaporation and charge transfer to the analyte ion. It has been argued that even 

when CRM is the operative mechanism, under certain conditions, surface-active ions will be more 

favorably transferred to the smaller fission droplets, which will eventually allow their release to 

the gas-phase environment after complete solvent evaporation. So, a positive correlation with log 

P does not necessarily suggest that molecules in high organic content solvents and examined by 

field-free cVSSI cannot undergo CRM. Said differently, unlike in polar protic solvents (water and 

methanol), a correlation of log P with ion intensity might be more readily expected for field-free 

cVSSI even as the CRM is the operative process of ion production.  Here the vicinity of the analyte 

to “protic agents” like H3O+ (generated from residual water) at the surface would facilitate 

ionization in the end stages of the droplet.  For field-enabled conditions (field-enabled cVSSI and 

ESI) the shift in correlation with log P (direct to inverse) and PA provide some evidence for the 

IEM under wrong-way-round conditions as being the operative process.  

In negative ion mode, the first correlations with pKb are observed for the field-free cVSSI 

studies of neat ACN solutions (Table 3-4).  Notably, these correlations are direct suggesting 
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increased ionization for more acidic species as may be expected for negatively-charged ions.  Thus 

it may be possible that there is sufficient residual water in neat ACN to produce some pre-formed 

ions.  Admittedly, this is a relatively limited sample (15 compounds) and if only a few of these 

showed the ability to exist a pre-formed ions, this could shift the correlation as shown in Table 3-

4.  The strongest correlating factor for the neat ACN solutions for all three ionization sources is 

PA.  Here, in contrast to positive ion mode studies, the correlations are inverse relationships.  This 

is consistent with gas-phase deprotonation events as being the operative process.  That said, as 

indicated in the discussion for the positive ion mode studies, such proton-transfer events could 

occur at the droplet surface or via reaction with gas-phase reagent ions.  In negative ion mode, 

basic gas-phase species like OH- or methoxide ion are possible as a result of electric discharge. 59 

60 54  Additionally, it is noted that electrical breakdown is more readily observed at lower voltages 

for negative voltages and thus could argue for an APCI-like process being the primary mode upon 

application of voltage (field-enabled cVSSI and ESI).  

When the solvent system became more protic (5% water) in nature an observed shift in the 

dominant correlations was observed (Table 3-4).  For example, the ionization efficiency of all three 

ion modes shifted towards log P and PA.  For ESI the log P correlation did not quite reach the 

confidence limits (p = 0.06). That said, it is essential to point out that the log P correlation for all 

three ionization techniques is positive, unlike that observed for the positive ion mode. Takayama 

and coworkers also reported a positive hydrophobicity correlation of amino acids dissolved in 

acetonitrile solvent systems under negative ion mode analysis.35 This disparity between negative 

and positive mode log P correlation shows there could be an influence resulting from dielectric 

nature of the solvent with regard to positively- or negatively-charged analyte ions. Additionally, 

according to the IEM model proposed by Iribiane and Thomson, the rate of ion evaporation from 
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the droplet depends on the solvation-free energy of the analyte and the surface electric field around 

the charged droplet.46 61 Therefore, the lower dielectric nature of ACN versus water could influence 

the free energy of solvation of anionic/ or cationic analytes differently.  

 

3.3.8    Ion signal enhancement in field-free cVSSI in positive ion mode.  

A remarkable finding of the present work is the increase in average ion signal level 

obtained for 12 of the 17 compounds in positive ion mode when field-free cVSSI is employed 

compared to voltage-enabled techniques (Figure 3-1).  Indeed, prior experimental and interpretive 

theoretical work suggests that solvents with lower surface tension and lower enthalpy of 

vaporization (surface tension; acetonitrile = 30 N/m water = 72 N/m, vaporization enthalpy; 

acetonitrile = 33 kJ/mol water = 44 kJ/mol) should more readily produce ions via the CRM.62 ,61  

The positive ion studies presented here support this idea of highly efficient droplet drying for ACN.   

A question then arises as to why the production of ions in negative ion mode is so 

suppressed for field-free cVSSI (Figure 3-3).  That is, if droplet drying is so efficient for 

compounds in ACN, why are so few ions produced in negative ion mode?  A possible answer to 

this question can be formulated when considering the production of negatively-charged ions by 

the field-enabled sources.  Here, ion production is remarkably efficient as the upper range in ion 

signal level is higher by nearly an order of magnitude compared to the generation of ions by field-

enabled sources in positive ion mode.  As it is largely indicated by the multiple regression analysis, 

ions are produced by gas-phase proton transfer either at the droplet surface or via reagent ions.  

Because, electrical breakdown occurs at a lower negative bias compared with positive voltage, it 

can be argued that a much greater number of reagent ions may be produced for gas-phase proton 

transfer reactions.  As it is assumed that the CRM is operative for field-free cVSSI in both positive 
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and negative ion mode (see discussion above), it would also be argued that the final transfer of 

charge during the droplet drying process was more efficient for positive ion mode than for negative 

ion mode.  Whether or not this resulted from the selection of compounds for the study presented 

here cannot be determined from such limited sample sets. 

It is also noteworthy to consider that the significant ion signal enhancement observed here 

with neat acetonitrile and field-free cVSSI in positive ion mode to some degree contradicts earlier 

work examining the efficacy of inlet ionization.63  In that study, a low abundance of ubiquitin ions 

was observed when analyzed with 100% acetonitrile compared to 20 % water content in the 

acetonitrile solvent.  Admittedly, the studies here are for small compounds.  However, it is 

remarkable that ionization enhancements are observed for even some of the more polar 

compounds. 

3.4    Conclusions 

  The ion intensities of various small-molecule compounds have been reported for three 

different ionization techniques: field-free capillary vibrating sharp-edge ionization (cVSSI), field-

enabled cVSSI, and ESI. Experiments have been conducted for samples dissolved in neat 

acetonitrile and 95% acetonitrile (5% water) under both positive and negative ion modes. Multiple 

regression analysis has been used to determine the degree to which different physicochemical 

characteristics of the molecule can be associated with the overall ionization efficiency in both 

positive and negative ion mode and to reveal how such associations can be different from aprotic 

to protic solvent conditions. 

In general, for samples using an aprotic solvent having lower surface tension and low 

vaporization enthalpy, the log of the partition coefficient (log P) is observed to correlate most 

significantly under field-free cVSSI conditions.  This suggests ionization via the CRM as has been 
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proposed for other field-free ionization sources. For both field-enabled cVSSI and ESI, log P and 

proton affinity (PA) are strongly associated with the ion intensities. Comparatively, in prior 

experiments, the log of the base dissociation constant (pKb) has shown a much more significant 

correlation with protic solvents like water and methanol.  This suggests that for the aprotic, polar 

solvent ACN , when an electric field is employed (field-enabled cVSSI and ESI), pre-formed ions 

are not responsible for the observed ion signals.  Rather, gas-phase proton transfer reactions either 

at the droplet surface or via collisions with reagent ions occurs. 

The differences in ionization efficiency observed suggest an opportunity to tailor ion 

source mode with desired analyte detection.  For example, it may be most beneficial to use an 

aprotic solvent under field-free cVSSI conditions for certain molecules in positive ion mode.  

Conversely, for other compounds, it may be most beneficial to use field-enabled cVSSI in negative 

ion mode to gain the signal advantage produced by the cVSSI-APCI-like process.  In any case, the 

new ionization techniques offer a number of possible usages and will require many more studies 

to begin to pin down their optimal operation under various conditions. 
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4 Insights into Ion release from cVSSI droplets obtained with Molecular           

Dynamics Simulations 

4.1   Introduction 

Measuring the mass-to-charge ratios (m/z) for ions in the gas phase, mass spectrometry 

(MS) is one of the most versatile analytical techniques used for characterizing a broad range of 

compounds and samples. Due to its robust data information nature, the development of 

miniaturized and field-portable mass spectrometers is an ongoing endeavor. Such a mass 

spectrometer may find utility in in a variety of settings including chemical/biological warfare agent 

detection, forensic investigations, on-site metabolite identification, and atmospheric toxicant 

detection.  

With regard to developing field-portable analytical instruments, one of the most prized 

design attributes is size.  Smaller-sized instruments functioning as bench-top instruments are 

highly desired as well instruments that can detect analytes of interest in the field when operated by 

non-scientists.1 2 All MS instrumentation development has at its core the goal of providing the 

greatest sensitivity with the highest resolving power.  It is highly challenging to develop field-

portable mass spectrometers with the aforementioned characteristics without a simple and compact 

yet robust ionization source. Numerous ambient ionization methods have been introduced as a 

result of ongoing development in modern mass spectrometry.3 However, the reported methods 

require dedicated and specialized instrumentation components, the application of a high-voltage, 

auxiliary gas, and additional solvents. 4 5  These limitations introduce significant challenges when 

designing a field-portable mass spectrometer.  

The 1980s witnessed early steps toward the development of a suitable ionization source 

when Vestal and coworkers introduced the first voltage-free spray ionization method, thermospray 



 110 

ionization, as an interface for LC-MS. 6 7 Shortly later, sonic spray ionization (SSI) was introduced; 

this technique uses pneumatic force from a high-speed solvent spray to charge plume droplets.8 

During the last decade, a number of novel field-free ionization techniques like solvent-assisted 

inlet ionization (SAII)9, zero-voltage paper spray ionization (PSI),10and surface acoustic wave 

nebulization were introduced.5  

Recently, the new field-free ionization source called vibrating sharp-edge spray ionization 

(VSSI) 11 has been  introduced.  In this approach, a vibrating substrate such as a microscope slide 

that is placed in contact with a liquid solvent generates a droplet plume directly at the very sharp 

edge.  After the first demonstrations of VSSI, a capillary segment (blunt-tip or pulled-tip) was 

glued directly to the vibrating substrate allowing the direct infusion of a sample and plume 

generation from the end of the capillary segment.  This mode of operation is called capillary 

vibrating sharp-edge spray ionization (cVSSI) 12. Notably, the technique can be operated under 

different conditions.  For example, experiments can utilize a cVSSI device for which only the 

vibration of the tip produces the droplet plume (field-free cVSSI) as well as a setup in which an 

applied voltage and tip vibration (field-enabled cVSSI) function to produce ions of interest 13. 

cVSSI has been shown to provide a number of distinct capabilities.  First, the method can 

provide a robust droplet plume over a nearly 3 decade range in flow rates (500 nL/min to 500 

μL/min).  The method ionizes a broad range of compounds including small molecules, 

carbohydrates, peptides, proteins, and nucleic acids, even under field-free cVSSI conditions 13 12 

14. Field-enabled cVSSI is shown to offer ionization increases over state-of-art ESI; this advantage 

is especially pronounced for negatively charged ions where an ~10 to 100-fold enhancement ion 

signal levels.13 Overall, this technique shows promising characteristics for the field of MS and 

because of its low power requirements may be of significant benefit to field-portable 
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instrumentation. Therefore, developing an understanding of the mechanism behind the release of 

the analyte ions into the gas phase by cVSSI is valuable as it will enable the optimization of cVSSI 

sources for various MS studies. 

The exact process by which the vibrating sharp edge creates the solvent spray is still a 

subject of intense study. The droplet creation process which Cooks and co-workers propose for 

their zero-volt paper spray ionization may serve in initial discussions of field-free cVSSI .10 Cook’s 

proposed mechanism is based on a statistical charge separation between cations and anions during 

droplet formation. It is assumed that this charge separation occurs during or shortly after the 

aerodynamic breakup of liquid sample, as explained by Jarrold and co-workers.15 After this initial 

process, the late progeny droplets undergo fission events due to Coulombic forces within the 

charged droplets. It can be argued that this process is the same phenomenon as that experienced 

by the last progeny droplets in electrospray ionization (ESI). 16 

Two mechanisms have been introduced to explain the final stages of ion production from 

these late-stage droplets.  Explanations for these mechanisms have been developed based on 

theoretical and experimental studies.  The two models are the ion evaporation model (IEM) 17 and 

the charge residue model (CRM) 18. Both the IEM and CRM processes involve solvent evaporation 

and Coulombic fission events, but eventually these two mechanisms diverge into distinct 

pathways. 19 In the IEM, an analyte ion is released to the gaseous environment by overcoming the 

solvation activation barrier leaving behind a charged droplet. In the CRM, the droplet is evaporated 

to dryness and the remaining charge is transferred directly to the analyte to produce the ions. Since 

the mechanism for analyte ion transfer into the gas phase at the late stage of ESI remains a matter 

of debate, some new models have been proposed that are somewhat distinct from the IEM and 

CRM mechanisms. The combined charge residue-field emission model proposed by Gross and 
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coworkers is a mechanism that attempts to resolve the differences between the  IEM and CRM.20. 

The new mechanism of ion evaporation of macromolecules introduced by Consta and Malevanets 

differs from the conventional CRM and IEM.21. The  Konermann group proposed a chain ejection 

model describing the effect of proton hoping to transfer from the surface of the late-stage droplet 

to unfolded proteins effectively expelling the expanding polypeptide chain into the gas phase. 22 

A recent theoretical observed that globular proteins like ubiquitin favor the IEM when released to 

the gas phase from a larger droplet field 23 . Because of the ongoing debate of ion production in 

the field of mass spectrometry, it is important to study the droplets in as realistic a fashion as 

possible. One example is to include any counter ions that may be present in the last progeny 

droplets produced from cVSSI as well as to consider how field-free ionization conditions will 

differ from field-enabled conditions with regard to the release of solution-phase analyte ions into 

the gas phase. 

Another factor that may introduce differences in the mechanism of ion release is the degree 

of droplet charging experienced in both positive and negative ion mode. For ESI, the positive or 

negative ions are primarily present because of the counter electrode utilized as the mass 

spectrometer inlet. It can be argued that the high voltage conditions in ESI result in larger overall 

surface charge in the progeny droplets while for the field-free ionization conditions, the droplets 

may contain less charge.  So in addition to having a lower overall net charge, the droplets from the 

latter source may also contain a greater amount of counterions on average. Because it has been 

shown that the total charge in progeny droplets affects the efficiency of the analyte ion release into 

the gas phase from the solution phase,19 24 25 an understanding of factors affecting the mechanism 

of analyte ion release into the gas phase under-voltage and voltage-free conditions is an active area 

of research. 
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In recent years, Molecular dynamics (MD) simulations have become a powerful technique 

for studying the temporal evolution of charged nanodroplets at the atomic level. The approach has 

been utilized to gain insight into the ejection of small ions from ESI droplets (IEM) 26 27 28 29. In 

comparison, CRM behavior was observed in MD simulations performed for folded proteins 27 30, 

nucleic acid duplexes 31, and peptides 32 33, while for unfolded proteins, CEM behavior has been 

observed 27.  These mechanisms have been discussed in more detail in Chapter 1. 

Here insight into small-molecule ion introduction into the gas phase from nano-sized 

droplets comprised of different constituent parts is obtained from MD simulations and used to 

describe cVSSI-MS experiments. One system contained acetaminophen and dopamine in pure 

water solvent where a lower droplet charge representing zero-voltage spray conditions was used. 

A second system contained the same analyte ions in pure water but a higher droplet charge was 

used.  This represents higher voltage conditions associated with ESI. Using MD simulation data, 

several characteristics of the analytes have been determined. These included the ion’s diffusion 

coefficient and free energy change of desorption for both droplet systems, and the data were 

compared with the experimental results obtained when acetaminophen and dopamine were sprayed 

at equimolar concentrations from the same aqueous solvent.  

In the second part of the study, the association of the surface activity of the small molecules 

with their ion release into the gas phase was examined using MD simulations representing field-

enabled cVSSI and ESI charged droplets. MD simulations were designed to mimic the 

experimental ammonium acetate buffer solvent system in both ionization conditions.  
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4.2   Experimental 

4.2.1 Sample Preparation.  

All the compounds analyzed in this study were purchased from Thermo Fisher Scientific 

(Pittsburgh, PA, USA).  In the first study, 1 mg of acetaminophen and 1 mg of dopamine were 

dissolved in 1 ml of water and were diluted to 0.01mg/ml concentration. The structures of 

dopamine and acetaminophen show in Table 4-1. For the second study, 10 small molecules; N-

Dimethylbenzylamine, triethanolamine, Triethylamine, Benzylamine, N-methylbenzylamine, 

Quinclidine, phenylethylamine, N-ethylaniline, Bipyridine, Methoxyaniline were selected and 

used without further purification. Table 4-2 shows the structures of the compounds and their 

molecular weights, logarithm of the partition coefficient (log P), logarithm of the base dissociation 

constant (pKb), and proton affinity (PA) values. pKb values were obtained from chemicalize.org by 

ChemAxon,Budapast,Hungary [https://chemicalize.com]. The  PA values were obtained from the 

NIST Chemistry WebBook [http://webbook.nist.gov/chemistry] Stock solutions of each 

compound were prepared by dissolving 1 mg of each compound in 1 ml of aqueous ammonium 

acetate (100 mM) buffer solution. The buffer solution was utilized to limit the amount of droplet 

protonating species (H3O+). Before analysis by MS, all samples were diluted to 0.01 mg / mL. 

 

                              Table 4- 1 Chemical structures of Acetaminophen and Dopamine. 
      Molecule              Structure  

  

  

Acetaminophen 

 
Acetaminophen 

Dopamine 
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Table 4- 2 Structures and physicochemical property values for the compounds used in the ionization event studies as 

examined by MD simulations. 

 

# 

 

Compound 

 

Structure 

 

pKa 

                 

logP 

    PA 

(KJ/mol) 

 

MW 

1 2-2 bipyridine   

8.7 

 

1.28 

 

974.4 

 

156.18 

2 Benzylamine   

   4.7 

 

  1.09 

 

     922.7 

 

    107.15 

3 Triethanolamine 

 

 

5.6 

 

  -0.74 

 

    1000.4 

 

   149.19 

4 Triethylamine 

 

  

3.8 

 

  1.66 

 

      981.8 

 

   101.19 

5 N,N-dimethylbenzylamine 

 

 

5.1 

 

  1.98 

 

      968.4 

 

    135.21 

6 4-Methoxyaniline    

8.9 

 

   0.74 

 

      900.3 

 

    123.15 

7 N-methylbenzylamine 

 

      

    4.6 

 

 

1.60 

 

 

980.4 

 

 

 

121.18 

8 Quinuclidine   

3.1 

 

  

1.38 

 

    

    983.3 

 

    

  111.18 

9 Phenylethylamine 

 

 

4.2 

 

   

 1.49 

 

    

     936.2 

 

    

  121.18 

10 N-ethylaniline   

9.1 

  

 2.13 

     

     924.8 

 

   123.15 
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4.2.2 cVSSI-Mass Spectrometry Data Collection.  

cVSSI and capillary ESI (cESI) sources were constructed as described previously.34 

Briefly, 5-cm-long, blunt-tip capillary emitters were obtained using pre-cut fused silica (100 μm 

ID × 360 μm OD) and were attached to the edge of a cVSSI device. The cVSSI devices consist of 

a piezoelectric transducer (Murata) attached to a microscope slide (VWR).  This was accomplished 

with epoxy-based superglue (Devcon). For the field-free and field-enabled cVSSI experiments, an 

amplified (2×, Mini-Circuits) square waveform (Tektronix) was applied to the piezoelectric 

transducer in the range of ~94 to 95 kHz while infusing the sample at flow rates of 10 μL / min. 

For the first part of the study, field-enabled cVSSI experiments utilized 1 kV, 2 kV, 3 kV and 4 

kV. In the second part of the study, under field-enabled cVSSI and cESI, only 2 kV voltage was 

utilized for all the sample analysis. In all the field-enabled experiments, the DC voltage was 

applied to the platinum wire just prior to the emitter tip. In both studies, the cVSSI source was 

coupled to a linear ion trap mass spectrometer (LTQ, Thermo Fisher, San Jose, CA). Experiments 

were conducted in positive ion mode.  The ion transfer tube temperatures were maintained at 275 

°C for all experiments. Data were collected in triplicate for 30 seconds over a mass-to-charge ratio 

(m/z) range of 50 to 300. Peak intensities were obtained using the Xcalibur software suite 

(ThermoFisher), for all comparisons, signal intensities were obtained from total ion signals for 

each compound.  

 

4.2.3 Molecular Dynamics (MD) simulations.  

For the first part of the study, singly-charged acetaminophen and dopamine ions were 

solvated in the center of a large octahedral TIP3P water box using the VMD 1.9.3 program. Figure 

4-1 shows the snapshots from a MD simulation trajectory of a droplet containing an acetaminophen 
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ion and a dopamine ion.  Singly-charged acetaminophen and dopamine ions were constructed 

using the Avagadro software and equilibrated before being solvated in a water box. Using the in-

house script, the water box was carved into a spherical droplet with a 2.0 nm distance from the 

center of mass of the acetaminophen molecule. Using the Packmol software package, charge 

carrier ions were placed randomly within the droplet.35 The Rayleigh limit for a droplet with a 2 

nm radius is z=10, as calculated using the surface tension value for TIP3P water at 300 K. Hence, 

the upper limit of the total charge on the droplet is determined to be +10. The field-free cVSSI 

system contains 2 hydronium, two hydroxide, and 2 Na+ ions, which yield a total charge of +4 

with two analyte ions. In a field-enabled cVSSI system, 4 hydronium and two hydroxide, and 4Na+ 

were added along with the analyte ions, which results in a net charge of +8, representing higher 

voltage (ESI) conditions.  

 

 

 

 

 

 
Figure 4- 1 Snapshots from a MD simulation trajectory of a droplet containing an acetaminophen ion (green) and a 

dopamine ion (blue) in 4H3O+ ,2 OH-,4 Na+ (field-free cVSSI system). 

Water molecules are shown in red , H3O+ ions are yellow, OH- ions are purple , and Na+ ions are orange. The time 

points shown correspond to (A) t= 0 ns,(B) t=0.18 ns (C) t=4.67 ns . 
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In the second study, equilibrated structures of 10 singly-charged analyte molecules (N-

Dimethylbenylamine, triethanolamine, Triethylamine, Benzylamine, N-methylbenzylamine, 

Quinclidine, phenylethylamine, N-ethylaniline, Bipyridine, Methoxyaniline ) were obtained from 

Gaussian 09 software suite. 36 Each analyte ion was solvated similar to those in the first study with 

one exception.  Instead of using the TIP3P, a TIP4P/2005 water model was used. Even though the 

TIP3P water model has a lower computational cost than other water models (TIP4P, SPC), it has 

a lower surface tension than the actual value for water 37. Hence, to obtain more accurate MD 

simulation data in this study, the TIP4P/2005 water model was used. Also, it is worth mentioning 

that the TIP3P model shows similar behavior to other water models. Using the same in-house script 

mentioned above, 2.5 nm water droplets were carved from the water box. The upper charge limit 

(Rayleigh) of a droplet of 2.5 nm is ~13. Then charge carriers were added using the Packmol by 

placing them in random positions mimicking field-enabled cVSSI and ESI droplets. The droplets 

system representing the field-enabled cVSSI has 10 hydronium ions, 5 acetic acid, and the analyte 

ion. The ESI type droplet contains 12 hydronium ions and the analyte ion. For both field-enabled 

cVSSI and ESI, five droplet systems were constructed for each analyte ion by placing charge 

carriers in random positions. 

In both the first and second studies, the NAMD 2.13 molecular dynamic package and the 

CHARMM36 force field were used to run MD simulations. Since CHARMM does not contain 

parameters for the hydronium ion, the developed and tested hydronium ion parameter in the 

CHARMM force field was obtained from Shen et al.38. In the second part of the study the CGenFF 

program was used to obtain CHARMM force field parameters for the analyte ions because they 

are not available in the CGenFF database. 39 The droplets were placed in a vacuum, and simulations 

were performed without Periodic Boundary Conditions (PBC), allowing non-equilibrium runs 
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which yield solvent and ion evaporation. 40 41Also, a large cutoff value (40 𝐴°) was applied to 

experience the entire system with no cutoff effects for Coulomb or Lennard – Jones interactions. 

41 The temperature for each simulation was set to 300 K, which mimics the experimental 

temperature just prior to the MS inlet. Thus, the simulation system possesses a constant number of 

particles N, a constant temperature, and a constant volume, representing the NVT canonical 

ensemble corresponding to a system in thermal equilibrium with its surrounding environment. 

Simulations were carried out until the analyte ion was released to the gaseous phase. Every 20 ns, 

simulations were paused, and the evaporated water droplets were removed to accelerate the 

simulation time using an in-house TLC script. VMD 1.9.3 program was used to view the 

trajectories and analyze the data. 

 

4.2.4 Data analysis. 

 In the first part of the study, the analyte molecule's dynamics (acetaminophen and 

dopamine) were analyzed by its diffusion coefficient and the free energy of desorption. To 

calculate the diffusion coefficient, we used the Einstein-Smoluchowski relation (Equation 1) 

                                                              𝐷 =
<∆𝑟2>

6∆𝑡
          

 

<∆r2> is the mean square displacement calculated for the trajectory of the acetaminophen 

molecule during the time interval ∆t. The VMD distance TCL script was used to obtain the 

probability distribution of each ion and the distance between each ion and the center of the droplet. 

42 Diffusion coefficients obtained from simulation runs are recorded in Table 4-3. 

 

 

Equation (1) 

 

Equation (1) 

 

Equation (1) 

 

Equation (1) 
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Table 4- 3 Diffusion coefficients for acetaminophen and dopamine ions in field-free and field-enabled cVSSI  droplet 

systems. 

 

To calculate the free energy of desorption of the analyte molecule, we used the Adaptive 

Biasing Force (ABF) methodology along with the Collective Variable-based Calculations Module 

(Colvars). Colvars calculations were used to define a transition coordinate, which is the distance 

between the center of mass of the acetaminophen or dopamine molecule and the droplet's surface 

along which sampling is enhanced. Then the Potential of Mean Force (PMF) was calculated and 

the free energy estimated. 43 44 The obtained free energy of desorption values for acetaminophen 

and dopamine in field-free cVSSI and field-enabled cVSSI are shown in Table 4-4. The free energy 

profile of a dopamine ion in the droplet of a field-enabled cVSSI system is shown in Figure 4-2.  

In the second study, the time required by each analyte ion to release into the gas phase was 

recorded for 10 analyte molecules under field-enabled cVSSI and ESI conditions (droplet systems, 

see above). Then the average release time for each analyte ion was calculated by the five trials 

performed for each ionization made. Linear regression analysis was performed using the Excel 

software suite (Microsoft, Redmond CA) for the data (the average time analyte ions require to 

release into the gas phase versus log P) from the MD simulation runs (Figure 4-3 and Figure 4-4).  

R-squared values were compared for the separate regression analyses in field-enabled cVSSI and 

ESI. 

 

Field-free cVSSI droplet system acetaminophen 0.1889 ×10-7 cm2 s-1 

 dopamine  0.1814 ×10-7 cm2 s-1 

Field-enabled cVSSI droplet system acetaminophen 0.1599 ×10-7 cm2 s-1 

 dopamine  0.1783 ×10-7 cm2 s-1 
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Table 4- 4 Free energy of desorption of acetaminophen and dopamine ions for field-free cVSSI and field-enabled 

cVSSI droplet systems. 

 

 

 

Field-free cVSSI droplet system acetaminophen 67.1  kcal/mol 

 dopamine  69.1  kcal/mol 

Field-enabled cVSSI droplet system acetaminophen 27.3  kcal/mol 

 dopamine  24.7  kcal/mol 

Figure 4- 2 Free energy profile of a dopamine ion obtained from the field-enabled cVSSI droplet system (see text 

for details). 
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Figure 4- 3 Plot of the average time for analyte desorption into the gas phase from a field-enabled 

cVSSI type nanodroplet versus log P of the analyte molecule. 

 

Figure 4- 4 Plot of the average time for analyte desorption into the gas phase from a cESI  cVSSI type 

nanodroplet versus log P of the analyte molecule. 
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4.3 Results and Discussion  

 

4.3.1 Comparing ion intensities for acetaminophen and dopamine.   

            Table 4-5 shows the ion intensities obtained for [M+H]+ acetaminophen and dopamine 

ions.  Notably for field-free cVSSI, the acetaminophen ions are suppressed relative to the 

dopamine ions by a factor of ~2.  With the addition of +1 kV voltage, the ionization efficiency of 

acetaminophen is still below that of dopamine (~1.7 fold).  However, with the addition of +2 kV, 

the gap in ionization efficiencies is lowered to (~1.4 fold).  When +3 kV is added to the solvents, 

the acetaminophen ions have a larger signal level (~1.02 fold).  And, when +4 kV is added to the 

solvents, this advantage is maintained at ~1.04 fold.  In summary, it appears that dopamine has a 

higher ionization efficiency under field-free and low voltage conditions.  However, as the voltage 

is increased this advantage is erased. 

 

 

             

Experimental Parameters 

(conditions) 

[acetaminophen+H]+ ion signal intensity [dopamine+H]+ ion signal intensity 

Field-free cVSSI 7.40 ×106 1.46 ×107 

1kV+cVSSI 1.75 × 106 2.91 ×106 

2kV+cVSSI 6.17 ×106 8.41 ×106 

3kV+cVSSI 6.39 ×107 6.29 ×107 

4kV+cVSSI 1.94 ×108 1.87 ×108 

Figure 4- 5 spectral intensities for [M+H]+ acetaminophen and dopamine ions produced from water samples under 

field-free cVSSI conditions and different field-enabled cVSSI conditions. 
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 One consideration that arises from the ionization study is whether or not the 

change in relative ion intensities could result from a change in ionization mechanism especially 

for acetaminophen. Multiple studies have shown that generally, the pKb of the analyte ions has a 

strong linear correlation with the ion signal response in small molecule analysis by ESI. 45 46  Thus 

ionization by ESI is thought to be very effective for species that can be observed as preformed ions 

in solution.  The prior cVSSI source studies showed that the greatest correlation with ion intensity 

was pKb for field-free cVSSI.  This is also consistent with the results reported here in that the 

molecule with the lower pKb (stronger base) exhibits the greater ion signal level.  The primary 

amine in dopamine and the amide in acetaminophen are expected to have pKb values in the 3 to 4 

and 14 to 16, respectively (chemicalize.org by ChemAxon, Budpast,Hungary. Therefore, amides 

essentially exhibit no acid/base character in solution.  Thus it is somewhat surprising that, under 

field free cVSSI conditions, the ionization level of acetaminophen is only ~2 fold lower than 

dopamine.  Is it possible that another molecular property accounts for an increase in ionization 

efficiency of acetaminophen? 

 One consideration presented here is that of the effect of surface activity.  Surface 

activity can be loosely defined as the probability of a molecule being at the surface or the droplet's 

interior, which can be calculated by the binomial distribution where the value falls between 1 and 

0.1. 13  Dopamine is significantly more polar than acetaminophen having respective log P values 

of 0.9 and 0.03.  Could the difference in polarity account for the only slightly higher ionization 

efficiency for dopamine under field-free conditions as well as for the similarity in ionization 

efficiency under field enabled conditions where a large DC voltage is applied to the solution?   

 To begin to address these new questions, it is useful to consider which ionization 

mechanism (CRM or IEM) might be operative under the two different voltage conditions. It has 
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been proposed that low molecular weight analytes undergo ionization via the IEM in field-enabled 

ionization techniques similar to ESI 17.  In contrast, it has been proposed that sonic spray ionization 

(SSI) undergoes the CRM ionization process because of the low charge density and the much 

larger size of the  SSI droplets. 47 Therefore, to explain the data in Table 4-5 with regard to these 

mechanisms, the surface activity of acetaminophen must provide an ionization boost for both the 

CRM and the IEM.  Several researchers have suggested that this may occur. Cooks and co-workers 

reported in their zero-voltage work that the surface association of the small molecules they 

analyzed strongly influences ion signal response even though no claim as to whether or not the 

final stages of the progeny droplets undergo IEM or CRM is made. 10 For ESI, Fenn has described 

the direct influence of the surface activity on the ion evaporation from the charged droplet. 48 

Additionally, Cech and Enke have proposed a theoretical model to quantify the fraction of analyte 

ions that will be partitioned into the offspring droplet during fission events. 49 Muddiman and 

coworkers later reported that translocating the analyte molecules to the surface allows the droplet 

to maximize enthalpically favorable water-water hydrogen bonds. 50  In a remarkable study, 

Konermann and coworkers simulated a globular protein and showed that even such a large species 

could exhibit surface activity to the point of experiencing ionization by IEM from large aqueous 

droplets.23 To begin to visualize the effect of surface activity on ionization efficiency for 

acetaminophen and dopamine, a number of MD simulation studies have been conducted. 

 

4.3.2 Using estimated diffusion coefficient to assess ion surface activity.  

 From a first approximation, it can be argued that the least polar species will 

experience greater diffusion in the water droplet.  That is, such a species will interact less with the 

water molecules.  Because of the very large number of such interactions over time, it may be 



 126 

expected that MD simulations will reveal such differences in the form of calculated diffusion 

coefficients.  To accomplish this, it is necessary to establish a relatively short time frame over 

which the calculation is performed.  That is, because of Coulomb repulsion, the ions will eventually 

reach the surface of the droplet.  Therefore, the diffusion coefficients must be obtained using 

Equation 1 prior to reaching the droplet surface and being “frozen” in place to some degree by 

Coulombic force.  Additionally, the diffusion coefficients must be computed after several ns to 

exclude any Coulomb repulsion between the two ions. 

 Table 4-3 shows the diffusion coefficients that have been obtained for the ions 

under droplet system 1 (field-free cVSSI conditions) and system 2 (field-enabled cVSSI or ESI).  

Under modeling parameters intended to represent field-free conditions, acetaminophen has a 

slightly larger (~4%) diffusion coefficient.  However, when the parameters for the field-enabled 

conditions are employed, the diffusion coefficient for acetaminophen is smaller (~12%).  

Therefore, the question arises as to whether or not such a measurement accurately reflects a 

difference in analyte polarity. 

 Diffusion coefficient was selected as it is used in fluorescence studies to show 

decreased movement for proteins that interact with their direct environment such as lipid 

membrane components.  That is, those proteins exhibiting greater interaction will show decreased 

displacement over time.  Here, the concept is extended to include the “like dissolves like” idea.  A 

much greater number of interactions of a polar compound with water molecules will essentially 

slow the motion of the analyte. It is noteworthy to indicate that the calculated diffusion coefficient 

values obtained here are ~102 × lower  than those measured for Glucose (MW ~160 g/mol) in bulk, 

dilute solution.51  This difference likely occurs as a result of stronger ion-ion interactions that the 

acetaminophen and dopamine species experience in the confined nano droplet environment 
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containing H3O+, Na+ and OH- ions. Additionally, the strong field charge at the surface of the 

droplet may limit the movement of the singly-charged analyte ions resulting in lower diffusion 

coefficient values. Upon further consideration, it is possible that the coefficients obtained in Table 

4-3 are not realistic in that it is not possible to model the equilibrium species for the different 

compounds as well as the water molecules.  That is, it is too computationally expensive to model 

the Grotthus mechanism.52 53 54  Thus the results obtained here should serve to aid in the 

development of new force fields and techniques for molecular modeling studies. 

 

4.3.3 Modeling desorption energy for [M+H]+ ions.  

 As mentioned above, the prior cVSSI studies suggested that for field-free cVSSI 

ionization efficiency primarily correlates with pKb while the correlation shifts to log P for field-

enabled cVSSI.34  This could indicate that these techniques undergo ionization by different 

processes or a combination thereof (e.g., a combination of modes such as CRM following IEM).20 

Therefore, it may be useful to consider ion release efficiency from the droplet. Here, the desorption 

energy for [M+H]+ ions of acetaminophen and dopamine is considered. Support for this 

consideration comes from Fenn’s theoretical explanation, where it was shown that the ionization 

response of an analyte ion depends on (1) its surface activity and (2) the work required to remove 

the ion from the droplet / free energy of desorption. 48   

 Although desorption energy comparison should be most relevant for the IEM and 

thus field-enabled cVSSI, it is possible that it is still relevant for field-free cVSSI as well.  Here, 

ions are produced via the CRM after release as a solvated ion cluster via the IEM. That is, the 

Rayleigh limit electric field resulting from the surface charge carriers on the nanodroplet after a 

degree of solvent evaporation is sufficient to cause the fission events of small, solvated ions from 
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the droplet surface. In short, the acetaminophen/dopamine ion may also undergo solvated ion 

evaporation. The analyte ion evaporation  rate (k) can be explained using the transition state 

expression as shown in Equation 2; 17 

 

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒𝑥𝑝 (

−𝛥𝐺∗

𝑘𝐵𝑇
) 

 

  In Equation 2, ΔG* is the height of the activation energy barrier, h is Plank's 

constant, T is the temperature, and 𝑘𝐵 is Boltzmann’s constant. The free energy profile for the 

dynamics of small cations like NH4
+ in the aqueous nanodroplet has been derived using the 

mathematical expression. 55 From the computational simulation, free energy profiles for both 

systems resembling field-free cVSSI and field-enabled cVSSI (Table 4-4) are obtained for both 

analytes. The energy profile nature is similar to a parabolic energy profile (Figure 4-2). From the 

calculations, it has been determined that the activation barrier for NH4
+ ions ejected from the  ESI 

droplet requires ~34 kJ/mol.55 From the simulation data reported here, free energy estimates of 

~24 and ~ 27 kcal/mol are obtained for the desorption of dopamine and acetaminophen ion, 

respectively, for the field-enabled conditions (droplet system 2) which is in close agreement with 

the values reported previously.55 In the field-free cVSSI droplet system the desorption free 

energies for dopamine and acetaminophen are found to be ~69 and ~67 kcal/mol respectively. The 

free energy values obtained from our MD simulations show that the desorption energies of each 

analyte ion exhibit significate differences upon experiencing a significantly increased surface 

droplet charge. 

 Notably, the significant difference between field-free and field-enabled cVSSI 

simulations (~40 kcal/mole) could partially account for the ~10 to 20 fold difference in ionization 

(2) 
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efficiency observed for the compounds examined with field-free cVSSI and the most efficient 

field-enabled cVSSI experiments (Table 4-5). It has been proposed that the activation energy 

barrier results from two competing factors: the role of the solvent polarization for an excess 

positive charge which creates an image charge tending to pull the ejected ion back toward the 

droplet and the inter-ionic forces due to the extra charge in the droplet which pushes the ejected 

ion further away from the droplet 56 26.  The change in free energy for the field-free and field-

enabled cVSSI systems may be due to an increased image charge effect for the former system. 

That is, a decreased image charge may occur when the surface charge is strengthened significantly 

for the field-enabled cVSSI droplet system due to excess hydronium ions. Because of the higher 

image charge for the field free system, there are greater attractive forces towards the ejected analyte 

ion relative to the field-enabled system. Thus, it can be argued that the higher activation energy 

barrier leads to a lower ion evaporation rate and lower signal intensities in the mass spectrum. 

 Having described the differences for the field-free and field-enabled droplet 

system, it is instructive to consider the differences in free energy between the analytes from the 

same droplet system. Admittedly, these values for the separate compounds within individual 

droplet systems (Table 4-5) are essentially the same (similar to the strength of a single hydrogen 

bond).  Thus, it would appear that the MD simulations cannot distinguish between the two 

compounds within each droplet system.  Also, it should be mentioned that this first-approximation 

study may not well account for solvent cluster ion release. 
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4.3.4 Associating analyte log P with ion release for field-enabled cVSSI and cESI 

conditions.   

 In the prior cVSSI study, multiple regression analysis suggests that log P exhibits 

the greatest correlation with ion signal level for field-enabled cVSSI of aqueous samples.34  This 

is not the case for ESI where pKb was determined to provide the dominant association.  Indeed, for 

field-enabled cVSSI, log P provided the largest R-squared (R2) value of all single-component 

correlations from individual linear least-squares analyses.  For ESI, no single-component 

correlation is observed with log P. That said, extensive studies performed under ESI conditions 

using a large number of diverse compounds have suggested that despite a strong correlation with 

pKb, other factors such as log P can also correlate with ionization efficiency depending on factors 

as varied as solvent pH and the type of mass spectrometer employed for the analysis field 57, 58. 

Hence, in ESI, the surface activity of molecules has long been argued to benefit their ionization as 

more polar species are argued to prefer the core of the droplets, whereas more hydrophobic species 

would locate at the surface where they experience a high field 24, 59-61.  Indeed, several models have 

been developed to account for surface activity in the ionization of different molecules.62-64 The 

increased ionization of surface-active molecules in ESI would arise from their localization in the 

droplet as the ions would be more prone to be ejected in the ion-producing progeny droplets as 

well as their overall decreased solvation energies24, 65.  Indeed, this was the purpose of the studies 

presented above.  They represent an attempt to model the process whereby a preformed ion could 

be readily expelled from an ESI droplet due to rapid surface positioning by Coulomb forces and 

release by the same. 

 Overall, the modeling presented above provided only provided limited 

explanations for the observed ionization results for acetaminophen and dopamine.  For example, 
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the diffusion coefficients do not correlate with log P values and the desorption free energy is 

essentially the same for the different compounds within individual droplet systems.  So, a question 

arises as to whether or not any MD simulation strategy can truly capture log P ionization effects.  

Additionally, can such methods be further used to distinguish differences between field-enabled 

cVSSI and ESI.  To consider log P ionization effects, a MD strategy was devised using 10 different 

compounds having varying log P characteristics.  In these studies, MD simulations were performed 

until the release of the ion from the droplet was observed. 

 To compare the MD simulations intended to represent field-enabled cVSSI with 

those representing ESI, it is necessary to distinguish the systems.  As mentioned above, this is 

accomplished using two different water droplet systems. For field-enabled cVSSI, experiments 

have shown that very efficient ionization occurs at voltages below the onset of a Taylor cone and 

microdroplet production by Coulomb forces 13.  Additionally, these experiments have shown that 

field-enabled cVSSI dissipates charge at the emitter tip and thus overcomes the corona discharge 

problem in negative ion mode analyses. Therefore, it can be argued that field-enabled cVSSI 

produces droplets of net charge that are higher than field-free cVSSI (because of increased ion 

signal level observations) and yet smaller than ESI (because of charge dissipation and voltage 

onset observations).  Thus, ESI has been modeled using droplets of higher net charge. For these 

simulation studies, 2.5 nm-size water droplets containing each of the analyte ions with 11 

hydronium ions and 8 hydronium ions representing ESI and field-enabled cVSSI conditions, 

respectively, were used. 

 Figure 4-3 and Figure 4-4 show the correlation obtained for the ion release time 

as a function of log P value for the 10 compounds.  The R2 value for this regression analysis is 

0.55.  This represents a reasonable correlation considering the single-component correlations 
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obtained from experimental values are all well below this value.  When the droplet system is 

changed to that for ESI, the correlation drops to 0.50 as shown in Figure 4-4.  These results are 

somewhat consistent with the prior study where multiple regression analysis performed on 

experimental results showed a primary association for log P with ionization efficiency for field-

enabled cVSSI but not for ESI .34  That is, these preliminary results seem to indicate that log P is 

not as definitive in forming ions by ESI for this theoretical treatment as well as for the prior 

experimental results. 

 To explain the results shown in Figures 4-3 and 4-4, the factors of ion translocation 

and expulsion are considered. The lower charge density associated with the field-enabled cVSSI 

conditions could decrease the effect of rapid positioning due to Coulomb repulsion of the 

preformed ion at the droplet surface (and thus enrichment to some degree).  Additionally, the 

decreased surface field would affect field-induced ion evaporation events leading to longer droplet 

drying times.  In this environment, the surface activity could provide more of an advantage to 

ionization leading to the log P associations obtained for field-enabled cVSSI experiments. 

 Furthermore, it is instructive to consider the sign of the log P association with ion 

signal intensities from the multiple regression analysis for the aqueous experiments.  Besides being 

the dominant association for field-enabled cVSSI, the correlation is positive.  This can be argued 

as being somewhat expected as the increased hydrophobicity of the molecules should result in 

more significant surface association and thus ionization.  When the same analyte molecules are 

dissolved in and examined from methanol samples, the field-enabled cVSSI correlations are 

negative, although the beta coefficient values are not significant. In a more recent study where an 

acetonitrile solvent system was used (Chapter 3), the beta coefficient values for log P association 

are significant and negative in both field-enabled cVSSI and ESI. This raises the exciting 
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possibility that the hydrophobic molecules have somewhat of a relative preference for droplet 

retention by the organic solvent compared with the aqueous droplets. To better understand the 

underlying reasons for these observations, extensive MD simulation studies in different organic 

droplet systems will be helpful. 

4.4  Conclusions 

 The effects of compound polarity on ionization by cVSSI techniques have been 

investigated by cVSSI-MS experiments and MD techniques.  Overall, compound translocation to 

the droplet surface was not observed to correlate with compound log P values. It is suggested that 

this may occur in part due to the compound existing as the ion for the duration of the simulation.  

Because the amide group is a very weak base, it can be argued that future simulations should 

include it as a neutral compound.  It would be very interesting to observe whether the neutral 

acetaminophen reaches the surface of a droplet faster than the dopamine ions considering that 

translocation of the latter is somewhat Coulombically driven.  The calculation of free energy of 

desorption provides some insight into the suppression of ion signals in field-free cVSSI 

experiments; however, the calculation does not distinguish the two compounds within the separate 

water systems studied (representing field-free and field-enabled conditions).  Finally, an 

association is observed for the release of preformed ions (10 compounds) and log P values using 

MD simulations of analytes in water droplets.  This correlation is stronger for field-enabled cVSSI 

versus ESI models which is somewhat consistent with prior experimental results (Chapter 2).  

Overall, these studies provide some insight into the effect of log P and ionization efficiency and 

serve as the foundation for future studies.  For example, because experimental significant 

associations are observed for log P and ionization efficiency for compounds in organic solvents 

(methanol and acetonitrile), more insight can be gained by modeling these systems.  Such work is 
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important considering the variety of separation techniques and solvents used in LC-MS 

experiments of important molecular mixtures such as those encountered in metabolomics studies. 
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5. Future Directions 

 

 

5.1.  Improving the ionization efficiency of cVSSI with nonpolar aprotic solvent                                                        

compositions 

 

The effects of protic versus aprotic solvent systems on ionization efficiency by field-free 

and field-enabled cVSSI along with the ESI has been described in Chapters 2 and 3. These proof-

of-principle experiments were based on the polar solvents water, methanol, and acetonitrile. 

Notably, the latter system showed a remarkable ability to produce ions from without the aid of an 

applied voltage (Chapter 3).  Indeed, for most of the compounds examined, an increased ionization 

efficiency was observed when operated without the voltage in positive ion mode.  Additionally, 

the aprotic solvent system was markedly different in that no association of ionization efficiency 

was found with log of the base dissociation constant (pKb) of the analyte; rather the strongest 

associations were observed for the log of the partition coefficient (log P) proton affinity (PA). For 

the protic solvents, a unique association of log P with ionization efficiency was observed for field-

enabled cVSSI.  This association was further explored with molecular dynamics (MD) simulations 

where it was shown that such an approach can capture a relationship between ion release from a 

water droplet and compound polarity.  This new information is important to continue to develop 

cVSSI as a powerful new ionization technique that may be tailored to individual analyses.  To 

further flesh out the capabilities of cVSSI it would be helpful to study the effect of apolar solvents 

on cVSSI performance.  

 

It has been shown that the electrical breakdown that occurs in negative ion mode can be diminished 

in the presence of chlorinated solvents because of their propensity for electron capture. Thus, for 
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some highly sensitive measurements, it is important to use such a solvent with electron capture 

capability to combat the instability created by the corona discharge in negative ion mode. The 

propensity for electron capture by chlorinated solvents increases with highly chlorinated species 

like chloroform compared to, for example, dichloromethane, 1,2-dichloroethane, and carbon 

tetrachloride 1. Also, it has been shown that the solvents which have high solution dielectric 

constants greatly influence the stability of multiply-charged ions. Cole and Harrata suggested this 

may be due to the greater charge separation (cation and anion) occurring at the Taylor cone or the 

influence on the “electrophoretic” mechanism of droplet charging in ESI 1. Thus, the dielectric 

constant of the solvent influences its ability to disperse the attractive forces between cations and 

anions. This can increase the degree of solution-phase charge separation and ion solvation in the 

charged-droplet formation which will eventually increase the droplet charging with either 

predominantly anions or cations. Even though the work performed by Cole and Harrata focused 

on negative ion mode studies and multiply-charged ions, it was suggested that if the solvent 

dielectric constant is low, even singly-charged species will be formed in low yield because of the 

minimal dissociation of ion pairs occurring in solution.  

This minimal dissociation of ion pairs may occur more predominantly in field-free ionization 

conditions, unlike field-enabled conditions. This may be due to the absence of the counter 

electrode or the absence of electrophoretic processes at the capillary tip. As described in Chapter 

1, in field-free ionization conditions, the generated charged droplet contains cations and anions, 

which may influence the total droplet charge. Also, according to the “bag mechanism” proposed 

by Jarrold and coworkers, when the aerodynamic breakup of a droplet occurs, most of the cations 

and anions are separated into the annulus and bag 2. Thus, efficient charge separation in field-free 

ionization is vital to produce a greater yield of highly-charged positive or negative ions. Therefore, 
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as described by Cole and Harrata, solvents with higher dielectric constant like acetonitrile can be 

beneficial for field-free cVSSI.  This was demonstrated for positive ion mode analyses in Chapter 

3.  However, for negative ion mode, the ion intensity signals were very diminished for field-free 

cVSSI. Incorporating highly chlorinated solvents like chloroform with acetonitrile may positively 

influence the charge buildup within droplets in field-free cVSSI for negative ion mode studies. 

Also, such a solvent system may significantly enhance the ionization efficiency of field-enabled 

cVSSI over that of ESI beyond that observed in work published by Li and coworkers.3 Utilizing 

this chlorinated mixture, an acetonitrile solvent system may be beneficial for small metabolite 

analysis as well as large molecules in negative ion mode.  

 

5.2. Investigating the acetonitrile solvent effect on ionization efficiency with molecular 

            dynamics (MD) simulations. 

Our previous MD simulation studies described in Chapter 4 show that it is a powerful tool 

for studying the dynamics that occur for charged droplets. All the simulation studies reported in 

Chapter 4 were for water droplet systems.  These studies demonstrated that MD simulations could 

capture some of the effects that were observed for cVSSI techniques. Therefore, it may be 

beneficial to perform MD simulations for acetonitrile droplets to better understand the 

experimental results reported in Chapter 3.  

 The MD simulations can be conducted similar to those described in Chapter 4.  Here, 

droplet makeup would be approximated by increasing the number of surface charge carriers from 

field-free cVSSI, to field-enabled cVSSI, to ESI conditions.  The same types of studies can be 

conducted.  That is, tracking ion translocation to the surface of the droplet can be examined.  One 

question that may be addressed by monitoring the motion of the ions is whether or not the MD 
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simulations can capture the switch from direct to inverse correlation of ionization efficiency with 

log P observed for positive ions in Chapter 4.  That is, the MD simulations should show that the 

field-free conditions promote earlier release of non-polar compounds; the droplets with higher 

charge density should promote increased release of the polar compounds.  Because nanodroplet 

modeling of acetonitrile is essentially non-existent, the work can be performed iteratively where 

the droplet composition is changed (e.g., charge density) to best match experimental results.  This 

will lay the foundation for further MD simulations including those to be performed for other 

solvent systems. 

One interesting area to consider is that of energy of desorption.  Here experiments can be 

performed as described previously where the free energy profile is generated up to the transition 

state and ion release from the droplet.  That said, because the major correlator with ionization 

efficiency from acetonitrile was found to be PA, it may be more useful to monitor the neutral 

compounds.  Such a process suggests gas-phase reactions are responsible for ion production. Such 

reaction can occur at the surface of the droplet as the compound “steals” a proton from a charge 

carrier in the ion evaporation mechanism (IEM).  The process can also occur via the CRM where 

the charge carrier and the analyte compete for the charge at the end stage of the drying droplet.  

Therefore, it may be useful to model the behavior of the neutral compounds within the droplet 

systems. 

A treatment of preformed ions can also be considered.  Acetonitrile being a polar aprotic solvent 

with the lone pair on the nitrogen atom offers the unique opportunity to consider the role of the 

solvent dipole in ion solvation.  An intriguing result is that pKb shows a significant correlation 

with ionization efficiency in negative ion mode for field-free and field-enabled cVSSI (Chapter 

4)., MD simulations can provide information about how the solution phase solvation occurs via 
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the preferred orientation of the solvent dipole. Additionally, the simulations can test the theory of 

how such solvation affects the ionization efficiency as suggested Cole and Harrata.1   

 

5.3. Microwave-assisted heating for efficient droplet evaporation in field-free ionization 

            Mass Spectrometry  

            In field-free ionization, the mechanical disintegration of bulk liquid leads to a statistical 

ionization of the droplets as described by Dodd4. According to Dodd’s mechanism, the droplets 

created are mostly of lower charge and are micrometer sized. Introducing precursor droplets to a 

heated environment is one approach to enhance droplet disintegration that is different from 

Coulombically driven fissioning.  Such an approach can lead to nanometer-sized dropletswhich 

undergo an efficient droplet desolvation process. Field-free ionization techniques like solvent-

assisted inlet ionization (SAII) and droplet assisted unlet ionization (DAII) have shown that the 

use of high temperature via a heated inlet capillary of a mass spectrometer enhances the formation 

of ions 5 6 Moreover, a new field-free ionization technique called aerodynamic thermal breakup 

droplet ionization (ATBDI) has shown the importance of introducing a thermal environment to the 

spray plume7. 

Thus, the desolvation or evaporation of spray-based droplets and the creation of smaller droplets 

significantly influences sample ionization efficiency by transmitting ions from the solution phase 

to the gas phase environment of a mass analyzer. Also, the greater solvent evaporation within the 

spray plume can be beneficial for reducing the formation of ion solvent clusters. All of the 

techniques mentioned above utilized a conductive heating process. But conductive heating has 

some limitations in terms of localized, controlled heating delivery, rapid contactless heating, and 

uniform heating. These limitations can be overcome by incorporating microwave (MW) heating 
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in a spray plume8. Also, utilizing microwaves will be beneficial for substrate-based field-free 

ionization techniques like paper spray ionization (PSI)9, surface acoustic nebulization ionization 

(SAWN)10 and capillary vibrating sharp-edge spray ionization (cVSSI) 11 .  One of the primary 

goals of developing field-free ionization sources is to potentially couple  them with field-portable 

or miniaturized mass spectrometers. Thus, a low-power input microwave applicator that can 

supply localized radiation to the spray plume would enhance these field-free ion sources' potential 

for application in field portable or miniaturized mass spectrometers. A MW applicator that can 

operate with low input power and is smaller in size can be utilized to heat a droplet plume 12 13 The 

microwave-assisted heating methodology can easily be tested using field free cVSSI-MS.  Here, 

ionization efficiencies can be monitored as a function of input power.  Additionally, the unfolding 

transitions of proteins can be monitored with microwave -assisted heating to provide an estimate 

of droplet temperatures. One embodiment of the proposed microwave applicator as incorporated 

with a cVSSI-MS system is illustrated in Figure 1.  

 

 

   

Figure 5- 1 Schematic diagram of the instrumental platform to apply microwave assisted heating into the spray plume   
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