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Abstract 
This project aimed at enhancing the quantitative analysis capabilities of electrospray ionization 
mass spectrometry (ESI-MS) by developing advanced computational methods. The primary 
focus was to integrate continuum and molecular dynamics simulations to study the behavior of 
microdroplets in the ESI process, from formation to evaporation. Through this research, we 
sought to bridge significant length and time scales to provide a comprehensive understanding of 
how analyte concentrations evolve from bulk solutions into gas-phase ions. This understanding 
is crucial for addressing challenges such as ionization efficiency, solvent effects, and ion 
suppression, which currently limit the accuracy of quantitative ESI-MS. 
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Summary 
The project resulted in several key accomplishments. Our models revealed that the interaction 
between molecular species like acetonitrile (MeCN) and water (H2O) significantly affects droplet 
evaporation and concentration dynamics. MeCN's preferential surface concentration and higher 
evaporation rates lead to water-enriched droplets over time, which was confirmed through 
molecular dynamics simulations. Experimental validation with model systems demonstrated the 
alignment of simulated and observed data, refining our understanding of ionization efficiencies 
and solvation environments in mixed droplets. 

We developed electrohydrodynamic models for the evolution of the electrospray plume. We 
integrated the evolution of protons and two neutrals within the solvent phase into the models. 
We built models where the protons charge the neutrals (based on their pKa and the pH 
distribution within the solvent) to create a computational estimate of the charged species within 
the solvent phase. This evolution of the analyte charging is being computed as the ESI plume 
evolves through Taylor cone formation and droplet pinch-off. 
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Acronyms and Abbreviations 
ESI  Electrospray Ionization 
ESI-MS  Electrospray Ionization Mass Spectrometry 
EHD  Electrohydrodynamics 
H2O   Water 
MeCN Acetonitrile 
Na+  Sodium Ion 
pKa  Acid Dissociation Constant 
QPR  Quasi-planar Regime 
SDR  Small Droplet Regime 
VOF  Volume-of-Fluid 
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1.0 Introduction 
Metabolomics, or the comprehensive, quantitative measurement of the small molecules signaling 
and driving biological processes (called metabolites), is a promising approach for early disease 
detection.2 For example certain amino acids3, 4, can serve as biomarkers for developing Type 2 
diabetes mellitus, with elevated levels appearing up to fifteen years before the onset of the 
affliction.3 It can also aid in treatment, as it can be used to quantify doses and biological 
consumption of medicines that in high concentrations may be considered toxic.2, 5 However, these 
depend on precise measurements and quantification. 
 
Mass spectrometry (MS) is a ubiquitous technique used to study metabolomics6 and has broad 
utility owing to the sensitivity and specificity in detecting analytes within a sample. MS to extract 
biologically relevant information is typically enabled via electrospray ionization (ESI) (shown 
schematically in Figure 17), wherein liquids are chemically ionized and transported in an 
electrically charged capillary tube. At the end of the capillary tube, the Taylor cone ejects droplets 
containing species from the bulk matrix, including ionized analytes of interest, co-solutes, and 
solvent.8 Ideally, one could use ESI-MS alone or in conjunction with chromatography to quantify 
the amount of relevant biomarkers in biological fluids2. Quantification is traditionally achieved by 
adding stable isotope labeled internal standards to a sample before ESI; however, one cannot 
obtain stable isotope labeled versions of every possible molecule that might be present in a 
sample, preventing quantification of many analytes detected in untargeted measurements.2 
These issues are amplified by reactivity within the ESI process. Two major challenges are of note: 
1. Reactivity during ESI may yield ions unrelated to the native biological sample9-12 and 2. Matrix 
effects can lead to ion enhancement/suppression, thus making true quantification difficult13-16.  
Reactivity. ESI is considered a “soft” ionization method due to its ability to retain molecular 
structure. However, the high electric fields and concentrated droplets in ESI can lead to 
unanticipated changes, such as reactions occurring in ESI droplets at a higher rate than in bulk 
solution.9, 11 An analyte may experience reactivity in ESI-generated droplets is not limited to 
intramolecular transformations like proton transfers, but also intermolecular reactions. This can 
have the startling effect that observed molecules and structures in the mass spectra may not 
result from molecules present in the starting matrix, but rather the product of reactions induced 
during ESI.  
 
Matrix effects: The term matrix effects describes general phenomena wherein endogenous and 
exogenous species in the matrix interfere with detecting an analyte as a function of its 
concentration.13-15, 17-19 A specific example of a matrix effect is ion suppression or enhancement, 
where interactions with other species alter the proportional response of an analyte in detection. 
Causes of this can range from competition for charges, ion pairing, and proton transfers leading 
to neutralization of species.18 Mixtures with low concentration of analyte, high complexity, and 
large concentration of ion pairing agents are particularly susceptible to ion suppression. 
Specifically in ESI-produced samples,19, 20 competition for surface states in droplets creates an 
additional matrix effect.18 Though improved extraction techniques have reduced some effects,21, 

22 these techniques increase the experimental complexity.  
 
While these challenges stem from different physical phenomena, they are two faces of the same 
issue: analyte abundances detected via ESI-MS may not indicate concentrations in native 
biological samples. In the absence of isotopically labeled internal standards, it can be challenging 
to distinguish metabolomic biomarkers from experimental artifacts. Our goal is to fill the 
knowledge gap preventing truly label-free quantitative ESI-MS analysis by providing a method for 
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understanding the mechanisms by which arbitrary distributions of analyte concentrations in the 
bulk solution translate into gas-phase ion concentrations and subsequent mass spectra. 

 

 
Figure 1. Many regimes of transport in electrospray exist, which traverse time and length 
scales. 

The project aims to develop a unified framework to improve the reliability and accuracy of ESI-
MS. By achieving a detailed understanding of the factors influencing microdroplet formation, 
evaporation, and ionization, the research seeks to create models that can predict how different 
analytes behave during the ESI process. These models are validated experimentally to ensure 
their applicability to real-world samples. 

This research is particularly relevant to applications in metabolomics and other fields requiring 
precise quantification of analytes in complex samples. By providing deeper insights into the ESI 
process and addressing the existing knowledge gaps, this project aims to advance the capabilities 
of quantitative mass spectrometry, leading to more reliable and accurate analytical methods. 

1.1 Approach 

The approach for this project was designed to develop a comprehensive understanding of the 
electrospray ionization (ESI) process through advanced computational methods, integrating both 
continuum models and molecular dynamics simulations. This dual modeling strategy aimed at 
addressing the significant knowledge gaps in how analyte concentrations evolve from bulk 
solutions to gas-phase ions, ultimately improving the quantitative capabilities of ESI-MS. 

1. Continuum Modeling for Macroscopic Droplets: One effort focused on constructing a 
continuum-based model to analyze the Taylor cone and the initial formation of droplets. 
This aimed to compute the relative concentrations of ions and their dynamics within large 
droplets (1-10 μm). By understanding the bulk solution behavior, we could estimate the 
initial conditions for ion concentrations in the droplets generated during the ESI process. 

2. Molecular Dynamics for Microscopic Droplets: Another effort involved developing 
atomistic models using molecular dynamics simulations to study smaller droplets (1-20 
water molecules). These simulations focused on the droplet's internal chemistry, 
particularly the ionization efficiencies, reactivity, and disintegration processes. The 
molecular dynamics approach provided detailed insights into how molecular species like 
acetonitrile (MeCN) and water (H2O) behave at the microscopic level, including their 
evaporation rates and concentration dynamics. 
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The strategic use of continuum and molecular dynamics models allowed us to tackle the complex 
interplay of chemical and physical processes in electrospray droplets. Although the models were 
developed independently, the insights gained from each provide a strong foundation for future 
studies focusing on the ESI process and quantitative mass spectrometry. Experimental data 
collected during this project will be valuable input for future experimental validations. 



PNNL-37215 

Results and Discussion 4 
 

2.0 Results and Discussion 
 

2.1 Continuum Modeling for Macroscopic Droplets 

The governing equations of electro-hydrodynamics (EHD) under applied external electric fields 
and two-phase conditions can be described using a set of partial differential equations. These key 
equations include the Navier-Stokes equations, which account for the momentum of fluid phases 
and incorporate forces due to surface tension and electric field deformation of the solvent-air 
interface. Additionally, the Poisson equation is used to calculate electric fields in the presence of 
free charges, and an ion transport equation models the movement of these charges. 

The implementation of these governing equations was carried out using the OpenFOAM platform 
(openfoam.com, version v-2006). OpenFOAM is an open-source software suite designed for 
defining and solving partial differential equations, particularly those related to fluid flow. It offers 
several benchmark solvers, including those for two-phase flow, and employs the volume-of-fluid 
(VOF) method to track the evolution of the liquid phase in the presence of an additional gas or air 
phase. 

Simulations of a thin film under an external electric field yielded plume shapes consistent with 
EHD tip streaming. The plume deforms and extends toward the source of the electric potential 
distribution, as shown in Figure 1. Further analysis of the charge evolution within the liquid phase 
reveals a migration of protons towards the air-liquid interface (Figure 2). Protons begin to 
accumulate at the interface due to electric field-dependent migration, leading to a dramatic 
increase in local pH, despite an initial bulk pH of 7. The ion concentration of protons, represented 
as ion volumetric density (Coulomb/m³) in Figure 2, demonstrates a steady concentration of 
protons in the liquid phase similar to the initial conditions. However, near the air-solvent interface, 
protons concentrate and increase the local pH. This progression towards the leaky-dielectric 
approximation is consistent with traditional EHD models at infinite time, in the absence of chemical 
reactions. 

 
Figure 2. Evolution of the electrohydrodynamic (EHD) plume in a thin film subjected to an 

external electric field 
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This study focuses on the evolution of protons and other analytes within the solvent phase rather 
than assuming a pre-existing charge distribution at the interface. Figures 1 and 2 depict the results 
of tracking the evolution of charges, specifically two analytes, within the liquid phase. 

 

 
Figure 3. The ion concentration (of protons) is represented as ion volumetric density 
(Coulomb/m³), showing a steady concentration of protons in the liquid phase similar to the 
initial conditions 

To accurately simulate the reactive transport of analytes within the EHD plume, additional coupled 
equations were integrated into the OpenFOAM solver. Alongside protons, two sets of analytes 
(neutrals) and their corresponding charged/protonated counterparts were tracked in the solvent 
phase. In their neutral forms, the analytes advect with the liquid phase flux and spread diffusively. 
Protonation reactions were modeled as pseudo-first-order reactions, dependent on the reaction 
rate and the concentration of the analyte. The reaction rate was considered pH-dependent, with 
a sigmoidal reaction rate assuming the analyte exists in its protonated form when pH is lower than 
its pKa and in its neutral form when pH is higher than its pKa 

2.2 Molecular Dynamics for Microscopic Droplets 

In order to study the complex behaviors of analyte enrichment, solvent evaporation, concentration 
gradients, and reactivity within droplets, we divided our simulations into two size regimes: the 
large droplet regime (10 nm - 10 µm) and the small droplet regime (< 10 nm). This dual approach 
allows us to address the distinct dynamics and interactions at different scales. Large droplets are 
approximated as quasi-planar interfaces to explore bulk and interfacial interactions, while small 
droplets are simulated as discrete entities to focus on ionization propensity and reactivity within 
confined environments. 

2.2.1 Slab Models 

For large droplets, the curvature relative to the size of a simulation box is small, enabling their 
approximation as slabs. These slabs are periodic in the x and y directions with a vacuum in the z 
direction, forming a free surface that includes a vapor phase. The study investigated slabs of pure 
MeCN and water, along with mixtures of 4:1, 1:1, and 1:4 MeCN:H2O by volume. The density 
distribution of these slabs is shown in Figure 3. 
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Figure 4 Density plots of slabs with A. 1:0, B. 4:1, C. 1:1, D. 1:4 MeCN:H2O by volume. 

For pure MeCN, the experimental density is largely recovered. The positional analysis shows 
vertical lines indicating the Gibbs dividing surface, which is defined as the inflection point and the 
interface between the liquid and vapor phases. In the 4:1 MeCN:H2O mixture, the MeCN density 
exceeds that of H2O, with water primarily concentrating in the center of the slab and MeCN 
enriching the surface. This effect becomes more pronounced with increasing water content, as 
demonstrated in Figures 3B, 3C, and 3D. The MeCN molecules, with their hydrophobic methyl 
groups and hydrophilic nitrogen functional groups, orient the methyl groups towards the vacuum 
and the nitrile towards the water in the slab's center. 

This enrichment of MeCN at the air-liquid interface affects the transport of charged particles 
through the slab. Umbrella sampling simulations revealed that moving a sodium cation through 
the interface incurs an energy cost of 1.5-3 kcal/mol, indicating preferential solvation within the 
slab, particularly in water-rich environments (Figure 4). 

 
Figure 5 Free energy to move a sodium cation through slabs of varying concentration. 
Zero on the x axis is defined as the Gibbs dividing surface (GDS), or the surface that separates 
the liquid and vapor phases at the interface. 
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Moving the Na+ ion through the interface costs 1.5-3 kcal/mol, implying that the ion would 
preferentially be solvated within the slab. As the amount of water is increased in the slab, moving 
the Na+ ion becomes less costly. To understand how the solvation environment of the Na+ 
changes as it moves through the slab, the coordination numbers of MeCN and H2¬O as a function 
of position within the lab for the 4:1 MeCN:H2O case were plotted in Figures 5A and B, 
respectively. As the ion moves towards the interface, signified by the darker color, the number of 
MeCN molecules in the first solvation shell goes from just under four molecules to two molecules. 
The water molecules exchange with MeCN in the first solvation shell, which is an unfavorable 
process. In the more water rich slabs, there is less solvent shell exchange and thus a more 
favorable process. 
 

 
Figure 6. Coordination number for A. MeCN and B. H2O for Na+ as a function of position 

within the slab. 

2.2.2 Small Droplet Models 
 

 
Figure 7. System and individual component densities of the 4:1 MeCN:H2O A. slab and B. 

droplet and the 1:1 MeCN:H2O C. slabs and D. droplet. 
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A similar density analysis to what was done on the slabs can be completed for the droplets, as 
shown in Figure 6 for 130 molecule droplets. Due to their small size, the droplet system density 
plots do not feature a plateau towards the center of the droplet. However, they do show the same 
signatures of MeCN enrichment at the vapor-liquid interface. This is shown in Figures 6 B and D, 
which both feature increased MeCN number density relative to H2O number density at the edge 
of the droplets. However, the interfacial structure is less well defined, as demonstrated by the lack 
of peaks at the edge of the drops.  
 

 
Figure 8. Free energy barriers for evaporation for droplets containing H2O and MeCN.  
Free energies are reported in kJ/mol. 
 
The free energy for evaporation is a critical component in any comprehensive model of droplet 
dynamics. To understand how this changes as a function of droplet composition, the barrier was 
calculated by initializing droplets and then detecting the time at which the first molecule leaves 
the droplet. For each droplet size and temperature, this was done 960 times so that a statistically 
significant ensemble could be generated. Eyring analysis from rates generated at different 
temperatures allowed for the calculation of evaporation barriers, which are plotted as a function 
of droplet size and composition in Figure 7. The pure water droplets and slabs all display a higher 
barrier of evaporation than the pure MeCN droplets and slabs. This is to be expected based on 
the relative boiling points for H2O and MeCN. Both water and MeCN droplets eventually reach a 
plateau, though this is above the evaporation barriers from the slabs, which are shown by the 
dashed lines. Future endeavors involve finding the size of droplet at which this bulk property is 
recovered.  
 
The evaporation barriers from the 4:1 and 1:1 MeCN:H2O droplets were calculated. For each 
composition, the evaporation barrier for MeCN and H2O are both represented. As a general trend, 
the evaporation barriers for all species decrease with increasing MeCN content. Interestingly, 
within each composition, the barrier for water evaporation and MeCN evaporation are nearly the 
same. One can rationalize this result by comparing the relative strength of molecular interactions 
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within the system. The H2O-H2O interaction is the strongest, as evidenced by the highest barrier 
for evaporation, while the MeCN-MeCN interaction is the lowest. The interaction between MeCN 
and H2O has been shown by infrared experiments to be a hydrogen bonding interaction, which 
implies that it is stronger than the interaction between two MeCN molecules. This phenomenon 
can be partially credited with the azeotrope that exists at low concentrations of MeCN in H2O and 
H2O in MeCN. Thus, in the mixed system, the strongest interaction holding MeCN in the droplet 
is the MeCN-H2O interaction. As shown by Figure 6, while there is enrichment of MeCN in the 
interface, interfacial MeCN in the droplet is likely still in contact with subsurface water, which is 
the strongest interaction MeCN molecules can experience. Thus, the evaporation barrier can be 
driven by this interaction. Water molecules are less likely to exist on the surface, but if one does, 
it is more likely to be surrounded by MeCN and isolated from the bulk water network. Thus, 
evaporation of surface water will also be dominated by the same MeCN-H2O interaction. As such, 
the same symmetric interaction determines the evaporation rate, causing the evaporation barriers 
for both MeCN and H2O to be similar. Future work includes characterizing the “last interactions” 
all evaporating molecules encounter.  

 
Figure 9. Percentage of droplets with MeCN exiting the droplet first.  
 
While the barriers for H2O and MeCN exiting the drop are the same, the percentage of droplets 
with MeCN leaving is higher than those with water leaving for all droplet sizes and temperatures, 
as shown in Figure 8. This is a consequence of the previously discussed surface enrichment. 
However, as temperature increases, the percentage of droplets with water leaving increases. This 
suggests that thermal fluctuations allow water to transport to the MeCN-rich layer and become 
disconnected from the bulk water network. For the droplets with a higher initial concentration of 
water, there is a increase in the amount of water being lost. This is likely because the interface, 
as shown in Figure 8 is richer in water. Finally, the larger droplets feature more MeCN 
evaporation, likely a consequence of a more defined MeCN surface layer, though work to 
characterize the droplet interface is ongoing.  
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Figure 10. Droplet composition plotted after 5 ns for droplets of varying size and 
temperature. Initial composition is represented by the dashed black line. 

The time evolution of droplets is also relevant to creation of a comprehensive model. As such, the 
composition of 4:1 MeCN:H2O droplets are plotted as a function of both simulation temperature 
and droplet size in Figure 8. The initial composition is represented by the black dashed line. The 
composition is defined as the number fraction of MeCN in each droplet as shown in the inset. If 
the droplet becomes richer in MeCN as the simulation progresses, the composition trace would 
be above this initial composition line, whereas if it becomes richer in water, it will go below this 
line. As temperature increases, the overall composition of droplets after 5 ns trends towards more 
water-rich. Even though increased temperature increases the amount of water being lost from the 
droplets, as discussed in Figure 9, the majority of loss is still occurring from MeCN. As the droplet 
size increases, they become more water rich after 5 ns as well. 
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3.0 Conclusion 
In this project, we developed electrohydrodynamic models for the evolution of the electrospray 
plume. We integrated the evolution of protons and two neutrals within the solvent phase into the 
models. We built models where the protons charge the neutrals (based on their pKa and the pH 
distribution within the solvent) to create a computational estimate of the charged species within 
the solvent phase. This evolution of the analyte charging is being computed as the ESI plume 
evolves through Taylor cone formation and droplet pinch-off. 
 
The atomistic simulations suggest that the kinetics of evaporation of individual molecules in mixed 
droplets are dominated by the favorable hydrogen bonding interaction between MeCN and H2O. 
However, since MeCN is more present on the surface, more MeCN will be lost to vacuum, leading 
to overall water enrichment in the droplets. This will likely be true for many volatile, low-to-
moderate polarity solvents mixed with water, though should be investigated further. Increassed 
water content may change the solvation of analyte species and enable reactions not present in 
the organic phase or in the parent matrix, leading to acceleration of reactions. The heterogeneity 
present in these droplets may also accelerate reactions like proton transfer, as confined water 
chains may permeate the MeCN. These types of chains have been previously shown to increase 
proton mobility. As shown in the Na+ study, analytes may have a preferred solvation environment, 
leading to preferred positions in the droplet. This will likely be a combination of effects from analyte 
chemistry and solvation. Previous work by Grassian and coworkers has shown that amino acids 
preferentially amass at the air-water interface in sea spray aerosols. The role of amino acid rich 
layers at the interface on droplet evaporation, particularly when the amino acid carries charge, is 
of particular interest and is underway. 
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