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The work reported here is motivated by a desire to fully understand the physics of colloidal thruster propulsion
technology. Colloidal thruster technology is based on the electrostatic acceleration of small droplets and/or ions that
are generated by feeding a conducting fluid through a small capillary and applying a large acceleration potential
between the capillary and an extraction electrode. Maximum thrust is obtained when the device is operated in the
droplet mode. However, by transitioning to an ion mode, the specific impulse can be greatly increased. Here, we use
molecular modeling to study the dynamics of small droplets of ionic liquids (EMIM-BF4) in the presence of large
external electric fields. Interatomic and molecular forces are described using a molecular mechanics force field, and
the whole ion structure is included. Before an electric field is applied, minimization methods are used to determine the
equilibrium structure of the droplet. An electric field is then applied and the resulting motions of droplets and
individual ions are observed. In addition, the surface tension of the droplets is calculated from the dynamic
simulations. Surface tensions calculated from the simulations agree with macroscopic experimental values within
uncertainty. Thus, the results indicate that the Taylor expression for the critical electric field for droplet ionization is

order-of-magnitude-correct.

Introduction

HE work reported here is motivated by a desire to fully

understand the physics of colloidal thruster propulsion
technology [1] when operating in a mode in which direct ion
emission from droplets takes place. Our objective is to develop a
method to directly model droplet dynamics under exposure to high
electric fields and to predict how droplets ionize and the resulting ion
and ion cluster distributions and trajectories. We use molecular
modeling to study the dynamics of small droplets of ionic liquids.
Before an electric field is applied, minimization methods are used to
determine the equilibrium structure of the droplet. An electric field is
then applied and the resulting motions of droplets and individual ions
are observed. We also carry out simulations to explore the surface
tension of small droplets, because theoretical expressions for droplet
stability are based on a balance between electrostatic and surface
tension forces that may not apply at the nanoscale.

Colloidal thruster technology is based on the electrostatic
acceleration of small droplets that are generated by feeding a
conducting fluid through a small capillary and applying a large
acceleration potential [2]. A typical layout is shown in Fig. 1.
Experiments have shown that best results are achieved when the
system is operated in the cone mode, which is achieved when the
volumetric flow rate lies between the limits (Fernandez de la Mora
and Loscertales [3])
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where g is the liquid surface tension, e is the permittivity of free
space, e is the dielectric constant of the fluid, r is the density, and K is
the electrical conductivity. In this limit of very low flow rate, the
electrostatic field causes a very narrow jet of charged liquid to form at
the tip of the cone. The jet then breaks down into fairly monodisperse
and small droplets via the classical Rayleigh mechanism. Scaling
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arguments (Fernandez de la Mora and Loscertales [3], Rosell-
Llompart and Fernandez de la Mora [4], Ganan-Calvo [5], and Chen
and Pui [6]) show that the droplet diameters are about
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where g(e) is an empirical factor of order unity, and r* is a
characteristic length scale for the radius of the jet near its base
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For electrical conductivities typical of propellants that would be
useful for colloid propulsion, droplets are generated with diameters
of a few tens of nanometers.

The droplets are subsequently accelerated to high velocities after
leaving the nozzle; specific impulses I, of a few thousand seconds
have been demonstrated (although at reasonable applied voltages,
they are limited to several hundred seconds.) The specific impulse
and thrust of a colloidal thruster is given by
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where g/m is the charge-to-mass ratio of the droplets, and V,, the
acceleration voltage. Using the preceding scaling arguments, these
can be rewritten as (Gamero-Castano and Hruby [7]):
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For a given propellant, increasing the flow rate increases thrust but
reduces specific impulse. If O in these relations is written
0 = ¢QOnmin» then it is seen that
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Thus, if high specific impulse is desired, it is important to work with
propellants that have large electrical conductivity. lonic liquids are
attractive propellants for colloid propulsion due to large electrical
conductivity and low vapor pressure. This special class of
compounds (Welton [8], McEwen etal. [9], and Widegren et al. [10])
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Fig. 1 Typical electrospray configuration.

has opened up the ability to select propellants optimized for specific
mission needs.

In addition to the droplet mode of operation, it has been
demonstrated that with suitable propellant and operating conditions,
the direct emission of ions from the cone tip and from drops can
contribute substantially to the specific impulse (Gamero-Castano and
Fernandez de la Mora [11] and Romero-Sanz et al. [12].) At smaller
values of K/ Q, ions do not significantly contribute to the total current
flow. However, as K/Q is increased and the droplet diameters
decrease, ions begin to evaporate from the drops. Early workers
noted that at a critical value of an imposed electric field, a charged
droplet would begin to jet and otherwise disintegrate. By carrying out
a simple force balance, Taylor showed [13] that the critical value of
the electric field is about (value calculated for r = 55 A and surface
tension of 58 dyne/cm)
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In recent work, Chiu et al. [14] used molecular beam/mass
spectrometry to analyze the plume of an electrospray with 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-Im)t as
the propellant. They showed that for the operating conditions
imposed, at least two positive ion cluster sizes and a background that
is likely fragmented droplets are observed. It is this behavior that we
wish to explore because it is important in understanding how the
plume is formed and the effect of cluster size distribution on thrust.

In the following, we present the theoretical methods used in the
study. We then outline how we assemble charged droplets and
determined their likely equilibrium configurations. We then present
the results of simulations for some different-sized droplets exposed
to external electric fields. Next, we present molecular dynamics
simulations intended to determine the surface tension of small
droplets. This is followed by a discussion of the findings, a summary,
and conclusions.

Theoretical Methods

The molecular dynamics simulations were carried out using a
modified version of the Tinker [15] program set and an empirical
force field developed by de Andrade et al. [16] based on the AMBER
[17] force field. Molecular dynamics involves solving Newton’s law
for each atom in the system. The force acting on an atom is equal to
the negative of the gradient of the potential energy plus the
electrostatic force imposed by any external field. Thus,

F
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m
where we have modified the Tinker code to include the electrostatic
force term in all the available solvers.

In the AMBER methodology, the potential energy function is of
the form

Data available online at http://www.sigmaaldrich.com.

Fig. 2 Optimized EMIM/BF, pair.
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The first term is harmonic bond stretching, the second term is
three-atom bond bending, and the third term is four-atom torsion.
The final term includes nonbonded Lennard-Jones attraction and
repulsion and electrostatic interaction. A;; and B;; are written in terms
of the well-depth and size parameters ¢ and o
0.12 B..

A 4e i
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The Lennard-Jones parameters are obtained from the Lorentz—
Berthelot mixing rule:
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De Andrade et al. [16] carried out quantum mechanical calculations
to obtain the electron density distribution and then assigned charge to
each atom in EMIM and BF, using the restrained electrostatic
potential (RESP) [18] fitting approach.

Building Drops

We carried out the study by building individual droplets of the
ionic liquid 1-ethyl-3-methyl imidazolium tetraflouroborate
(EMIM-BF,#). We first optimized the structure of individual ions
and ion pairs. With these structures, we started to build individual
drops by randomly placing ions with a spherical volume. However,
none of these structures proved to be stable. Upon running molecular
dynamics simulations in a zero electric field, these randomly oriented
structures immediately vaporized. Further study revealed that
stability at room temperature and the corresponding low vapor
pressure of ionic liquids arises from the fact that ordered structures
are formed in the solid state that persist following melting (Wilkes
and Zaworotko [19], Dieter et al. [20], and Del Popolo and Voth
[21]). We then optimized the geometry of the EMIM/BF, pair, as
shown in Fig. 2. Using this base structure, we created cubic droplets

Data available online at http://www.sigmaaldrich.com.
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Fig. 3 Initial drop structure.

a)

Fig. 4 Structure a) minimized and b) following a 100-ps molecular
dynamics run.

with ordered structure. An example of an initial droplet structure with
27 EMIM ions and 26 BF, ions is shown in Fig. 3.

We took two approaches to determine the equilibrium structure of
droplets. First, we used a limited-memory L-BFGS (Broyden—
Fletcher-Goldfarb—Shanno) minimization of an input structure over
Cartesian coordinates. This resulted in droplets that were
approximately spherical, although the larger the droplets, the less
spherical they were. We also ran molecular dynamic simulations and
observed that the droplets, which started out as highly ordered cubes,
randomized to some degree and approached a spherical shape.
Figure 4a is the initial geometry shown in Fig. 3 following energy
minimization. Figure 4b shows the state of the same initial structure
after a 100-ps molecular dynamics run. In both cases, the initial
temperature was set to 300 K. For droplets of the size shown here,
there is a substantial amount of thermal motion with respect to the
drop dimensions. Thus, the drop undergoes obvious shape changes
on the thermal motion time scale.

Droplet Ionization

Using the results of either the minimization procedure or
molecular dynamics calculation, we then imposed an external
electric field of varying strength to the droplets and observed their
behavior. All the simulations were for initially randomized energies
based on a temperature of 300 K and were run in vacuum. We carried
out 100-ps calculations for drops with 8/7, 27/26, and 125/124
EMIM/BF, ratios. Thus, each drop had a net positive charge of
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Fig. 5 Sequence of frames from a simulation of a droplet initially with
27 EMIM positive ions and 26 BF, negative ions.
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Fig. 6 X displacement of the drop center of mass (27/26 droplet.)

unity. These three drops had initial diameters of approximately 21,
38,and 50 A, respectively. In each case, we applied an electric field
in the x direction with a value E, = 0.5142 x 10°, 1.028 x 10°,
1.543 x 10°,2.057 x 10°, or 3.085 x 10° V/m.

In all cases, the drops were stable for the entire 100 ps at
E, =0.5142 x 10° V/m. They retained their starting configuration
except for thermal motion, but accelerated in the direction of the
applied field according to their net charge. As the field was increased,
individual ions began to be stripped off the drops. However, the
stripping process was very uneven, and there was a wide distribution
of cluster sizes ranging from single ions to, at the lower field
intensities, a remaining droplet that retained most of the initial mass.
Finally, at the highest field applied, the drops were stripped of ions
within a few hundred femptoseconds. Figure 5 shows a series of
images from the simulation of a 27/26 droplet with
E,=2.057 x 10° V/m.

To quantify the results somewhat, we calculated several quantities
as afunction of time. The first were center-of-mass coordinates for all
the starting mass. The results for a particular set of runs of a 27/26
drop are shown in Fig. 6. As can be seen, the center of mass drifts in
the positive x direction throughout the 100-ps simulation and the drift
increases with increasing field strength.

We next calculated the outermost range of motion of ions in the
three coordinate directions. The x-coordinate results are shown in
Fig. 7 for the 27/26 drop. The displacement-time curves are
somewhat odd in that there is more total drift in the +x direction for
the lower values of the applied electric field. This appears to be
caused by space charge effects. At higher field strengths, numerous
ions are stripped from the starting droplet. This imparts additional
momentum in the £y and/or £z directions. Figure 8 shows the x-
direction spatial distribution of ions at 100 ps for an electric field of
3.085 x 10° V/m. The histogram bins are 200 A wide. Figures 9and
10 show the spatial distributions in the y and z directions for the same
electric field with 5-A-wide bins. The amount of spread in the offaxis
directions is much smaller, as would be expected.



984 DAILY

----E,=1543x 10’ V/m

4000 - ----B,=2.057x 10’ V/m e
v B=2571%x10Vim _..==" -
£ 2000~ — E,=3.085x10" Vim 7 o7 e
g
g o
k|
g
2 2000
>
4000
| | | | |
0 20 40 60 80 100
Time (ps)

Fig. 7 Displacement-time curves for the outermost atoms in the x
coordinate direction (27/26 droplet.)
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Fig. 8 The x displacement spatial distribution of ions at 100 ps (27/26
droplet with E, = 3.085 x 10° V/m.)
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Fig. 9 The y displacement spatial distribution of ions at 100 ps (27/26
droplet with E, = 3.085 x 10° V/m.)

To explore the results in more detail, we stored the total and
applied electrostatic forces on each ion during the simulations. The
applied electrostatic force should remain constant, but Lennard-
Jones and interatomic Coulomb forces will vary, depending on the
relative positions of the ions. Indeed, the early effect of space charge
and thermal state on the dynamic initial plume formation results in
the observed long-time behavior.

To illustrate the effect of the initial thermal state, we compared the
results for several runs in which the electric field was held constant
and the random generator seed changed between runs. This has the
effect of generating a different random initial thermal state. The
initial drop position and geometry was held constant. The results are
shown in Fig. 11 for six simulations of an 8/7 droplet. Even within
the first 10 ps, there is over a 100-A spread in the maximum
displacement of outermost ions due to variation in thermal initial
conditions.
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Fig. 10 The z displacement spatial distribution of ions at 100 ps (27/26
droplet with E, = 3.085 x 10° V/m.)
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Fig. 11 Displacement-time curves for the outermost atoms in the x
coordinate direction for six runs of an 8/7 drop with random initial
thermal velocity distributions.

Surface Tension

To apply the Taylor expression for a critical electric field requires
the surface tension. Although macroscopic measurements are
available, there is a question about how the surface tension behaves
for such small droplets. To assess this issue for practical drop
diameters, we have estimated surface tension using molecular
dynamics methods. For drops, the condition for mechanical
equilibrium leads to the Laplace equation

_ 2y
"R

AP (12)

s

where y; is the surface tension referenced to a surface of tension R,
and AP is the pressure difference between the interior of the drop and
the exterior (the latter being essentially zero in our case.) For small
drops, there can be considerable temporal variability in local
properties, including both pressure and radius. Thus, the details of
how they are obtained from the simulations are important. We have
followed Thompson et al. [22] to calculate the pressure normal to
spherical surfaces about the drop center of mass as a function of
radius by adding kinetic and configurational terms:

P(r) = kTp(r) + py(r) (13)

where
1
Pu) = g D (14)

Here, the k in Eq. (13) is Boltzmann’s constant, T is the temperature,
n is the number density, and py; is the configuration contribution to
the normal pressure. The sum in the expression for p; is overall
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Fig. 13 Surface tension profile in a 27/26 drop.

pairwise normal forces f, across a sphere of radius r referenced to the
center of mass.

The density as a function of radius is calculated by counting the
number of atoms in a small spherical shell about each value of the
radius following Nijmeijer et al. [23]. The density data are then fit
with a tanh regression curve that is used to locate the 50% radius of
the drop. This radius is used as the surface of tension and to select the
value of the pressure to use in the Laplace equation in recovering the
surface tension. An example of the density for 27/26 drops is shown
in Fig. 12. For numerical calculations, 1000 separate realizations of a
dynamic simulation are averaged, although we have only plotted 36
to illustrate our results.

The surface tension distribution for a 27/26 drop is shown in
Fig. 13. (Again, only 36 realizations have been plotted to illustrate
our results.) For this particular case, the average surface tension is
88.09 dyne/cm. However, the uncertainty is very large, perhaps as
high as £50%. (The actual uncertainty is difficult to calculate.
Although the parameters of the fit are quite certain due to the large
number of realizations, a glance at Fig. 12 will reveal that defining the
actual surface of tension is somewhat arbitrary.) Thus, within
uncertainty, the simulation results are the same as reported
experimental values [24]. Hence, Taylor’s expression for the critical
electric field is a reasonable way to obtain an order-of-magnitude
estimate for the onset of direct ionization from droplets of ionic
liquids.

Conclusions

Calculations indicate that the surface tension is not a strong
function of droplet radius. Thus, the Taylor expression using
macroscopic surface tensions for the critical electric field strength is
approximately correct, but only in the order-of-magnitude sense. The
transition to ion emission takes place continuously as the field
strength is increased, starting with the stripping of one or a few ions
and finally reaching a point at which the droplet is ripped apart in less
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than a picosecond. The process is affected by thermal motion, most
especially at lower field strengths. The energy required to remove a
single ion from a drop is determined by the sum of the forces acting
on the ion plus or minus the instantaneous thermal translational
energy of the ion. In this case, the ion—ion forces are caused by
Lennard-Jones and electrostatic interactions. Thus, which particular
ion is initially stripped depends on location and translational energy.
However, at the larger field strengths, the applied electrostatic force
is sufficient to overcome attractive forces and the drop proceeds to
disintegrate. The long-time ion plume behavior is strongly
influenced by the initial thermal motion and space charge effects.
The ionization process does not necessary produce single ions. At
lower field strengths, a range of cluster sizes can be produced. This is
observed in the molecular-beam/mass-spectrometry measurements
of Chiu et al. [14], as described in the Introduction.
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