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ABSTRACT: Electric-field-driven ion emission from the free surface of a planar
room-temperature ionic liquid (RTIL) film was studied by using molecular
dynamics simulations. We calculated ion emission rate (j.) as a function of the
electric field normal to the RTIL/vacuum surface (E,) and found that the
logarithm of j, over the charge density on the surface (o) is proportional to E,\2,
in agreement with classical ion evaporation theories. The composition of emitted
ions includes monomers and dimers. It was found that the monomer has to
move across two barriers before emission. The fraction of dimers was found to
depend on the external field and ion—ion interactions. We further performed
replica exchange molecular dynamics simulations and identified different
metastable states of the emitting ion near the liquid film. Our results showed
that E; and molecular details of ion/surface determine the rate and composition
of ion emission from RTIL/vacuum surfaces. Fundamental insights revealed in
this study form the basis to improve ion evaporation theories and performance of
electrospray applications ranging from space propulsion to nanomanufacturing.
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U nder external electric fields, various species such as ions/
droglets may emit from electrically conducting
liquids."™ This phenomenon is often termed electrospray,
which has applications ranging from mass spectrometry to
space propulsion.*”” The operation of electrospray is classified
into three modes: purely ionic mode, purely droplet mode, and
mixed droplet—ion mode." Past research focused primarily on
electrosprays in the droplet mode because of their importance
in technologies such as mass spectrometry.’ ® Few studies
focused on the electrospray in purely ionic mode because such
an operation is difficult to achieve with volatile nonmetallic
liquids.>” The situation was changed when ionic liquid ion
sources (ILIS) were introduced.'® ILIS were demonstrated to
operate in the purely ionic mode and generate ion beams with
high charge/mass ratio and diverse ion species, which make
them promising in fields such as space propulsion and
nanomanufacturing.” Room temperature ionic liquids
(RTILs) were used in ILIS, and they are made solely of ions
but are liquid at room temperature.' RTILs have low vapor
pressure, and their properties can be tailored by numerous
combinations of cations and anions, which make them useful
in electrosprays. To theoretically describe ion emission in
electrosprays, an ion evaporation model was developed in
which ions evaporate from liquid/vacuum surfaces, and the ion
emission rate is'*”
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where kg is Boltzmann’s constant, T is the liquid temperature,
h is Planck’s constant, ¢ is the net charge density on the liquid/
vacuum surface, AG is the Gibbs free energy of solvation of an
emitted ion/cluster, and E, is the electric field normal to the
TE, e, —1
4meg €, + 1
Schottky hump, where q is the ion’s charge, €, is the vacuum
permittivity, and €, is the dielectric constant of the liquid.
According to the Born model, the solvation energy of the
emitted ion/cluster of charge g is
_ /37331 = e, )3
AG = (271/4) e
tension of the liquid."> If y/e, of the liquid increases
(decreases) as the applied electric field increases, AG will
increase (decrease). Ion emission from liquid/vacuum surfaces
is governed by the free energy landscape for ions moving
across the surface into a vacuum. The predicted energy
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Despite significant progress,'®'” issues on critical aspects of
purely ionic electrosprays of RTILs remain to be resolved. In
existing ion evaporation theories, ions differ from each other
only in their bulk solvation energy; no molecular details of
surface/ion are considered: the liquid/vacuum surface is flat,
and ions are point charges. However, RTIL/vacuum surfaces
typically have a roughness of 3 A,"® and the ions are often
bulky (e.g, an [EMI*] is ~8 A long). Therefore, an ion at
positions up to the energy barrier’s peak (often ~4—5 A from
the surface) is likely in contact with the surface and modifies
the surface locally. Furthermore, reported purely ionic
emissions feature a large fraction of dimers and some trimers,
a fact not considered in original theories."”">"'” The predicting
power of ion evaporation theories is thus limited in these
conditions. The above issues can in principle be addressed by
using molecular dynamics (MD) simulations. However,
available simulations focused on ion emission from complex
systems such as molecular droplets/cones,"*°~** in which
complex processes (e.g., generation of molecularly sharp
meniscus) make it difficult to quantitatively address the issues
and mechanistically understand ion emission characteristics. In
addition, to the best of our knowledge, eq 1 in ion evaporation
theories has not been verified by MD simulations. Here, we
seek to address the issues by studying ion emissions from the
free surface of a planar RTIL film using MD simulations.

Figure 1 shows a schematic of the MD simulation system
and the coarse-grained and united atom models for 1-butyl-3-
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Figure 1. (a) Schematic of the MD simulation system. The dashed
lines denote the simulation box. (b) Two models of [BMIM][PF]
used in MD simulations.

methylimidazolium hexafluorophosphate ([BMIM][PF]).
The simulation system in Figure la contains two planar
electrodes that are made of carbon atoms. [BMIM][PF]
molecules are placed near the lower electrode to mimic a
planar film subject to external electric fields. The film’s
thickness is ~7 nm to eliminate the influence of the electrical
double layer near the lower electrode on ion emission. The
simulation box measures 7 X 7 X 50 nm® (x X y X z). We
define z = 0 nm to be the dividing surface (RTIL/vacuum
surface) position, where the mass density of the RTIL is half of
its bulk value. All the heights (z) in this paper are with respect
to this dividing surface. A planar film is used because: (1) For
purely ionic electrosprays, the radius of curvature of the liquid
meniscus’ tip is ~5—10 nm for typical RTILs.'”** Because this
radius is much larger than the size of emitted ions, we can
neglect the mesoscopic curvature of the RTIL/vacuum surface.
(2) Adopting a planar film makes it straightforward to measure
and control E,. It eliminates uncertainties in surface electric
fields of small cones/droplets, where E, varies spatially and
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temporally on the RTIL/vacuum surface.””>" Figure 1b shows

coarse-grained and united atom models for [BMIM][PF].
Both models were parametrized to reproduce experimentally
measured progerties such as density, self-diffusion coefficient,
and viscosity.” " The coarse-grained model greatly reduces
the computational cost and is valuable for studying phenomena
that occur on a larger length/time scale; the united atom
model can provide more atomistic details on ion emission.

To drive the ion emission, an electrical potential difference is
applied between two electrodes by using a special electrostatic
method.”® We have implemented this method into Gromacs®’
and used it to study charge storages in nanopores
successfully.”® The potential on the lower electrode (z =
—6.3 nm) is 0 V, and the potential on the upper electrode (z =
38.7 nm) varies from +40 to =100 V to generate different E,..
The positive directions of E; and force of the emitting ion are
in the positive z-direction. Because an accurate evaluation of j,
is computationally expensive when E_| is very weak, we use the
coarse-grained model to calculate j.. Simulations are performed
in the NVT ensemble (T = 400 K). A Berendsen thermostat
with a time constant of 0.2 ps is used. The electrostatic
interaction is computed by using the particle mesh Ewald
(PME) method with a real-space cutoff radius of 1.5 nm and
an FFT spacing of 0.13 nm. Nonelectrostatic interactions are
computed with a cutoff radius of 1.5 nm. The time step is 2 fs,
and the neighbor list is updated every step. The film is packed
into the system by using Packmol® and then equilibrated for
500 ps, which is followed by a 400 ps production run. As
translational diffusion coefficients of ions are ~200 x 107"
m?/s at 400 K,** ions diffuse ~0.3 nm after 500 ps, which is
enough for the system to reach equilibrium from the initial
configuration where RTIL molecules are uniformly distributed.
For E, < 1.7 V/nm and E, > 1.7 V/nm, 100 and 10
independent simulations are performed respectively. In each
simulation, ion emission events are monitored on the fly. An
ion emission event is registered when an ion or ion cluster
reaches a detection plane that is located at a distance of ~10
nm above the RTIL/vacuum surface. The ion emission rate is
calculated by dividing the total amount of charges across the
detection plane in a production run by the area of the
detection plane (49 nm?) and the total simulation time. When
an ion (or each ion in an ion cluster) moves to a position that
is less than 1 nm away from the upper electrode, it is moved to
a position above the upper electrode and fixed there afterward.
This method ensures the MD system’s electroneutrality, as
required by the PME method. Ions fixed above the upper
electrode are electrostatically invisible to the ions between the
lower and upper electrodes as they are in the Faraday cage
formed by the upper electrode and the periodical image of the
lower electrode.”” The charge density on the RTIL/vacuum
surface is 0 = €y(E’ — E.).” The normal electric fields at the
surface on the vacuum side (E}) and liquid side (E.) are
calculated from electrical potential profile ¢(z) and are
averaged among independent simulations. ¢(z) is calculated
by using methods in ref 30.

Parameters in simulations with the united atom model are
the same as those in coarse-grained simulations, except that
constant electric field is applied after the equilibration run.
These simulations are stopped after the first ion emission
event, and we obtain 100 ion emission events for each case by
running 100 independent simulations. Furthermore, replica
exchange molecular dynamics (REMD) simulations®' are
performed to examine metastable states of the emitted ion,
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in which we constrain one anion at z = 1.9 nm and apply a field
of 0.9 V/nm. We use this field because it does not trigger ion
emission, as the emission could complicate the analysis on
metastable states. Twenty replicas are used with temperatures
evenly distributed from 400 to 495 K. Exchange rates between
two adjacent replicas are verified to be ~20%. We perform
REMD for 8 ns and record forces and configurations every 20
fs.

Figure 2 shows the In(j,/6)—E,"* relationship. Anion
emission rates from MD simulations can be fitted to the ion
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Figure 2. Logarithm of the ion emission rate over the charge density
on the RTIL/vacuum surface, ln(je/a), as a function of the square

root of the electric field normal to the RTIL/vacuum surface /|E,|.

evaporation theory in eq 1 well in two regions (E, < 1.4 V/nm
and E, > 1.8 V/nm). The fitted ¢, is 5.98 for E, < 1.4 V/nm. A
prior experiment reported that €, of the bulk [BMIM][PF] at
298.15 K is 11.4 + 0.6.*> The fitted value here is smaller
mainly because it corresponds to the €, of the RTIL/vacuum
surface, where the RTIL structure is different from that in the
bulk. From liquid to vacuum, the RTIL density decreases (see
Figure 4). With a smaller density at the RTIL/vacuum surface
compared to that in the bulk, ions accommodate less to the
external electric field; that is, the field is less screened, and the
€, is smaller."” Another reason is that the temperature in our
simulations is higher than that reported in the literature, and €,
generally decreases as temperature increases.” For E, > 1.8 V/
nm, the fitted €, is 1.09. The difference in fitted €, between two
regions implies that the RTIL/vacuum surface structure
undergoes a transition as E, increases from 1.4 to 1.8 V/nm.
Because the intrinsic electric field in imidazolium-based RTILs
is on the order of 1 V/nm, as E, becomes stronger, the external
field gradually overcomes the intrinsic field and alters the
RTIL/vacuum surface structure: the ion density distribution
across the surface becomes wider, and the magnitude of ion
density becomes smaller.”* As a result, the external field
becomes further less screened at the RTIL/vacuum surface,
and the €, decreases further. Apart from anion emission, cation
emission is also simulated. When —1.8 < E,, < 0, cations rarely
emit, and the associated j, is nearly zero. When E; < —1.8 V/
nm, cation emission occurs, and Figure 2 shows that cation
emission rates from simulations can also be fitted by eq 1. At
the same |E |, the cation emission rate is observed to be smaller
than anion emission rate. This is mainly because molecular
structures of the cation and anion are different, and AG of the
cation is larger than that of the anion, which makes the cation
emission rate smaller (see eq 1).

In coarse-grained simulations, dimer emission is observed.
However, the fraction of dimers is about 4% for different E,,
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which differs from 20 to 40% reported in experiments for many
different RTILs.”">"? Although coarse-grained simulations can
reproduce eq 1, they may miss atomistic details that play
important roles in the composition of ion emission. To capture
these details, we perform simulations with the united atom
model, and fractions of dimers are found to be 22%, 26%, and
12% under fields of 1.3, 1.7, and 2.0 V/nm, respectively. In
cases of 1.3 and 1.7 V/nm, simulation results agree with
experimental data (20—40%),”">"’ suggesting that the united
atom model can be used to study the composition of ion
emission from RTILs. Considering the statistical error, the
fractions of dimers in cases of 1.3 and 1.7 V/nm are nearly the
same, while the fraction of dimers in the case of 2.0 V/nm is
smaller. From 1.3 to 1.7 V/nm, the external field does not
overcome the intrinsic electric field of the RTIL (united atom
model), so the fraction of dimers remain almost unchanged.
From 1.7 to 2.0 V/nm, the external field overcomes the
intrinsic field, and it becomes easier to break the cation—anion
pair, so the fraction of dimers decreases at 2.0 V/nm.
Compared with available experimental data, the fraction of
dimers at 2.0 V/nm in our simulations is smaller, which could
be caused by the fact that RTILs and strengths of external
electric fields in experiments are different from those in this
work 71519

Figure 3 shows typical snapshots of the RTIL/vacuum
surface during monomer and dimer emissions. When anion

z=19nm

(b)

Figure 3. Snapshots of ion emission events from MD simulations with
the united atom model: (a) a snapshot of monomer (PF,~) emission;
(b) a snapshot of dimer ([BMIM][PF¢]PF,”~) emission. Note that the
anion is at z = 1.9 nm in both cases, and the z-direction is
perpendicular to the electrode as shown in Figure la. z = 0 nm is the
dividing surface position where the mass density of the RTIL is half of
its bulk value.

emission occurs, a tip forms on the surface. A cation sits on top
of the tip and is the closest to the emitted anion. For anion
emission, the tip is usually composed of a cation and a few
anions below it. In most cases, the emitting ion is connected to
the tip until it reaches z & 1.5 nm. As the emitting anion leaves
the RTIL/vacuum surface, it will detach from the tip.
However, the tip will not disappear immediately because of
the long-range electrostatic interaction between the tip and the
emitted ion. In Figure 3a, the emitted anion is at z = 1.9 nm,
and we can still observe the tip. The tip will remain until the
emitted anion moves further away from the RTIL/vacuum
surface. It is also observed that the ring of the cation on the tip
is always connected to anions below it. Because hydrogen
atoms’ charges on the cation’s ring is relatively large, the strong
electrostatic interaction between cation’s ring and anions

https://dx.doi.org/10.1021/acs.jpclett.0c03335
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below it makes it difficult for the cation to leave the RTIL/
vacuum surface during anion emission.

Figure 3b shows a dimer emission event. The first emitted
anion is at z = 1.9 nm. Unlike monomer emission, this anion
still connects with the RTIL/vacuum surface through a finger.
The anion is connected to the cation’s ring, pulling the cation
upward. The anion below the cation only has access to the
cation’s tail, and their interaction cannot provide a force as
strong as the upward force on the cation from the first emitted
anion. As a result, the cation starts to detach from the RTIL/
vacuum surface. A cation—anion pair is difficult to be emitted
because it is electrically neutral and the net force from the
external field is zero. The pair needs to grab another ion so that
the net charge of the emitted cluster is nonzero. Usually, the
anion on the RTIL/vacuum surface closest to the cation’s ring
will be chosen, as the strong electrostatic interaction binds
them together.

The formation of tips and fingers shows that the RTIL/
vacuum surface is not flat, and the interfacial structure near the
emitted jons is much richer than that modeled by ion
evaporation theories. Consequently, the energy landscape
calculations using these theories for ion emission from
RTILs might not hold. Our results suggest that the structure
of interfacial ions and interion interactions play important roles
in the composition of ion emission. In general, cations and
anions with stronger interion interactions would favor dimer
emission, while the stronger interactions could suppress
monomer emission. Therefore, at a certain E,, RTILs with
stronger interion interactions could exhibit a higher fraction of
dimers than that of monomers.

Monomer emission provides a cleaner case to study
underlying mechanisms. We focus on simulations with the
united atom model under a field of 1.3 V/nm and analyze the
RTIL density profile near the RTIL/vacuum surface and the
emitting ion’s trajectory. Figure 4 shows that the RTIL/
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Figure 4. Mass density profile of RTILs along the z-direction (blue)
and the evolution of coordinate in the z-direction as a function of time
for the emitting anion (red). Insets: (a) a snapshot of the anion in the
interior of the RTIL/vacuum surface; (b) a snapshot of the anion on
top of the RTIL/vacuum surface.

vacuum surface spans from z = —0.5 nm to z = 0.7 nm. The
emitting ion’s trajectory shows that there exist two stages
before anion emission. In the first stage, the emitting anion is
below the surface (inset (a) of Figure 4). This is consistent
with prior experimental and simulation results that anions stay
underneath the RTIL/vacuum surface.”® The anion is
constrained by other cations at the surface; thus, it is in a
relatively stable state, and ion emission cannot occur
immediately. To be emitted, the anion has to first move to
the top of the RTIL/vacuum surface: when ¢ < 50 ps, the
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emitting anion stays around z = —0.1 nm; an abrupt
displacement occurs at ~50 ps, and the anion hops to z =
0.5 nm. On top of the RTIL/vacuum surface (inset (b) of
Figure 4), the anion is at an activated state: its interactions
with nearby cations become weaker, and it is ready to be
emitted under the external field. The above analysis suggests
that the anion needs to move across two barriers before
emission: (1) move from a metastable state underneath the
RTIL/vacuum surface to a metastable state on top of the
surface; (2) detach from the RTIL/vacuum surface and move
across the barrier above the surface.

Figure 5 shows temporal evolutions of coordinate, velocity,
and force in the z-direction of an emitting anion. The anion
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Figure 5. Coordinate (a), velocity (b), and force (c) in the z-direction
of the emitting anion during its emission process.

starts to leave the RTIL/vacuum surface at ~162.5 ps and
escapes at ~164 ps, during which it moves upward for ~0.5 nm
and its velocity is relatively small. After emission, the anion’s
coordinate and velocity in the z-direction increase significantly
under the external field. When the anion is at the RTIL/
vacuum surface, small displacements lead to relatively large
fluctuations in force because of short-range interactions that
are sensitive to interatomic distance. As the anion gradually
leaves the RTIL/vacuum surface, the short-range interactions
become weaker and the force’s fluctuation becomes smaller.
Before moving across the barrier above the surface, the anion is
mainly subject to two forces: one from the external field
pointing away from the RTIL/vacuum surface and the other
one from the surface pointing toward the liquid. The first force
is constant, while the second force generally decreases as the
anion rises. The rising of the anion and the collapse of the tip
(see Figure 3a) cause the second force to fluctuate, although
the fluctuation’s magnitude is smaller than that when the anion
is below the RTIL/vacuum surface. In ion evaporation
theories, the second force is due to the polarization of the
RTIL/vacuum surface. Simulations here suggest that one
needs to consider molecular details of ions and the fluctuating
surface for ion emission from the RTIL/vacuum surface.

On the basis of the observation of tips and fingers on the
RTIL/vacuum surface, we suppose that the different
composition of ion emission is related to the different

https://dx.doi.org/10.1021/acs.jpclett.0c03335
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metastable state of emitting ions near the surface. To sample
the metastable states, we constrain one anion above the RTIL/
vacuum surface at z = 1.9 nm and perform REMD simulations
under a field of 0.9 V/nm. Other ions on the RTIL/vacuum
surface cannot touch it by thermal fluctuation. The insets of
Figure 6 show four identified metastable states: (a) a single
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Figure 6. Probability distributions of the constraining force on the
emitting anion for different metastable states from replica exchange
molecular dynamics (REMD) simulations. The anion is constrained at
z = 1.9 nm. Insets: (a) a single anion detached from the RTIL/
vacuum surface; (b) a cation—anion pair detached from the RTIL/
vacuum surface; (c) a dimer detached from the RTIL/vacuum
surface; (d) the anion connected to the RTIL/vacuum surface

through a finger.

anion detached from the surface, (b) a cation—anion pair
detached from the surface, (c) a dimer detached from the
surface, and (d) an anion connected to the surface through a
finger. For each state, we calculate the probability distribution
of the constraining force in the z-direction. Figure 6 shows that
the probability distributions are different among different
states. In state (a), the force is always negative, meaning that if
an anion detaches from the RTIL/vacuum surface, a monomer
emission will most likely occur. In state (b), the probability
distribution varies in a wider range with a peak near 0 kJ/ (mol
nm), indicating that the anion could move either upward or
downward. If the anion moves upward, the cation—anion pair
will probably break by the external field as the neutral pair is
difficult to emit, and a monomer emission occurs; if the anion
moves downward, it is quite possible that the cation—anion
pair will connect to the RTIL/vacuum surface. In state (c), the
probability distribution also varies in a wide range with a peak
near —180 kJ/(mol nm). Here the probability of sampling a
negative force is higher, so the anion is more likely to move
upward. Furthermore, the dimer has a nonzero net charge, and
it feels an upward force from the external field; therefore, it is
highly possible that a dimer emission will occur. In state (d),
the probability distribution indicates that the anion could
move either upward or downward. If it moves upward,
emission may occur as monomer or dimer; if it moves
downward, ions in the finger will probably return to the liquid.
The above results show that the composition of ion emission
depends on metastable states of the emitting ion near the
RTIL/vacuum surface. These states are characterized by the
emitting ion’s different associations with nearby ions, which are
further determined by molecular details of the ion/surface.
In summary, we studied ion emission from the free surface
of a planar RTIL film using MD simulations. The fact that eq 1
is recovered by simulations suggests that coarse-grained
models can be used when large systems must be used, but
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only essential features of ion emission and RTILs must be
captured, for example, in simulations of electrosprays from
capillaries. By fitting eq 1 to MD data, we found that the fitted
€, is smaller than that of the bulk RT1ILs, and its value varies in
different regions of E,, which was traced to the unique
structure of the RTIL/vacuum surface and its variations under
different external fields.

For monomer emission, we found that the emitting ion
needs to move across two barriers before emission. The
interaction between the emitting ion and the RTIL/vacuum
surface was found to be more complex than that considered in
ion evaporation theories. The fraction of dimers calculated by
using the united atom model agrees with prior experimental
data. We found that strong ion—ion interactions can lead to
higher fraction of dimers in weaker external fields; in stronger
fields, the fraction of dimers decreases because it becomes
easier to break the cation—anion pair. REMD simulations were
performed to identify metastable states of the emitting ion near
the RTIL/vacuum surface. Results show that molecular details
of the ion/surface determine the emitting ion’s associations
with nearby ions, which characterize its metastable states.
These states strongly affect the composition of ion emission.

Insights from our work can help improve existing ion
evaporation theories. For example, electric-field-dependent ¢,
and the barrier for ion emission underneath the RTIL/vacuum
surface could be incorporated into theories to better describe
ion emission from RTIL/vacuum surfaces. The metastable
state analysis proposed here for understanding ion emission
compositions can be extended to obtain the free energy profile
for ion emission. To do so, the ion needs to be constrained at
various z-positions near the RTIL/vacuum surface, and the
constraining forces from REMDs will be integrated along the z-
direction to obtain an average free energy profile. Future work
may also compare different force field models for RTILs in
describing the rate and composition of ion emission. These
analysis will form the theoretical basis for the rational selection
of RTILs to achieve desired ion emission characteristics.
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