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Orthogonal time-of-flight mass spectrometry has been used to characterize the kinetic
energy and charged species distributions from an in vacuo electrospray ion source for four
different ionic liquids at volumetric flow rates between 0.3 and 3.3 nanolitres per second.
In all cases, the mass spectra revealed charged species consisting of singly charged and
multiply charged ions as well as two broad, unresolved droplet distributions occurring

in the 10* to 10° atomic mass unit per charge range. The mean jet velocity and mean
jet breakup potential were established from analysis of the energy profile of the high
mass-to-charge droplets. At the jet breakup point, we find the energy loss and the jet
diameter flow rate dependence of the electrospray beam to be similar to that determined
by Gamero-Castafio (Phys. Fluids, vol. 20, 2008, 032103; Phys. Rev. Fluids, vol. 8,
2021, 013701) for 1-ethyl-3-methylimidazolium bis(trifluromethylsulfonyl)imide at similar
volumetric flow rates. Similar trends are observed for all four liquids over the flow regime.
A jet instability analysis revealed that jet electrification and viscous effects drive the jet
breakup from the case of an uncharged, inviscid jet; jet breakup occurs at droplet and jet
radius ratios that deviate from 1.89. Using the analytically determined ratio and the beam
profile, different species are modelled to reconstruct the mass spectra; primary droplets
constitute only a fraction of the total species present. The populations of the species are
discussed.
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1. Introduction

Electrospray is an electrostatic method for generating charged particles from a conductive
liquid surface. At sufficiently high volumetric flow rates, the conductive liquid is
transported to the tip of an emitter and, while under the influence of a strong electric
field, the liquid deforms into a Taylor cone-jet resulting in charged species emission. The
cone-jet operation is one of several emission modes common in electrospray, but the only
one of special interest to this work due to the consistent production of submicrometre-sized
fluid structures and ions. The electrospray technique is used in a variety of fields
including mass spectrometry, electrostatic deposition, electric propulsion and the food and
pharmaceutical industries. Characterization of emitted ion beams can provide important
observables necessary for improved modelling of the physics of the electrospray process
for technologies such as electrospray thrusters and advanced ion-beam technologies.

One emphasis in the development of electrospray thrusters is focused on understanding
the physics associated with and controlling the emission beam output to achieve desired
operational performance for satellite manoeuvring. Some significant research directions
involved tailoring the electrospray propellant (i.e. availability of massive ions) and the
selection of emitter style (Chiu & Dressler 2007; Chiu et al. 2007; Berg & Rovey 2012,
2013; Berg et al. 2015; Terhune et al. 2016). Using internal-flow emitters (i.e. capillaries) or
externally wetted emitters (i.e. etched needles or micro-electromechanical system arrays)
limits the emission beam output to an ion/droplet mixed mode or near the purely ionic
mode, respectively (Lozano & Martinez-Sanchez 2002, 2005; Ticknor, Miller & Chiu
2009; Ticknor et al. 2010; Miller et al. 2014). The significant body of work in the
electrospray thruster community has ultimately led to the development and demonstration
of electrospray thrusters in laboratory and on-orbit settings including Accion Systems’
TILE (tiled ionic liquid electrospray) thruster (Krejci et al. 2017; Gomez Jenkins, Krejci
& Lozano 2018; Petro et al. 2020) and Busek’s CMNT (colloid micro-Newton thruster)
(Gamero-Castano et al. 2003; Demmons et al. 2008; Ziemer et al. 2010). The NASA
LISA (laser interferometer space antenna) mission has successfully demonstrated capillary
emitters, via the CMNT system, in station-keeping operations to achieve negation of
perturbations that would interfere with gravity wave detection (Demmons et al. 2016). The
physics of the electrospray process, as it pertains to electrospray thrusters, has impacts on
thruster longevity and propulsive performance. In the work below, we describe a series of
experimental investigations and analyses that attempt to provide insight into the emission
process from cone-jet formation to ion/droplet production in the nanolitre per second
(nl s~!) flow rate regime for neat liquids.

Conventionally, electrospray ionization is commonly initiated using solutions of polar
fluids, including glycols or formamide, with a solute of interest. Characterization of the
emitted beam might include the measurement of the total electrospray beam current or
a subset of the emission, perhaps at a specific angle, via a Faraday-type current detector,
emitted ion kinetic energies might be measured using a retarding potential analyser (RPA),
and the ion/droplets species identified by use of linear time-of-flight (TOF) or other mass
spectrometric techniques. Depending on the circumstances of the electrospray source and
emission process, individual ions to micrometre-sized droplets composed of thousands of
molecules can result. For cases where micron-sized droplet are emitted, extracting droplet
and jet characteristics can often be facilitated by shadow graph, schlieren photography
or measured by specialized hardware such as an aerosizer (Fernidndez de la Mora &
Loscertales 1994; Rosell-Llompart & Ferndndez de la Mora 1994; Gafian-Calvo, Davila &
Barrero 1997). Oftentimes, the diameter of these large droplets can be determined directly
from the image. Conventional laser velocimetry can also be used to determine droplet
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velocity by extracting a value from the frequency of light scattered by droplets crossing
the volume of two intersecting laser beams (Gafidn-Calvo et al. 1994, 1997). As some
electrospray research transitioned to incorporate ionic liquids (ILs) as the electrospray
liquid or as the solute of a solution, interest in cone-jet physics of sub-micron scaled
cone-jets has blossomed. Recently, Gafidn-Calvo ef al. (2018) have reviewed the physics
of cone-jet electrospray including summarizing the extensive wealth of experimental and
theoretical works that have established many of the now well-known scaling laws. Room
temperature ILs are of interest to the electrospray community largely because of their
physical properties including low vapour pressure (i.e. limited evaporation in vacuum)
and substantial electrical conductivities (~0.1-1.0 S m~!). Given their ionic state and
natural conductivities, ILs generally require much less than 5.0 kV potential differences to
achieve sufficiently strong extraction fields off typical emitters. Electrospray of these neat
liquids can occur at volumetric flow rates as low as tens of picolitres per second generating
droplets with radii of the order of 1 nm. The radius and charge of the emitted droplets
at these flow rates are often difficult to directly determine given their nanoscopic size
and the complicated environment of the cone-jet. However, the low volumetric flow rate
regime is often critically relevant to the electrospray thruster community as it provides the
greatest flexibility of thrust and specific impulse performance. Cone-jets emitting directly
in vacuum and containing droplets typically have kinetic energy spreads of hundreds of
electronvolts throughout the ion beam.

The formation and breakup of a charged cone-jet from ionic-liquid-based capillary
emitters operating in a vacuum environment has been the subject of significant
experimental work. One relevant example includes the work of Gamero-Castafio, who
has examined both neat 1-ethyl-3-methylimidazolium bis(trifluromethylsulfonyl) imide
(EMI-IM) and EMI-IM dissolved in various solvents using a combination of RPA,
linear TOF techniques and induced charged detectors (Gamero-Castafio & Hruby 2002;
Gamero-Castafio 2007, 2008a, 2008b, 2009, 2010). The solution studies also identified a
direct relationship between the mass-to-charge of emitted droplets and their respective
stopping potential. Specifically, the results demonstrated that the mean jet velocity
and jet breakup potential could be determined through a proper transformation of
stopping potential data as a function of charge-to-mass ratio for an ensemble of droplet
measurements. The induction charge detector technique enables the direct determination
of electrospray droplet diameters from experimental measurements, but the results are
limited by the need for a sufficiently large net charge on the droplet so as to induce a
measurable response on the detector. Gamero-Castafio and Hruby (2002) initially used
a single stage induction charge detector, but updated the technique to improve droplet
resolution. Studies using an induction charge detector with multiple sensing stages of
the solution-based electrospray directly measured the number of charges (~O(10000))
and size (O(1 wm)) of emitted droplets (Gamero-Castafio 2007). Droplets emitted from
the neat fluid at low volumetric flow rates are expected to be considerably smaller and
exhibit significantly less charge (~0(100)), leading to difficulties in making similar
measurements; thus a more complex arrangement of tandem RPA and multiple sensing
stage induction charge detectors are required to probe droplets of size ~O(100 nm) and
charge ~O(100) (Gamero-Castafio 2009). For the neat fluid scenario, Gamero-Castafio
(2008b), through the use of only stopping potential (RPA) and linear TOF techniques,
found that a near continuum of ions and droplets were emitted at flow rates from

0.09 to 2.6 nl s~! with the flight times spreading to longer and longer time scales as
flow rate increased. An estimation of the mean jet velocity and mean jet diameter was
possible through the finding that all emitted small ions had a narrow stopping potential
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width, which was ascribed to the mean breakup characteristics of the cone-jet. As a
result, the mean jet velocity and diameter values were derived using the known physical
constants, flow rate, beam current and ion-associated voltage deficit (e.g. emitter potential
minus retarding potential) values. No specific mass-to-charge values were determined as
accurately known flight times and retarding potentials were not available. Jet velocities in

the range ~500-800m s~! and jet diameters of 12-80 nm were estimated over the flow
rate range. No assignment of droplet mass and charge was made in this neat fluid study
as no induction charge detector technique was used. Assuming standard Taylor cone-jet
breakup, such jet diameters would produce droplets of sizes of the same order as the later
instrument study using tandem induction charge detectors (Gamero-Castafio 2009).

Experimental determination of the jet diameters, jet velocities, mass-to-charge ratios
of emitted ions/droplets and relative populations of the various species are critically
important to the modelling/validation of post-cone-jet physics models. For example, Huh
and Wirz (2019) have recently modelled the cone-jet formation process and extraction
region of capillary emitters. Davis, Collins, & Wirz (2019) have modelled the interaction
region just beyond the extraction region of Huh and Wirz (2019). The divergence of
the resulting plume depended critically on the relative population of small-, medium-
and large-charge-to-mass species as a result of Coulombic ‘traffic jams’ created by the
significant disparity in velocities of the various species. Understanding the origins of
species divergence in the plume is critical to understanding the effect of an operational
thruster on components downstream, such as acceleration grids (Wirz 2019). The work
of Gamero-Castafio introduced above demonstrated that velocity and jet diameters could
be determined for low volumetric flow rates, however, the relative populations (and their
mass-to-charge ratios) of the diverse droplet species could not be directly determined
beyond mean values.

More recently, Gamero-Castafio and Cisquella-Serra (2021) have described the results
of a tandem RPA and TOF investigation that examined the role of the jet’s dimensionless
Taylor number and viscosity parameter on the ratio of the critical droplet radius to the
jet radius for a high electrical conductivity fluid. They found that as the Taylor number
increased and the viscosity parameter remained low, the ratio decreased significantly
below the 1.89 value typical of uncharged and inviscid jets. The authors demonstrated,
experimentally and with numerical analysis, that several different species were expected:
primary droplets with broad mass-to-charge distributions, including some droplets that had
charge values exceeding the Rayleigh charge limit and later breakup in-flight, species that
resulted from Coulombic explosion of unstable primary droplets and ion species formed
from evaporation from droplets while being accelerated.

We have recently described an instrument and experimental approach to the
simultaneous determination of all charged species within an approximately 25 eV kinetic
energy window (Miller, Prince & Bemish 2017). This instrument is based on the
demonstrated Wiley—McLaren orthogonal extraction TOF mass spectrometer in which
the pulsing region now also serves as a kinetic energy bandpass filter. This instrument
has demonstrated detection of large charged species with mass-to-charge ratios in the
100 000s of atomic mass unit per charge range. Given the universal scaling laws typical of
electrospray in the cone-jet operational mode, this work will examine the ion and droplet
species for a selection of different liquids so as to uncover previously undemonstrated
trends.

This study focuses on determining the characteristics of the large charged species
emitted by IL electrospray in cone-jet mode in a vacuum environment. Specifically, the
study looks to establish the emitted charged species by TOF operation, identify the droplet
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contributors in the mass spectrum, define the jet/droplet velocity and the potential at the
breakup location and define the droplet diameter, charge, mass-to-charge ratio and evaluate
the experimental data so as to provide insight into the origination point of each class
of droplet species. The paper is organized as follows: first, an experimental section is
provided detailing the electrospray source and the orthogonal TOF instrument used for
data collections. This is followed by the results section, providing a review of the data
collected and the apparent data trends. The discussion is then presented detailing how
droplet characteristic values were extracted from the data and the implications the data
provide in defining the IL cone-jet operations for flow rates below 3.3 nl s~

2. Experimental

Kinetic energy-resolved mass spectra of a selection of ILs at select volumetric flow rates
were obtained using an orthogonal TOF mass spectrometer operated in reflectron mode.
The apparatus along with the IL source and kinetic energy selection technique have been
extensively described previously (Miller e al. 2014, 2016, 2017). As shown in figure 1,
the TOF is composed of four distinct regions: the electrospray source, the ion extraction
region, the beam optimization region and the field-free detection region. Briefly, ions
are emitted from an in vacuo electrospray source composed of a 50 pm inner diameter
metal-coated fused-silica capillary offset by at most 1.5 mm from a metal extractor plate
with an aperture diameter of 1.5 mm. The emitter placement results in an acceptance angle
of +£26.6° into the source lens stack. In this work, the capillary emitter bias potential is
held at +900 V, for cation emission operation, or —900 V, for anion emission operation,
and the remainder of the required potential to deform the IL meniscus into a stable,
single Taylor cone-jet (Taylor 1964) is placed on the extractor. Nominally, the remainder
is between £400 and +1000 V depending on the specific IL being emitted. The typical
extraction voltages used were the lowest amplitudes that sustained consistent emission
without the cone-jet abruptly sputtering off. The operational voltages were determined
by monitoring the emission current for approximately a 60 min period prior to any data
acquisition. Adjustments to the voltage were done with approximately 100 V resolution.
Charged species are emitted from the cone-jet and accelerated along the main axis of the
instrument.

The electrospray ion source is mounted on an axis transverse to the TOF flight tube,
as seen in figure 1. The total emission current generated off the emitter is monitored
by a parallel resistor configuration applied to the capillary emitter electrical circuit. This
circuit converts the voltage drop to the total emission current. This circuit configuration is a
technique that was previously found to be equivalent to integrating the total angle-resolved
ion current measured with a Faraday cup (Miller et al. 2014). This equivalence is
maintained as long as the current loss to the extractor due to beam divergence remains
under 20 %. Proceeding along the main axis of the instrument in figure 1, emitted ions
from the electrospray source are accelerated and focused by a series of electrostatic optics
(i.e. Einzel lens and deflector lenses) so as to optimize the ion-beam current through a
vertical slit just beyond the TOF ion extraction region, discussed below. This ion current is
measured on a downstream Faraday cup detector. This particular optimization approach
has been found to yield the greatest number of ions along the TOF axis when the
instrument is operated in TOF mass spectrum generation mode (Miller et al. 2017).

The TOF ion extraction region sits between the electrospray source lens stack and
the vertical slit described above. In this region, two plates each with a gridded aperture
and termed extractor and repeller are mounted parallel to, but offset from the ion beam.
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Figure 1. TOF instrument used to analyse IL electrospray ion beams in vacuum.

These plates serve as a notch filter with respect to the kinetic energy of the ions.
The low energy end of the filter results from a DC potential applied to both plates,
which corresponds to the minimum kinetic energy per unit charge capable of transiting
the TOF ion extraction region. The high energy end of the filter is relevant only during
TOF operation. Introduction of ions into the TOF tube is accomplished by the addition of
a 400 Vp_, pulse on top of the DC offset applied to the repeller plate for a set period of
time. The application of the pulse introduces a transverse velocity component in addition
to the remaining axial component for ions inside the extraction region during the pulsing
event. Collision with components and the chamber wall along the TOF tube axis results for
those ions with too large of a remaining axial velocity. Ions with sufficiently low enough
residual axial velocity successfully pass into the TOF optimization and detector regions
and are counted as described below. Simion 8.1 (Dahl 2000) studies for this experimental
set-up (Miller et al. 2017) show that the notch filter provides a selection window of residual

axial kinetic energies of approximately 25 eV q~! in the centre of the extraction region.

In summary, ions with kinetic energy up to 25 eV q~! above the base DC potential are
effectively injected into the TOF flight tube.

In this work, the pulse applied to the repeller plate was for a duration of 100 s
occurring at a frequency of 250 Hz. The pulse was a square wave type with 400 V,_,
added to the base DC potential as previously noted. This pulsing arrangement should allow
mass-to-charge (m/q) species >1000000 amu q~! to fully traverse the 13 mm distance
between the two extraction region plates before the end of the pulse. TOF spectra at
specific energy values were acquired by scanning through the various DC potentials in
order to account for all of the different kinetic energies present in the emitted beam. In this
work, mass spectra have been nominally collected in 25 V (25 eV q~!) steps over a range
of £300 to £900 V. To track what kinetic energy range a particular spectrum encompasses
and circumvent the copious usage of ‘potential’, we define the energy defect, AE, as

AE = cDbias — KEion, (2'1)
928 A12-6
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where ®p;,s is the voltage bias of the capillary emitter (i.e. 2900 V) and KE;,, is the
kinetic energy per charge of the ion corresponding to the DC potential on the two pulsing
plates (Miller et al. 2017). Spectra are acquired by pulsing approximately 100000 to 1
million times per energy defect, which provides an acceptable signal-to-noise ratio. A
composite spectrum at a given volumetric flow rate, used in this work for qualitative
trends only, is accomplished by interpolation and transformation of individual spectrum to
a common mass axis (Miller et al. 2017).

For those ions successfully introduced to the TOF tube, they now enter the beam
optimization region. This region consists of a three-element Einzel lens and deflector
with voltages that are adjusted to maximize the ion signal across the entire width of
the microchannel plate (MCP) detector at the end of the 2.0 m flight distance. A second
stage of acceleration along the TOF flight tube path occurs between the extractor, held
at the DC potential, and the first Einzel lens, which is held at ground. The bulk of the
flight tube, ~1.0m length, is field free after the beam optimization region excluding
the electric field of the reflectron. The operation of the reflectron placed at the end of
the 1.0 m flight tube doubles the overall ion flight distance and provides correction for the
group velocity mismatch of identical m/q species generated in the extraction region. Since
all orthogonally extracted ions have similar kinetic energies, the different m/g separate
themselves according to velocity (time).

The number of ions occurring per unit time is directly measured through the counting
of the fast electrical responses of the MCP, which is operated in event counting mode
for all experiments. The signal generated from the ion beam impinging on the MCP
passes through a pre-amplifier attached to a TOF counter card (P7887 Multiscaler,
FAST ComTec) where the counts (events) are recorded on a PC. Generally, data shown
here are acquired and binned using channel sizes of 256 ns, which gives a mass
resolution of ~340 (M/AM, full width at half maximum) at a m/q of 1974 amu q~'
(I-butyl-3-methylimidazolium dicyanamide) for a 400 V,, pulse. This resolution
decreases with increasing m/g. Dual chevron MCP performance for singly charged species
under numerous detection conditions have been extensively studied and generally find that
as m/q increases, the detection efficiency decreases (Gilmore & Seah 2000; Fraser 2002;
Liu, Li & Smith 2014). Large mass, highly charged species, on the other hand, have been
found to have relatively constant detection efficiencies in event counting mode (Fontanese
et al. 2018; Gemer et al. 2020; Llera et al. 2020). For a specific example, highly charged
iron dust particles in the size range of 100 to 2000 nm with 20 to 300 m s~ velocities were
detected with a 6 = 1 % efficiency (Fontanese et al. 2018).

The ILs studied in this work include 1-ethyl-3-methylimidazolium bis(trifluromethylsu-
Ifonyl)imide (Strem Chemicals, Inc, 99 %), 1-butyl-3-methylimidazolium bis(triflurometh-
ylsulfonyl)imide (Covalent Associates, Inc.), 1-butyl-3-methylimidazolium dicyanamide
(EMD Chemical, Inc, 98 %) and 1-butyl-3-methylimidazolium tetrafluoroborate (Sigma-
Aldrich, >98.5%); respectively, EMI-IM, BMI-IM, BMI-DCA and BMI-BF; in
cation-anion acronym form. The ILs are used as purchased without further purification.
The physical constants of these ILs are provided in table 1. In all cases, the values are taken
as the average of 2-5 different reported values appearing in the literature for temperatures
of ~293 K and standard pressure of ~101 kPa. The reference sources for the values
are provided (see supplementary material available at https://doi.org/10.1017/jfm.2021.
783). The dielectric values are exclusively for temperatures of ~298 K. These four ILs
were selected because of the large availability of literature concerning their performance
and behaviour in electrospray (Romero-Sanz et al. 2003; Lozano & Martinez-Sanchez
2005; Chiu et al. 2006, 2007; Lozano 2006; Miller, Prince & Rovey 2012) and capillary
systems (Gamero-Castafio & Hruby 2001; Chiu et al. 2003, 2005; Gamero-Castaiio 20085b;
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IL y(Nm™)  pkgm3) K@ESm™') uPas) €

BMI-IM 0.0332 1441 0.345 0.0501 11.6
BMI-BF, 0.0447 1206 0.325 0.1387 139
BMI-DCA 0.0474 1064 0.973 0.0359 113
EMI-IM 0.0372 1523 0.760 0.0391 123

Table 1. Surface tension, density, conductivity, viscosity and dielectric constant of the four ILs used in this
study.

Miller et al. 2014). For this study, the IL is contained in a sealed reservoir and a capillary
feed system, inserted directly into the IL, connects the reservoir to the capillary emitter
(Miller et al. 2014). Controlled pressure of dry nitrogen gas is applied to the reservoir to
deliver and increment the liquid flow rate for operations of the order of nanolitres per
second. The applied pressure to flow rate relationship is determined using the bubble
method for a minimum of four discrete flow rates for each IL. The resultant applied
pressure to flow rate data are linearly correlated and is extrapolated over the study’s
pressure regime (Miller ef al. 2012, 2014).

Experiments and analyses reported in the electrospray literature have identified scaling
laws associated with electrospray operation over a wide range of volumetric flow rates.
This subject has recently been reviewed by Gafidn-Calvo and has been discussed in a
large number of references contained within the review (Gafidn-Calvo et al. 2018). These
identified scaling laws that are applicable to steady cone-jet operation where charge
transport via conduction is succeeded by convection. In this case, the cone-jet transition
region is significantly smaller than the electrospray capillary tip emitter (Fernandez de la
Mora & Loscertales 1994; Gafidn-Calvo 1994; Rosell-Llompart & Ferndndez de la Mora
1994; Gandan-Calvo et al. 1997; Ponce-Torres et al. 2018). We will rely on the scaling
laws first presented by Gafidn-Calvo (1999). Later, the scaling was further expanded by
Ganan-Calvo et al. (2018) and Ponce-Torres et al. (2018). Per the work of Gaifian-Calvo
et al., Qp, the characteristic flow rate, is defined as Q¢ = y €¢/(pK) while the characteristic
droplet diameter is defined as Dy = [ys(z) /(pK 2)] 173, Similarly, the characteristic current,

Ip, is given as Ip = ys(l)/ 2/ p!'/?. In the above equations, y is the surface tension, p is
the density, K is conductivity and &g is the permittivity of free space. The characteristic
quantities for this experiment are compiled in table 2. The use of dimensionless values
referenced to these characteristic quantities facilitates rapid prediction of a number
of important quantities to the electrospray process at other volumetric flow rates, Q.
Gafian-Calvo ef al. analysed a large number of available experimental data and showed
that the emitted droplet diameter, D, could be predicted from D = Do(0/00)' /2. Similarly
the emitted current, /, at a flow rate of Q can be predicted from [ =2.510(Q/Qp)"/?
where (Q/Qy) is the dimensionless flow rate referenced to the characteristic flow rate
of the liquid (Gafan-Calvo et al. 2018). Here, we will use the expression describing the
characteristic flow through the characteristic orifice to define v, a characteristic velocity,
as vo = Qo/[n(Do/(3.78))%] ~ 4.55(Qy/D}) = 4.55 Ug, where Ug is Gafidn-Calvo’s
transition region characteristic axial velocity; Ug results from the potential loss of the
jet converting to kinetic energy and is equal to [y K/peo]'/? (Gaiian-Calvo & Montanero
2009; Ponce-Torres et al. 2018). Preliminarily, vy is scaled by the known ratio of droplet
radius to jet radius, Rp,op/Rjer, of 1.89, and v will be revisited later in the paper.
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IL Qo (m* s Io (A) Dy (m) vo (ms™h
BMI-BF, 1.0093 x 10755 3.8325x107°  3.0172x 107° 504.3
BMI-DCA  4.0526 x 10710 43212x 1077 15452 x 10~° 772.0
BMI-IM 59227 x 10716 26063 x 107°  2.4771 x 10~° 438.9
EMI-IM 2.8440 x 1071¢  2.8341 x 107°  1.4909 x 10~° 581.9

Table 2. Characteristic flow rate, current, droplet diameter and velocity for the four ILs in this study.

3. Results
Mass spectra were taken for BMI-DCA, BMI-IM, BMI-BF, and EMI-IM ILs over a

nominal kinetic energy range of 300 to 900 eV q~! at discrete volumetric flow rates
over the range of 0.28 to 3.25 nl s~!. Representative mass spectra, the sum of the
various collected kinetic energy spectra, obtained using the orthogonal TOF instrument,
are shown in figure 2 for BMI-DCA. Typical spectra for the three other ILs are provided
in the supplemental information accompanying this report. In figure 2, the spectra on the
left-hand side cover the domain below 4000 amu q~! with the intensity axis plotted on a
log scale. The right-hand side of figure 2 spans approximately 10 000 to 350 000 amu q !
and is plotted against a linear intensity axis. Separate log and linear scales are needed
to capture the large variation in intensity of the diverse collection of charged species.
Throughout this work, the ‘g’ term should be taken as the integer net atomic charge of the
charged species. The actual value of ¢ is never directly measured in this work. The ions
occurring in the lowest m/g values have sufficient mass resolution that they are directly
assignable to ion clusters separated by the addition of »n neutral pairs. For BMI-DCA, as
an example, this spacing has the form BMIT-[BMI-DCA],,, where n=0, 1, 2, 3, etc. Of
the ions measured below 4000 amu q~', the n=0 and 1 clusters are typically the most
intense with a generally smooth decrease in peak intensity as m/q increases. For all flow
rates and ILs sampled, the kinetic energy composite spectrum shows a continuous series
of singly charged ions out to at least 2000 amu q~! and likely beyond but unresolved at
larger m/q. Doubly charged species are also observed for all ILs, typically beginning in
the range of 800 to 1500 amu q~', and extending beyond 2000 amu q~' before becoming
unresolved. Higher multiply charged ions (i.e. ¢ =3, 4) are resolved in the case of the
BMI-IM, likely due to the high molecular weight of the BMI-IM neutral pair creating
larger spacing between clusters.

At higher mass-to-charge values, discrete ion peaks disappear and the spectra become
congested, forming broad distributions. These distributions result from decreasing
resolution and increasing overlap of the various n- and g-series. The typical higher
m/q range (i.e. >10000 amu q~') of the spectra are further subdivided into two other
distinct regions, each with a local maximum. The two distributions are observed in the
right-hand side of figure 2 and, using the 0.31 nl s~! flow rate as an example, contain
a distribution centred near 25000 amu q~! and 80000 amu q~!. These two distinct
distributions occur in all the ILs studied, albeit with various m/q upper limit differences.
Both regions are readily fitted with log-normal (LN) functions in mass-to-charge space
and have an associated most-probable m/q value, x¢, that we will refer to as the ‘centroid’.
We arbitrarily label these two distributions as low m/q and high m/q droplets. The high
m/q droplet region has been detected for a maximum m/q value of 350000 amu q~'
for BMI-DCA, 1000000 amu q_1 for BMI-IM, 600000 amu q_1 for BMI-BF,; and

928 A12-9


https://doi.org/10.1017/jfm.2021.783

https://doi.org/10.1017/jfm.2021.783 Published online by Cambridge University Press

S.W. Miller and others

i ! 2.83nl 57]'1/ BMI-DCA E
wTm
~ 107

[3s!
o
(o PRI WNLIN WL N B R N SR N -1 v ] vr T rTr T ‘;
"sg 103 || I 1.57nls! ) _ —~
~ | i la dt b ol i L ™ e
! <
210 4 T NS
g 0.94nls! é\.
+~ 2]
E 107 _I Lo E)
LI B I B B B L B LB B B =
10 0.31 nls™! —
| W
103 | L B B L . L L ’l\/ T T ]
0 1.0 2.0 3.0 4.0 100.0 200.0 300.0

m/q (amu q 1) x103

Figure 2. BMI-DCA mass spectrum for four flow rates. The left (log scale) and right (linear scale) axes use
two different intensity scales to illustrate all of the measured ions. All four flow rates have the same intervals
on vertical axes.

500000 amu q~! for EMI-IM over the flow rates examined. The low m/q droplets make
up the LN distribution below 50000 amu q~! at all flow rates sampled. The BMI-DCA
spectra exhibit the strongest low m/q droplet intensity of all four ILs. The high noise
at the highest m/q values in figure 2 is the result of employing a scaling function to
compensate for varying ion transport efficiencies at the highest m/g as the result of using
a shorter pulsing length for BMI-DCA data collection. This had the effect of scaling the
noise as well (Miller et al. 2017). Later experiments performed with the optimum 100 ps
pulse length, such as those shown in figure 3, yielded identical droplet distributions but
lacking the high level of noise seen in figure 2. These later experiments required no scaling
function for compensation and resulted in lower noise for the m/q distributions.

The effect of a systematic change in the flow rate on the mass spectrum is depicted in
figure 2 and the corresponding alteration in the electrospray beam composition is discussed
qualitatively. The small ion intensities are generally unchanged under 1000 amu q~!.
Between 1000 and 2000 amu q~' the ion peak intensities noticeably increase with the

systematic increase in flow rate. Above 2000 amu q~!, the larger, more multiply charged
species appear to slightly increase with the flow rate change. Switching to the right-hand
component of the figure, both the low m/q and high m/q droplet distributions appear to
reduce in overall signal intensity with the increasing IL flow rate. Additionally, the two
distributions exhibit a change in width and centroid value with the increasing IL flow
rate. The low m/q droplet not only reduces in intensity, but also narrows in width and
the centroid value shifts to a lower m/q value with increasing flow rate. In contrast,
the high m/g droplet distribution reduces in peak intensity but the distribution width
increases and the centroid value shifts to large m/q values with increasing flow rate. The
increase in width of m/q is more apparent in the higher m/q values than for the lower m/q
values, signifying inclusion of more lower-charged droplets with the increasing flow rate.
Although BMI-DCA is here being used as an example, the other ILs show similar trends
with changing flow rate. The other ILs have significantly larger shifts of the centre of the
high m/q droplet distribution as flow rate is changed.

While the composite mass spectrum depicted in figure 2 provides an approximation of
the complete electrospray beam composition, the individual mass spectrum generated at
each specific potential provides specific information about the kinetic energy properties
of the two droplet distributions. An example of the typical energy dependence for the two
LN distributions is shown in figures 3(a) and 3(c¢) for EMI-IM at 0.72 nl s—1. Figure 3(a)
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Figure 3. (a) Contour plot of the mass spectra of EMI-IM at 0.72 nl g1 (Q/Qp =2540) at potentials in the
range 300-900 V. The colours are on a log scale, with blue being the most significant intensity. (b) The
composite spectrum summed from all data in (a) given as counts vs. m/q. The approximate locations of the
various distributions, ions, low m/g and high m/q are given with the solid lines. (c¢) Slices of (a) at specific
potential values, with the ion contributions (<5000 amu q_l) excluded. (d) Intensity of the six smallest
mass-to-charge ions plotted against the pulsing plate base potential.

presents a contour map of the intensity as a function of the mass-to-charge and base DC
potential applied to the plates in the pulsing region over the 300 to 900 V (energy defect,
AE, from 600 to 0 eV q~!). Intense contributions below 50 000 amu q~! are observed from
approximately 450 to 700 V while contributions above 100000 amu q~' are found from
600 to 800 V. The composite mass spectrum (integrated along the potential axis) is shown
in figure 3(b) for the ‘0’ to 900 000 amu q~! range. Small ions dominate the spectrum
below 2500 amu q~', while the two droplet distributions compose the remainder of the
spectrum. As also observed in the BMI-DCA cases presented in figure 2, a small decrease
in intensity separates the two distributions in the composite spectrum. Figure 3(c) presents
horizontal slices of selected energies in figure 3(a). These spectra have been ‘smoothed’
by binning the data into 500 amu q~! bins. Spectra from potential values ranging from
500-800 V (AE from 400 to 100 eV q~!) are presented to highlight the behaviour of
the two droplet distributions. While the experimental measurements are performed along
the potential degree of freedom, we will at this point transition to discussing the results

in terms of energy defects. At AE=400 eV q~', only the low m/q droplet distribution
is measured and spans an m/q range under 50 000 amu q~'. At AE=300 eV q~', the
high m/q and low m/q droplet components are both present but have a fair degree of
overlap, complicating their analysis and encompass the m/g range from 5000 to 200 000

amu q~!. At AE=250 eV q~!, the high m/q droplet component has separated from the
low m/q droplet component and spans from approximately 100 000 to 350000 amu q .
The low m/q component remains similar to the AE =400 eV q~! case albeit with a change
in overall intensity. The dashed line demonstrates the efficacy of a dual LN fit applied
simultaneously to both the low m/g and high m/g components contributing at this energy.

The increasing separation between the low m/g and high m/g continues as the energy
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Figure 4. LN fits to high m/q droplet components of BMI-IM at 2.29 nl s~ ! for AE values incremented by
25 eV q~!. Highlighted are the lowest AE value — long dash fit and highest AE value — small dash fit.

defect decreases, with the high m/q droplets encompassing a range of larger and larger
m/q values while the low m/q distribution appears essentially identical to the distribution
found at AE =400 eV q~', again acknowledging decreases in intensity but no significant
shift in distribution. By AE =100 eV q~!, only the high m/q distribution is present and
the distribution spans the 250 000 to 500 000 amu q~' range. More broadly, each IL and
flow rate measured exhibits similar behaviour for the low m/q and high m/q distributions
as a function of energy defect (or potential). From this, a general behaviour for the two
mlq droplets is established: (i) the low m/g droplets do not persist to the lowest energy
defect values while the high m/g droplets do; (ii) the high m/g droplets are present at
lower energy defects than the low m/q droplets; (iii) the low m/g droplets remain relatively
fixed in terms of the m/q range, while the high m/q droplets shift toward higher m/q
values with decreasing AE; (iv) and the centroid m/q value of the high m/q distribution is
directly correlated with the energy defect. The ion intensity versus potential is presented in
figure 3(d) for the six smallest ions with mass-to-charge values ranging from 111 to 2066
amu q~'. The intensity peaks for all six ions at approximately AE =400 eV q~!. The
most intense ion at this flow rate is the 502 amu, except at the lowest energy defects where
the 111 amu ion becomes the most intense. The smallest ions are observed at all measured
potential values albeit at significantly reduced intensity relative to their respective maxima.

Both the low and high m/q droplet distributions in the composite and individual energy
defect mass spectra are generally well reproduced by LN distributions. These fits reduce
the visual clutter caused by baseline noise in the original data and allow separation of
the two distributions when they slightly overlap. The LN distribution as a function of the
energy defect for only the high m/g droplet is provided in figure 4. The high m/q droplet
data shown are for the IL BMI-IM at 2.29 nl s~! and represent different AE values with

an interval of 25 eV q~! from 150 to 525 eV q~!. The LN distribution for the lowest AE
occurs at the highest m/q values and each AFE distribution shifts to lower m/q values with
increasing AE. The intensity at the centroid value of the distribution appears relatively
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symmetric about AE=350 eV q~! and is minimized at the extreme AE values. Each

distribution at a given AFE is represented by a unique m/g centroid value that correlates
inversely to AE. Itis clear that identical m/q values occur at several different energy defects
and that a single energy defect spans a significant m/q range, generally of the order of

100 000s of amu q~!, as seen in figure 4. The example of the high m/q droplet shown in
figure 4 is reflected in the data of all four ILs.

Similar trends in the integrated and individual mass spectra are observed when the
polarity of the electrospray electrodes is reversed and anions are emitted. Generally,
the energy composite anion spectra can be divided into the same three regions as seen in
the cation spectrum. The same correlation between the high m/q droplet centroid and AE
is seen in the anion data. To explore the nature of the low m/q droplets, the number of TOF
sweeps averaged per each kinetic energy scan was increased from 100 000 to four million,
producing a highly resolved spectrum with an improved signal-to-noise ratio. For BMI-IM
at 0.96 nl s~!, a four million sweep spectrum was collected out to 40 000 amu q~'. This
highly resolved spectrum showed a cyclical pattern of doubly charged, triply charged and
higher multiply charged ions persisting into an unresolved oscillation on the rising low mi/q
droplet distribution, suggesting that the two regions are not as clearly distinct as previously
demonstrated. From this highly resolved spectrum, it appears that the low m/q droplet LN
distribution is partly the result of the detection system’s inability to fully resolve all of
the charged species present in the electrospray beam. See figure S3 in the supplemental
material for anion data.

Figures 3 and 4 demonstrate the energy defect dependence of the m/g distribution for
the high m/q droplet component for all flow rates sampled. As previously noted, a LN
distribution readily fits the observed data for this distribution. From the fitting process,
the centroid or most-probable m/q value (x¢), amplitude, width values and integrated area
were extracted and subsequently analysed for each energy defect and for all flow rates.
The extracted centroid values are shown in figure 5 for two selected flow rates of each IL.
In the figure, the centroid values have been converted to kg C~! units and transformed
into 1/2-m/q values to aid extraction of the jet parameters, which will be addressed later in
the discussion section. For ease of assessing the slope and intercept, the data are plotted
against the DC potential used for detection instead of AE. In each case shown, there is
a clear linear relationship between the measured centroid value and the potential. Since
the base DC potential applied to the extraction region reflects the approximate ion/droplet
kinetic energy of those species successfully introduced to the TOF tube axis, figure 5
also implies a linear relationship between the centroid and energy. Since the high m/q
component varies significantly for each unique IL and flow rate, each panel of figure 5 has
a different domain with BMI-DCA high m/q droplets detected out to 1.0 x 107> kg C~!,
EMI-IM and BMI-BF, under 2.0 x 1073 kg C~! and BMI-IM out to 3.5 x 1073 kg C~7.
Generally, the measured slopes of the best fitted data decrease as flow rate is increased, but
results in which only a few energy defects were sampled are less conclusive. The range of
the figure makes clear that the high m/q droplets of sufficient intensity are detectable over
a range of hundreds of volts (or eV qfl).

Figure 6 demonstrates the relationship between integrated intensity versus energy defect
of the detected charged species for both small ions (<2000 amu q~') and the high m/g
droplet for the IL EMI-IM at two different flow rates. These results are representative of
other ILs and flow rates sampled in this investigation but not shown here. In this figure,
the intensities of both species have been scaled to 1 at their respective maxima for ease
of comparison. In both flow rates, the bulk of the ion intensity appears at the greatest
energy defect and is always offset at energies below that of the large droplets. As flow
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centroids of a Gaussian fit to each data set and the arrows indicate the direction of shift with increasing flow
rate.

rate is increased, the ions shift to greater AE, generally separating further from the high
m/q droplet. The intensity profile of the high m/q droplets is well modelled by a Gaussian
profile with the centre always offset from the emitter bias potential. A Gaussian profile is
consistent with the intensity profile demonstrated in figure 4, where the maximum intensity
of each energy defect distribution occurs at mid-range m/q values. The droplet profile has a

full width at half maximum (FWHM) of 200 to 300 eV q~'. Generally, for all four ILs, the
lower flow rates have a narrower FWHM for the droplet of the order of 150 eV q~! and this
expands with increasing flow rate to a FWHM of the order of 300-400 eV q~!. In contrast,
the FWHM of the ions is typically 50—100 eV q~! and the bulk of the population always

928 Al12-14


https://doi.org/10.1017/jfm.2021.783

https://doi.org/10.1017/jfm.2021.783 Published online by Cambridge University Press

Capillary ionic liquid electrospray

4 BMLIM
700 9 —e— WA
6003~ 21

J EMLIM
500 4 —e— WA

q—e— i
4003 gM1-DCA

o
=)
—
X
=
= m
= s ——
£ 300 o WA
g 04— QoI
< 200
] 3
100_: H—'—.—k—’/M
0~

T[T T T[T T[T T[T I T I T o
0 0.5 1.0 1.5 2.0 2.5 3.0
O@mls™

Figure 7. Comparison of the weighted average (WA) of the high m/q distribution to the ratio of the mass flow
rate divided by the emitter current (Q/1) for three liquids at selected flow rate values.

appears at greater energy defect compared with the droplets. The intensity profiles of both
the droplets and ions appear to be almost symmetrically distributed about some mean
energy defect value at all flow rates. Neither the ions nor high m/q droplets are distributed
at a AE value near the emitter bias potential. Thus, the ions and high m/g droplets are not
emitted directly from the cone or transition region of the cone-jet.

Figure 7 compares the m/q value derived from dividing the mass flow rate (Q) by the
emitter current (/) and the weighted average of the high m/q droplet component of the
integrated spectrum for three liquids at selected flow rates. In all cases, the experimental
m/q value is lower than the value expected assuming mass flow divided by current. The
values most closely agree at the volumetric lowest flow rates where the EMI-IM and
BMI-DCA values differ by 30 % and 50 % from the Q/I values. The absolute difference
between the values typically increases with flow rate. Deviation from the Q/I value could
be attributed to a number of different possibilities including (i) inefficient detection of
large m/q species, (i) mass and charge of a jet emission event split into a number of
different particles (with unique mass and charge values) that should ultimately be added
together in a modified weighted average value or (iii) reflect loss mechanisms inherent to
the flight of the ion beam through the instrument.

4. Discussion
4.1. Connection to scaling laws

The measurement of the high m/g distribution appearing along small mass-to-charge
species suggests that the operational mode at these flow rates is that of the mixed
ion—droplet form. Several studies have demonstrated a link between total emission current
and liquid parameters appropriate for the single cone-jet operating in a mixed ion—droplet
mode (Fernandez de la Mora & Loscertales 1994; Ganan-Calvo 1997; Gafian-Calvo et al.
1997; Gamero-Castafio & Fernandez de la Mora 2000). Our attention here is on the recent
work of Gandn-Calvo et al. that has demonstrated broad applicability, for both neat systems
and solutions, of the predictive capability using dimensionless values (Gafidn-Calvo et al.
2018). Figure 8(a) presents the experimental current measurements (top) and predicted
mean droplet diameter (bottom) converted into dimensionless values of /Iy and D/Dy
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BMI-BF,4, EMI-IM and BMI-DCA using the dimensionless scaling laws of Gafian-Calvo et al. (2018); (a —
top) dimensionless current output with the dashed line representing the theoretical prediction; (@ — bottom)
theoretical prediction of the dimensionless mean droplet diameter. The results overlap for each IL, thus only
two are illustrated; (b — top) theoretical and experimental m/g values of the mean droplet shown for three ILs;
(b — bottom) theoretical ratio of droplet mean charge to Rayleigh charge limit. The initial emitted mean droplets
are expected to be super Rayleigh above Q/Qg = 2147.

04

plotted against the dimensionless flow rate, Q/Qq. The theoretical values, numerically
evaluated from a best fit of a large number of systems, are shown as the dashed line.
The EMI-IM and BMI-IM current values have an average deviation of +13.5% and
—14.3 % from the theoretical prediction. Beyond the slight offset, the data points parallel
the ideal behaviour with perhaps some deviation at the lowest flow rates measured. The
average reproducibility of the reported current measurements had a standard deviation of
<3 % for 12 separate flow rates. ‘Error bars’ on the EMI-IM data depict the maximum
extent (95 % confidence) of values possible using two times the standard deviation of the
values for the reported physical parameters used to populate table 1. The extended ranges
show excellent overlap with the theoretical prediction. Taken as a whole, the data of the
four ILs illustrate that the emission current scaling law well reproduces the experimental
current at the selected volumetric flow rates and the experimental current is consistent with
that of a single cone-jet structure operating in a mixed ion—droplet mode. The predicted
D/Dy is shown for EMI-IM and BMI-IM as the other liquids also lie along the same
line when plotted against Q/Qq and are not included to reduce overlap. The strong data
correspondence for D/Dy is the result of the similar physical property values of the ILs.
The predicted D/Dg as compared with the droplet diameter derived from experimentally
measured values will be discussed below. Under the assumption that the emission process
involves only the mean droplet with the predicted diameter, the mean mass, m, of the
droplet is easily determined using (4.1)

m= p(4/3nR},,,). (4.1)

where p is the density and Rp,p is the radius of the droplet. The number of emitted
droplets per second is then subsequently calculated so as to properly conserve mass.
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The measured emission current can then be distributed into mean charges per droplet and
the average mass-to-charge value of the droplet readily determined. This value, which will
agree with simply dividing the total mass flow by the total current flow, is shown in the top
plot of figure 8(b) for three liquids, EMI-IM, BMI-IM and BMI-DCA, again as a function
of the dimensionless flow rate. At the flow rates studied in this work, the expected primary
droplets typically have significant charge values.

In the bottom of figure 8(b), the ratio of expected mean charge to the Rayleigh charge
limit is shown as a function of dimensionless flow rate. The Rayleigh charge limit (g,4y)
of a sphere is given as (4.2)

qRay = [87%e0Y 2Rprop)’ 1'%, (4.2)

where y is the surface tension and €g is the permittivity of free space. A dashed line
in the figure divides the ratio at which the mean primary droplets are expected to be
stable from those expected to be super-Rayleigh (>1). For all four liquids examined,
the transition from sub- to super-Rayleigh occurs at a Q/Qp value of 2147 as illustrated
and is determined by evaluating g/grqy =1 ~0.147-(Q/Q0)'/*. The data of BMI-DCA
show the best agreement with this intersection point. Having established that previously
determined scaling laws also apply in these experiments, we now turn our discussion to
the experimentally determined jet velocities.

4.2. Determination of jet breakup quantities

The linear relationship between the offset DC potential and the high m/q droplet centroid
value presented in figure 5 has been previously observed in studies of solutes dissolved in
volatile solvents by Gamero-Castafio for a much larger droplet m/q value (Gamero-Castafio
1999, 2008a, 2010; Gamero-Castafio & Hruby 2002). In those works, the kinetic energy,
measured as the stopping distance required far downstream from the jet, was shown to
describe the kinetic energy initially imparted by the jet and the energy gained as a result
of the electric field in the acceleration zone. The resulting kinetic energy, E, of the emitted
ions in this situation is

I, E 1(m\ ,
E = Emvm + q‘pTip — g = E (E) Vit ‘pTip, 4.3)
where vy, is the mean velocity of the jet at the point where the charged particles are
released, m is the mass of the charged species, ¢ is the charge of the species and ®r;,
is the potential at which the jet breaks up and charged species are emitted. The kinetic
energy per unit charge (E/q, right side of (4.3)) is readily determined by simple algebraic
manipulation. In this altered form, the base DC potential applied to the two plates in the
pulsing region is directly linked to the E/q value, within the ~25 eV q~! window described
in the experimental section, while the mass spectrometer directly measures the m/q value
of the ion. We again note that the base DC potential serves as a low-resolution stopping
potential analyser of the emitted ion beam.

The high m/q droplet centroid data are presented as DC potential (E/g) vs. 1/2 m/q (all
in SI units) in figure 9 for the IL BMI-IM at several selected flow rates. A linear modelling
well fits the data at all flow rates. In accordance with (4.3), the slope and intercept values
correspond to vy, and ®r,. The square root of the slope is the jet velocity component
and the intercept is directly the potential at the jet tip. For each BMI-IM electrospray flow
rate probed, a mean jet velocity and jet breakup potential are now known. In addition to
the high m/q droplet centroids, the potentials of the detected ions (i.e. n = 0-5) for some
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of the sampled flow rates are illustrated at the lowest m/q values. These BMI-IM ion data
points are representative of the peak value of the ion data of EMI-IM illustrated in figure 6.
Thus, the most intense population of ions align with the breakup potential of the high m/g
droplets. As a result, at these flow rates, both the small ions and high m/q droplets appear
to originate from the same location, namely, the end of the extended jet structure and not
from the neck region of the Taylor cone.

The coefficients vj,; and ®7;, derived from the fits illustrated in figure 9 have been
tabulated for all four ILs at select flow rates in table 3. The error values are at the 1-sigma
confidence level (1o). ®y,,, is found by the best fit of a Gaussian distribution to the
ion intensity vs. energy defect/potential data (i.e. the example ion distribution seen in
figure 6). The lower uncertainties for the BMI-IM and BMI-BF;, results reflect the finer
energy defect probing used for those specific liquids. The EMI-IM data points with lower
uncertainties also reflect a finer energy defect probing of 25 eV q~! intervals. For the set of
flow rates and ILs measured, jet velocities ranging from 360 to 1000 m s~! are measured
with typical uncertainties of approximately 10 % to 40 %. Of the studied ILs, BMI-DCA

data provided the highest velocities, of the order 700 to 1000m s~!, which is nearly
twice the velocity of EMI-IM and BMI-IM data points. The averaged jet velocities over
the studied flow rates for BMI-DCA, EMI-IM, BMI-IM and BMI-BF, are 824 (£110),
528 (£61), 442 (£58) and 615 (£41) m s~! at the 1o level uncertainty, respectively.
In the case of cation versus anion performance, the limited BMI-IM anion results are
consistent with the surrounding cation data within the uncertainties. Thus, we conclude
similar jet velocities and breakup potentials are achieved no matter the charge polarity of
the electrospray system. The measured jet breakup potential values, ®7;,, span from 150
to 600 V and are below the emitter bias potential of 900 V. As a result, there is significant
potential loss (i.e. AD = P45 — Pryp) along the cone-jet of the four neat ILs measured
at all flow rates examined; A® is included in table 3, which removes the particulars of
our specific instrument and reflects the results of the physics occurring at the electrospray
source.
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IL Omls™) vy (msh) drip (V) Doy (V) AD (V)
BMI-IM 0.63 535.3+68.3 391.9+£5.7 402.7+6.7 508.1+5.7
0.79 490.5 +47.4 3932432 363.8+5.5 506.8+3.2
0.96 482.4+43.0 365.44+3.0 348.8+3.8 534.6+3.0
0.964 441.24+52.9 409.4 +3.8 369.64+3.4 490.6+3.8
1.13 445.8 +£39.9 348.94+3.1 336.44+42 5511+£3.1
1.45 421.6 479 312.8 +4.8 3172 +5.8 587.24+4.8
1.87 408.8 +=54.2 287.5+6.1 — 612.5+6.1
2.13 386.24+45.5 284.54+3.9 —_ 615.5+39
2.71 364.6 +=54.5 256.54+6.5 — 643.54+6.5
BMI-BF4 1.00 642.1 +£111.8 442.7+9.2 426.1 +6.5 457.34+9.2
1.14 6572+ 114.0 344.3+10.8 34514+19 555.74+10.8
1.33 592.24+106.3 313.7+11.9 328.7+73 586.34+11.9
1.51 570.3+95.4 299.8 +10.7 600.2 +10.7
EMI-IM 0.28 465.7+75.9 603.34+4.5 5712+ 1.0 296.7+4.5
0.43 522.5+78.2 4959+64 5174 £ 1.9 4044+ 6.4
0.50 501.1 +=47.6 490.0+2.5 4982+55 410.0+2.5
0.71 5052+ 814 364.24+9.5 4893+ 1.3 535.84+9.5
0.83 513.6 +48.4 397.44+3.0 4329+20 505.6+3.0
1.11 516.2 £ 66.6 3474+£3.6 384.34+2.7 552.6+£3.6
1.31 559.8 +164.5 301.04+23.9 336.64+3.6 5994239
1.65 522.3+184.6 325.6 +38.4 574.4 +38.4
1.99 633.0+152.7 149.1 +£29.9 750.9 +£29.9
BMI-DCA 0.52 700.1 £206.1 610.1 =19.4 564.6+4.4 289.9+19.4
1.15 787.7 +167.7 433.5+14.8 460.6 +5.1 466.5 + 14.8
1.78 782.5+136.1 356.6+109 420.6+3.1 543.44+10.9
2.41 994.7 +382.6 190.2 +77.1 709.8 +77.1
3.04 853.3+221.6 2221+304 3452452 6779+30.4

Table 3. High m/q droplet distribution projected velocity and breakup potential for select flow rates of all four
ILs. The errors represent the accuracy of the linear data fit; A® is the associated potential loss values for the
droplets and ions. Ions — singly charged ions of n =0, 1, 2, etc. “ Anion emission data point.

The tabulated A®, vy, and associated error values are illustrated together in
figure 10(a,b). The abscissa is given as mass flux to present the data independently of
the associated IL density; mass flux is obtained by multiplying the flow rate by the
appropriate IL density. Additionally, the results reported by Gamero-Castaiio (2008b)
and Gamero-Castafio and Cisquella-Serra (2021) on neat EMI-IM electrospray are added
to figure 10, noted as EI, GC1 and EI, GC2, respectively. The mean potential loss, in
figure 10(a), increases significantly as the mass flux increases, spanning nearly 600 V
over the 2.5 x 10719 to 4.28 x 10~ kg s~! range. The data for the ILs overlap well with
the 1o level uncertainties included; BMI-DCA and EMI-IM deviate the most around
3.0 x 1072 kg s~!. The TOF measurements obtained here for EMI-IM compare well with
the data reported by Gamero-Castafio. The combined potential loss values of our data and
Gamero-Castafio are fit by an offset exponential functional form. The associated function,
valid for at least the mass flux range stated above, is

AP =A—B-exp"@O/D) (4.4)

where A is 693 (40, at 20), B is 498 (+41), C is 1.368 x 10719, D is 1.27 x 107°
(£3 x 10719) and Q is the mass flow rate given in kg s~!. The wider applicability of
the jet breakup potential loss beyond these measured liquids is not currently known.
We interpret the measured values as an indication that the breakup of the droplet from
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Figure 10. Illustrated electrospray data of the high m/q distribution partly listed in table 3; (a) the potential
loss along the cone-jet, A®; (b) the mean breakup velocity; (c) the dimensionless jet radius, Rj./Dy, (filled
markers) and dimensionless primary droplet diameter, Dp/Dg (open markers); (d) the jet radius normalized
with Gafian-Calvo’s characteristic radius Rg (Ganan-Calvo et al. 2018). The additional EMI-IM data from
Gamero-Castafio (2008b) and Gamero-Castaiio and Cisquella-Serra (2021) are shown for comparison; noted
in the legend as GC1 and GC2, respectively. The error bars represent the accuracy of the linear data fit as seen
figure 9.

the jet occurs at relatively similar locations in the electric field regardless of the IL
electrosprayed. The similarity in this potential loss is potentially due to the similar surface
tension properties of the four ILs and that the forces induced by the application of the
electric field to the charged liquid and the cohesive forces responsible for the surface
tension dictating jet shape are nearly equivalent across the ILs. Inclusion of a liquid with
much larger or smaller surface tension in future experiments can aid in resolving this
unknown.

The jet velocity data are illustrated in figure 10(b), but no distinguishable functional
form can be identified. Each IL data set appears to operate within a range of velocities and
considering the 1o level uncertainty may suggest a near constant velocity value for each
IL. Larger uncertainties are linked to those experiments that did not as finely probe the
kinetic energy values (e.g. 50 eV q~! instead of 25 eV q ! step sizes). As one example, the
EMI-IM velocity derived from experiments with kinetic energy resolution of 25 eV q~!
exhibit smaller 1o level uncertainties, narrowing the velocity range from 300 to 700 m s~ !
down to a range of 400 to 600m s~'. A source of comparison for the experimentally
measured velocity is to make direct evaluation to Gafidn-Calvo’s characteristic velocity,
U (Gaian-Calvo & Montanero 2009; Ponce-Torres et al. 2018). We noted in presenting
table 2 that Ug can be scaled by 4.55, which is a factor associated with a radius ratio
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IL QO@mls™Y) Q/Qy Rj,(mm) Rpmm) Rp/Rje J W m(amu, x10%)  grey
BI 0.63 1055 19.4 422 2.19 0.0005 0.8 2.735 739
0.79 1337 22.6 46.5 2.05 0.0005 1.0 3.653 854

0.96 1618 25.1 50.2 2.00 0.0005 1.1 4.601 958

0.964 1618 26.3 51.0 1.94 0.0005 1.1 4.816 980
113 1900 28.4 53.8 1.90 0.001 1.3 5.651 1062

1.45 2463 33.1 59.0 1.78 0.001 1.6 7.470 1221

1.87 3166 38.2 63.4 1.66 0.001 2.0 9.248 1358

2.13 3588 41.9 66.5 1.59 0.001 23 10.709 1461

2.71 4573 48.6 72.8 1.50 0.001 2.8 14.026 1673

BB 1.00 989 223 50.8 2.28 0.0001 0.7 3.979 1130
1.14 1120 23.5 53.4 2.28 0.0001 0.7 4.628 1219
1.33 1306 26.7 56.4 2.12 0.0001 0.9 5.450 1322

1.51 1493 29.1 59.5 2.05 0.0001 1.0 6.402 1433

EI 0.28 985 13.8 25.6 1.85 0.001 1.4 0.646 370
0.43 1516 16.2 30.0 1.85 0.001 1.4 1.038 469

0.50 1772 17.9 31.8 1.78 0.001 1.6 1.238 512

0.71 2501 21.2 35.7 1.69 0.001 1.9 1.749 608

0.83 2934 22.7 377 1.69 0.001 2.0 2.060 660

111 3918 26.2 41.7 1.59 0.001 23 2.781 767

1.31 4596 273 44.0 1.61 0.001 22 3.271 832

1.65 5794 31.7 474 1.50 0.001 2.8 4.103 931

1.99 6993 31.6 50.3 1.59 0.001 2.3 4.882 1016

BD 0.52 1291 154 24.6 1.90 0.001 1.3 0.672 509
115 2840 21.6 38.4 1.78 0.001 1.6 1.514 764

1.78 4389 26.9 44.6 1.66 0.001 2.0 2.382 958

2.41 5938 27.8 494 1.78 0.001 1.6 3.226 1115
3.04 7487 33.7 34.6 1.59 0.001 23 4.107 1258

Table 4. Parameters used for the primary droplet estimation. Here, Rp is the primary droplet radius associated
with the maximum growth rate of the jet perturbation and is equal to Dp/2. * Anion emission data point. ILs
listed are BMI-DCA — BD, EMI-IM - EI, BMI-IM — BI and BMI-BF, — BB.

of 1.89 (Rprop/Rjer), to obtain our own characteristic velocity, vo. The v values listed
in table 2 and illustrated as dotted lines in figure 10(b) are comparable to the average
velocities as well as of the same order as the experimental values, falling within the range
of uncertainties of the respective IL. While the widths of the uncertainties support a radius
ratio of 1.89, they would also support a number of other potential ratio values. If instead
the scale factor is based on the radius ratio associated with the given flow rate and not
on a constant, then v at each IL flow rate can be calculated from scaling Ug by a factor
of [2(Rprop/R jgt)]z/T[. When the factor values are plotted with v,,,/U¢ for each IL (figure
S5), the values fall within the uncertainty of each v,,,/Ug value, suggesting a correlation
between Ug and vy,; via the actual Rp,op/Rje; value. The value discrepancies may be due
to over-estimating the portion of A® that is going directly into the jet kinetic energy
and Ug. There have been reports of energy converted to heat in the electrospray process
(Gamero-Castano 2010). We will discuss the determination of the actual Rp,op/R e ratios
in the paragraphs below.

In figure 10(c), the jet radius, Rj., and droplet diameter, Dp, values are presented
as dimensionless quantities versus the dimensionless flow rate Q/Qq. The Ry, value is

directly determined from the vy, values by Ry, = [Q/(Ttver)] /2. Ry.s values at select flow
rates are listed in table 4. The determination of Dp will be discussed in the paragraphs
below. Two lines are plotted in figure 10(c) with the dashed line representing D/Dy,
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where D =R, and the dotted line representing a scaled D/Dy of 3.78~1.(D/Dy). The
R term is Ganan-Calvo’s characteristic radius and evaluates as Rg = [,oeoQ3/(yK)]1/ 6
(Gafidn-Calvo et al. 2018). The 3.78~! factor accounts for the change to radius and
includes an Rp;p/R ., ratio of 1.89. The dotted line overlies the jet radius data, suggesting
1.89 is a good correspondence between D/Dgy and Ry.;/Dg. However, the data points are
scattered about the dotted line and do not lie directly on the line, suggesting there is
some variation to the radius ratio, Rpop/Rj.;. We have already presented in figure 8(a)
the results of evaluating the scaling of D/Dy using Q/Qp. In figure 8(a) these values
directly lie on the dashed line. Given the limitations of the TOF technique used here,
the analysis methodology and the quality of the data, we cannot definitively determine a
droplet diameter directly from the experiment. The electrification and viscous effects will
now be considered to determine the impact on Rp,op/R e and the droplet diameter.

4.3. Determination of the critical droplet radius

Gamero-Castafio and Hruby (2002) and Gamero-Castafio and Cisquella-Serra (2021)
explored the case of equipotential jet breakup evaluating the electrification and
viscous effects on the perturbation driving jet breakup. In the case of neat EMI-IM
(Gamero-Castafio & Cisquella-Serra 2021), the authors noted that the equipotential
breakup is appropriate as the characteristic flow time during breakup significantly
exceeded the electrical relaxation time at the flow rates examined. This situation similarly
occurs at all flow rates sampled in our work. Given the rapid electrical relaxation times
vis-a-vis the characteristic flow time, the surface charge is likely at equilibrium throughout
the breakup. Other effects that lead to non-symmetric perturbations and instabilities such
as those pertaining to the development of lateral, kink and ramified emission modes may
be factors in the jet breakup that are not included in our or the previous authors approach.
In the case of the perturbation in an uncharged and inviscid jet, the radius ratio is 1.89 and
generally assumed as the ideal ratio of electrospray breakup. Gamero-Castafio engaged
in linear instability analysis to determine the growth rate of the perturbation and the
associated droplet radius produced from jet breakup; specifically evaluating the case of
a perturbation with a positive growth rate and a wavelength A yields the associated droplet
radius as Rp,op = [(3 /4)/1R3ﬂ]1/ 3. At the maximum growth rate, the perturbation will
generate droplets at a critical radius of Rp. Applying the analysis requires understanding
that increasing electrification in the jet will result in a destabilizing effect while increasing
viscosity has a stabilizing impact. This means that the initial growth rate o is a function of
the perturbation wavenumber (e.g. wavelength), electrification and viscosity. The measure
of jet electrification is expressed by the dimensionless Taylor number

223 1/2
V= %(3) , (4.5)
0

where « is the scaling of Iy = a(Q/Q)/%. We assign o =2.6 based on the fit of
measurements for a large group of liquids including EMI-IM (Gafidn-Calvo et al. 2018).
The B term is simply the ratio of the jet radius normalized by Gafidn-Calvo’s characteristic
radius, 8 =Rj./Rg. This ratio is plotted versus the mass flux in figure 10(d) with the
1.89 ratio noted as the dotted line at ~0.265. The value remains roughly constant with
flow rate, ranging in value from 0.23 to 0.32, which represents an approximate spread
from the 0.265 value (dotted line) of £15 %. As Gamero-Castano noted, the geometry
of the transition region of the cone-jet is invariant to changing flow rate and with a near
constant dimensionless jet radius, the invariance extends from the transition region to the
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jet breakup. The viscous effect is provided by the dimensionless viscous parameter J

0\ /2 ,
J= ﬂ(—) Rey. (4.6)
Qo

For J, Rekx 1is another dimensionless quantity that can be determined from
Reg = [peoyzl(M3K)] 173 Both the Taylor number and J are provided in table 4 for select
flow rates. Only three values of J were used for the analysis as Gamero-Castafio has
noted the values of J do not have a significant impact for liquids with these electrical
conductivities and Taylor numbers; the same wavenumber was obtained regardless of the J
value. Additionally, the wavenumber x expressed in terms of wavelength is x = 27(R .,/ 1).
The growth rate o (x, J, W) of a perturbation is evaluated by a system of two equations of

2
PRj,, 2 2

o—= =y° —x~, “4.7)
%
I'1(x) 2xy 11(X)1’1(y)]
2 202 2\2 1— _ (4 A
O [ Zrenhwhy] &Y ws)
=J{x(1 _xz)ll(X) B lel(x) [1 n xK’o(x)]}
Io(x) Ip(x) Ko(x)

and requires eliminating the y-term. Again, (4.7) and (4.8) consider only an axisymmetric
breakup mode and no other effects on the electrospray system. The associated wavenumber
at the maximum growth rate x* is extracted from this system. Thus, the wavelength A* at
the maximum growth rate yields the critical droplet radius of Rp

Rp(J, W) (3 2 )‘/3

=(= 4.9)
RJet 4 RJet

The values of Rp and Rp/Rj.; are listed in table 4 for select flow rates. Note that the Rp/R .,
values range between 1.5 and 2.3, which is indicative of the value for all the flow rates and
ILs studied. This analysis indicates that the IL electrosprays studied here do not breakup
with the same value found for an uncharged and inviscid system. Figure 10(c) presents
the generated droplets in terms of diameter, Dp. The dimensionless droplet diameters
overlap the line of D/Dy, but do not quantitatively overlie this line. The droplet diameter
significantly deviates from D/Dg at the largest flow rates for all ILs measured and can
be attributed to the influence of the breakup wavelength on the system. Deviation from
DIDy starts near the Q/Qq value of 2147 corresponding to the Rayleigh limit associated
with the scaling law presented earlier in figure 8. For our data, a Taylor number of
approximately W = 1.54 represents the point that the jet electrification term reaches the
Rayleigh limit. As shown in the table 4 for all four ILs, the Taylor number exceeds this
value around a Q/Qg value of 2000. Non-symmetric perturbations could be a factor in
breakup once the appropriate flow rate and Rayleigh limit are reached. These perturbations
are not considered in this study. The evaluation of (4.9) for the four neat ILs finds that the
electrification and viscous effects are a factor that must be considered in the electrospray
analysis. For Rp,op = Rp, the values of m, qray and m/qgray of the primary droplet for
each IL and flow rate can be determined. These values are also listed in table 4 for select
flow rates. The droplet mass and Rayleigh limit are calculated via (4.1) and (4.2). These
primary droplets have mass values spanning the range of 0.5 x 10® to 15.0 x 10® amu
and are capable of carrying hundreds of charges. BMI-IM electrosprays generate primary
droplets with the most mass over the flow regime.
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Figure 11. (a) Intensity of selected m/q values as a function of the base plate potential. (b) Statistical outputs
of Gaussian fits to the distributions. FWHM values are offset in x by 25 000.

4.4. Modelling the jet breakup and droplet characteristics

The data presented with figures 25 clearly indicate that the mass spectrum is significantly
more complicated than the simple estimation of the mean m/q value. A diversity of m/q
values is measured within the experimental data and volumetric flow rates are examined
that expect the mean droplet to have a charge exceeding the Rayleigh charge limit (see
figure 8b). The measurement of the species at specific potential values facilitates a deeper
understanding of the variance in the breakup potential and jet velocity or, alternatively, a
reflection of the dynamics occurring as the ion beam propagates downstream away from
the jet. The smoothed fits to the droplet component of the mass spectrum in figure 4
demonstrate that a common m/q value is represented in multiple stopping potential values.
Figure 11(a) presents the intensity of selected m/q values, in 50 amu q~! bins, between
100 000 to 500 000 for BMI-IM at a flow rate of 0.96 nl s~ (Q/Qo = 1620) as a function
of the base DC potential. The intensity of a specific m/q value often spans more than
100 V and all distributions sampled are well modelled with a Gaussian functional form.
Figure 11(b) provides the statistical outputs of the fitting including the mean potential for
the specific m/g value and the FWHM value describing the potential width. A variation
of the FWHM from low to high mass-to-charge, increasing in value, is observed in every
data set examined in this work.

The variance in the FWHM values with respect to m/g indicates that the kinetic
energy properties of the droplets in the emitted beam originating from the jet cannot
be exclusively attributed to only subtle variations in the length of the jet. Small length
variations would be expected to expose the jet breakup to slightly different breakup
potentials. As the jet breakup potential is independent of m/g in (4.3), small variations
in breakup potentials should result in identical FWHM distribution widths in figure 11(b)
for all m/q values. A diversity of jet velocities should also have a significant effect on the
resulting kinetic energy distribution. According to (4.3), small changes are more likely to
have more significant impacts on the larger m/q values as it pertains to the E/g widths.
Doubling of the m/q value with any velocity width chosen should result in a doubling
of the width of the E/g distribution. A comparison of the 200 000 and 400 000 amu q~!
FWHM values in figure 11(b) gives values of 95 and 140 V, respectively. The data do
not support either the velocity or length distribution being unilaterally responsible for the
resulting kinetic energy profiles of the charged species. Under the assumption that in-flight,
charge-repulsion dynamics has a minimal role in the resulting axial kinetic energies of the
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ions, we examine what variations in jet parameters are necessary so as to reproduce the
measured distributions.

Twelve data sets of BMI-IM at various flow rates were analysed similarly to the analysis
shown in figure 11. For each data set, the intensity versus potential of slices every
25000 amu q~ ! from 100 000—600 000 amu q~! were examined and the centre and FWHM
values at each m/g value were recorded. First, (4.3) was used to find the vj,; and ®,, that
minimized the error in reproducing the E/g (potential, V) value expected for a specific
m/q point (i.e. the black circles in figure 115). To reproduce the width of the distribution,
a value for the variance in the jet velocity and potential (v,,. and ®,,., respectively)
was used. A custom script was generated that modelled these uncertainties numerically
in which v, or ®,,. served as the standard deviation of a Gaussian distribution from
which random values would be selected. The expected axial kinetic energies of 5 million
charged species per m/q value were populated through this random selection from each
of these distributions individually which were then added to their respective vj,; or @,
value. A histogram was generated from the resulting ensemble and the resulting Gaussian
distribution (a function of E/q) was fit. The output FWHM values of this simulation were
compared directly with the experimental FWHM values. The validity of the variance
values was assessed by minimizing the sum of the chi square values determined for each
individual m/q value in a given data set. The values of the individual data sets are given
in the supplemental information (table S1) while the statistical output values for all of
the data sets are now discussed. The average of v, was found to be 27.4 4+ 1.5m g1
(lo) and &, =33.91+3 V (lo) for all sets examined. In the limit that the jet dynamics
is the only contributor to the distributions, the variance of velocity of the jet predicts
droplet diameters that have standard deviations of approximately 6 % (and droplet mass
by approximately 9 %). This estimation of droplet diameter variance is in good agreement
with the work of Gamero-Castafio (2010), which noted that a standard deviation of the
ensemble of droplet diameters was approximately 6 %—7 % while the standard deviation
of the charge was 17 %—22 % for an EMI-IM solution dissolved in propylene carbonate.

A significant limitation of the TOF experiments described in this report is the inability of
the system to differentiate the specific mass and specific charge of the individual droplets.
The analysis of the results is thus limited to the ability to infer information directly from the
mass-to-charge ratio of the detected species and to apply previously validated approaches,
such as the empirical scaling laws frequently described above. We define primary droplets
as those that compose the bulk of the mass emitted from the end of the jet and represent
the droplet expected from the jet with approximate radius given by (4.9). The bulk of the
individual points shown in figures 9 and 11 is for droplets that have charge values that
would be super-Rayleigh if the only droplets emitted are these primary droplets. We will
refer to satellite droplets as those other droplets, such as those with mass-to-charge values
below the Rayleigh limit of the primary droplet, which originate from either the remnants
of the jet not incorporated in the primary droplet or some additional dynamical process
involving subsequent breakup of the primary droplet.

Six exemplar kinetic energy-integrated mass-to-charge distributions for BMI-IM at 0.54,
0.95 and 1.88 nl s~! and EMI-IM at 0.14, 0.72 and 1.13 nl s~! are shown in figure 12.
We choose to focus on the mass spectrum data from the lower volumetric flow rates
because there is minimal expected current loss to the extractor plate and the effect of
plume divergence on the analysis is expected to be minimized (Miller et al. 2014). The
integrated spectrum (black/grey) is generated by binning each kinetic energy specific

spectrum into 500 amu q~! bins and then summing the individual transformed spectra
at each specific kinetic energy. The vertical dashed lines indicate the lowest m/q value at
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Figure 12. Kinetic energy integrated mass spectrum for EMI-IM and BMI-IM at six flow rates. Dashed line
indicates the expected m/qray value of the primary droplet, the dash-dot line indicates the m/qgqy value of the
large droplet while the dotted line indicates the m/gg,y value of the small droplet.

which the primary droplet is expected to survive assuming Rp in table 4; those primary
droplets with mass-to-charge ratios to the left of the vertical line would be super-Rayleigh
and those to the right would be sub-Rayleigh. These composite spectra demonstrate that if
only primary droplets were present, nearly every counted species would have charge values
exceeding the Rayleigh limit. In an attempt to identify characteristics of the droplets that
are measured within a requirement to balance emitted mass and charge in the complete
beam, we explored a model that treats the composite spectrum as being composed of three
distinct masses. In this ‘Model 1°, the component at the largest m/q values is considered
the primary droplet with its mass and associated Rayleigh limit calculated directly from
values in table 4. Any ions with mass-to-charge values occurring below the mass-to-charge
associated with the Rayleigh limit were directly added to a second distribution, the large
droplet (a satellite droplet). This transfer of population from primary to large is not
shown in figure 12. A third distribution, associated with the smallest charged species was
also included (small droplet). Finally, any counted event occurring below 7000 amu q~!
was taken to be a singly charged ion with mass equal to the mass-to-charge value. The
mass values of the large droplet and small droplet were taken as fit parameters and
their respective Rayleigh limits were calculated and recursively solved. For those charged
species with mass-to-charge values less than the m/qgr,y value of the large droplet, the
intensity would be directly added to the small droplet distribution. As an example of
the division in these values, the EMI-IM data in figure 12 have three vertical lines that
delineate the boundary between the primary droplet and large droplet (dashed), the large
droplet and small droplet (dot-dash) and the small droplet and ions (dot). These lines are
the result of the best fits approach described in the paragraph below. The charge for each
droplet distribution at a given m/q was determined by division of the respective droplet
mass value by the m/q value associated with the specific bin. We must also note that the
small droplet component is subject to some overlap with the low m/g droplet distribution,
which will lead to larger uncertainties in its values.

Under the assumption that the detector efficiency is approximately identical for all
droplets measured (Fontanese et al. 2018; Gemer et al. 2020; Llera et al. 2020), the
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IL Ol 571) mpr; (X 108) M, (x 107) Mg (X 106) qpri qLg 4qSm 4Ray,Pri

EI 0.14 0.24 0.67 4.17 125-218 68-113 76-92 227
0.43 1.03 2.31 9.52 356-458 112-200  94-134 467
0.72 1.77 5.07 14.2 422-595 185-298  95-159 610
1.13 2.78 5.99 9.99 550-750 182-323  61-120 766

BI 0.63 2.67 0.38 608-723 1-5 730
0.95 4.46 0.38 757-929 1-5 942
1.13 5.64 0.71 918-1051 1-5 1061
1.88 9.12 0.67 1125-1331 1-5 1349

Table 5. Model 1 analysis results from selected liquids and flow rates for EMI-IM (EI) and BMI-IM (BI).
Here, m is given in amu, ¢ is given in integer charges and represents the range in which the middle 80 % of
the charge is contained and gg,y is the Rayleigh charge of the primary droplet. Pri, primary droplet; Lg, large
droplet; and Sm, small droplet.

total mass and total charge measured can be estimated by multiplication of the counts
by the respective (mass and charge) value for all species counted in the mass spectrum.
These values are then added to the mass and charge expected from the singly charged
ions, which contribute little to both summed values. The composite summed mass value is
multiplied by a constant so as to reproduce the mass flow of the entire beam as determined
from the volumetric flow rate. This constant then multiplies the summed charge value
and an evaluation of the deviation of total modelled charge from total emitted charge is
undertaken. Treatment of the entire measured spectrum as primary droplets results in
mean charge errors of +192 % when analysed in this way. Application of the described
approach in Model 1 to 12 data sets from EMI-IM and BMI-IM results in mean unsigned
errors in the charge of 10.5 % with a general overestimation of charge in the BMI-IM
cases (+3.0 to +27.6 % at the extremes) and 8.5 % in the EMI-IM cases (—14.0 to +9 %
signed errors at the extremes). We speculate that the EMI-IM analysis performs better
than BMI-IM analysis because BMI-IM has droplets with larger m/q values and that
our detector efficiency must be less for these high mass with lower relative charge value
species.

A selection of the results for the Model 1 analysis of BMI-IM and EMI-IM are given in
table 5 for the primary, large and small droplets. While specific values for mass and charge
are given, the jet velocity analysis indicated that emitted species will have some width to
their values. Since the mass of each component droplet is fixed in this analysis, the width
of the distribution is ultimately reflected in the charge range. The range of charges are
the values expected for the middle 80 % of droplets with the given mass. As noted in the
introduction of Model 1 above, the primary droplet distribution is not allowed to extend to
lower m/q values than the m/qggqy value. The part of the distribution that would exceed is
directly added to the large droplet component. The primary droplets exhibit charge values
mostly concentrated near the Rayleigh limit with the range expanding, on an absolute
basis, as the flow rate increases. The width of the charge distribution typically constitutes
14 %—-28 % of the Rayleigh limit. In the case of EMI-IM, the large droplet component is
25.3 % (43 %) of the mass of the primary droplet while the small droplet is smaller and
comprises only 9.9 % (£5.3 %) of the same mass. For the average values of six flow rates
of EMI-IM analysed with Model 1, the primary droplet made up 21 £ 6 % of the total

counted species above ~50 000 amu q~! while the large droplet is 55 4= 7 % and the small
droplet is 22 & 5 %. The species above 50 000 amu q~! range from approximately 16 % to
56 % of the total counted events in the EMI-IM mass spectrum. The individual ions and
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the low m/q components make up the remainder. At Q = 1.13 nl s~!, the primary droplets
carry ~45 % of the mass and 30 % of the charge while the large droplets carry ~53 % and
62 %, respectively.

The BMI-IM data are considerably different when the same analysis is employed to find
the mass of the large and small droplet components. When the error in measured charge is
quantified, the result with minimized charge error is to simply exclude a multi-component
fit to the spectrum, with the exception of the primary droplet and one additional droplet
component. Low m/q droplets and ions are still measured and do contribute as well,
although they are not quantified in table 5. The best fits are accomplished for all flow rates
sampled by establishing a small mass droplet with values of the order of 10° amu. In terms
of number of events, these small mass droplets dominate the spectrum, often contributing
more than 80 % of the total charged species events recorded. As a result of their low mass
and the broad m/qg range covered, the bulk of their charge range is measured in the low
integer number of charges. At Q= 1.13 nl s~!, the primary droplets carry ~95 % of the
total mass and ~90 % of the total charge in the error minimized Model 1 result.

Our interpretation of the results has relied on the analysis of a number of different
measured quantities in the experiment that will be briefly summarized here. With
exception of the low m/qg distribution of species and a small percentage of the intensity of
small ions, the emitted electrospray beam appears to be completely reconcilable with direct
emission from the jet tip with allowance for some variation in the velocity and breakup
point. Droplets with m/q values below the Rayleigh limit cutoff for the predicted primary
droplets are observed in the mass spectrum. Assuming the high m/g contributors to the
mass spectrum carry essentially all the mass and charge of the beam, mass and charge
measured downstream can be conserved to the near-field measurements (when properly
multiplied by a common constant) by treating the high m/gq component with a number
of distinct distributions in which the primary droplet makes up the component at the
higher m/q values and considerably smaller mass (and charge) components compose the
rest of the observed total distribution. In this framework, the jet emits a number of massive
primary droplets and a significantly larger quantity of satellite droplets. Because the kinetic
energy profile of these satellite droplets behaves similarly to the primary droplets, it is
difficult to ascribe their generation to Coulomb explosions of the primary droplets unless
it occurs within extremely short time scales so as to appear with potential values that
approximate the breakup region of the jet. Additionally, our data cannot exclude the case
of the satellite droplets forming in the actual jet breakup as left over mass and charge.

The kinetic energy behaviour of the low m/g distribution, demonstrated for example in
figure 3(a) and figure S2 (supplemental), significantly deviates from the remainder of the
components previously addressed. If values from the low m/q distribution were added to
the data presented in figure 9, it would generate a series of points well represented by
a vertical line around an x-value of 1.3 x 10~* kg C~!. This anomalous behaviour is not
easily reconciled by changes in jet velocity or breakup potential. We believe the generation
of this component should be ascribed to Coulombic breakup of some component in the
post-jet ion beam described above. The nearly identical m/g distribution appearing over
a broad kinetic energy range is indicative that these species cannot directly originate
from the jet. The wide variability of kinetic energies for common m/q values is the
result of the cast-off (or Coulomb explosion) event occurring with variable time scales
post-emission. These cast-off droplets experience different lengths of time exposed to the
electric field at their final mass-to-charge value, generating a diversity of different resulting
energy defects. This would agree with recent measurements of EMI-IM at similar flow
rates by Gamero-Castafio and Cisquella-Serra (2021) who ascribed anomalous behaviour
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by low mass-to-charge species as resulting from Coulombic explosion of droplets with
significant charge values. To estimate the size of these cast-off species we turn to the
highest resolution spectrum that was generated for BMI-IM, presented in figure S3.
This spectrum shows a progression ascribable to ions with small g values that becomes
un-resolvable when g reaches 4-5 charges but clearly extends to larger m/q values with
the most significant intensity around 20 000 amu q~!, consistent with the values of the
low m/q distribution measured. At the apparent maximum, if g were ‘5°, the resulting
mass would be approximately 100 000 amu and the associated radius would be ~3.0 nm.
Whether such species should be arbitrarily labelled ‘ions’ or ‘droplets’, we note that low
m/q distributions are present and the kinetic energy behaviour is similar at all flow rates,
including those where the mean primary droplet is not expected to exceed the Rayleigh
limit but our assessment of the charge distribution includes some primary droplets that
would.

5. Conclusions

(1) We have reported on kinetic energy-resolved mass spectrometric measurements for
four neat ILs operating from a single in vacuo capillary electrospray emitter over
the 0.3 to 3.3 nl s~! volumetric flow rate range using an orthogonal TOF mass
spectrometer to provide kinetic energy measurements to specific species in the
ion beam. In all cases, stable electrospray emission results in a broad distribution
including singly and multiply charged species.

(i) For all liquids sampled and at all flow rates, three distinct distributions were
identified: ions, which are spaced in m/q by the value of their respective neutral pairs
and include multiply charged (low g value) species; unresolved low m/q droplets,
which are typically in the 10 00040 000 amu q~' range in these measurements; and
unresolved high m/q droplets, which extend from 50000 amu q~! to hundreds of
thousands of amu q~!, depending on the liquid.

(i) An analysis was attempted that conserves mass and charge measured downstream
to that at the emitter and was applied to the lowest flow rates only where beam
divergence related artefacts are minimized. Charge values near the Rayleigh limit
are found for the primary droplets. Mean unsigned errors of 10.5 % in the total
charge are found, assuming perfect mass correspondence in an analysis of 12 data
sets involving two liquids. The analysis performed better for EMI-IM than BMI-IM
which is attributed to lower detector efficiencies of the larger m/q values of the
primary droplets in BMI-IM.

(iv) Measurement of the kinetic profiles of the high m/q droplets (mass-to-charge values
typically larger than 50 000 amu q~!) confirm the kinetic energy loss experienced in
the jet of EMI-IM observed by previous authors. In addition, we have demonstrated
an experimentally derived link between mean jet breakup potential and mass flow
rate including providing a semi-quantitative empirical relationship.

(v) Measurements of the mean jet velocity are consistent with the limited publications
of EMI-IM electrospray results; determination of the mean jet radius from the
velocity measurements is reasonably consistent with those publications as well.
The calculation of the critical primary droplet radius for each flow rate reveals that
the droplet radius to jet radius ratio does not prescribe to the 1.89 value associated
with an uncharged, inviscid jet. Instead, the electrification and viscous effects in the
jet results in values from 1.5 to 2.3 over the studied flow regimes. The experimental
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evidence and associated analysis suggest that Coulomb fission events occur in the
electrospray process.

(vi) The kinetic energy distribution of the ensemble of primary, large and small droplets
can be reconciled by assuming a Gaussian variance in the velocity with a standard
deviation of 27.4+1.5m s~ (lo) and variance in the breakup potential with a
standard deviation of ®,,. =33.9+3 V.

(vii) The combined analysis of primary, large and small droplets suggests that these are
either formed directly from conventional jet breakup or must be formed very close
to the jet breakup region.

(viii) The low m/q distribution kinetic energy profile deviates significantly from the high
mlq distribution and we suggest that these species (with radius typically several
nm) are the result of Coulombic breakup of one of the components of the high m/q
distribution.

Supplementary material. Supplementary materials are available at https://doi.org/10.1017/jfm.2021.783.
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