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Three lutions of an ionic liquid ferrofluid (ILFF) using 1 -ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM -NTf2) as the carrier liquid were emitted from a
capillary electrospray source andhe resultingbeam was measured using a timef-flight mass
spectrometer (TOF-MS). The solutions had3.04, 5.98, and 8.8 wt% iron oxide nanoparticles
making them susceptible to magnetidields. A Helmholtz coil was used to imposa gradient-
free magnetic stresonto the electrospray sourceMass spectra were collected ithe spray
from each of the solutions, with and without the imposed magnetic field. The magnetic stress
caused an increas@ the peak intensity of distinct ion species (n = 0 or n = 1) at lower energy
defects suggesting thathe stress causes ions to bein at higher energy. The ratioof the ion
peak intensity with magnetic field to ion peak intensity at zero magnetic fieldas proportional

to the concentration of nanoparticles. The magnetic stress did not significantly affect the large
mass distributionsuntil the nanoparticle concentration reached 8.80 wt% in the fluid
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I. Introduction

HEN monodomairierromagnetic nanoparticlesesuspended in a carrier liquide result is a colloid which is
susceptible to electromagnetic fields. Taticlesaretypically coated with a surfactant to prohibitmping
andareof such smalkize(on the order of.0 nm) thatBrownian motion prohibits sedimentaticaused byxternal
body forces. Subjecting a ferrofluido a strong magnetifield causes thenagnetic momentsithin the colloidto
attempt to align with the magnetic field liné®erturbations along a fresurface of the colloid cause local
concentrations of the magnetic field. The concentration of the magnetic field attractanibearticles and an
instability forms that causes the liquid to bulge at the locations of concentrated magnekindiehdas a Roseweig
instability. The instability is balanced by the surface tension of the fluid which pulls against this change in the liquid
surface. The endesult is @ arrangement ddtatic fluid peakson the surface of thierrofluid, seen inFigure 1. A
particularly interesting class of ferrofluids have recently been synthesized from ionic liquid (IL) carrier fluids.
ILs are roortemperature molten saltgith high electrical conductivity and almost zero vapor pressure, making
them ideal for operating in a vacuum., Because they are comprised of both anions and cations they can be manipulated
by electric fields Due to these attributes ILs have become a candidate propellant for satellite prafusorofluid
electrospray propulsion from a Ros&rig instability pattern was first demonstrated by Meyer and King in'2813
using an ionic liquid ferrofluid (ILFF) developed by Jainal? Such a device is intriguing because the spray emitter
tips are essentially fAmade of o t hei rtheoelectrogprayoemissioh a nt wi
studies used an ILFF also developed by Jain et al., which substituted the ionic liquid Ethylammonium Nitrate (EAN)
with 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMINNTf2).1! The substitution was done to
reduce the viscosity of the ILFmd reduce the formation time of the Rosensweig instability peaks.
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Figure 1. Images of the Rosesweig instability in a FerroTec EFH-1 ferrofluid .*°

Terhuneet al® reported on species measurements of particles emitted from an ILFF electrospray source in 2014.
Witness plates from these experiments indicated that the beam consisted of more than pure ionic liquid ions and
droplets, and is more likely some combinatidrioms, nanoparticles, and pure ionic liquid droplets. However, direct
evidence of droplets was not present in the mass spectrometer data due, possibly, to instrument limitations

Though the results of these experiment showed that ILFFs could be endtredhfs static Rosensweig peaks,
removing the need for a backbone structure (hollow cap
provide a systematic set of data comparing | L&k spray
suspension, and thus various effects were convolved in the measured data.

Il. Goal of Study

The mass spectra of neat IL electrosprays have been collected and studied exténéSishjlar measurements
have not been reported for capillary electrospray sources running ILFFs, nor have they been donelyihgeaap
external magnetic field to the source. Such measurements would provide a means to directly compare ILFF
electrospray to the traditional neat IL electrospray.

Research reported here had two goals: (1) determine how the presence of magnetiticlasspapended in an
IL affects the resulting electrospray emission when compared with neat IL; (2) determine how an applied magnetic
field changes the composition of an ILFF electrospray beam compared to mdigiafice spray.
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lll.  Background

A. Ferroflui ds

The magnetic nanoparticles that form a ferrofluid maintain their stable colloidal nature due to their small size and
the polymer surfactant which coats them. The selection of the surfactant is dependent on the material and surface
structure ofthenanapr t i cl es, al ong with the surfactantés affinity
been used to provide particle stabilizatté#:'° but a standard surfactant has both a polar absorbent which anchors to
the nanoparticle and a ngmolar tail which is soluble in the carrier liquid. The dispersant chosen to stabilize the
magnetic particles in the ionic liquid EMHMT{2 is a block copolyrar L0MAEP-60DMAM, which iscomprised of
10 mly(monoacryloxyethyl phosphagte(PMP) blocks, a RAFT end group (GE&:Hg), 60 poly(N,N-
dimethylacrylamidg (PDA) blocks, and a functionalizing group (GEHCOOH). The former two parts of the
molecule make up thédaorbent anchor, and the latter two are the soluble stabilizers which provide steric stabilization.
The process to synthesize the ILFF is described by Jairt®%arad. King et af°

B. lonic Liquid Ferrofluid Electrosprays

Two forms of ILFF electrosprays have been studiedl e ct r os pr a yf rfereodm |aL FiFn epeedalke f or n
Rosensweig instability, and electppay from a capillary needle with and without an applied magnetic #ield.
Electrosprays from the Rosensweig instability have been produced from a singlé’p&aknd arrays of fivé%1%:20
severr® and eight® peaks. In each of these electrospray studies, visual inspection of the residue from electrospray
emission onto the extraction electrode revealed evidence of the magnetic nanoparticles. The introduction of these
nangarticles in the ILFF inherently changes its fluid properties and consequently the emission of an ILFF spray
differs from that of a neat ionic liquid even without application of a magneticZidithdden et at! also observed
that the addition of a magnetic field extends the stability range to loweraties, currents, and voltages for ILFF
electrosprays. Lower flowrates result in a smaller Taylor jet diameter, and consequently the production of smaller
droplets®

C. Mass Spectrometry of ElectrosprayPropulsion Systems
Mass spectrometry is a standard methochmdlyzing the emission of electrospray thrusterprexdict their

performancen space propulsion applicatioffs-:262° A mass spectrometer can measurevilae ofm/qfor species
emittedfrom these thrusters. A quantitative understanding of the m/q of an electrospray thruster is paramount in
designinga thrusterfor specific misgns. It can determine whethéhe thrustecanbe used ira high thrustto-power
mission or a high Isp mission, or instgavidesvariablem/qto satisfy both types aohissions.

An orthogonal extractionTOF mass spectrometer pulses extraction/acceleratiorelectrode (@) placed
perpendicular to the axis of the electrospray beam to capture a volume of the beam and atcefénaenarrow
kinetic energy rangeépward a chargexchangemultiplier (CEM). Thedifference intime of te initial pulse and the
time of the signals gathered by the CEM are used to determifigtidime of the various particles in the volumgé o
the electrospray begnunder the assumption that all particles have approximately the same kinetic energy once
extracted The timeof-flight of the particles can be directly related to their mtassharge ratioga 71 ) throughthe
relationship betweetheelectrical and kinetic energf the particlesEqg 1.

1
=mu’ = geV
2m ge (1)

Rearranging Equation 1 for mascharge resultin — —. Substituting the length of the TOF chambier )

divided by the timeof-flight (0 ) for the velocityand solving foih i, onederives a relationship for thenassto-
chargeratio of the particledbased on their flight time through the TOF chamiiey 2.

m_ Lo @
q tﬁight pAY
IV. Experimental Facilities and Methods

Experiments sing a capillaryelectrospray apparatus were coneédcinthe time-of-flight mass spectrometer
facility (TOF-MS) at theAir Force Research Laboratory (AFRL) &irtland Air Force BaseThe specifics of the
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testingfacility, the electrospray apparafudectrospray fluids, and the Helmholtz caik described, respégtly, in
sections VA, IV-B, IV-C, and IV-D. The procedures for the experimentsdescriled in section IVE.

A. Time-of-flight Mass Spectrometer Facility

The AFRL housesan orthogonal reflectrom OFMS thatcan detect particles in the range déa amu/eto over
1,000000 amu/e. The facility is arheter long by 0.254neter wide by 0.254neter tall reflectron flightube detection
chamber that is situated orthogonal t0.&meter long source chamber. A multichannel plate (MCP}éslas the
detector andis positioned at bottends of the reflectron flightube to provide both linear and reflectron TOF
measurementd he apparatus has been described in desaMiller et al®® The source chamber is maintained at a
pressure of 10 Torr, while the detection chamber is maintained@aroximately 2x 108 Torr. The pressures are
achieved using two 280s turbemolecular pumps backed loye600 I/min dry scroll pump.

The TOFMS also containsnultiple lenses, grids and deflectpegtached at the end of the source (discussed

in secton IV-E) which areused to maximize the beantensityentering the TOF pulsing regiomhe pulsing region
consists of a pair of parallel plates which are parallel to, but offset from, the beam axis. Each plate has a gridded
aperture to allow orthogonakinsmission of ion species when the voltages on the plates are pulsed. Continuing along
the original beam axis, quartzcrystalmicrobalance (QCM), used to quantify the mass flow rate, dratadaycup,
used to measure the current of the beama locatd after a 6 mm rectangular aperture at the end of the parallel.plates
These devices are positioned by means of a linear translation stage allowing rapid switching of the two devices. The
QCM provides a measure of the mass flow rate of electrospray byirimgathe accumulation of a uniform layer of
the condensed beam products on a quartz crystal. The additional layer changes the natural frequency of the crystal
which is directly translating to thicknes®r mass accumulatignpersecond. ie maximum detgable mass flow
rate on the QCM is on the order of 100 ng/s.

B. Capillary Electrospray Source
The capillary electrospray source, shown in Figure 2 a., produced the electrospray beams iantigZeo
MS facility. The source is comprised of (1) and extaplate which has athm-diameter aperture, (2)x-cm long,
75>m-inner diameter capillary needle, with awalh i ¢ k n e s at the fieedte apex, (8) a PTFE block to both
hold and isolate the needle, and (4) set screws to align the needle with the extractor aperture. The IL or ILFF was fed
to the capillary needle by pressurizing a vial of liquid outside the vacuum facility phessure, ¢ was accomplished
by opening or closing valves which either fed nitrogen gas into the vial or rdrgasdrom the vial via a mechanical
scroll pump. The liquid was biased via an electrode inserted into the vial. The feed system is $tigwe @b The
flowrate of theliquid being fed to the capillary sourees determined via the bubble method, wherein the velocity of
a bubble introduced in the feedline was measured for a given vial pressure. The velocity was then converted to
volumetricflowrate using the known dimensions of the capillary tube.
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Figure 2. (a) Capillary electrospray source comprised of (1) extractoplate, (2) capillary needle, (3) PTFE
isolation block, (4) alignment set screws. (b) Schematic of the capillary source pressure feed system.

C. Electrospray Fluids

Four fluids were used throughout the various experiments reported in Section V. They aeaittie BMIM-
NTf2, andthree solutions of EMIMNT{2 ferrofluid with varying concentration of magnetic nanoparticl€ke
ferrofluids will henceforth be déed ILFF-10, ILFF20, and ILFF30 based on the volume percentao€oncentrated
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parentlLFF that was nixed with neat IL.The parentlLFF contained26.0 wt% iron oxide nanoparticles which led to
nanoparticle concentrations in the five solutions of 3.04, 5.98, &t80 for ILFF-10, ILFF20, and ILFF30,
respectively. The volumesf neat ILand ILFF, and naparticle concentrations that comprised each solution are
tabulated in Table 1.

Table 1. Diluted ILFF Solutions used in the TORMS experiments.

Volume Total Nanoparticle
ILFF Volume .
Dilution neat IL ILFF (mL) Volume Concentration

(mL) (mL) (% wit/wi)
Neat IL NA NA NA 0.00
ILFF-10 0.18 0.02 0.2 3.04
ILFF-20 0.16 0.04 0.2 5.98
ILFF-30 0.14 0.06 0.2 8.80
Parent ILFF NA NA NA 26.00

D. Magnetic Field
A Helmholtz coil provided a variable magnetic field that could be applied to the source for several minutes at a
time. The solenoid design was chosen to provide a gradient free fieldemavingthe effect of a Kelvinforce,
Equation 3, at the emissioites
Kelvin force density mM 1 3

The Helmholtz coil consistof two 19-cm-diameter 500-wrap coils separated by a distance 1df cm. The coils
required cooling to prevent the radiative heat from affecting theatperof the electrospray source; two methods
were ugd: a watercooledjacket lining the center wall of the coils, and forced air convection using a box fan. The
Helmholtz coil assemblyas concentrically alignealver the exterior of the source vacuumelopeusing set screws.
Figure 3 shows the Helmholtz coil assembly attached to the source flange of the TOF chamber.

Figure 3. Helmholtz coil assembly attached to the source flange of the TEMS facility. The Helmholtz coil was
capable of producing 200 Gauss a Amps.

E. Experimental Methods
The following procedure was use to complete the experiogng) the TOFRMS. The timeof-flight instrument is
described in full detail elsewhéfeso it will only be briefly described here. The emissiois (axial) was described
above in IMC and consists of lenses, deflectors, the parallel extraction plates, and the translation stage containing the
Faraday cup and QCM. The transverse axis begins beyond the parallel extraction plates with an Hioeaiddré
mm from the timeof-flight extractor pulsing plate, with the front and back lens potential of the Einzel fixed at ground.
Beyond the Einzel lens is a simple horizontal deflector that allows the ion beam into the mdnedidlight tube.
At the end of the tube, a series of grids turn the ion beam around and direct it to the MCP used to generate event pulses
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which are sent through two channels of agmplifier and onto a mulscalar card for generation of the tirakflight
mass spectrum.

The parallel pulsing plates constitute the extraction region. The parallel pulsing plates are first given a base DC
offset that serves to retard the ions in the middle of the extraction zone. When a pulse is active, one plate (the repeller)
is given a grear potential than the other, which serves to repel the ions toward theftiirght extractor plate.
Successful passage through the aperture in the extractor plate yields additional acceleration as the front component of
the Einzel lens is held at grourfgbr example, consider the emission source being biased at +900 V, and the base DC
potential at +880 V. lons in the middle of the extraction region will have approximately 20 eV axial kinetic energy at
the center of the extraction region, assuming theyeanitted at the nominal bias potential. If these ions are in the
center of the extraction region during an active pulse event of +400 V, the repeller will have a +1280 V potential,
while the timeof-flight extractor plate will maintain +880 V. If an iomeccessfully passes the extractor plate, it will
net approximately 1080 eV of transverse kinetic energy by the end of the Einzel lens.

The DC offset potential on the pulse plates transforms the instrument into an energy sensitive analyzer. Simulations
haveshown that ions with residual axial kinetic energies of greater than 20 eV, regardless of m/q, cannot traverse the
flight tube without collision with the instrument walls. The wide range of axial kinetic energies at which ion and
droplet species are endtt means that only those particles within a small energy difference from the pulsing plates
are slowed properly for entrance into the flight tube, (see Miller &fak further discussion on thitepic). To ensure
the measurement of a majority of the emitted particles, spectra needed to be collecteglirfigr prdsingplate
potentials corresponding to varying particle energies. This was achieved by decreasing the pulsing plate-Wias in 50
increments from a maximum of 850 V (equal to the maximum possible particle energy set by the reservoir bias) to the
bias that had a Faraday current of 50 percent of the maximum magnitude (the Faraday cup current magnitude when
the pulsing plates were at ground) and/or provided a mass spectrum that had measurable droplet dish@dngiahs.
operation of the instrument tescribed thusly: once stable electrospray emission was established the optics were
optimized to provide maximum current signal on the Faraday cup. The parallel plates were then pulsed and ions were
introduced intahe TOF flight tube and subsequently oted. The pulse width and magnitude were 29@nd 400V,
respectively. The pulse width greatly affects the size of particles gated into the chamber, as heavy particles must fully
escape the extraction region before the end of the pulse in order to bedcdsa result, the pulse length used for
these experiments was 1€8to allow particles up to 1,000,000 amu/e; an expected maximum range for ILFF droplet
distributions.

For every pulsing plate potentiahemass spectruwascollected while the eleaispray source operatedthout
an applied magnetic field. This was followed immediately byectrunwhile a 200Gauss magnetic field was applied
to the source. A finabpectrumwas collected after the removal of the magnetic field as a means to verify
reproducibility of the mass spectra taken at the same operating conditions. The Helmholtz coil could only be operated
continuously for approximately 5 minutes before heating became a factor. It required roughly 10 minutes to cool prior
to another extendedepod of operation. This was the limiting factor in the time required to collect a single mass
spectra scarA single mass spectruoonsisted of 50,000 pulse cycles collected at a rate of 200 Hz. This work is not
focused on identifying those ions emittddvarious energy defects, defined here as axial kinetic energies below the
electrospray bias potential. As such, the spectra taken at each energy defect for a given flow rate have been directly
summed to approximate the entire mass spectrum of the effiteepresented figures are the result of this summation
and are ter med -offhlei giitnt eme attredmd .i me

Mass spectracansvere collectedollowing the procedurdescribed abovior three flowratesapproximately 0.5,

0.75, and 1.0 nl/susing ILFF 10, ILFF 20, and ILFF 3blutiors.

V. Results

Mass Spectra of lonic Liquid Ferrofluid Electrospray Sources

Results of the TOIMS experiments consist of mass spectra of the beam emitted from a capillary electrospray
source running othethree ILF- solutions: ILFF10, ILFF20, and ILFF30.Also reported below are the mass spectra
collected while the electrospray source was subjected to-&a306s, externaltgpplied magnetic field.
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Integrated timeof-flight mass spectrum of the electrospray
beam emitted from the capillary source using the HIBF
ILFF-20, and ILFF30 solutions were collectddr each of the
flowrates reported in Table 2. The pulsing plate base potentials
ranged from 500 V to 850 V for flowrates 0.47 nl/s, 0.52 nl/s,
0.54 nl/s, 0.71 nl/9).72 nl/sand 0.90 nl/sand450 V to 850

Table 2. Vial pressures and flowratesused in
the mass spectrometer experiments for the
neat IL and ILFF solutions. The flowrates
were derived via the bubble method.

ILFF Vial Pressure  Flowrate
Solution (Torr) (nl/s) V for flowrat.es 0.73 nl/sfor 0.94 nl/s. and 1.04 nl/s. The
integrated timeof-flight spectrum, as described in the
100 0.63 penultimate paragraph of &, for each of the three flowrates
Neat IL 150 0.95 were normalized such that the n = 0 peak equaled an arbitrary
intensity of 1e5, andre shown in Figure 4) for ILFF-10,
200 1.26 Figure 5 a) for ILFF20 and Figure 6 a) for ILFBO. The three
100 0.52 lighter mass peaks in the spectrum are the cation species,
ILFF-10 150 0.78 EMIM*, [EMIM-NTf2] EMIM*, and [EMIM-NTf2], EMIM*,
200 1.04 denotedrespectivelyas n =0, n = 1, and n =i@ Figures 4,
5, 6 and 8 Cation sgcies of [EMIMNT{2]z EMIM™,,
100 0.47 [EMIM -NTf2]s EMIM*3, [EMIM-NTf2]5 EMIM*s, [EMIM -
ILFF-20 150 0.71 NTf2]e EMIM*s, and [EMIM-NTf2]; EMIM*s (n = 3, 4 5, and
200 0.94 6, respectively) were also observed in the ILEF, ILFF20,
150 0.54 and ILFR30 mass spectraLarge mass distributions are
ILEF-30 500 373 centeredat approximately40,000 amu/e and 150,000 amu/e
. for ILFF-10, 6,000 amu/e, 40,000 amu/e and 150,000 amu/e
250 0.9 for ILFF-20; the distributions at 40,000 amu/e and 150,000

amu/eare indiscerniblén the ILFF30 spectra.

Integrded timeof-flight mass spetraof the electrospray beam emitted from the capillary sousocgythe ILFF
10, ILFF20, and ILFF30 solutionsvere also collectedith themagnetic fieldapplied The integrated timef-flight
spectrum foreach of the three flowrategere normalizeguch that the n = 0 peak equaled an arbitrary intensity of
1le5, and are shown in Figure 4 a) for ILE®, Figure 5 a) for ILFR20, and Figure 6 a) for ILFB0.

In figures4, 5, and 6the mairplot displays the lowmass range (0 to 1500 amu/e) with thedra for themiddle
and upper flowrates shifted on the m/q axis by 20 and 40 aresfeectivelyfor easeof comparison, while the inset
plot displays the high mass range of thestifted spectra, (1,000 to 1,000,000 amu/e).
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Figure 4. Mass spectra of arelectrospray emitted from the capillary source using ILFF10 under zero applied
magnetic field (a), and under a 200 Gauss magnetic field); The spectra inthe low-mass plot (61500 amu/e)
have been incrementally shifted by 20 amu/e to ease comparison.
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Figure 5. Mass spectra of an electrospray emitted fromhe capillary source usingLFF -20 under zero applied
magnetic field (a), and under a 200 Gauss magnetic field (bJhe spectra in the lowmass plot (61500 amu/e)
have been incrementally shifted by 20 amu/e to ease comparison.
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Figure 6. Mass spectraof an electrosprayemitted from the capillary sourceusing ILFF-30 under zero applied
magnetic field (a), and under a 200 Gauss magnetic fiel@b). The spectra in the lowmass plot (61500 amu/e)
have beernincrementally shifted by 20 amu/e to ease comparison.

VI. Discussion
The results in section V document the mass spectra of several solutions of ILFF electrosprayed from a capillary
source under various operating conditioBeveral observations on the specetith be discussed in further detas
they pertain to the changes made throughout in the operating fluid and operating conditions of the electrospray source.
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A. Intensity Axis and Spectra Regatability

The intensity axis of the mass spectra can provid
reasonable method tcompare multiple scans ant
realize changes Wiin the beam of the electrospray
However, there is uncertainty on the repeatability of t
peak intensities between individual scans determine
therepeatabilityat least two masspectra, consisting of
50,000 scanswere collected for each energiefect
while operating the electrospray without the appli
magnetic field.The magnitudeof the peak intensities,
along withthe irtensity rati® of the n=1 to n=0 peak . . : , : .
was measured for each mass spectrum. The variab 50 100 150 200 250 300 350 400
of both the peak intensitynd the peak intensity ratio Energy Dafect (eV)
between the two (or more) spectra collecte@rargy do< BULFEADRIZING b)
defectwere calculated ame standard deviatidrom the W ILFF-30, 0.54 nl/s
averageFigures 7 a) and b)give the standard deviation
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B. Effect of Nanoparticle Concentration on Mass averagepeak intensity, (b) averagepeak intensity ratio
Spectra of mass spectra collected under the same conditions.

Comparisonof the mass spectra collected for each
ILFF solution showa correlation between the relative intensities of masses present in the emitted electrospray beam
and the concentration afiagnetic nanoparticlés the source fluidSpecifically, as the concentration increases the
ratio of n=1to n=0ion species decreassignificantly, illustrated bythe change in ion peak intensitiestime ILFF
10, ILFFR20 and ILFF30 electrospraynass spectra iRigure8 a). While running on ILF-10, the electrospray Ha
significant amount of the n = 0, n=1, and n = 2 ion species, with the n = 1 species benugtipeominentWhen
the ILFF20 and ILFF30 solutiors were usedherewasno longer a significant amount of n25on species in the
beam with the n = 0 and n = 1 ion species approximately emugitensity for the ILFF20 solution, andhen = 0
peak the most prominefdr the ILFF30 solution. This suggestthat themass of the species emitted from the beam
decreasesvith the increasein nanoparticleconcentration. Further evidence of this trend was observed in the large
massesillustratedin Figure8 b). Curve fitsare also shown to better clarify multiple distributions in the highss
range of the mass spectra. They are infdhe of Log normal fitswhich represent the Boltzmann distributions of a
droplet speciesWhile two large mass distributions exist at approximately 40,000 amu/e and 150,000 amu/e for an
electrospray running on all three ILFF solutions, the relative intedsicreases by nearly f@rcent for the two
solutions with higher ILFF concentrations.Terhune et ai?it was reported that electrosprays running the same ILFF
solutions observed an incredseemission currenwith the increase nanoparticle wt%. Given the reported increase in
emission current, anthe combination of a shift to lighter ion species in a) #re reduction of the droplet peaks in
b) suggest that the composition of the beam shifts from larger to smaller m/g with the increasegarticle
concentration.
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(a) (b)
Figure 8. a) Comparison of mass specta from electrosprays running on ILFF-10, ILFF-20, and ILFF-30
solutionsnormalized to n = 0 peak The spectra from ILFF-20 and ILFF-30 solutions have been shifted on the
mass axis byd0 and 80 amu/e, respectivelyffor ease incomparison.b) Mass spectra of ILFF10, ILFF-20, and
ILFF -30 solutions with lognormal curve fits (yellow) to distinguish the droplet distributions.

The nanopatrticle size could affect the emitted droplet size of the electrospray. In neat IL electrosprays, the droplet size
is theoretically determined through the Rayleigh linjt,=8p/ ¢ rg , of a liquid drop, i.e. the amount of charge a

droplet can maintain before the electric stress the charge produces overcomes the surface tension of the liquid. The
limit is dependent on the surface tension and the radius of the liquid drop. In IL electrosprays, the mean charge of the
droplets from electrsprays is known to be approximately@ércent of the Rayleigh limft3%32 The mass of a droplet

can also be expressed in terms of the droplet radigs4 / 3r p°. Thereforejf the masgo-charge ratio, density, and

surface tension of a liquid drop is known, the radius of the droplet can be derived. The two droplet distributions
observed in this research were approximately 40,000 and 150,000 amu/e, and the surface tedeinsitaraf
EMIM-NTf2 a 300K are 0.0356 N/m and 1523 kdg/mespectively. This gives droplet radii of 5 nm and 12 nm,
respectively, for the 40,000 and 150,000 amu/e distributions, indicating that the droplet size of the neat IL electrospray
is on the samerder as the nanoparticles added to create the ILFF. Consequently, the finite size of the nanoparticles
must certainlyaffect the jetdroplet breakup instabilitychanging the m/q of the emitted electrospray beam

C. Effect of Magnetic field on Mass Spectra

Compariso of the ILFF electrospray with and without the applaabf a magnetic field reveatlsat the magnetic
field haslittle statistical effect oremitted mass specie$he change in relative intensity of the 40,000 amu/e
distribution in the ILFF30 spectra was the only statistically significant effect of the application of the magnetic field,
which resulted in &0 percent decrease in the intensitigen compared with the zefigld case The mass spectra of
this case is shown in Figuge with Log Normal fitsoverlaying the curves to distinguish the two mass distributions
Given that a magnetic effect of the intensity existdtierILFF30 solution further investigatioris warrantedalbeit
using a more repeatable method to collect the masgrgpto determine if there a similanagneticeffect exists for
all large mass distributions
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