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Three solutions 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 and the resulting beam was measured using a time-of-flight mass
spectrometer (TOF-MS). The solutions had 3.04, 5.98, and 8.80 wt% iron oxide nanoparticles
making them susceptible to magnetic fields. A Helmholtz coil was used to impose a gradientfree magnetic stress onto the electrospray source. Mass spectra were collected in the spray
from each of the solutions, with and without the imposed magnetic field. The magnetic stress
caused an increase in the peak intensity of distinct ion species (n = 0 or n = 1) at lower energy
defects suggesting that the stress causes ions to be born at higher energy. The ratio of the ion
peak intensity with magnetic field to ion peak intensity at zero magnetic field was proportional
to the concentration of nanoparticles. The magnetic stress did not significantly affect the large
mass distributions until the nanoparticle concentration reached 8.80 wt% in the fluid.
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I. Introduction

W

HEN monodomain ferromagnetic nanoparticles are suspended in a carrier liquid the result is a colloid which is
susceptible to electromagnetic fields. The particles are typically coated with a surfactant to prohibit clumping,
and are of such small size (on the order of 10 nm) that Brownian motion prohibits sedimentation caused by external
body forces.1 Subjecting a ferrofluid to a strong magnetic field causes the magnetic moments within the colloid to
attempt to align with the magnetic field lines Perturbations along a free surface of the colloid cause local
concentrations of the magnetic field. The concentration of the magnetic field attracts the nanoparticles and an
instability forms that causes the liquid to bulge at the locations of concentrated magnetic field known as a Rosensweig
instability1,2. The instability is balanced by the surface tension of the fluid which pulls against this change in the liquid
surface. The end result is an arrangement of static fluid peaks on the surface of the ferrofluid, seen in Figure 1. A
particularly interesting class of ferrofluids have recently been synthesized from ionic liquid (IL) carrier fluids.
ILs are room-temperature molten salts with 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.3 Due to these attributes ILs have become a candidate propellant for satellite propulsion. 4-9 Ferrofluid
electrospray propulsion from a Rosensweig instability pattern was first demonstrated by Meyer and King in 2013 10,11
using an ionic liquid ferrofluid (ILFF) developed by Jain et al.12 Such a device is intriguing because the spray emitter
tips are essentially “made of” their own propellant with no underlying solid needle. Further electrospray emission
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 (EMIM-NTf2).11 The substitution was done to
reduce the viscosity of the ILFF and reduce the formation time of the Rosensweig instability peaks.

(b)

(a)

Figure 1. Images of the Rosensweig instability in a FerroTec EFH-1 ferrofluid.10
Terhune et al.13 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 combination of ions, 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 emitted from the static Rosensweig peaks,
removing the need for a backbone structure (hollow capillary or solid needle), Terhune’s early experiments did not
provide a systematic set of data comparing ILFF spray to that of “neat” ILs, meaning ILs having no nanoparticles in
suspension, and thus various effects were convolved in the measured data.

II. Goal of Study
The mass spectra of neat IL electrosprays have been collected and studied extensively. 14-17 Similar measurements
have not been reported for capillary electrospray sources running ILFFs, nor have they been done while applying an
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 magnetic nanoparticles suspended 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 magnetic-field-free spray.
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III. Background
A. Ferrofluids
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 of the nanoparticles, along with the surfactant’s affinity with the carrier liquid. As such many materials have
been used to provide particle stabilization,12,18,19 but a standard surfactant has both a polar absorbent which anchors to
the nanoparticle and a non-polar tail which is soluble in the carrier liquid. The dispersant chosen to stabilize the
magnetic particles in the ionic liquid EMIM-NTf2 is a block copolymer 10MAEP-60DMAM, which is comprised of
10 poly(monoacryloxyethyl phosphate) (PMP) blocks, a RAFT end group (CS3C4H9), 60 poly(N,Ndimethylacrylamide) (PDA) blocks, and a functionalizing group (CH3CHCOOH). The former two parts of the
molecule make up the absorbent anchor, and the latter two are the soluble stabilizers which provide steric stabilization.
The process to synthesize the ILFF is described by Jain et al. 18 and King et al.20
B. Ionic Liquid Ferrofluid Electrosprays
Two forms of ILFF electrosprays have been studied – electrospray from a “needle-free” ILFF peak formed by the
Rosensweig instability, and electrospray from a capillary needle with and without an applied magnetic field. 21
Electrosprays from the Rosensweig instability have been produced from a single peak, 13,20,22 and arrays of five,10,11,20
seven,23 and eight23 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
nanoparticles 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 magnetic field. 24 Madden et al.21 also observed
that the addition of a magnetic field extends the stability range to lower flowrates, currents, and voltages for ILFF
electrosprays. Lower flowrates result in a smaller Taylor jet diameter, and consequently the production of smaller
droplets.25
C. Mass Spectrometry of Electrospray Propulsion Systems
Mass spectrometry is a standard method of analyzing the emission of electrospray thrusters to predict their
performance in space propulsion applications.14,17,26-29 A mass spectrometer can measure the value of m/q for species
emitted from these thrusters. A quantitative understanding of the m/q of an electrospray thruster is paramount in
designing a thruster for specific missions. It can determine whether the thruster can be used in a high thrust-to-power
mission or a high Isp mission, or instead provides variable m/q to satisfy both types of missions.
An orthogonal extraction TOF mass spectrometer pulses an extraction/acceleration electrode (𝑉𝑖 ) placed
perpendicular to the axis of the electrospray beam to capture a volume of the beam and accelerate it, with a narrow
kinetic energy range, toward a charge-exchange multiplier (CEM). The difference in time of the initial pulse and the
time of the signals gathered by the CEM are used to determine the flight time of the various particles in the volume of
the electrospray beam, under the assumption that all particles have approximately the same kinetic energy once
extracted. The time-of-flight of the particles can be directly related to their mass-to-charge ratios (𝑚/𝑞 ) through the
relationship between the electrical and kinetic energy of the particles, Eq. 1.
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Rearranging Equation 1 for mass-to-charge results in
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(1)

. Substituting the length of the TOF chamber (𝐿 𝑇𝑂𝐹 )

divided by the time-of-flight (𝑡𝑓𝑙𝑖𝑔ℎ𝑡 ) for the velocity and solving for 𝑚/𝑞, one derives a relationship for the mass-tocharge ratio of the particles based on their flight time through the TOF chamber, Eq. 2.
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IV. Experimental Facilities and Methods
Experiments using a capillary electrospray apparatus were conducted in the time-of-flight mass spectrometer
facility (TOF-MS) at the Air Force Research Laboratory (AFRL) on Kirtland Air Force Base. The specifics of the
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testing facility, the electrospray apparatus, electrospray fluids, and the Helmholtz coil are described, respectively, in
sections IV-A, IV-B, IV-C, and IV-D. The procedures for the experiments are described in section IV-E.
A. Time-of-flight Mass Spectrometer Facility
The AFRL houses an orthogonal reflectron TOF-MS that can detect particles in the range of a few amu/e to over
1,000,000 amu/e. The facility is a 1-meter long by 0.254-meter wide by 0.254-meter tall reflectron flight-tube detection
chamber that is situated orthogonal to a 0.5-meter long source chamber. A multichannel plate (MCP) is used as the
detector and is positioned at both ends of the reflectron flight-tube to provide both linear and reflectron TOF
measurements. The apparatus has been described in detail by Miller et al.30 The source chamber is maintained at a
pressure of 10-7 Torr, while the detection chamber is maintained at approximately 2 x 10-8 Torr. The pressures are
achieved using two 250 l/s turbo-molecular pumps backed by one 600 l/min dry scroll pump.
The TOF-MS also contains multiple lenses, grids and deflectors, attached at the end of the source (discussed
in section IV-E) which are used to maximize the beam intensity entering the TOF pulsing region. The 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 orthogonal transmission of ion species when the voltages on the plates are pulsed. Continuing along
the original beam axis, a quartz crystal microbalance (QCM), used to quantify the mass flow rate, and a Faraday cup,
used to measure the current of the beam, are located 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 by measuring the 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 thickness-, or mass accumulation-, per-second. The maximum detectable 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 analyzed in the TOFMS facility. The source is comprised of (1) and extractor plate which has a 1-mm-diameter aperture, (2) a 50-cm long,
75-μm-inner diameter capillary needle, with a wall thickness of ~5 μm at the needle apex, (3) 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. A set pressure, p0, was accomplished
by opening or closing valves which either fed nitrogen gas into the vial or removed gas from the vial via a mechanical
scroll pump. The liquid was biased via an electrode inserted into the vial. The feed system is shown in Figure 2 b. The
flowrate of the liquid being fed to the capillary source was 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
volumetric flowrate using the known dimensions of the capillary tube.
Shut-off
Valve

Shut-off
Valve

b)

a)
1

Precision
Pressure
Valve

3
4

Nitrogen
Tank

2

Precision
Pressure
Valve
Pressure
Transducer

Mechanical
Pump

Vacuum Chamber
Emission
Current
Extraction
Potential

A
P0
Ionic
Liquid

A
Extractor
Plate
Current

Capillary
Needle
Pvac

Figure 2. (a) Capillary electrospray source comprised of (1) extractor plate, (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 are the neat IL EMIMNTf2, and three solutions of EMIM-NTf2 ferrofluid with varying concentration of magnetic nanoparticles. The
ferrofluids will henceforth be called ILFF-10, ILFF-20, and ILFF-30 based on the volume percent of a concentrated
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parent ILFF that was mixed with neat IL. The parent ILFF contained 26.0 wt% iron oxide nanoparticles which led to
nanoparticle concentrations in the five solutions of 3.04, 5.98, 8.80 wt% for ILFF-10, ILFF-20, and ILFF-30,
respectively. The volumes of neat IL and ILFF, and nanoparticle concentrations that comprised each solution are
tabulated in Table 1.
Table 1. Diluted ILFF Solutions used in the TOF-MS experiments.
ILFF
Dilution

Volume
neat IL
(mL)

Volume
ILFF (mL)

Total
Volume
(mL)

Nanoparticle
Concentration
(% wt/wt)

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 field thus removing the effect of a Kelvin force,
Equation 3, at the emission site.
Kelvin force density  0 M H
(3)
The Helmholtz coil consists of two 19-cm-diameter, 500-wrap coils separated by a distance of 10 cm. The coils
required cooling to prevent the radiative heat from affecting the operation of the electrospray source; two methods
were used: a water-cooled jacket lining the center wall of the coils, and forced air convection using a box fan. The
Helmholtz coil assembly was concentrically aligned over the exterior of the source vacuum envelope using 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 TOF-MS facility. The Helmholtz coil was
capable of producing 200 Gauss at 5 Amps.
E. Experimental Methods
The following procedure was use to complete the experiment using the TOF-MS. The time-of-flight instrument is
described in full detail elsewhere30 so it will only be briefly described here. The emission axis (axial) was described
above in IV-C 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 Einzel lens located 6
mm from the time-of-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 main field-free flight 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 a pre-amplifier and onto a multi-scalar card for generation of the time-of-flight
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 greater potential than the other, which serves to repel the ions toward the time-of-flight 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 ground. For example, consider the emission source being biased at +900 V, and the base DC
potential at +880 V. Ions in the middle of the extraction region will have approximately 20 eV axial kinetic energy at
the center of the extraction region, assuming they are emitted 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 time-of-flight extractor plate will maintain +880 V. If an ion successfully 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
have shown 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 emitted 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 et al., 30 for further discussion on this topic). To ensure
the measurement of a majority of the emitted particles, spectra needed to be collected for varying pulsing-plate
potentials corresponding to varying particle energies. This was achieved by decreasing the pulsing plate bias in 50-V
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 distributions. General
operation of the instrument is described 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 into the TOF flight tube and subsequently counted. The pulse width and magnitude were 100 μs and 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 be counted. As a result, the pulse length used for
these experiments was 100 μs to allow particles up to 1,000,000 amu/e; an expected maximum range for ILFF droplet
distributions.
For every pulsing plate potential one mass spectrum was collected while the electrospray source operated without
an applied magnetic field. This was followed immediately by a spectrum while a 200-Gauss magnetic field was applied
to the source. A final spectrum was 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 extended period of operation. This was the limiting factor in the time required to collect a single mass
spectra scan. A single mass spectrum consisted of 50,000 pulse cycles collected at a rate of 200 Hz. This work is not
focused on identifying those ions emitted at various 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 emitter. The presented figures are the result of this summation
and are termed the “integrated time-of-flight spectrum”.
Mass spectra scans were collected following the procedure described above for three flowrates, approximately 0.5,
0.75, and 1.0 nl/s, using ILFF 10, ILFF 20, and ILFF 30 solutions.

V. Results
Mass Spectra of Ionic Liquid Ferrofluid Electrospray Sources
Results of the TOF-MS experiments consist of mass spectra of the beam emitted from a capillary electrospray
source running on the three ILFF solutions: ILFF-10, ILFF-20, and ILFF-30. Also reported below are the mass spectra
collected while the electrospray source was subjected to a 200-Gauss, externally-applied magnetic field.
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Integrated time-of-flight mass spectrum of the electrospray
beam emitted from the capillary source using the ILFF-10,
ILFF-20, and ILFF-30 solutions were collected for 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/s, 0.72 nl/s and 0.90 nl/s; and 450 V to 850
ILFF
Vial Pressure
Flowrate
V for flowrates 0.78 nl/s for 0.94 nl/s. and 1.04 nl/s. The
Solution
(Torr)
(nl/s)
integrated time-of-flight spectrum, as described in the
penultimate paragraph of IV-E, for each of the three flowrates
100
0.63
were normalized such that the n = 0 peak equaled an arbitrary
Neat IL
150
0.95
intensity of 1e5, and are shown in Figure 4 a) for ILFF-10,
200
1.26
Figure 5 a) for ILFF-20 and Figure 6 a) for ILFF-30. The three
100
0.52
lighter mass peaks in the spectrum are the cation species,
ILFF-10
EMIM+, [EMIM-NTf2] EMIM+, and [EMIM-NTf2]2 EMIM+,
150
0.78
denoted, respectively, as n = 0, n = 1, and n = 2 in Figures 4,
200
1.04
5, 6, and 8. Cation species of [EMIM-NTf2]3 EMIM+2,
100
0.47
[EMIM-NTf2]4 EMIM+3, [EMIM-NTf2]5 EMIM+4, [EMIMILFF-20
150
0.71
NTf2]6 EMIM+5, and [EMIM-NTf2]7 EMIM+6 (n = 3, 4, 5, and
6, respectively) were also observed in the ILFF-10, ILFF-20,
200
0.94
and ILFF-30 mass spectra. Large mass distributions are
150
0.54
centered at approximately 40,000 amu/e and 150,000 amu/e
ILFF-30
200
0.72
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/e are indiscernible in the ILFF-30 spectra.
Integrated time-of-flight mass spectra of the electrospray beam emitted from the capillary source using the ILFF10, ILFF-20, and ILFF-30 solutions were also collected with the magnetic field applied. The integrated time-of-flight
spectrum for each of the three flowrates were normalized such that the n = 0 peak equaled an arbitrary intensity of
1e5, and are shown in Figure 4 a) for ILFF-10, Figure 5 a) for ILFF-20, and Figure 6 a) for ILFF-30.
In figures 4, 5, and 6, the main plot displays the low-mass range (0 to 1500 amu/e) with the spectra for the middle
and upper flowrates shifted on the m/q axis by 20 and 40 amu/e, respectively, for ease of comparison, while the inset
plot displays the high mass range of the un-shifted spectra, (1,000 to 1,000,000 amu/e).
Table 2. Vial pressures and flowrates used in
the mass spectrometer experiments for the
neat IL and ILFF solutions. The flowrates
were derived via the bubble method.
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a)

n=1

n=0

n=2

n=1

b)

n=0

n=2

Figure 4. Mass spectra of an electrospray emitted from the capillary source using ILFF-10 under zero applied
magnetic field (a), and under a 200 Gauss magnetic field (b). The spectra in the low-mass plot (0-1500 amu/e)
have been incrementally shifted by 20 amu/e to ease comparison.
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a)

n=1
n=0

b)

n=1
n=0

Figure 5. Mass spectra of an electrospray emitted from the capillary source using ILFF-20 under zero applied
magnetic field (a), and under a 200 Gauss magnetic field (b). The spectra in the low-mass plot (0-1500 amu/e)
have been incrementally shifted by 20 amu/e to ease comparison.
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a)

n=0
n=1

b)

n=0

n=1

Figure 6. Mass spectra of an electrospray emitted from the capillary source using ILFF-30 under zero applied
magnetic field (a), and under a 200 Gauss magnetic field (b). The spectra in the low-mass plot (0-1500 amu/e)
have been incrementally 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 conditions. Several observations on the spectra will be discussed in further detail as
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 Repeatability
The intensity axis of the mass spectra can provide a
reasonable method to compare multiple scans and
realize changes within the beam of the electrospray.
However, there is uncertainty on the repeatability of the
peak intensities between individual scans. To determine
the repeatability at least two mass spectra, consisting of
50,000 scans, were collected for each energy defect
while operating the electrospray without the applied
magnetic field. The magnitude of the peak intensities,
along with the intensity ratios of the n = 1 to n = 0 peak,
was measured for each mass spectrum. The variability
of both the peak intensity and the peak intensity ratio
between the two (or more) spectra collected at energy
defect were calculated as one standard deviation from the
average. Figures 7 a) and b) give the standard deviation
as a percentage of peak intensity and peak intensity ratio,
respectively, for each ion energy at the lowest flowrate
of each solution. The standard deviation in peak intensity
and peak intensity ratio provide the measure of
repeatability in collecting mass spectra. Therefore, any
conclusions based on the comparisons of different
spectra must take into account this variability, which is
illustrated as ±error (30-percent for peak intensity and
20-percent for peak intensity ratio) in the curves of
Figure 8 b), 9, 10, and 11.
Figure 7. Standard deviation as a percentage of (a)
B. Effect of Nanoparticle Concentration on Mass average peak intensity, (b) average peak intensity ratio
of mass spectra collected under the same conditions.
Spectra
Comparison of the mass spectra collected for each
ILFF solution shows a correlation between the relative intensities of masses present in the emitted electrospray beam
and the concentration of magnetic nanoparticles in the source fluid. Specifically, as the concentration increases the
ratio of n=1 to n=0 ion species decreased significantly, illustrated by the change in ion peak intensities in the ILFF10, ILFF-20 and ILFF-30 electrospray mass spectra in Figure 8 a). While running on ILFF-10, the electrospray had a
significant amount of the n = 0, n=1, and n = 2 ion species, with the n = 1 species being the most prominent. When
the ILFF-20 and ILFF-30 solutions were used there was no longer a significant amount of n = 2 ion species in the
beam, with the n = 0 and n = 1 ion species approximately equal in intensity for the ILFF-20 solution, and the n = 0
peak the most prominent for the ILFF-30 solution. This suggests that the mass of the species emitted from the beam
decreases with the increase in nanoparticle concentration. Further evidence of this trend was observed in the large
masses, illustrated in Figure 8 b). Curve fits are also shown to better clarify multiple distributions in the high-mass
range of the mass spectra. They are in the form of Log normal fits which represent the Boltzmann distributions of a
droplet species. While 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 intensity decreases by nearly 50-percent for the two
solutions with higher ILFF concentrations. In Terhune et al.24 it was reported that electrosprays running the same ILFF
solutions observed an increase in emission current with the increase nanoparticle wt%. Given the reported increase in
emission current, and the combination of a shift to lighter ion species in a) and the reduction of the droplet peaks in
b) suggest that the composition of the beam shifts from larger to smaller m/q with the increase in nanoparticle
concentration.
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n=1

n=0

n=2

(a)
(b)
Figure 8. a) Comparison of mass spectra from electrosprays running on ILFF-10, ILFF-20, and ILFF-30
solutions normalized to n = 0 peak. The spectra from ILFF-20 and ILFF-30 solutions have been shifted on the
mass axis by 40 and 80 amu/e, respectively for ease in comparison. b) Mass spectra of ILFF-10, ILFF-20, and
ILFF-30 solutions with log-normal curve fits (yellow) to distinguish the droplet distributions.
The nanoparticle size could affect the emitted droplet size of the electrospray. In neat IL electrosprays, the droplet size
is theoretically determined through the Rayleigh limit, qR  8  0 rD 3 , 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 electrosprays is known to be approximately 40-percent of the Rayleigh limit.4,31,32 The mass of a droplet
can also be expressed in terms of the droplet radius, m  4 / 3 r 3 . Therefore, if the mass-to-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 tension and density of
EMIM-NTf2 at 300K are 0.0356 N/m and 1523 kg/m3, respectively. 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 same order as the nanoparticles added to create the ILFF. Consequently, the finite size of the nanoparticles
must certainly affect the jet-droplet breakup instability, changing the m/q of the emitted electrospray beam.
C. Effect of Magnetic field on Mass Spectra
Comparison of the ILFF electrospray with and without the application of a magnetic field reveals that the magnetic
field has little statistical effect on emitted mass species. The change in relative intensity of the 40,000 amu/e
distribution in the ILFF-30 spectra was the only statistically significant effect of the application of the magnetic field,
which resulted in a 40 percent decrease in the intensity when compared with the zero-field case. The mass spectra of
this case is shown in Figure 9, with Log Normal fits overlaying the curves to distinguish the two mass distributions.
Given that a magnetic effect of the intensity exists for the ILFF-30 solution, further investigation is warranted, albeit
using a more repeatable method to collect the mass spectra, to determine if there a similar magnetic effect exists for
all large mass distributions.
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Figure 9. Log normal curve fits for droplet distributions collected from an electrospray operating at
approximately 0.75 nl/s using ILFF-10, ILFF-20, and ILFF-30 solutions, with and without a 200-Gauss
magnetic field.
Another metric used to quantify the effect of the magnetic field was the ion-peak-intensity ratio (IntB/IntnoB), which
is the ratio of the peak intensity of an ion species from a spectrum collected with magnetic field applied over the peak
intensity of the same ion species from a spectrum collected when there is zero magnetic field. This ratio quantifies the
shift in m/q of the electrospray; a larger IntB/IntnoB indicates a shift towards lighter ion species (n = 0) when the
magnetic field is applied. The IntB/IntnoB was determined for the spectra collected at each VA2 potential (axial energy
defect) that made up the integrated spectra, and depicted in Figure 10 a) through c).
Figure 10 illustrates how the pulsing plates can be used as a retarding potential analyzer (RPA); in doing so it
shows a correlation exists between the magnetic field strength and the kinetic energy of the ions emitted from the
electrospray sources. For ILFF-10, ILFF-20, and ILFF-30 the IntB/IntnoB is larger for energy defects between 200 and
300 eV, greater than zero for the middle range of energy defects, and near 1 for the lowest energy defects. This trend
seems to be accentuated with the increase in nanoparticles. A larger IntB/IntnoB at smaller energy defects indicates that
a larger percentage of the ions are born at higher energies.
An explanation for this would be the reduction in the Taylor cone-jet length. The emission site of ions and droplets
in electrosprays is well-studied.25,32-34 The current understanding places ion emission at two regions of the emission
site, (1) the transition region35,36 between the Taylor cone, formed by the balance of surface tension and electric stress,
and the Taylor jet, the resultant ejection of mass that forms after the electric stress exceeds the surface tension of the
emitted liquid, and (2) the terminus of the Taylor jet.25,37 In a study of the ion emission of a EMIM-NTf2 electrospray
Gamero-Castaño found that ions were emitted from both of these regions.25 Furthermore, he found that the voltage
along the length of the Taylor jet dropped significantly (ranging from 208V to 647 V for a 1700-V extraction potential),
suggesting that the jet is not equipotential with the Taylor cone. Therefore, ions born in the latter region of the conejet it will have less energy than those born near the transition region. As the ILFF solutions are not a pure liquid, it is
possible that the jet dynamics have changed, possibly reducing the jet length, or the prominent emission location of
the ions. The magnetic nanoparticles are known to be very monodisperse with a diameter of approximately 30 nm,
whereas highly conductive electrosprays have jet diameters of 26 to 49 nm for the range of flowrates used in these
experiments.25
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Figure 10. Ratio of ion peak intensity ratios for spectra
collected plotted against the energy defect from
maximum of 900 eV using (a) ILFF-10, (b) ILFF-20,
and (c) ILFF-30 as the working fluid.

VII. Conclusion
A capillary electrospray source was operated using a neat
IL propellant and five solutions of an ILFF propellant
and the resulting beam was measured using a TOF mass
spectrometer. The parent ILFF was comprised of 26.0
wt% iron oxide nanoparticles, 4.6 wt% copolymer, and
69.4 wt% EMIM-NTf2. The solutions of ILFF were
produced by adding 10, 20 and 30 % (v/v) to the neat IL
which resulted in nanoparticle concentrations of 3.04,
5.98, 8.80 wt%, respectively. The same capillary source,
running on the same six propellants, was then subjected
to a 200-Gauss magnetic field concentrically aligned with the capillary needle and the resulting beam also measured
using a TOF mass spectrometer. The magnetic field was produced using a Helmholtz coil to create a gradient-free
field within its the hollow core. The resulting mass spectra were shown to be dependent on two new variables, the
nanoparticle concentration and the applied magnetic field.
Mass spectra of the ILFF solutions revealed that both small mass species and large mass distributions exist in an
electrospray running on such fluids. The small mass species were the cation species of EMIM-NTf2, with [EMIMNTf2]n EMIM+, for n = 0, 1 in all spectra, with n = 2, 3, 4, and 5 in solutions with lower nanoparticle concentration.
Two or three large mass distributions were measure at approximately 6,000 amu/e, 40,000 amu/e and 150,000 amu/e.
The relative intensities of both the small mass species and large mass distributions were dependent on the
concentration of nanoparticles. A shift in the intensities was observed where the larger masses distribution dropped,
while the small ions species increased in intensity. It is thought the nanoparticles interact with the jet breakup dynamics
causing the reduction in droplet species, and increasing the ion production. Further investigation is necessary to verify
this hypothesis.
The magnetic field affected the small mass species observed in the mass spectra. The ratio of the peak intensity of
an ion measured during 200-Gauss magnetic field over the peak intensity of the same ion measured during zero
magnetic field showed that the magnetic field created a mechanism which increased the energy of the ions. This was
accentuated by higher concentrations of nanoparticles. The magnetic field effect was not statistically significant on
the large mass distributions, however, it dropped the intensity of the 40,000 amu/e distribution observed in ILFF-30
spectra. This is motivation into future investigation of the magnetic effect on the larger masses of ILFF electrospray
using a more repeatable method of measuring the mass distributions.
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