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ABSTRACT

Tonic liquid ion sources utilize electric fields to evaporate and accelerate ions and ion clusters to ~1keV energies. Ion clusters may dissociate
after evaporation, which is not a well-characterized phenomenon and has relevant consequences in many applications. We measure the
dissociation rate-constants of ion clusters for several ionic liquids. It is found that ion cluster dissociation occurs on timescales of the order of
1-5 ps and follows a constant-rate equation in the region outside the ion source. Using the measured rate-constants, we estimate the
post-emission ion cluster temperatures. We also qualify the way the electric field enhances the rate-constants. Finally, our work supports the
hypothesis that ion clusters with many degrees of freedom have lower dissociation rates.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006529

Tonic liquid ion sources (ILIS) create ~1keV ion beams from
room temperature molten salts, called ionic liquids (IL)."* Electric
fields exceeding 10° V/m are used to field-evaporate single ions
and ion clusters from the liquid."” ILIS’s can be used for a variety
of applications including space propulsion,” such as in ion electro-
spray thrusters,” and focused ion beam micromachining.”® Past
experiments indicate that ILIS ion clusters dissociate in large frac-
tions,” "' which affects the performance of electrospray thrusters''
and limits the minimum feature size for micromachining.’
However, these processes provide a flux of low energy ions that are
crucial in the process of spacecraft neutralization when ILIS’s are
used as thrusters.'” The potential hazard that fragmented ion spe-
cies pose to sensitive spacecraft instrumentation, such as telescope
mirrors, remains to be determined.

The fundamental physics of the dissociation process is still not
fully understood, but lies at the core of physical-chemistry processes
and is an example of strongly interacting multi-scale physics during
the emission process.’”'* The dissociation of ILIS ion clusters can be
viewed as the evaporation of a single ion from an ion cluster. There
are field models for the evaporation of ions from charged liquid drop-
lets,”” ' which describe the physics of electrospray ionization sources
used in mass spectrometry.”’ However, these continuum models are
not suitable for clusters composed of a few discrete molecular ions.
The dissociation of ionic liquid ion clusters emanating from

electrospray ionization sources, which spray droplets of ionic liquid
diluted in solvent, has been observed,”"*” and the dissociation rates for
some ionic liquids have been measured.”””* However, the dissociation
rates and mean lifetimes of ion clusters emanating from ionic liquid
ion sources have not been characterized. Ion clusters absorb energy
during their field-assisted evaporation from the ILIS meniscus, which
increases their dissociation probability. The amount of energy the ion
clusters absorb and the resulting post-emission temperature have not
been experimentally determined.

The amount of dissociation depends on the ionic liquid,'" how-
ever, the relationship between the ionic liquid properties and the ion
cluster dissociation rates is unclear. It has been hypothesized that the
complexity, or number of degrees of freedom, of the molecular ions is
related to the probability of cluster dissociation.'' Based on molecular
dynamics simulations and experimental measurements, Coles et al.
suggested that ion clusters composed of complex ions have lower dis-
sociation rate-constants than simpler ions at the same temperature
because they can redistribute energy throughout their numerous
bonds.”'" However, the available data were collected under different
conditions, so further experimentation is needed to rigorously evaluate
this hypothesis. Molecular dynamics, quantum chemical computa-
tions, and Rice-Ramsperger-Kassel-Marcus (RRKM) theory have
been used to model various aspects of the dissociation process of ILIS
ion clusters."*” ** Recent work by Prince et al. finds agreement
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between molecular dynamics simulations of IL ion cluster dissociation
rates and collision induced dissociation measurements for IL ion clus-
ters emanating from an electrospray ionization source.”® However,
there is limited quantitative agreement between theoretical models for
ILIS ion cluster dissociation, which motivates experimental investiga-
tions to thoroughly characterize this phenomenon. In this Letter, we
present the experimental determination of the dissociation rate-
constants and post-emission temperatures of ILIS ion clusters for sev-
eral ionic liquids. We discuss the effect of an external electric field on
the rate-constants and evaluate the hypothesis that ion clusters com-
posed of complex ions have lower dissociation rate-constants.

An ILIS typically consists of a sharpened emitter tip coated with
ionic liquid.” The emitter tip is placed close to a metal plate with a cen-
tral aperture called the extractor. Approximately 1kV of positive or
negative potential is applied between the emitter and extractor, creat-
ing strong electric fields at the tip of the emitter which force the ionic
liquid meniscus to form a conical, Taylor-cone-like structure.”*”*’
The electric field at the apex of the meniscus can exceed 10° V/m,
which is approximately the field strength required to evaporate ions
from the liquid bulk."” The evaporated ions are accelerated by the
electric field as they pass through the extractor aperture. We refer to
the region between the emitter tip and extractor as the acceleration
region (AR) and the region downstream of the extractor as the field-
free region (FFR) since the electric field is zero outside the ILIS.
Consider an IL composed of cation A" and anion B". We refer to
single ions, such as AT or B™, as monomers. Ton clusters such as
(ATB7)AY and (ATB7)B™ are referred to as dimers of positive and
negative polarity, respectively. An ILIS beam typically consists of
monomers and dimers.” Large ion clusters such as trimers and tet-
ramers may be detected in small quantities depending on the IL.>"*
In this work, we focus on dimer dissociation.

A schematic of the experimental setup used to characterize ILIS
ion cluster dissociation is shown in Fig. 1.” The instrumentation con-
sists of a spherical geometry retarding potential analyzer (RPA) and a
Channeltron electron multiplier time of flight mass (TOF) spectrome-
ter, both built in-house.” The RPA measures the energy distribution of
the full ion beam, which is used to determine the amount of ion cluster
dissociation within the acceleration and field-free regions. The
TOF detector measures the mass spectrum of a small sample (<1°
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half-angle) of the beam and provides confirmation that the source is
operating in the pure ionic regime."” A carbon xerogel single-emitter
source is mounted on a set of stages that allow for two axes of rotation
and one axis of linear motion.”” The linear translation modifies the
distance between the source and RPA, providing a means to determine
the dissociation rates of ion clusters in the field-free region. Four ionic
liquids were characterized: BMI-I,”> EMI-BF,,”* EMI-Im,”” and EMI-
FAP.” Each ionic liquid was tested using a new source to avoid
contamination. RPA and TOF measurements were taken at several
applied voltages and liquid temperatures for each ionic liquid. The
experiments were conducted in a vacuum chamber at pressures below
7 x 10" Torr.

The current fraction of dimers that dissociate in the field-free
region can be extracted from a single RPA curve, shown in Fig. 2. The
step between points A and B represents the current fraction of dimers
that dissociate in the FFR. As the distance between the source and
RPA varies, the current fraction of dissociated dimers in the FFR
changes. The linear stage modifies the size of the FFR, which changes
the time for dimers to travel to the RPA. Measurements were taken at
several distances between the source and RPA to determine how the
dissociation fraction evolves as a function of distance, shown in Fig. 3.
The error bars represent the confidence interval on the dissociation
fraction. The step, shown between points A and B in Fig. 2, is fitted
and then differentiated twice. The top and bottom of the step are
defined as where the second derivative reaches 50% of its maximum
and minimum value, respectively. The confidence interval on these
points ranges between 5% and 85% of the corresponding peak value.
This range captures the height of the step with an appropriate window
of uncertainty.

The dissociation fraction can be fitted by a constant-rate
equation

fai = faio exp [—d/J], (1)

where f;; is the current fraction of dissociated dimers at a distance d
from the source, fj ¢ is the current fraction of dimers at the beginning
of the field-free region, and ¢ is the distance from the source where
1 —e™! = 63% of the dimers have dissociated. To obtain the dissocia-
tion rate-constant, the source to RPA distance can be converted to the
time dimers spend in the field-free region using the dimer exit velocity,
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FIG. 1. Schematic of the experimental setup: a single emitter ILIS, a spherical RPA, and a TOF mass spectrometer.”
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FIG. 2. RPA curve for EMI-FAP with source voltage Vo = 809 V and current I
= 81nA. The vertical step between A and B indicates the current fraction of dimers
that dissociate in the field-free region. The slope between B and C corresponds to
dimer dissociation within the acceleration region. The step between C and D indi-
cates the current fraction of trimers that dissociate in the field-free region. The slope
between D and E corresponds to the dissociation of a variety of ion cluster species
within the acceleration region. The step between E and F indicates the current frac-
tion of ions with the source potential energy.”

v = ,/Z‘fy‘[", where Vj is the source potential, g is the dimer charge,

and m is the dimer mass. The dissociation fraction can then be
expressed as a function of time, ¢

fai = faio exp [—t/7], (2)

where 7 is the inverse of the dissociation rate-constant, which we refer
to as the mean lifetime. By fitting the data using Eq. (2), we estimate
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FIG. 3. Measured current fraction of EMI-FAP dissociated dimers with constant-rate

fit (Vo =809 V, T) = 60°C). We estimate fjo = 0.233 and = = 2.80 us. The
experimental envelope does not allow measurements below 4 cm.”
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that the dimer mean lifetimes, listed in Table I, range from 1 to 5 us
for all ILs tested.

The temperature of a dimer after evaporation from the liquid
bulk can be estimated using the mean lifetime. Dimer dissociation is
modeled as an activated process in which the rate-constant of dissocia-
tion, K, is given by the Arrhenius equation

K=Aexp [_Eu/(kT)L (3)

where A is the rate-constant pre-exponential, E, is the temperature-
independent activation energy, k is Boltzmann’s constant, and T is the
post-emission dimer temperature. The rate-constant pre-exponential
and activation energy have recently been measured for both EMI-Im
and EMI-FAP dimers at Yale University by Professor Fernandez de la
Mora’s group.”””" Given these quantities, the post-emission dimer
temperature can be estimated using the measured mean lifetime,
which is the inverse of K. Table I shows the estimated dimer post-
emission temperatures for EMI-Im and EMI-FAP. The dimer temper-
atures are significantly higher than that of the bulk liquid, T}, which
indicates that the dimers are imparted with energy during the evapora-
tion process. According to previous experiments with ILIS’s, the emis-
sion process results in a ~7 eV energy deficit.” The fraction of this
energy transferred to the ion clusters during emission can be estimated
using the heat capacities of the clusters when such data become
available.

We can extend this model to describe dimer dissociation in the
presence of an electric field. The dissociation rates should depend on
the strength of the electric field, which polarizes the ion clusters and
may increase the probability of dissociation. To model this effect, the
rate-constant is assumed to follow the behavior of an activated process

E.—f (E)}
K=A - 4
exp [ 2, @
where E, is the field-independent activation energy and f(E) is the
decrease in the energy barrier for dissociation induced by the electric
field E. As a first approximation, we describe f(E) according to the
image potential model (IPM) described by Loscertales and Fernandez

de la Mora'®
_|9TE
f(E) - 47'[60’ (5)

where € is the permittivity of free space and q denotes the charge of a
single ion. The dissociation rate-constants in the acceleration region
can be estimated given the rate-constant pre-exponential, activation
energy, dimer post-emission temperature, and a model for the electric
field. This process predicts that the dissociation rate-constants are
highest within a narrow region localized near the emitter tip, where
the electric field is maximum. Dissociation near the meniscus is diffi-
cult to measure since its corresponding RPA feature is found near
point E in Fig. 2, which is superimposed on the step representing ions
with the full source potential energy. Throughout most of the AR,
however, this analysis predicts that the dissociation rate-constants are
lower and relatively constant because the electric field is weaker and
flatter several emitter radii of curvature away from the liquid meniscus.
This result provides a qualitative explanation for our experimental
observation that the amount of dimer dissociation in the AR, at distan-
ces from the source that are large compared to the size of the emitter
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TABLE 1. Dimer mean lifetimes in the field-free region and acceleration region dissociation slopes for four ionic liquids. Estimated post-emission temperatures are shown for
EMI-Im and EMI-FAP dimers. The EMI-FAP negative dimer has a significantly higher temperature because its rate-constant pre-exponential is over six orders of magnitude
lower than that of the other dimers.?* Note that BMI-I and EMI-FAP, the most viscous liquids tested, were heated in order to achieve ion emission.”

Dimer ion Liquid Source Dissociation slope Mean Ion
composition temperature voltage (fs/d) lifetime temperature
(BMI-I)BMI™ 50°C 757V 532 x1073 1.92 s

(BMI-D)I™ 50°C —759V 714 x1073 2.08 us

(EMI-BF,)EMI"™ 30°C 859V 41.7 x1073 1.49 us

(EMI-BE,)BF, 30°C —859V 48.4 x1073 1.60 us
(EMI-Im)EMI* 30°C 767V 32.9 x1073 2.49 us 602K
(EMI-Im)Im ™ 30°C —759V 41.0 x1073 3.51 us 526K
(EMI-FAP)EMI* 60°C 809V 21.7 x1073 2.80 us 557K
(EMI-FAP)FAP™ 60°C —778V 35.6 x1073 4.74 us 785K

apex, varies linearly with respect to the electric potential applied to the
RPA. This is illustrated in Fig. 2, where dimer dissociation in this part
of the AR is found between points B and C. The linear slope indicates
that there is no preferred potential for dissociation to occur. Note that
this analysis is limited because the IPM is a classical description that
applies to ion evaporation from an infinite, equipotential liquid sur-
face. While this classical model has been used to describe ion evapora-
tion from ~10nm droplets of electrolyte solution,'” it may not be
sufficient to describe ion evaporation from an ILIS ion cluster. Instead,
quantum chemical computations may be needed to achieve quantita-
tive accuracy for modeling ILIS cluster dissociation. Nonetheless, the
results of the IPM provide valuable qualitative understanding of the
experimentally observed trends.

We report the acceleration region dimer dissociation slopes (see
slope between points B and C in Fig. 2) in Table I, which provide an
indication of the dissociation rates. The slopes have units of dissociated
dimer current normalized by the total beam current per unit potential
drop normalized by the source potential. The error bars indicate a
95% confidence interval on the slope of the linear fit. Figure 4 shows
the AR dissociation slopes of negative dimers for the four ionic liquids

5y 80— T T - :
§~ v o EMLBF,
2 70r O EMIIm ||
S col % EMI-FAP| |
g v BMII
25 00 o

Ao

5% 40 P

£sg t
AS  30r

=

]

‘B 20 f

[}

~

] 10+

Q

Q

Q

< 0 1 L 1 L 1 L 1 L

0 10 20 30 40 50 60 70

Anion Degrees of Freedom

FIG. 4. Negative dimer dissociation slopes in the AR for four ILs. The dissociated
dimer current fraction is fg and the scaled voltage drop, normalized by the source
voltage, is ¢.7 The dimer post-emission temperatures vary for each IL.

tested as a function of the anion number of degrees of freedom. The
total vibrational degrees of freedom for a non-linear molecule is
3N — 6, where N is the number of atoms. Plotting the slopes this way
illustrates the dependence of the dimer dissociation slope on its partic-
ular molecular composition. However, the dimer post-emission tem-
perature for each liquid is different and affects the dissociation rates.
We observe that BMI-I dimers, the only liquid tested here composed
of mono-atomic anions, have the highest dissociation slopes in the
AR. The trend in Fig. 4 indicates that dimer dissociation slopes
decrease with increasing complexity of the ionic liquid ions for typical
operating conditions of the ILs in a carbon xerogel ILIS. The same
trend was observed for dimers of positive polarity.

Figure 5 shows the dissociation rate-constants of negative dimers
in the field-free region. We observe decreasing rate-constants with
increasing ion complexity for both polarities of dimers. Note that
BMI-I dimers have a lower dissociation rate-constant than EMI-BF,
dimers, which conflicts with the general trend. We suggest that this
may be a result of the rapid dissociation of BMI-I dimers that occurs
in the AR, shown in Fig. 4. During emission, dimers are imparted with
a distribution of energies. The dimers with the highest internal
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FIG. 5. Negative dimer dissociation rate-constants in the field-free region for four
ILs. Note that the rate-constants are for the dimers that survive the acceleration
region.” The dimer post-emission temperatures vary for each IL.
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energies in the distribution, or highest post-emission temperatures,
will dissociate most quickly. The BMI-I dimers that reach the field-free
region without dissociating may be those that received the least energy
during evaporation. This could explain why we measure lower rate-
constants than expected for the BMI-I dimers in the field-free region.

In summary, ILIS ion cluster dissociation can be understood as
an activated process. We measured the dimer dissociation rate-
constants for several ionic liquids in the field-free region. The dimers
are short-lived, with mean lifetimes ranging from 1 to 5 us. We esti-
mated the post-emission temperatures for EMI-Im and EMI-FAP
dimers, which range from 525 to 785 K. These temperatures are several
hundred kelvin above that of the bulk liquid, suggesting that ion clus-
ters are imparted with energy during emission. We used analytical
models to estimate the effect of an electric field on the dissociation
rate-constants. The model provides qualitatively accurate results essen-
tial for interpreting the RPA measurements. Finally, we compared the
dimer dissociation rates in the acceleration region and field-free region
for four ionic liquids. Our measurements support, but cannot confirm,
the hypothesis that ion clusters composed of complex molecular ions
tend to dissociate at lower rates. The dimer post-emission temperature
has an effect on the dissociation rate-constants and needs to be con-
trolled in order to make meaningful comparisons between ILs. This
presents a significant experimental challenge since ILs operate in the
pure ion regime only for a narrow window of experimental conditions
and it may not be possible to measure the dimer dissociation rate-
constants at the same post-emission temperature for different liquids.
We recommend further experimental and numerical investigations to
isolate the effects of molecular composition and post-emission temper-
ature on the dissociation rates in order to more rigorously evaluate
this hypothesis.

This work was supported by a NASA Space Technology
Research Fellowship, the Air Force Research Laboratory, and other
government agencies. The authors thank members of the MIT
Space Propulsion Lab for their contributions.
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