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We have used molecular dynamics as a predictive tool to study the dis-
integration of large droplet emitted during the electrospray process. We
consider an isolated droplet of 1-ethyl-3-methylimidazolium Tetrafluorob-
orate (EMIM-BF4) as a test case to understand the effects of normal and
radial electric fields on the final mass, volume, and charge of the droplet.
The disintegration process was not found to be continuous but occurred
spontaneously during the initial time steps for the range of normal and ra-
dial electric fields used in this work. Increasing the field strengths led to
decrease in the emission of secondary droplets and larger aggregates but
increased the emission of smaller species. The volume decay rate of the
primary droplet was found to depend linearly on the normal and radial
electric field strengths. The radii of the ion aggregates emitted from the
primary droplet and the emission break-up times agreed well with those
from the Rayleigh instability theory and the Coulomb fission model.
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Nomenclature

φl = potential obtained from the solution to Laplace’s equation

Qi = Partial charges on CG site i

rij = distance between CG site i and j

Rc = Coulomb interaction cut-off radius

p = volume decay rate

z = number of charges

ε0 = permittivity of vacuum

γ = Surface tension

r = radius of the primary droplet

e = elementary charge

Es = electric field associated with the number of charges

ERy = electric field required to generate Rayleigh instabilities

RB = Born radius

Rs = secondary droplet radius

tbreak = break-up time of the jet

αm = jet growth rate

σ = surface charge density

I = surface current

ρ = mass density

ε = Dielectric permittivity
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I. Introduction

Rapid developments in the field of electronic and manufacturing miniaturization has
resulted in an uncapped growth of nanosatellites. Nano-satellites have the potential to be
used for remote sensing of agricultural lands,1 earth-imaging,2 and to create constellations
for low data rate communications.3 These satellites typically weigh between 1 - 10 kg (2.2 -
22 lb) and have severe volumetric and weight constraints. As a part of a larger cluster, these
nano-satellites often require an on-board propulsion device for maintaining their altitude and
for orbit correction maneuvers. Electric propulsion offers a lucrative solution in the form
of multiple propulsion systems, each suitable for a particular mission requirement. Electric
propulsion devices, such as ion and Hall-effect thrusters are competent but are complex and
require ion bombardment sources, electromagnets, and many other sub-systems, such as, the
electrodes, accelerator grids, and a hollow cathode assembly.4 These complexities marginally
add to the weight of the satellite, which may not be problem for moderate or small sized
satellites but is an important consideration on nano-satellites.

For nano-satellites, a subset of electrostatic propulsion device known as field emission
electric propulsion (FEEP)5 or Colloid thrusters can be used. These devices use conducting
liquids as propellants, such that,when a capillary fed by this conducting liquid in the presence
of an external electric field, a fine jet of ions is emitted from a Taylor6 cone formed at the
head of the capillary and the emitted ions are further accelerated by the electric field. The
emission from the Taylor cone is also known as an electrospray and its applications are not
just limited to FEEP thrusters. Electrosprays have been used extensively in the field of
micro fabrication because the electrosprays allow for controlled deposition7 for applications
involving microfilm deposition,8 microcircuit manufacturing,9 and ion beam lithography.10

The electrosprays of charged liquids also find applications in the fields such as biomedical
engineering,11,12 especially in the analysis of biological tissues,13 biomedical engineering,11,12

microelectromechanical systems (MEMS), pharmaceutical development,14,15 food sciences,16

and industrial engineering.17,18

While FEEP devices use liquid metal based propellants, colloid thrusters use relatively
benign non-metallic ionic liquids, which, similar to liquid cesium exhibit the formation of
Taylor cone in the presence of an external electric field. Ionic liquids (ILs) are defined
as salts having a melting point less than room temperature (373 K) and similar to liquid
cesium, have the ability to form a Taylor cone and emit ions. ILs are used as propellants in
colloid thrusters with the advantage of producing higher thrust-to-power ratios compared to
the traditional liquid cesium based FEEP19 thrusters. Depending on the operation mode,
ionic liquids breakdown into either into individual ion species or sub-micron sized droplets
(colloids) that are accelerated by the electric fields, generating high exhaust velocities. The
performance and operability of colloid thrusters has been tested in space on the NASA ST-7
LISA Pathfinder mission.20,21

A large number of ionic liquids can be used as propellants for electrosprays,22,23 to cater to
the wide range of performance requirements. Therefore, it is necessary to have experimental
and simulation based ability to predict the thrust, required voltages, and mode of operation
to design electrospray devices. Molecular dynamics (MD) is a particle based method that
allows us to understand the nature of electrosprays at an atomistic level.24 The availability
of large number of inter-atomic potentials makes it possible to model virtually any of the ILs.
Although, MD is a mature computational technique, it becomes computational expensive to
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model the electrospray simulations. MD simulations scale on the order of O(N2), where, N
is the number of atoms, making them very expensive to model large simulations (> 10,000
atoms). Researchers such as, Borner, et al.,25 have overcome this problem by using the
coarse-grained potentials to model electrospray simulations of 1-ethyl-3-methylimidazolium
Tetrafluoroborate (EMIM-BF4). The coarse-grained potential of EMIM-BF4 was obtained
by modifying the CG potential of EMIM-NO3 derived by Wang, et al.26–28 from the all-atom
potential using the effective field coarse graining (EFCG) method.

Colloid thruster experiments provide important information regarding the species specific
emission currents29 and the thrust generated for the applied potential across the device, but,
they lack the specificities of the shape and strength of the electric field generated around the
mouth of the capillary. It should also be noted that while the experiments are conducted
over length and time scales of micro-meters and micro-seconds, the current computational
capability only allows one to simulate electrosprays at length and timescales of nano-meters
and nano-seconds. Thus, it becomes incumbent for the MD simulations to use external
boundary conditions that recreate the Taylor cone formation and emission characteristics
similar to the experiments without the knowledge of the spatial and temporal evolution of
the electric fields generated during the experiments, which are discussed in detail in our
previous published work.30

Electrospray experiments and simulations have been performed to either study the for-
mation of Taylor cone31,32 or to obtain the final emission currents, our knowledge of what
happens to the emitted species when traveling between the Taylor cone and the extrac-
tor plane is limited and often contested.33 Many studies have been performed to analyze
the mechanism of charged droplet disintegration34 which occurs due to the disproportionate
and asymmetric charge density. A variety of techniques, which include, high speed photog-
raphy,35,36 rapid solidification using sol-gel,37 and MD simulations38,39 have been used to
capture the transient behavior of the ion aggregates emitted by the electrosprays. While
the shape deformation40 and mass loss can be analyzed using experimental41 methods, only
theoretical models and MD simulations are capable of providing insight regarding charge
reduction during the droplet disintegration process. Leading theories for charged droplet dis-
integration include the charged residue mechanism (CRM),42 which states that smaller ions
are emitted by the original droplet due to successive instabilities predicted by the Rayleigh
theory43 and the ion evaporation mechanism (IEM),44 which describes the disintegration
process using first order reaction kinetics. Both theories are valid in their respective limits
but their applicability to a given droplet disintegration process is not well understood.45

MD simulations allow the study of droplet disintegration for any IL and obtain detailed
information regarding the emitted species, velocities, charges, etc.

Previous MD simulations have been performed for a system of water molecules charged
by Cl-38 and pronated diglycine molecules39 to study the effect of Rayleigh critical limit
and the evolution of nanojet from the droplets. Simulations in this work are aimed at
understanding the effects of electric field strengths on the droplet disintegration using EMIM-
BF4. The boundary conditions and the domain information used for the MD simulations
are first discussed in Sec. II. The formation of Taylor cone and the evolution of the charged
droplet in th applied electric fields are discussed using MD snapshots in Sec. III A and B,
respectively. The effect of normal and radial electric fields on the mass and volume of the
droplet are discussed in Sec. III C. Finally, the droplet radii and charges obtained from the
MD simulations are compared with the theoretical models in Sec. III D.
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II. Problem set-up and numerical parameters used for
electrospray MD simulations

A. Preparing the electrospray MD simulation system

Since a large number of molecules are required to simulate non-equilibrium processes such as
electrosprays in MD, we have used coarse graining techniques to reduce the computational
cost. Wang, et al.,27 have suggested the use of Effective Field Coarse Graining (EFCG)26

method which works on the principle of simplifying non-essential group of atoms and their
respective degrees-of-freedom as a single coarse-grained site.28 Wang, et al.26 have reduced
the non-essential degrees-of-freedom in the EMIM-NO3 ion-pairs. Using CG, the number
of required particles to simulate one molecule was reduced from 27 atoms to just five CG
sites. The same CG potential was modified by replacing the anion from NO3 to BF4 to
obtain the CG potential for EMIM-BF4. The two CH3 groups were simplified to two single
sites ‘M1’ and ‘M2’ respectively. The largest computational saving is observed by reducing
the large imidizolium group to a single CG site. The CH2 group in the cation and the BF4

anion were simplified to sites ‘MR’ and ‘BF4’, respectively. Equilibration and electrospray
simulations of CG EMIM-BF4 were performed for this work using the potential derived by
Wang, et al.27 Borner, et al.,25 also modeled the electrical conductivity of CG EMIM-BF4 in
MD simulations and found good agreement with the experimental values. Details regarding
the coarse-graining procedure has been published previously.46

(a) Electrical boundary conditions. (b) Schematic of isolated droplet simulation.

Figure 1. Schematic of an MD electrospray simulation and isolated droplet simulations and
boundary conditions used for extrusion simulations.

The simulations results discussed in this paper were performed using the boundary con-
ditions and domain dimensions shown in Fig. 1(a). The extraction voltages used for the
EMIM-BF4 simulation was φ = -17 V, as it generates potential gradients comparable to
those that occur over the length scale of the experiments. All simulations were performed in
LAMMPS using the direct Coulomb (DC) method to calculate all electrostatic non-bonded
interactions with a cut-off radius of Rc = 20 Å. The capillary of radius 56 Å and height
825 Å was formed using 49,878 platinum atoms and was filled with 28.365 EMIM-BF4

ion-pairs for the electrospray simulations. The ion-pairs in the capillary were first energy
minimized using the system potential energy as the criteria to remove any non-physical CG
site or bond overlaps that may exist. The ion-pairs were them equilibrated to a temperature
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of 297 K using the canonical (NVT) ensemble. A repulsive wall was used to generate a mass
flow rate of 1.09× 10−11 through the capillary for the electrospray simulations. The emitted
positive ion species were classified based on the number of cations present in the aggregate.
Using the definition, (EMIM− BF4)n · EMIM+, if n was zero, the aggregate was termed a
monomer and if n = 1 or 2, the aggregate was defined as a dimer or trimer, respectively.
Aggregates containing more than n = 9 were termed as droplets.

A large droplet emitted from the extrusion simulation was isolated and simulations were
performed using this primary droplet to study the evolution of an IL droplet in the presence
of an external electric field. The droplet obtained was placed in the center of a domain
consisting of four quadrants. The normal electric field, Ez was applied along the Z axis and
its strength was constant in all the four quadrants but to model the radial electric field, the
polarity of Ex and Ey were modified depending on the quadrant. In all quadrants, both, Ex

and Ey were provided constant and equal magnitude. However, while the polarity of both
Ex and Ey were positive in the first quadrant, in the second quadrant, the polarity of the
Ex was changed to negative. Similarly, the polarity of the both Ex and Ey was negative in
the third quadrant and was changed to positive Ex but negative Ey in the fourth quadrant.
This effectively allowed us to create radial electric fields that counteract the cohesion of the
droplet generated due to the electrostatic forces. The boundaries in X and Y directions
were considered non-periodic. The boundaries in the Z direction were ‘shrink-wrapped’,47 a
feature which allows the domain boundaries to extend during the simulations to encompass
all atoms or CG sites, no matter how far they move.

B. Boundary conditions for electrospray simulations

The external electric fields play an important role in determining the emitted ion species
and the general shape of the structure of Taylor cone at the mouth of the capillary. The
external electric field implemented on the electrospray simulations was calculated using the
potential, φl, derived by solving the Laplace’s equation,

∇2φl = 0 (1)

The boundary conditions used to solve the Eq. 1 are shown in Fig. 1(a). The entire outer
surface of the capillary was grounded using a Dirichlet boundary condition of φ = 0 V. This
boundary condition is physically accurate and representative of the experimental set-up used
to generate the electrosprays. However, it should be noted that experiments are conducted
with capillary diameters and capillary-extractor distances on the order of micro-meters,
while the current computational capability allows one to perform MD simulations only on
the scale of nano-meters. The simulation domain was non-periodic in all three dimension
and a Neumann boundary condition was applied on all three boundaries. Therefore, the
total electric potential exerted on the ith CG site would be,

ϕtoti = C
n∑

i 6=j
rij<Rc

QiQj

rij
+ ϕl (2)

such that, Qi and Qj are the partial charges on the CG sites, n is the total number of CG
sites, and Rc = 20 Å is the cut-off radius used for the simulations. The first term of Eq. 2
represents the Coulomb interaction potential between the two CG site, while the second
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(a) Contour plot of the normal electric field. (b) Contour plot of the radial electric field.

(c) Linear variation of the normal electric field along
y = 0.

(d) Linear variation of the radial electric field along
z = 1, 000.

Figure 2. The electric fields generated by solving Eq. 1 with the boundary conditions shown
in Fig. 1(a) and extraction voltage of -17 V.

term represents the potential due to the external electric fields. Equation 1 was solved using
the generalized minimal residual (GMRES) method48 with a grid-size (hx, hy, and hz) equal
to the Coulomb cut-off radii, Rc = 20 Å. Note that the contribution from the second term
of Eq. 2 to the total electric potential on a CG site only needs to be computed once, at the
zero-th time step, whereas, the first term of Eq. 2 was computed every time step in the MD
simulation. Grid convergence for Eq. 1 was tested by reducing the grid size from 20 to 5.0 Å.

It was observed that the solution to Eq. 1, using the boundary set-up and conditions
shown in Fig. 1(a) and an extraction voltage of -17 V generated an external electric field
with normal as well as radial components, as shown in Figs. 2(a) and 2(b), respectively. Both,
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(a) At t = 700 ps. (b) At t = 800 ps. (c) At t = 950 ps.

Figure 3. Snapshot of electrospray and droplet formation from coarse-grained MD simulation
of EMIM-BF4. Mass flow rate and extraction potential of 1.09× 10−11 kg/s and -17 V, respec-
tively. Atom colors are: M1 (teal), IM (silver), MR (red), M2 (navy), BF4 (yellow), and Pt
(bronze). The capillary diameter is 112 Å and vertical dimensions are 800 Å.

the normal and radial electric field components are strongest at the meniscus or mouth of
the capillary and become gradually weaker away from the mouth of the capillary. It was
found that the presence of the radial electric field near the capillary meniscus is necessary
to generate the Taylor cone shape.30 The unique shape of the electric field also effects the
stability of the Taylor cone and the type of ions species that are emitted from it.

The variation in the normal and radial electric fields can be better viewed by extracting
the values along the gray center-line in Fig. 2(a). Along the center-line of the capillary, the
normal electric field is highest at the mouth of the capillary and decreases rapidly within
300 Å from the mouth of the capillary or z = 1,125 Å, as shown in Fig. 2(c). The normal
electric field remains constant throughout rest of domain but starts decreasing close to the
extractor plane, located at z = 1,825 Å. The radial electric field variation along the tangential
direction was obtained by extracting values along the z = 1,000 Å, shown in Fig. 2(b). The
radial electric field is zero at the center-line or axis of the capillary and near the boundaries,
as shown in Fig. 2(d).

III. Role of normal and radial electric fields on the MD
simulations

A. Formation of the Taylor cone and emission characteristics

The snapshot of the formation of the Taylor cone from the MD simulations are shown in
Fig. 3. The high mass flow rate through the capillary does not allow instantaneous formation
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(a) Tangential (Vx and Vy) velocities of droplets. (b) Axial (Vz, towards the extractor plane) velocities
of droplets.

(c) Tangential (Vx and Vy) velocities of monomers. (d) Axial (Vz, towards the extractor plane) velocities
of monomers.

Figure 4. The tangential and axial velocity distributions of the monomers and droplets emitted
from an EMIM-BF4 electrospray. Total number of droplets and monomers sampled are 390
and 321, respectively.

of the Taylor cone and the ion-pairs flow out of the capillary with a contiguous cylindrical
shape, at 600 ps simulation time, as shown in Fig. 3(a). At 700 ps, the combination of the
normal and radial electric field start shaping the emitted mass into a cone shaped structure,
as shown in Fig. 3(b). This constriction results in a large IL droplet, consisting of 2,614
EMIM-BF4 ILs to form at the tip of the cone structure. As shown in Fig. 3(c), after 800 ps,
this primary droplet, titled ‘A’, is isolated away from the tip of the Taylor cone structure
as it travels towards the extractor plane along with other aggregates (see ‘B - E’). The
Taylor cone apex is formed approximately 200 Å above the mouth of the capillary, i.e., at
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z = 1,025 Å from the base of the capillary. The details of Taylor cone formation and the
sampled ion species has been published in our previous work.30,46

It is relevant to analyze the differences in the emission of smaller ion species versus the
larger droplets, as it allows for a better understanding of the Taylor cone formation. We
hypothesized that EMIM-BF4 ion-pairs are either emitted as monomers from the sides of
the Taylor cone or as larger ion-species from the tip of the Taylor cone. This was verified by
generating velocity distributions of the monomers and droplets. A sampling plane located
at 100 Å above the Taylor cone (z = 1,125 Å) was selected because at that location the
emitted droplets and monomers do not undergo further acceleration and maintain their
emitted velocities. This location also ensures that we obtain sufficient droplet statistics, since
the droplets break down into smaller emission species as they travel towards the extractor
plane. The tangential and axial velocity distributions of the droplets are shown in Figs. 4(a)
and 4(b). Tangential velocities are generated because of the interaction of radial electric field
with the emitted ion species. The shape of the tangential velocity distribution of droplets
has the form of a normal distribution with a mean value close to zero, suggesting that the
majority of droplets emitted from the capillary have negligible tangential velocities. Since
the radial electric fields are weakest near the tip of the capillary, we can interpret Fig. 4(a)
to show that the droplets lack tangential velocities because they are emitted from the tip
of the Taylor cone. The distribution of droplet axial velocities, shown in Fig. 4(b), suggests
that majority of the droplet are emitted with an axial velocity between 5 and 10 km/s. In
contrast, a similar analysis of monomer velocities does not give this result. The monomer
tangential velocity distribution, shown in Fig. 4(c), does not have a maximum probability
close to zero, but instead exhibits a noticeable number of samples at non-zero tangential
velocities. This result suggests that emitted monomers interact with the radial electric field
and since the field is strongest near the sides of the Taylor cone, we can conclude that
majority of the monomers are emitted from the sides of the Taylor cone, as was concluded
by Lozano49 for his experimental studies on the EMIM-BF4 electrosprays. Finally, because
the mass of monomers is comparatively much lower than that of droplets, they are strongly
accelerated in the axial direction with no clear maxima, as shown in Fig. 4(d).

B. Evolution of the primary droplet in the applied electric field

As noted previously, during the extrusion simulation, the emitted ion-species travel towards
the extractor plane, which is only 1,000 Å away from the mouth of the capillary but these
ion-species travel on the order of micro-meters during experimental electrospray operations.
The larger aggregate may break down into smaller species as they travel longer distance
towards the extractor plane in the presence of an external electric field. To replicate this
process, we isolate the large droplet emitted from the extrusion simulation, shown as group
‘A’ in Fig. 3(c). This droplet is at least 40 Å away from either the Taylor cone or any
other aggregate and therefore does not have Coulomb interaction contributions from other
ion-pairs in the domain. To study further break-up of this large droplet, the primary droplet
was simulated in a quasi-infinite domain for a range of normal and radial electric fields
typically experienced by the droplet during its motion from the tip of the capillary to the
extractor plane. For the extraction voltage of -17 V and the simulation domain shown in
Fig. 1(a), the region between the tip of the Taylor cone and the extractor plane (between
z = 1,125 Å and z = 1,825 Å) has a normal electric field range between 0.05 - 0.15 V/nm.
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(a) At t = 100 ps. (b) At t = 200 ps. (c) At t = 300 ps.

Figure 5. Snapshot of isolated droplet simulations using coarse-grained EMIM-BF4. Normal
and radial electric fields are 0.05 V/nm and 0.005 V/nm, respectively. Atom colors are: M1
(teal), IM (silver), MR (red), M2 (navy), BF4 (yellow), and Pt (bronze). The droplet diameter
is 100 Å and vertical dimensions are 400 Å.

As established previously, the large droplets are emitted from the tip of the Taylor cone,
along the axis of the capillary, where the radial electric fields are weakest. Therefore, we can
assume that the droplet will experience radial electric fields in the range 0.001 - 0.01 V/nm.

Multiple MD simulations of the primary droplet were performed for the discussed range
of the normal and radial electric fields. Snapshots of the primary droplet simulation for a
normal and radial electric field strength of 0.05 V/nm and 0.005 V/nm are shown in Fig. 5.
The time for the primary droplet simulations shown in Fig. 5 represents simulation time
beyond the initial 950 ps required for the droplet to form during the extrusion simulation.
It was observed that several ion-species (monomer, dimer, and trimer) and droplets were
emitted during the first 100 ps (total time 100 + 950 = 1,050 ps) of the simulations, as
shown in Fig. 5(a). The smaller species and droplets (circled in orange) emitted from the
larger primary droplet (circled in red) are accelerated by the electric field and travel faster
than the large droplet. After 200 ps, the smaller ion aggregates move 300 Å away from
the larger droplet, as shown in Fig. 5(b) and the rate of emission of the smaller ion species
emitted from the larger droplet reduces substantially. The smaller aggregates emitted from
the larger droplet travel faster than the droplet due to their lower mass. The emission of
smaller ion aggregates from the larger droplet stops completely after 300 ps, as shown in
Fig. 5(c). The rate of emission of smaller species from the droplet is strongly dependent on
the external electric fields, as discussed in the following sub-section.

The ion aggregates emitted from the primary droplet were counted 400 Å above the
instantaneous center-of-mass of the larger droplet. Ion aggregates were counted during the
entire period of the simulation up to the time when the primary droplet stopped emitted
any more ion aggregates. In Fig. 6(a), the total number of emitted ion aggregates are shown
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(a) Effect of normal electric field, using constant ra-
dial electric field of 0.005 V/nm.

(b) Effect of radial electric field, using constant nor-
mal electric field of 0.10 V/nm.

Figure 6. Emitted ion-species as a function of normal and radial electric fields.

as a function of normal electric field. It was observed that at the lowest normal electric
fields, the emission of smaller droplet from the primary droplet was maximum followed by
trimers, dimers, and monomers. As the normal electric field was increased, the smaller ion-
aggregates, such as dimers, trimers, and monomers were the dominant emitted species. The
higher magnitude of normal electric field weakens the electrostatic forces required to form
smaller droplets from the primary droplet, resulting in higher emission of smaller ion species.

Similarly, the number of small droplets emitted from the larger primary droplet decreased
as the radial electric field was increased, as shown in Fig. 6(b). Concurrently, even the
number of emitted dimers and trimers decreased when the radial electric field was increased.
In contrast, the radial electric field enhanced the emission of monomers from the primary
droplet. The primary droplet used for the simulation is not a perfect sphere but a prolate
geometry. Thus, the radial electric field acts on a larger surface area on the sides of the
prolate droplet, allowing for easier emission of smaller monomers rather than larger droplets
from the top of the droplet.

C. Effect of electric fields on the final droplet mass and volume

The volume and total mass of the primary droplet were tracked during the isolated droplet
simulation as a function of time. Figure 7 shows the decrease in droplet volume and mass
for different applied normal electric fields. As previously stated, the simulation time shown
in Fig. 7 is beyond the 950 ps required to emit and isolate the droplet from the capillary.
The results shown in Fig. 7 were obtained for the radial electric field of 0.005 V/nm. For
the simulations performed with a normal electric field of 0.05 V/nm, the initial emission
of smaller ions and the resulting initial decrease in the droplet volume occurred during the
initial 200 ps of the simulation, as shown in Fig. 7(a). When the normal electric field was
increased to 0.1 V/nm, this rapid decrease in the volume occurs in approximately 100 ps, as
shown in Fig. 7(b), and reduces to 50 ps for the highest normal electric field of 0.15 V/nm.
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(a) Normal electric field strength 0.05 V/nm. (b) Normal electric field strength 0.10 V/nm.

(c) Normal electric field strength 0.15 V/nm.

Figure 7. Droplet volume and total mass as a function of simulation time for the radial electric
field of 0.005 V/nm. The normal electric field strengths are provided in the figure captions.

The volume and mass of the droplet did not show significant change after the initial rapid
emission of ion aggregates from the droplet, even when the simulations were allowed to run
for extended time of 1,200 ps.

The final mass and volume of the droplet was found to depend on the strength of the
electric fields. The effect of normal and radial electric field on the final droplet mass is
shown in Figs. 8(a) and 8(b), respectively. A least square fit of the data points shows a
linear relationship between the normal and radial electric fields and the final droplet mass,
such that the slopes of the least square fit are negative. Not surprisingly, the final droplet
mass decreased if either the normal or radial electric fields were increased. From the negative
slopes of the least square fit, we can infer that increasing the radial electric fields will produce
droplets with lower final mass compared to that by increasing the normal electric field. Due
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(a) Effect of normal electric field, using constant ra-
dial electric field of 0.005 V/nm.

(b) Effect of radial electric field, using constant nor-
mal electric field of 0.10 V/nm.

Figure 8. Final droplet mass as a function of normal and radial electric fields.

to the irregular shape of the droplet (not a perfect sphere) and its orientation during the
primary droplet simulations, the radial electric fields were found to be more effective but not
necessarily faster at removing mass from the droplet.

The normal and radial electric fields also influence the rate of volume decay of the main
droplet. From our analysis of the primary droplet simulations, it was observed that a power
law would be the best mathematical representation of the change in the volume of the droplet.
So, power law equation was used to generate a curve fit for the volume loss of the droplet
as a function of the simulation time, as shown in Fig. 7. The equation used for curve-fitting
has the following form,

y = ep∗ln(x)+c (3)

where, c is the initial droplet volume, x is the simulation time, and p is the decay rate of
the droplet volume. The decay rate for all primary droplet simulations were calculated and
analyzed as a function of the normal or radial electric fields used for the primary droplet
simulations. A least square fit of the obtained volume decay rates was generated for both
the normal and radial electric field cases, as shown in Figs. 9(a) and 9(b), respectively. From
the slope of the least square fit, we can state that the decay rate, p, has a linear dependence
on the normal electric field, shown in Fig. 9(a), suggesting that the droplet would lose
mass and its corresponding volume faster if the magnitude of the normal electric field was
increased. Although, a similar analysis also shows the linear dependence of decay rate with
the magnitude of the radial electric fields, shown in Fig. 11(b), this result does not provide
a true representation of the droplet volume decay in the radial electric fields. The slope
of the least square fit is positive suggesting that the droplet decay rate reduces when the
magnitude of the radial electric field was increased, which is counter-intuitive but valid. From
our simulations, we observed that when the droplet was placed in a strong radial electric
field, the initial loss of smaller aggregates from the droplet was not symmetric. This created
an imbalance in the distribution of charges within the droplet, which generated a biased
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(a) Effect of normal electric field, using constant ra-
dial electric field of 0.005 V/nm.

(b) Effect of radial electric field, using constant nor-
mal electric field of 0.10 V/nm.

Figure 9. Volume decay rate as a function of normal and radial electric fields.

movement of the entire droplet towards one of the four quadrants shown in Fig. 1(b). Since
the droplet no longer experiences symmetric radial fields, the radial electric fields become
ineffective in removing further mass from the droplet, leading to a reduction in the volume
decay rate. However, it should be noted that this result is not in conflict with that shown
in Fig. 8(b) because, the maximum mass loss of the droplet occurs during initial time-steps,
when the droplet experiences symmetric radial fields, and not during the later time steps
when the droplet is entirely within one of the four quadrants.

D. Comparison of MD results with Rayleigh instability and Coulomb fission
models

The charge residue method (CRM)42,50 and the ion evaporation mechanism (IEM)44 are the
two notable experimentally suggested theories traditionally used to study of the disintegra-
tion of the large droplets emitted by the electrosprays.38 The CRM proposes that the smaller
ions from the larger droplets are generated by successive instabilities in the larger droplet, as
described by the Rayleigh43 theory. According to Rayleigh, the number of charges required
for the instabilities to exist in the droplet, also known as the Rayleigh limit depends on the
physical and electrochemical properties of the droplet. The Rayleigh limit for the droplet
can be calculated using Eq. 4,39

z2 = 64π2ε0γr
3/e2 (4)

where, z is the number of charges, ε0 = 8.8541× 10−12 F/m is the permittivity of vacuum, γ
is the surface tension, e = 1.60217× 10−19 C is the elementary charge, and r is the radius of
the droplet. The EMIM-BF4 has a surface tension of γ = 52 dyn/cm51 and the approximate
radius of the EMIM-BF4 primary droplet was calculated using the mass density, ρ = 1, 260
kg/m3 and an initial droplet mass of 8.365×10−22 kg. The approximate radius of the droplet
was r = 54 Å and the critical charges required for Rayleigh instabilities calculated using Eq. 4
was z = 43. The initial charge of the primary droplet used for the MD simulation, z = 158
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(a) Normal electric field of 0.05 V/nm. (b) Normal electric field of 0.15 V/nm.

Figure 10. Final droplet charge as a function of normal and radial electric fields.

is much higher than that critical threshold of z = 43, suggesting that the primary droplet
will definitely undergo further disintegration. During the MD simulations, we monitored the
total number of charges as a function of time, as shown in Fig. 10(a) and 10(b). However,
it should be noted that even for the highest normal electric fields, the final total charge of
the droplet was still higher than the critical Rayleigh limit but the droplet did not undergo
further disintegration. It is also possible to calculate the electric field normal to the surface,
Es associated with the electrostatic forces of a charged droplet necessary using Eq. 5,33

Es =
ze

4πε0r2
(5)

such that the total electric field to completely overcome the electrostatic forces of a droplet
with z = 158 and r = 54 Å is Es = 7.77 V/nm. For the given Rayleigh limit, using Eq. 5,
we can also estimate the electric field required to generate the Rayleigh instabilities in the
droplet.

ERy =
(

4γ

ε0r

)1/2

(6)

Using Eq. 6, the required electric field for Rayleigh disintegration was ERy = 2.083 V/nm.
Both, the electric fields associated with the droplet charge and the field required for Rayleigh
disintegration are much higher than the highest normal and radial electric fields used for the
simulations. This could explain why the droplet does not undergo further disintegration
during the simulations even when the simulation time is extended to 1,200 ps.

We also used the Born model, which is a basic component of the IEM, to calculate the
predicted radius of the ion species emitted from the large droplet, using Eq. 7.38

RB =

(
e2

64π2ε0γ

)1/3

(7)

The Born radius for EMIM-BF4 isRB = 4.45 Å, which is the approximate radius of the dimer.
As shown in Figs. 6(a) and 6(b), the dimers were the dominant emitted species during the
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MD simulations, suggesting that our simulations are in agreement with the theoretically
obtained values. However, the Born model does not provide any information regarding the
emission of smaller droplets from the original droplet. We therefore use the Coulomb fission
model to obtain the theoretical prediction of the secondary droplet radius, Rs.

52

Rs =
(

3π

28

)1/3

r (8)

Using the Coulomb fission model, we get a secondary droplet radius, Rs = 16.68 Å, which is
approximately equal to the radius of the secondary droplets, consisting of 9 or more cations
and 8 anions, emitted during our primary droplet MD simulations.

The Coulomb fission model also allows one to calculate the jet break-up time as an inverse
of the jet growth rate, αm.

tbreak =
1

αm

(9)

The jet growth rate is related to the physical and electro-chemical properties of the IL.
Equation 10 is used for calculating αm.

αm =

(
4σ6

27ε3γ2ρ

)1/2

(10)

where, ε = 1553 is the dielectric permittivity of EMIM-BF4 and σ, the surface charge density
is calculated using Eq. 11.

σ =

(
27ε3γ2ρI

4π2r4

)1/8

(11)

The surface current, I, is calculated using Eq. 12,

I =

(
3π6εγ2

26ρ

)1/2

. (12)

(a) Effect of normal electric field, using constant ra-
dial electric field of 0.005 V/nm.

(b) Effect of radial electric field, using constant nor-
mal electric field of 0.10 V/nm.

Figure 11. Final droplet charge as a function of normal and radial electric fields.
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For the EMIM-BF4 droplet of radius, r = 54 Å, using Eqs. 9 - 12, the jet breakdown time
was tbreak = 44 ps. In Figs. 10(a) and 10(b), each decrease or rise in the total droplet charge
represents the emission of a secondary ion-species or droplet. The larger decline signify the
emission of larger aggregate from the original droplet and the smaller drops represent the
emission of monomers, dimers, and trimers. From Fig. 10(a), sharp decrease in the droplet
charge at t = 50, 175, and 225 occur after 30-40 ps of no change in the droplet charge,
thus providing a reasonable agreement between the simulations and the jet breakdown time
predicted by the Coulomb emission theory. As expected, for higher electric field strengths
and as the original droplets gets smaller due to mass loss, the emission time reduces to
approximately 20 ps, as shown in Fig. 10(b).

The final droplet charges also depend on the strength of the normal and radial electric
fields. A linear dependence of the final droplet charge on the normal electric field is obtained,
as shown in Fig. 11(a). The charge-to-mass (z/m) ratio of monomers, dimers, and trimers
is higher than that of the secondary smaller droplets emitted by the original droplet. At
higher normal electric fields, the original droplets emits more dimers, monomers, and trimers
and less secondary droplets, resulting in higher loss of charge from the original droplet. In
contrast, no dependency was observed between the final droplet charges and the radial
electric field strengths, as shown in Fig. 11(b). This may be due to the irregular shape of
the droplet used for the simulation as well as conservative range of radial electric field values
used for the simulations.

IV. Conclusion

The MD simulations of an primary EMIM-BF4 droplet provided key insight regarding the
evolution and final state of large droplets emitted during an electrospray process. The results
obtained from this work can be used as initial conditions for larger length-scale models, such
as, the kinetic Monte Carlo methods. Conventional theories, such as, CRM and IEM predict
a complete disintegration of large droplets into gaseous ion species but from MD simulations,
we observed that large droplet does not undergo disintegration after certain mass is reached.
A dependence of droplet mass and volume on the strengths of the normal and radial electric
fields was also observed. In the presence of strong radial electric fields, an unsymmetrical
loss of mass was observed, which resulted in the lateral motion of the droplet. The faster
loss of charges during the initial time steps and the subsequent lateral motion of the droplet
reduced the rate of volume decay.

A good agreement was obtained between the theoretically predicted Born radius and
the secondary emission species emitted during the simulations. The radius of the secondary
droplets emitted during the simulations compared well the radius predicted by the Coulomb
fission theory. The time between the emission of secondary droplet was found to be compa-
rable to the jet breakdown time obtained from the Coulomb fission model. While the final
droplet charges were found to be in linear dependence with the normal electric fields, no
such correlation was obtained between the charges and the radial electric field strengths.

Moving forward, further analysis will be performed to understand the non-symmetrical
mass loss of the droplet when the radial electric fields are increased. The normal electric field
range will also be increased closer to the field values required for Rayleigh disintegration of
the droplet. This will allow us to address questions that may not be adequately answered
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by the theoretical models, especially, the dependence of secondary droplet sizes and the
dominant emission species on the applied external electric fields. The methods and tools
used for the simulations of the EMIM-BF4 droplet can be easily extended to perform similar
simulations of other IL droplets.
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