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A mixture of [Emim][EtSO4]-HAN is a potential propellant suitable in a multi-mode
chemical-electric microtube-electrospray micropropulsion system. This paper reports
experimental mass spectrum results for this liquid when electrosprayed in a 50 pm capillary
emitter. Mass spectra from 0-600 amu were obtained over a variety of angles and flow rates
from 2 pL/sec to 3 nL/sec in both cation and anion extraction mode. Effects of flow rate and
angular orientation on the spectra agree well with literature. Results show at least three of
the four monomer species are emitted, along with numerous other species, some of which have
been identified. Results also show, for the first time, emission of both proton-transferred
covalent species paired with both ionic species for HAN. Also, because the liquid is a mixture,
swapping of anions and cations between constituents is observed. This swapping is most
evident in anion mode, where numerous forms of HAN (JHNOs], 2[HNOs], 2[HA-H], and
[HAN]) appear in the spectra attached with [EtSO4]. Numerous peaks in the spectra remain
unidentified, but are speculated to be impurities and fragments.

. Introduction

YDROXYLAMMONIUM nitrate (HAN)-based monopropellants are being explored for multi-mode spacecraft
propulsion [1-16]. Multi-mode propulsion is the use of two or more integrated, yet fundamentally different
propulsive modes on a single spacecraft. Recently proposed systems make use of a high-specific impulse, usually
electric mode, and a high-thrust, usually chemical mode. This can be beneficial in two primary ways: an increase in
mission flexibility [17-21], and the potential to design a more efficient orbital manuever [22-25]. An increase in
mission flexibility is achieved due to the availability of the two differing propulsive maneuvers to the mission designer
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at any point during the mission. This allows for drastic

changes to the mission thrust profile at virtually any Cone
time before or even after launch without the need to Jet ;
integrate an entirely new propulsion system. , | Extractor

Additionally, it has been shown that under certain

mission scenarios it is beneficial in terms of spacecraft
mass savings, or deliverable payload, to utilize separate !
high-specific impulse and high-thrust propulsion

systems even in hybrid propulsion systems [22, 24, 26].
However, even greater mass savings can be realized by

Grid

Fluid-thread

using a shared propellant and/or hardware, even if the Emission breakup
thrusters perform lower than state-of-the-art in either or :
both modes [4, 19]. In order to realize the full potential Caplllary

of a multi-mode propulsion system, it is necessary to
utilize one shared propellant for both modes; this allows
for a large range of possible maneuvers while still
allowing for all propellant to be consumed regardless of
the specific choice or order of maneuvers [20].

One promising approach to multi-mode propulsion integrates an electric electrospray thruster with a chemical
microtube thruster, and this system has significant advantages in terms of flexibility and adaptability for small
spacecraft [6, 8, 9]. Electrospray propulsion systems have already been selected for small spacecraft applications [27,
28], and chemical microtube thrusters have also been proposed for micropropulsion [29-32]. An electrospray thruster
creates thrust through ion evaporation and electrostatic acceleration of ions and droplets from a liquid surface under
applied electric field as shown in Figure 1. A microtube thruster is a heated tube with a typical diameter of 1 mm or
less, and may have a catalytic surface material. These microtubes might also be used as the capillary type emitters in
electrospray propulsion systems. This system would have one shared propellant tank, one set of feed lines and valves,
and one thruster that can alternate between high thrust chemical microtube mode or high specific impulse electric
electrospray mode. A major challenge for a multi-mode microtube-electrospray propulsion system is developing and
demonstrating a propellant that can perform in both modes. Typical electrospray propulsion uses benign ionic liquid
solvents that are not chemically reactive, such as [Emim][Im] and [Emim][BF4] [33, 34], while chemical microtube
propulsion uses traditional monopropellant liquids like hydrazine or gaseous propellants, such as hydrogen and oxygen
[35-37], that are not electrosprayable.

Recent research has identified a promising monopropellant for a microtube-electrospray propulsion system.[4].
This propellant is a mixture of 1-ethyl-3-methylimidazolium ethyl sulfate ([Emim][EtSO4]) and hydroxylammonium
nitrate (HAN) at a 59:41 HAN-[Emim][EtSO4] ratio by mass. This mixture ratio has been optimized to provide
chemical performance similar to other state-of-the-art monopropellants such as hydrazine, LMP-103, and AF-M315E
(~250 sec theoretical with a nozzle). Theoretically it has a highly competitive density specific impulse of 354,750 kg-
s/m® (compared with 365,000 kg-s/m® for AF-M315E), while also having a very desirable lower combustion
temperature (1850 K vs. 2100 K) [4]. It has been theoretically investigated [3, 4], synthesized and shown to have
good thermal and catalytic decomposition within a microreactor [2, 5, 7, 10], shown to have stable high performance
in an electrospray emitter [11], and demonstrated burn rate similar to other HAN-based monopropellants.[15, 38].

HAN-[Emim][EtSO,] propellant is different from traditional electrospray propellants. It is a double-salt ionic
liquid (DSIL), whereas traditional propellants (e.g., [Emim][Im], [Emim][BF4]) are neat ionic liquids (ILs). lonic
liquids are molten salts that are liquid at room temperature. Pure [HAN] is ionic and exists as a solid monoclinic salt
at room temperature [39], but readily dissolves into [Emim][EtSO4] creating a mixture of two salts or a double salt.
DSILs are interesting in that their properties do not necessarily obey traditional mixing laws [40-48]. That is, mixtures
of ILs can have properties, such as conductivity, density, and viscosity, which do not match simple mole or mass
averaged values of the individual components. Inter-molecular interactions within the liquid can be indicative of what
is emitted during electrospray and, conversely, electrospray emission may be an analog to internal interactions, thus
allowing conclusions on how these salts are interacting within the liquid [49]. In other words, mass spectroscopy may
be used to observe how the ions are interacting within a DSIL.

The mass spectra of emitted ions and droplets are well-known for electrospray of neat ILs,[49-51] but have not
been studied extensively for DSILs, especially those with HAN. Lozano has studied the species and energies emitted
by a single externally wetted needle with [Emim][BF.] [52]. Miller et. al. have investigated the ion and droplet
contribution in capillary electrospray of [Bmim][DCA] [53, 54], as well as an extensive investigation of [Emim] and
[Bmim] cations paired with [Im], [DCA], and [BF4] anions [55]. A few studies to electrospray mixtures are done by

Figure 1: Illustration of capillary electrospray
emission.
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Garoz and de la Mora [56], Guerrero et al. [57], and Garoz et al. [58]. Garoz and de la Mora have used time-of-flight
for formamide and methylammonium formate mixtures and predicted propulsion performance [56]. Guerrero et al.
have explored propylene carbonate mixtures with [Emim][Im] or [Emim][BF4] and used time-of-flight measurements
to predict propulsion performance [57]. Garoz et al. studied the properties of electrospray liquids that result in pure
ion emission and focused on [Emim][GaCl4], [Emim][C(CN)s]. and [Emim][N(CN),] [58].

The focus of this work is on mass spectrometry of the DSIL propellant HAN-[Emim][EtSO.]. Quadrupole mass
spectrometry is used to identify the mass of ions emitted by a capillary emitter within the mass range 0 — 600 amu in
both cation and anion emission modes. The goal is to compare and correlate observed ion masses with theoretically
expected ion masses based on the species present within the liquid mixture.

Il. Experimental Setup

A. HAN-[Emim][EtSO4] Propellant

The process for synthesizing the propellant is described in detail in previous studies [5, 7, 12]. The same synthesis
path is used here, starting with raw 24% aqueous HAN (Sigma Aldrich) and >95% pure [Emim][EtSO4] (Sigma
Aldrich). The mixture ratio is 59:41 HAN-[Emim][EtSO.] by mass, the density is 1.53 g/cc, and it has very low water
content. A major challenge with multi-mode chemical-electrospray monopropellants is water content. Most HAN-
based monopropellants have significant (~>10%) water content [16, 59-65]. Water is added to HAN-based propellants
for two reasons. First it reduces the combustion temperature to a level below the melting and sintering point of typical
catalyst materials. Second, it enhances the stability of the propellant. Specifically, the presence of polar water
molecules creates a strong hydrogen bond network within the propellant, preventing or slowing the relatively low-
energy proton transfer reaction between hydroxylammonium and nitrate, and thereby reducing the concentration of
highly reactive nitric acid in the mixture. While the presence of water is beneficial for chemical mode, it is detrimental
for electric electrospray mode. Water has a relatively high vapor pressure and is therefore volatile in vacuum
environment. This leads to bubble formation in the electrospray feed system which prohibits or causes intermittent
Taylor cone formation, adversely affecting ion and droplet extraction, and correspondingly affecting propulsion
performance. Essentially, capillary electrospray of a high water content monopropellant is impossible. The HAN-
[Emim][EtSO,] propellant investigated here has very little to no water content. Recent nuclear magnetic resonance
spectroscopy (HNMR) studies have shown that the synthesis path used in this work has <1% water content [12].

The chemical structure of the HAN-[Emim][EtSO.] propellant constituents is shown in Figure 2. The chemical
formula for [Emim]* [EtSO4]" is [CeH1iN2]* [C2HsSO4].  An important point is that HAN has two stable
configurations, an ionic and covalent arrangement [66], and both of these are shown in Figure 2. In gas phase, there
are three stable forms of HAN as a single molecule (monomer). All
three are hydrogen bonded and do not show proton transfer from nitric CHs
acid to hydroxylamine (all three are referred to as covalent form). In [ I':I" 0 /—CHs

N) -0-5-0

this covalent form, the HAN molecule chemical formula is S
[HONH:][HNOg3] (note: [HONH_] will be referred to as [HA-H]) with 0
multiple hydrogen bonds between the hydroxylamine and nitric acid I\CH

molecules. However, a HAN cluster ({HAN], dimer) can have an ionic 3

form where the nitric acid proton has been transferred to the [Emim]*[EtSO4]
hydroxylamine resulting in hydroxylammonium and nitrate [66]. In H o 0
this case, the HAN molecule chemical formula is [HONHs]* [NOs]" H—\N—OH Ny
(note: [HONHz]* will be referred to as [HA]*) with an ionic bond : H
between the molecules. The proton transfer reaction is relatively low H o
energy of 15 kcal/mol (0.65 eV/molecule), suggesting that it may be lonic HAN

possible for both ionic and covalent forms to exist together in solution.

In the liquid phase of the propellant under investigation here, the

plentitude of this proton transfer reaction and the resulting NH, —OH O——=N——-o0H
concentrations of hydroxylamine/hydroxylammonium and nitric Covalent HAN
acid/nitrate are unknown. But both appear to be observed in the mass

spectra presented below. Figure 2: Chemical structure of

Table 1 lists the theoretically calculated mass of species the constituents of the HAN-based
combinations that may be emitted via electrospray based on the =~ monopropellant.  [Emim]* [EtSO4]
possible constituents within the propellant. The masses calculated are  and both the ionic [HA]" [NOs] and
for both ionic and covalent HAN, for solvated states upton = 2. These ~ covalent [HA-H][HNOs] forms of
tables are for both anion and cation emission modes, and are all singly- ~ HAN.



charged species. The gray highlighted cells have a covalent constituent of HAN. A complete HAN molecule can be
either the covalent or ionic form as there is no difference in the mass. Electrospray emission of ion masses within the
range of these species (0-600 amu) is the focus of this work.

Table 1: Theoretical mass of possible species combinations based on the constituents within the HAN-
[Emim][EtSOa] propellant mixture.
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Anion Emission lon Combinations Cation Emission lon Combinations
Specie Mass (amu) n Specie Mass (amu) n
[NO3J- 62 0 [HA]+ 34 0
[EtSO4]- 126.1 0 [Emim]+ 111.2 0
[HA-H] [NO3J- 95 1 [HA-H] [HA]+ 67 1
[HNO3] [NO3]- 125 1 [HNO3] [HA]+ 97 1
[HAN] [NO3]- 158 1 [HAN] [HA]+ 130 1
[HA-H] [EtSO4]- 159.1 1 [HA-H] [Emim]+ 144.2 1
[HNO3] [EtSO4]- 189.1 1 [HNO3] [Emim]+ 174.2 1
[HAN] [EtSO4]- 222.1 1 2[HA]+ [EtSO4]- 194.1 1
[Emim]+ 2[NO3]- 235.2 1 [HAN] [EMIM]+ 207.2 1
[HA]+ 2[EtSO4]- 286.2 1 [HA]+ [EMIM]+ [EtSO4]- 271.3 1
[Emim]+ [NO3]- [EtSO4]- 299.3 1 2[Emim]+ [NO3]- 284.4 1
[Emim]+ 2[EtSO4]- 363.4 1 2[Emim]+ [EtSOA4]- 348.5 1
2[HA-H] [NO3]- 128 2 2[HA-H] [HA]+ 100 2
2[HNO3] [NO3]- 188 2 2[HNO3] [HA]+ 160 2
[HA-H] [HAN] [NO3]- 191 2 [HA-H] [HAN] [HA]+ 163 2
2[HA-H] [EtSO4]- 192.1 2 2[HA-H] [Emim]+ 177.2 2
[HNO3] [HAN] [NO3]- 221 2 [HNO3] [HAN] [HA]+ 193 2
2[HNO3] [EtSO4]- 252.1 2 2[HAN] [HA]+ 226 2
2[HAN] [NO3J- 254 2 [HA-H] 2[HA]+ [EtSO4]- 227.1 2
[HA-H] [HAN] [EtSO4]- 2551 2 2[HNO3] [Emim]+ 2372 2
[HA-H] [Emim]+ 2[NO3]- 268.2 2 [HA-H] [HAN] [EMIM]+ 240.2 2
[HNO3] [HAN] [EtSO4]- 2851 2 [HNO3] 2[HA]+ [EtSO4]- 2571 2
[HNO3] [Emim]+ 2[NO3]- 298.2 2 [HNO3] [HAN] [EMIM]+ 270.2 2
2[HAN] [EtSO4]- 318.1 2 [HAN] 2[HA]+ [EtSO4]- 290.1 2
[HA-H] [HA]+ 2[EtSO4]- 319.2 2 2[HAN] [Emim]+ 303.2 2
[HAN] [Emim]+ 2[NO3]- 331.2 2| [HA-H] [HA]+ [EMIM]+ [EtSO4]- 304.3 2
[HA-H] [Emim]+ [NO3]- [EtSO4]- 332.3 2 [HA-H] 2[Emim]+ [NO3]- 3174 2
[HNO3] [HA]+ 2[EtSO4]- 349.2 2| [HNO3] [HA]+ [EMIM]+ [EtSO4]- 334.3 2
[HNO3] [Emim]+ [NO3]- [EtSO4]- 362.3 2 [HNO3] 2[Emim]+ [NO3]- 3474 2
[HA]+ [HAN] 2[EtSO4]- 382.2 2 3[HA]+ 2[EtSO4]- 354.2 2
[HAN] [Emim]+ [NO3]- [EtSO4]- 395.3 2| [HAN][HA]+ [Emim]+ [EtSO4]- 367.3 2
[HA-H] [Emim]+ 2[EtSO4]- 396.4 2 [HAN] 2[Emim]+ [NO3]- 380.4 2
2[Emim]+ 3[NO3]- 408.4 2 [HA-H] 2[Emim]+ [EtSO4]- 3815 2
[HNO3] [Emim]+ 2[EtSO4]- 426.4 2 [HNO3] 2[Emim]+ [EtSO4]- 4115 2
2[HA]+ 3[EtSO4]- 446.3 2 2[HA]J+ [Emim]+ 2[EtSO4]- 4314 2
[HAN] [Emim]+ 2[EtSO4]- 4594 2 [HAN] 2[Emim]+ [EtSO4]- 4445 2
2[Emim]+ 2[NO3]- [EtSO4]- 4725 2 3[Emim]+ 2[NO3]- 457.6 2
[HA]+ [Emim]+ 3[EtSO4]- 523.5 2 [HA]+ 2[Emim]+ 2[EtSO4]- 508.6 2
2[Emim]+ [NO3]- 2[EtSO4]- 536.6 2 3[Emim]+ [EtSO4]- [NO3]- 521.7 2
2[Emim]+ 3[EtSO4]- 600.7 2 3[Emim]+ 2[EtSO4]- 585.8 2
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B. Electrospray Source

The electrospray source has been described in previous work [11, 54, 55, 67]. A photograph of the electrospray
source is shown in Figure 3A. The source has an extractor plate with a 1.5-mm-diameter aperture and a conductive
50-um ID stainless steel capillary needle (PicoTip MT320-50-5-5) emitter. The emitter tip and extractor are set
approximately 1.5 mm apart, yielding an approximate pass through angle of 30° off axis emission. The emitter-
extractor assembly is mounted on a rotatable stage. The emitter-extractor assembly and rotation stage are mounted at
the end of an arm attached to a vacuum flange with propellant/liquid feed-through and high-voltage feed-through
connections. This entire assembly, shown in Figure 3B, is secured to a vacuum chamber and operated in vacuum at a
nominal 1x10°¢ Torr. A 100-um ID silica capillary connects the emitter capillary to the propellant reservoir. The
propellant reservoir is situated on a syringe pump (Harvard Elite Module Picopump) external to vacuum, thus requiring
the silica capillary to pass through a custom feed-through on the vacuum flange.

For the experiments reported here, a 3.0 kV potential difference is applied between the emitter and extractor. When
referenced to facility ground, the emitter is biased at +0.5 kV and the extractor at -2.5 kV for cation emission. Anion
emissions are obtained by switching the polarity, i.e. emitter bias of -0.5 kV and the extractor at +2.5 kV. This
potential difference has been shown to provide stable emission of this liquid for the capillary size used here [11], and
agrees well with theoretical predictions of the starting voltage for electrosprayed liquids and liquid metal ion sources
[68]. Flow rates investigated in this study cover the range of 2.0 pL/s to 3.0 nL/s, with corresponding emitter currents
of 600 to 1100 nA. For most flow rates spectra were acquired at emitter angular orientations of -30° to 10° in 5°
increments, and at -45°.

Figure 3: Photograph of (A) zoomed in view showing emitter and extractor mounted on rotation stage and
(B) emitter structure mounted to vacuum flange outside the vacuum chamber showing capillary feed tube and
syringe propellant pump.

C. Quadrupole Mass Spectrometer

The diagnostic used in this study is a quadrupole mass spectrometer. A schematic of the general setup is shown
in Figure 4 and the Extrel quadrupole used here has been described previously [51, 69-71]. The faraday cup, QCM,
and RPA are not used for data collection in this study. The emitted electrospray species initially pass through a series
of ion lenses to focus the ion beam before it enters the quadrupole. The charged particles then pass through the
quadrupole where the mass-to-charge ratio (m/q) of the particles selected for passage. Next the selectively filtered
particle beam passes through the RPA. In these experiments the RPA has not been biased to ensure particles of all
energies at the investigated m/q value can pass through. Finally, the particles are detected using an off-axis
channeltron single-channel electron multiplier with an accompanying deflector. The channeltron is connected to an
event counter such that the arrival of a particle at the channeltron registers an event or “count”. At a particular m/q,
the counts are integrated for three 25 ms durations for cation mode and three 100 ms durations for anion mode. A
longer integration time is used in anion mode to average out the larger noise inherent to anion mode.
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Rotatable Ton Lenses \ Retarding
Electrospray Source Potential Analyzer

Figure 4: Schematic of the quadrupole mass spectrometry system used here, and is the same as described
by Miller et al. [51].

I1l. Results

Experimental mass spectrum results were obtained for cation and anion emission modes of the electrospray source
operating with the HAN-[Emim][EtSO,4] monopropellant. Flow rates of 2.0 pL/s to 3.0 nL/s and angular orientations
of -30° to 10° in 5° increments and -45° were investigated. All mass spectrum data are presented as relative counts.
For anion mode, the absolute number of counts measured across all angles and flow rates have been divided by the
number of counts corresponding to the [EtSO4] anion at -15° and 5 pL/s flow rate of 9.638x10* In cation mode, the
absolute number of counts measured across all angles and flow rates have been divided by the number of counts
corresponding to the [Emim] cation at -15° and 5 pL/s flow rate, which had a counts value of 1.478x10*. The results
presented below are divided into sections that focus on the anion and cation modes, respectively. The goal is to
compare observed peaks in the mass spectra with anticipated or expected ion masses based on theoretical combinations
of the four constituent ions, masses given in Table 1.

Analysis of flow rate and angular orientation effects showed trends typical of what is found in literature, and
therefore will only be briefly discussed here. As the emitted ions pass through the quadrupole at significant kinetic
energy, the resolution of the spectra peaks tends to be poorer, the “zero mass” tends to extend to larger m/q ratios, and
a general overall baseline is present in the spectrum. These results are similar to phase space literature data over m/q,
angle, and intensity [51, 69]. A larger droplet concentration, identified as an overall baseline in the spectrum, was
observed on centerline and increased with flow rate. The presence of droplets extended to approximately 15° off-axis,
aresult that is well-described in the literature [50, 51, 72]. No emitted species were found at an angle of -45°. Spectra
were symmetric about centerline, and in some cases included dual peaks at 5° to 10° off-axis due to emission from
the neck region of the Taylor cone, a result previously identified by Lozano [73]. As flow rate increased the intensity
of peaks in the spectra decreased, signifying a decrease in ion emission and increase in droplet emission, another result
that is well-described in the literature [50, 51, 69, 74, 75].

A. Anion Mode

Data collected for a 0-900 m/q range are shown in Figure 5 for selected flow rates at angular orientation of -15°.
Peaks in the mass spectrum are observed on top of a significant background profile, complicating the assignment of
their respective intensities, particularly at values below 150 m/g. Peaks are observed out to about 300 m/q while the
background persists to about 700 m/q at all flow rates shown. A peak at 278 m/q has the most significant signal-to-
noise ratio with respect to the baseline. The mass spectra appear similar over the two orders of volumetric flow rate
magnitude examined, with only slight increases in the relative baseline as flow rate is increased. The dearth of peaks
in the spectra at mass values above 300 m/q indicate that higher order solvated states (such as the n > 2 clusters) are
not present at significant levels. With the absence of apparent species above 300 m/q, the quadrupole was operated to
interrogate the 5-500 m/q range.

Example mass spectra for anion mode emission from 20 to 300 m/q is shown in Figure 6 for flow rates 5 pL/s and
500 pL/s at an angular orientation of -15° and -15°, respectively. Data are not reported at m/q less than 20 m/q due to
the low quadrupole mass offset (zero mass). The droplet baseline signal has been removed shifting the spectrum
down. From this point, any presented spectrum has had the baseline removed for clarity.

Figure 6 shows clear peaks in the mass spectrum for anion emission of the HAN-[Emim][EtSO4] monopropellant.
In this spectra, peaks are evident at 44, 60, 78, 96, 124, 146, 188, 194, 210, 220, 235, 250, and 278 m/q. Over all flow
rates and angular orientations investigated, these are the dominant peaks found in all spectra. The two monomer anion
constituents of the propellant, as identified in Table 1, appear to be present in the spectra. The [EtSO4] anion (mass
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126 amu) is at 124 m/q and the nitrate [NOs] anion (mass
62 amu) is at 60 m/q. The 124 m/q peak may also contain
the [HNO3][NO3]" pairing which has a mass of 125 amu.
The 62 m/q peak has an intensity that is 16.7% larger than
the 124 m/q peak at 5 pL/s. At 500 pL/s the 124 m/q peak
intensity has dropped to 68% of what it was at 5 pL/s, and
now the 60 m/q peak intensity is less than the 124 m/q.
Specifically the 60 m/q intensity has decreased 60% from
1.17 to 0.45 between the 5 to 500 pL/s flow rates.

Also in Figure 6, the peaks at 94, 188, 194, 220, 235,
and 250 m/q appear to correspond with some of the
expected n = 1 and n = 2 solvated states of Table 1. The
peak at 94 m/q may be a hydroxylamine [HA-H] paired
with nitrate [NO3],, which has a mass of 95 amu. A
combination of 2[HNO3] with [NOs] has a mass of 188
amu and corresponds with the 188 m/q peak. This 188 m/q
peak may also be [HNO3] [EtSO.]" (mass 189 amu), which
would indicate swapping of bonded species within the
liquid. In other words, this emitted ion is a combination
of a neutral covalent HAN species bonded with the
[Emim][EtSO.] anion. The 192 m/q peak may be due to
the presence of [HA-H] [HAN] [NOs]  (mass 191 amu),

Relative counts
o
©
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50 pl/sec
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2000 pl/sec

L
0 100

L L L L L L )
300 400 500 600 700 800 900
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Figure 5: Anion mass spectra out to 1000 m/q
for different flow rates at -15° angular
orientation.

and would indicate a pairing of a complete HAN molecule with hydroxylamine and nitrate species within the same
emitted ion. The combination of 2[HA-H] [EtSO4]  (mass 192 amu) may also be present within the 192 m/q peak.
The peak at 220 m/q may be due to the combination of [HNO3] [HAN] [NOs] (mass 221 amu), and would also indicate
there is pairing of HAN molecule with nitric acid and nitrate. This peak could also be due to [HAN] [EtSO.]- (mass
222 amu), which would indicate pairing of anions from both HAN and [Emim][EtSO4] within the same emitted
species. The peak at 235 m/q appears to correspond with [Emim]* 2[NOs] (mass 235 amu), where [Emim] is now
bonded with the nitrate from the ionic form of HAN. The peak at 250 m/q appears to correspond with 2[HNOs]
[EtSO4]" (mass 252 amu). Table 2 summarizes these observed peaks in the mass spectra and their correlated species.
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Figure 6: Example anion mass spectrum at (A) 5 pL/s and (B) 500 pL/s at -15° off axis.

Figure 6 also shows peaks in the spectra that do not directly correlate with the theoretical mass calculations in
Table 1. These are the peaks at 44, 78, 146, 210, and 278 m/q. Some of these peaks are believed to be due to ion

fragmentation. These peaks will be discussed in the discussion section below.



Downloaded by UNIVERSITY OF ILLINOIS on July 27, 2018 | http://arc.aiaa.org | DOI: 10.2514/6.2018-4725

B. Cation Mode

Extended mass spectra were acquired for different
flow rates in cation mode at -15° off axis, and are plotted
for arange of 0-500 m/q in Figure 7. The y-axis has been
normalized as described above to the [Emim]* cation
value. The only discernable peak above 200 m/q appears
at 344 m/q; however, even this peak is dwarfed by the
single [Emim]* ion emission (111 m/q) whose signal is
~50 times larger. This small peak may be a dimer (n =
1) corresponding to 2[Emim]* [EtSO4]" (mass of 348
amu) or it may be the trimer (n = 2) [HNO3] 2[Emim]*
[NO3] (mass of 347 amu). The spectra do not show any
other peaks beyond 200 m/g. Therefore the range 20 to
200 m/q is further investigated.

A representative cation mass spectrum from 20 to
200 m/q can be seen below in Figure 8. Figure 8 shows
clear peaks at 28, 40, 54, 68, 82, 94, 110, and 138 m/q.
Over all flow rates and angular orientations investigated
these are the only clear peaks within this mass range.
The two monomer cations may be present at 28 and 110
m/q. The 110 m/q peak likely corresponds with [Emim]*
(mass 111 amu). But [HA]" cation has a mass of 34 amu,
which is 6 amu above the 28 amu of the peak. The peak
at 110 m/q in Figure 8 (5 pL/s at -15°) has a value of 1
denoting the normalization case, and the peak at 28 m/q
is 43% of the 110 m/q peak. At 500 pL/s the peak at 110

Table 2: Comparison of measured (Figure 6)
and theoretical mass (Table 1) of identified anion

species.

Measured Assianed Species Theoretical
m/g (amu) 9 P m/g (amu)
60 [NOs] 62
96 [HA-H] [NO3]- 95
[HNO3] [NO3]-

124 And/Or 125, 126
[EtSO4]-
2[HNO3] [NO3]-
188 And/Or 188, 189
[HNO3] [EtSO4]-
[HA-H] [HAN] [NO3]-
194 And/Or 191, 192
2[HA-H] [EtSO4]-
[HNO3] [HAN] [NO3]-
220 And/Or 221, 222
[HAN] [EtSO4]-
235 [Emim]+ 2[NO3]- 235
250 2[HNO3] [EtSO4]- 252

m/q has decreased to 69% of its 5 pL/s value, and the peak at 28 m/q has decreased by 27% in magnitude.
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Figure 7: Cation mass spectra at -15° off axis over multiple flow rates (A) normal view and (B) zoomed in.

There are several peaks that can be related to dimers and trimers in Figure 8. Notably, the peaks at 68 and 94 m/q.
The peak at 94 m/q may correspond to [HNOs] [HA]* (mass 97 amu), which would indicate bonding of covalent and
ionic HAN species. The peak at 68 m/q may be [HA-H] [HA]* (mass 67 amu), which again would indicate covalent
and ionic HAN species bonding. A summary of these observed mass spectra peaks and their corresponding species
based on comparison with theoretical mass calculation is given in Table 3. The rest of the peaks at 40, 54, 82, and
138 m/q may be associated with fragmentation of the ions, and this will be discussed further in the discussion section

below.
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Figure 8: Cation mass spectrum at (A) 5 pL/s and (B) 500 pL/s flow-rate at -15° off axis.

IVV. Discussion
Table 3: Comparison of measured (Figure 8) and

A. Monomer Species are Present in the Spectra theoretical mass (Table 1) of identified cation species.

There are four possible monomer species for the

HAN-[Emim][EtSO4] liquid: cations: [Emim]* (111 rl:}/l/za(s:r;’]i(i Assigned Species Tn?/zo(r:;:ﬁ‘;‘l
amu), [HA]* (34 amu), and anions: [NOs]" (62 amu), 78 [HAJ+ 34
[EtSO4]" (126 amu). The [Emim]" and [NOs] are

present in the spectra. Figure 8 shows a peak at 110 68 [HA-H] [HA]+ 67
amu corresponding with [Emim]*, and, as Table 1 94 [HNO3] [HA]+ 97
shows, there are no other identified species

combinations that are expected to give rise to that 110 [Emim]+ 111
mass. Figure 6 clearly shows a peak at 60 amu [HNO3] 2[Emim]+ [NO3]-
corresponding with [NOs], and there are no other 344 And/or 347, 348
identified species combinations that are expected to 2[Emim]+ [EtSO4]-

give rise to that mass. The [EtSO4]” anion may also
be present because a peak is evident at 124 amu in Figure 6, however, this peak may also contain [HNO3][NOs] which
has a mass of 125 amu, and will be discussed below. It is unclear what fraction of the intensity of the 124 amu mass
spectrum peak corresponds to [EtSO4]" vs. [HNOs][NOs], both have been observed in the literature [76, 77]. Of the
four monomers identified, the presence of [HA]* cation is the most questionable. There is no identified peak at its
mass of 34 amu in any of the spectra. The closest peak is at 28 amu as shown in Figure 8. The mass resolution of the
quadrupole instrument was set at 2 amu. An experiment conducted directly before these data with a different non-
DSIL ionic liquid showed agreement with expected species to within 2 amu. So we expect the m/q of peaks in the
spectra to be accurate to within 2-3 amu. Therefore at this time the [HA]* cation cannot be definitively assigned within
the spectra.

B. Presence of Proton-Transfer Species

Proton-transfer species are present in both the cation and anion spectra. The proton-transfer species of HAN
(IHAT*[NOg3], the ionic form of HAN) are [HA-H][HNOs3], and these are also referred to as the covalent form of HAN.
Numerous peaks in the anion and cation spectra may contain these species, for instance 124 and 188 amu in the anion
spectra of Figure 6. It is not unusual to see such proton-transfer species in the presence of liquids with a nitrate
functional group. Prince et al. investigated neat IL 2-hydroxylethylhydrazinium nitrate ((HEH]*[NOs], a.k.a. HEHN)
[76]. Proton transfer between these species results in [HE][HNOs], and they saw both of these species in the mass
spectra. They used an externally wetted titanium emitter and observed [HE][HEH]* and [HNO3][NOs] dimers along
with 2[HNOs][NOs] trimer. Interestingly they did not identify [HNOs][HEH]* or [HE][NOs]', suggesting the proton-
transferred species only pair with their counterpart. Our results show both covalent species paired with the monomer
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anion and cation. Specifically the anion spectra of Figure 6 show [HNO3][NO3]" and [HA-H][NOs] at 94 and 124
amu, respectively. Our cation spectra of Figure 8 show [HA-H][HA]* and [HNO3][HA]* at 68 and 94 amu,
respectively. Similar to Prince et al. [76] we also identify 2[HNO3][NOs]  at 188 amu in our spectra of Figure 6. They
also identified additional solvated states of [HE][HEHN].[HEH]*, but no solvated states of [HNO3][HEHN].[HEH]".
We do not observe any cation solvated states with a full [HAN] molecule. However, we do see anion solvated states
with both [HA-H] and [HNOs], but only for n = 1. Specifically we identify [HA-H][HAN][NOs]" and
[HNO3][HAN][NO3] at 194 and 220 amu, respectively, in Figure 6. Finally we also see proton-transfer species pairing
with cations and anions of the solvent. In particular [HNO3][EtSO4], 2[HA-H][EtSO4]", and 2[HNO3][EtSO4] anions
in Figure 6 and [HNO3]2[Emim]*[NOs]" cation of Figure 8.

The results presented here indicate proton-transferred species can be emitted from a different molecule with nitrate
functional group, HAN as opposed to HEHN. Further, the results presented here indicate that these species can be
emitted from a mixture, which has never before been demonstrated. Our results indicate that both proton-transferred
covalent species can be paired with both ionic species for HAN in mixture with [Emim][EtSO4], unlike the neat IL
results for HEHN. Also, results presented here show these species are present over a wider range of flow rates than
previously thought, from the low flow rate externally wetted studies of Prince et al. (~2 ng/s) [76], to the higher flow
rates investigated here (7 — 4600 ng/s).

C. Swapping of Anions and Cations in the Mixture

Numerous species identified in the spectra show pairing of ionic and covalent forms of HAN, as well as swapping
of cations and anions between the constituents of the mixture. Swapping of anions and cations is possible because the
IL investigated here is a mixture. . Here, we find in the electrospray plume that [HAN] anion can bind with
[Emim][EtSO.] cation, and vice-versa. This type of behavior is also indicative that the mixture is a DSIL as opposed
to a simple mixture [40].

Anion results of Figure 6 (Table 2) may indicate pairing of each [HNO3], 2[HNO3], 2[HA-H], and [HAN] with
[EtSO4]". But interestingly, while we see 2[HA-H], we do not see [HA-H] paired with [EtSO.]", which would appear
at 160 amu. Also, while we see [HAN][EtSO4]" we do not see [HAN][NOs]. We identify [Emim]* paired with
2[NQOg], but the anion spectra do not show [Emim]* paired with [EtSO4]". That is, the anion spectra do not show an
[Emim][EtSO.] combination. Of all possible dimer (n = 1) combinations identified in Table 1, we see half of them in
the spectra. We do not see any species at 160 amu ([HAN][NOs]" or [HA-H][EtSO4]), nor do we see any species
greater than 280 amu ([HA]*2[EtSO4] or [Emim]*[EtSO4] [NOs] or [Emim]*2[EtSO4]"). We do see a peak at 278
amu, but cannot link it directly to any of these species.

The absence of [Emim][EtSQ4] in the anion spectra may not be surprising considering the mole fraction of the
mixture. While the mass fraction is 59% HAN to 41% [Emim][EtSO4], the mole fraction is 78% HAN to 22%
[Emim][EtSOq], indicating there are 3.55 times as many HAN molecules as [Emim][EtSO4] molecules. Based on this,
one might expect more HAN-related species to be emitted into the plume. Considering only the monomers, Figure 6
for 5 pL/s does indicate [NO3] intensity at 60 amu is 17% higher than [EtSO,] intensity at 124 amu. However, this
trend flips for the 500 pL/s case. Further, the contribution of [EtSO,]  to the intensity at 124 amu is convoluted by the
likely presence of [HNO3][NOs]". The spectra also show that numerous other species besides monomers are present
in the plume (including droplets), and in some cases contain both HAN and [Emim][EtSO.] related species.
Unfortunately it is impossible using the current data to quantify the plume ratio of HAN-related vs [Emim][EtSOa]-
related species.

Numerous species were identified in the anion spectra showing swapping of anions and cations, but only one such
specie has been identified within the cation spectra of Figure 8 (Table 3). Specifically the peak at 344 amu may be
partially due to [HNO3]2[Emim]*[NOs], which has [Emim] cations paired with ionic and covalent forms of HAN.
Interestingly this peak may also be due to 2[Emim]*[EtSO4]", which would indicate that [Emim][EtSO4] is present
within the cation spectra. While we see 2[Emim]*[EtSO4]", we do not see 2[Emim]*[NOs]. Unlike the anion case,
only three of the possible ten dimers are identified in the cation spectra.

D. Speculation on Remaining Peaks

Numerous peaks in the experimental mass spectra cannot be assighed based on the constituent ion pairings listed
in Table 1. Specifically for the anion spectra, peaks at 44, 78, 146, 210, and 278 amu are unidentified, while for the
cation spectra, peaks at 40, 54, 82, and 138 amu are unidentified. These may be fragments and/or impurities in the
liquid. lons and solvated states are known to fragment. Courtney and Shea have developed a technique for correcting
for fragmentation in propulsion performance calculations [78]. Miller and Lozano have quantified fragmentation rates
for an externally wetted emitter with [Emim][BF4] [79]. Prince et al. observed fragmentation of the cation HEH*
along the interior N-C bond resulting in N,Hs* and C,HsO* [76]. They also observed these charged fragments and
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their neutral species pairing with covalent proton-
transfer species, i.e., [HE] pairing with [CHs0]*.
Similar phenomenon may be present in the plume of

Table 4: Speculation of possible fragments and/or
impurities within the HAN-[Emim][EtSO4] mass

the HAN-[Emim][EtSO,] propellant. spectrum.

We speculate on possible fragmentation species Species | Measured _ _ Theoretical
and correlate their theoretical mass with anomalous Type | m/q (amu) Possible Species miq (amu)
peaks measured in the spectra. Specifically, referring .
to Figure 2, we assume [Emim] will fragment along the | _AANion a4 ?

N-C bond, possibly resulting in a free methyl group Anion 78 CH3 [NOs] 77
(CHs), ethyl group (C:Hs), and imidazolium ring ] 2[HA-H] CH3

(CsH3Ny). We assume [EtSO4] will fragment along the | Anion 146 [NOS] 143
O-C and/or C-C bond, possibly resulting in a free ] Impurity in

methyl group (CHs), ethyl group (CHs), and sulfur | Anion 210 [Emim][EtSO4]

tetroxide (SO4). We assume no fragmentation of HAN ] Impurity in

species. With these assumed possibilities we calculate | Anion 278 [Emim][EtSO.]

the theoretical mass of these fragments paired with :

other species expected within the liquid (e.g., [HA-H], | Cation 40 ?

[HNOsg], etc.). NIST was also used when identifying Cation 54 2

the [EtSQ,] data, as there is spectral data (including '

fragments) on diethyl sulfate, showing the constitutive Cation 82 2[HA-H]CH3 81
elements/molecules it is likely to break into [80]. 2[HNO3]CH3

Results are given in Table 4. ) And/or

Peaks in the anion spectra at 78 and 146 amu may | Cation 138 Impurity in 141
be due to combinations of nitrate with a methyl group [Emim][EtSO4]

and [HA-H]. The peak at 44 amu remains unidentified.
We believe the peaks at 210 and 278 amu are due to an
impurity (impurities?) within the [Emim][EtSO4]. Our recent unpublished work has studied plume mass spectra of
neat [Emim][EtSO4], and this peak appears in the spectrum of neat [Emim][EtSO4]. The [Emim][EtSO4] as purchased
form Sigma Aldrich is > 95% pure. We remove any volatile impurities by placing it in vacuum for extended duration;
however, non-volatile impurities remain and these may be producing the peaks at 210 and 278 amu. Peaks in the
cation spectra at 40 and 54 amu remain unidentified. Peaks at 82 and 138 amu may be combination of a methyl group
with covalent HAN species. We also see the 138 amu peak in neat [Emim][EtSO.] spectra, so this specie may also
be an impurity.

V. Conclusion

The HAN-based monopropellant mixture HAN-[Emim][EtSO4] electrosprays stably over a wide flow rate range
of 2 pL/sto 3 nL/s in a 50 um capillary emitter. The mass spectrum examined over this flow rate range contains small
n=0, 1, 2 solvated states in addition to droplets. The ion species mass spectra were investigated in detail over a mass
range of 0 — 600 amu. The angular distribution of the plume mass spectra and the effects of flow rate agree with the
existing literature. In that respect, the liquid is similar to other previously investigated electrospray propellants.

Plume mass spectra of the HAN-[Emim][EtSO4] mixture showed results new and novel for electrospray
propellants. First, both ionic and covalent forms of HAN were observed. While proton-transfer species have been
observed previously, the results here show for the first time that both proton-transferred covalent species can be paired
with both ionic species for HAN. Also, these covalent forms of HAN are observed to bond and be emitted with the
anion of the solvent [Emim][EtSO,4]. But they do not appear to be as readily emitted with the cation. Evidence of
proton-transfer species in electrospray plume has now been demonstrated over a much wider flow rate range (7-4600
ng/s). Second, because the liquid is a double-salt ionic liquid (i.e., a mixture), we observe swapping of anion and
cation species between the constituents. This swapping is most evident in anion mode, where numerous forms of
HAN ([HNOg], 2[HNOs], 2[HA-H], and [HAN]) appear in the spectra attached with [EtSO4]". Only one such possible
specie was identified in cation mode, [HNO3]2[Emim]*[NOs],, but this may also be 2[Emim]*[EtSO.]. While
[Emim][EtSO4] neutral pair may be found in cation spectra, it is noticeably absent from the anion spectra. In fact,
both cation and anion spectra appear to contain more HAN than [Emim][EtSO4] related species. This may be expected
since the mole fraction of HAN to [Emim][EtSO,] is 3.55:1, but cannot be quantitatively evaluated with the existing
data. Finally, numerous spectrum peaks remain unidentified, for both cation and anion modes. At least two, and
maybe three, of these peaks is likely due to an impurity in the [Emim][EtSO.] because the same peak appears in the
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mass spectrum of neat [Emim][EtSO,4] without HAN. Other peaks may also be impurities or fragments. Emitted
electrospray ions and droplets are known to fragment. Our speculation of possible fragmentation paths for
[Emim][EtSO.] may have identified four of the anomalous peaks, but still three remain. Future investigations should
focus on conclusive identification of these species.
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