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Abstract—Here we describe a suite of experiments probing the
ability of ESI propulsion sources to serve as TOF-MS ionization
stages in pure vacuum operation. The goals of the study are
to assess the operational parameter space which may result in
biomolecules entrained in an ion spray, detectable by traditional
mass spectrometry techniques. The variables explored in this
work include the ionic liquid solvents EMI-BF4 and EMI-Am,
and biomolecules arginine and cellulose. A laboratory ESI
source is coupled with a TOF-MS capable of providing a mass
resolution (m/dm) between 200 and 1000 for the ion range of
interest (100-500 amu). The ion spray is characterized with
the solvent alone and with the biomolecules mixed in. Initial
experiments indicate that cellulose may be detectable at high
concentrations in EMI-BF, while operation with EMI-Am may
require heating above room temperature.

1. NOMENCLATURE

d [m] Distance between emitter tip and ex-
tractor plate
e [C] Elementary charge
E [V/m]  Electric field strength
AG [eV] Solvation energy
I [A] Emitted current
[u] Atomic mass unit
m; [kg] Mass
q [C] Electric charge
t [s] Flight time
v [m/s]  Particle velocity
Vstart [V Startup voltage required to form a
Taylor cone
z [—] Number of elementary charge units
Greek Symbols
[—] Relative permittivity
€0 [;iﬁ:g] Permittivity of free space
[°] Half angle of portion of plume im-
pacting detector
V] Electric potential
by [V] Emitter tip electric potential
g VI Gate electrodes electric potential
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2. INTRODUCTION

Mass spectrometers are a common type of instrument used to
study the chemical composition of samples, with applications
ranging from pharmaceuticals and forensics to biology and
space exploration [1]. Time of flight mass spectrometry
(TOF-MS) systems aboard spacecraft have been used to
study the composition of space-borne dust grains ejected
from icy ocean worlds, such as Enceladus [2]. Because icy
ocean worlds are known or suspected to harbor liquid water
oceans underneath their crusts of surface ice, they are often
considered prime candidates for habitability assessments and
biosignature searches [3]. Such missions would seek to
study the inventory of complex organics at these icy moons
and determine if any complex organics or biomolecules are
present, e.g. [4]. However, TOF-MS analysis requires that
the molecules of the sample be ionized so that they can be
accelerated via an electric field towards a detector. The ion-
ization process itself may fragment larger, complex organic
molecules. Therefore just before the sample’s molecules are
characterized, they may be altered by the ionization process,
leading to incorrect identification of the sample composition.
Terrestrially, electrospray ionization (ESI) is employed in
many TOF-MS systems because it minimizes fragmentation
of biomolecules relative to other methods.

In ESI, the sample is ionized as a result of a strong electric
field produced by the difference in potentials between an
emitter tip and an extractor plate. The liquid sample is drawn
to the emitter tip either by external wetting of the needle,
or by capillary action through a porous or hollow needle.
The emitter is made to be extremely sharp to increase the
electric field strength at the tip and to aid in the formation
of a Taylor cone, a cone of solution that forms at the nee-
dle tip and facilitates ionization. The resulting instability
creates charged droplets and ionized molecules, which are
accelerated along the potential gradient. When coupled with
a TOF system, a long flight path between the ion source
and the detectors allows particles to separate based on the
inverse-square relationship between their mass and their flight
velocity. The differences in flight time are used to calculate
mass-to-charge ratios of the ionized particles, from which the
chemical composition of the sample can be inferred.

While electrospray ionization mass spectrometry (ESI-MS)
has been widely implemented to detect organic samples in
terrestrial, clinical settings, it has not been utilized in space
exploration for in-situ measurements [5]. While soft ioniza-
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tion techniques, and specifically ESI-MS, could be valuable
tools for the detection and characterization of complex or-
ganic material found throughout the solar system, traditional
methods of ESI-MS require modification for use in space;
the ionization process must be performed in a vacuum and
ideally without a buffer gas, which is typically employed
terrestrially. However, ESI sources are routinely used as high
specific impulse thrusters for cubesats [6], [7]. These sources
are designed to operate natively in space and use specialized
ionic liquids that do not evaporate in vacuum. The goal of
the present work is to adapt these ESI propulsion devices
for use as the ionization stage in spacecraft-mounted mass
spectrometers for future missions.

3. EXPERIMENTAL METHODS

For this study, arginine and cellulose are chosen as organic
molecules that would be prone to fragmentation in traditional
mass spectrometer hard ionization methods. They are also
molecules critical to life on Earth, and may be similar in
structure to organic compounds found in space. Arginine,
an amino acid, is necessary for the formation of proteins,
similar to another amino acid glycine, of which traces were
found in interstellar space [8] and on comet 67P/Churyumov-
Gerasimenko and a variety of other abiotic souces [9], [10].
Ionic liquids EMI-BF, and EMI-Amino acetate (EMI-Am)
are used as solvents to help transport and ionize the organic
molecules. EMI-BF;, is chosen due to its extensive use in
vacuum electrospray sources [11], [12]. EMI-Am is chosen
because it is commonly used in ESI propulsion and is known
to dissolve cellulose [13]. In these experiments, the ESI
source is fired at positive voltage, accelerating singly charged
EMI* molecules and other molecules attached to EMI*. The
mass spectrum of EMI-BF, ESI sources has been well char-
acterized [12], and is mostly limited to monomers EMI*,
dimers EMIT(EMI-BF,) and trimers EMI*(EMI-BF,),. This
is important because precise interpretation of the resulting
mass spectra will require the identification of mass lines of
both the solvent EMI-BF, and any additional lines present
when new organic analytes are added.

ESI Source

The ionization source consists of a needle emitter electrode,
a liquid reservoir, and an extractor plate. Surface tension and
capillary forces draw the liquid sample from the reservoir to
the emitter tip. A positive potential is applied to the needle,
while the extractor plate is held at ground, as shown in Fig. 1.
The needle tip radius is approximately 13 pm and the distance
between the needle tip and extractor plate is approximately 1
mm. An example scanning-electron microscope image of a
needle is shown in the supplemental Fig. 10. The startup
voltage to fire EMI-BF, can be estimated from the geometry
and liquid with the following relationship:

V;tart =

in (4d> — 1695V, (1)
€0 r

where v is the surface tension of the solvent. The critical
electric field at the tip of the Taylor cone is calculated by bal-
ancing the energy barrier AG of the liquid and the Schottky
depression [14]:
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Figure 1. ESI source comprised of an emitter needle, a
propellant reservoir and an extractor plate. The beige
material is non-conducting polyetherketone (PEEK) plastic,
while the white material is aluminum. The blue shaded
region near the needle tip is the reservoir, in which ionic
liquid was placed.

Table 1. Properties of the ionic liquid EMI-BF;.

EMI-BF,
Permittivity € 10 [-]
Conductivity K 1.3 [Si/m]
Surface Tension y 0.052 [N/m]
Solvation Energy AG | 1.5 [eV]

Given the solvation energy AG, the resulting critical electric
field necessary for ionization is 1.56 V/nm. The current den-
sity is approximated from the permittivity and conductivity
values of EMI-BF,, listed in Table 1 [12]. Thus the predicted
emission current from the ESI source is given by:

321Ky e
I'= 2 [2*3
€0 (e-1)

S = 146 nA. 3)

Consistent with these estimates, the ESI source begins firing
consistently between 1500 and 2000 V, and emits a current
between 100 and 200 nA. Note that steady emission (con-
stant current for minutes or hours of operation) is typically
achieved at hundreds of volts beyond that required for startup.

Two emitter types were explored: externally-wetted tungsten
needles and porous ceramic emitter tips. The tungsten nee-
dles were fabricated from an electrochemically sharpened and
etched rod [15]. The ceramic emitter tips were cast from alu-
mina. Both had similar tip radii, which is a critical geometric
feature for achieving the desired emission characteristics. In
the porous needles, the sample is pulled to the tip through
capillary action, while the externally-wetted needle must be
coated with the liquid as shown in Fig. 2. No significant
differences in emission were observed between emitter types,
and the experiments presented within the scope of this paper
were carried out using an externally-wetted needle.
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Figure 2. Meniscus of EMI-BF, surrounding a tungsten
emitter needle.

TOF System

The vacuum chamber housing the ESI source is fitted with a
flight tube, which is a hollow tube that the ions are accelerated
down. A detector placed at the end of the flight tube measures
the change in current with arrival of different charge-to-mass
ratio ions. For these experiments, the ESI source was between
0.5 and 1 meter from the detector, and a vacuum pressure
of 10~5 Torr was maintained. An electrostatic deflector (de-
scribed in more detail below) is placed downstream of the ESI
source, allowing charged particles to pass at regular intervals,
at a frequency of 10 kHz. As outlined in Fig. 3, each pulse
of the deflector redirects ions away from the detector and
allows evenly mixed particles to separate based on different
velocities and masses. The collected current at the detector
drops off in discrete steps, indicating the abundance and
mass-to-charge ratios of the subspecies in the sample. Once
all species have impacted the detector, the deflector is turned
off and one cycle is complete. The final result is obtained by
averaging over hundreds or thousands of cycles.

Because this project focuses on the ionization source rather
than the actual TOF system, the studies shown here have used
a minimally complex linear TOF. Higher mass resolutions
and increased performance can be attained with a more
complex system, such as a reflectron TOF. These enhanced
capabilities are not required for the present studies, but they
will be beneficial to future investigations of organic mixtures,
very high mass organics, and biomolecules.

Electrostatic Deflector—The electrostatic deflector consists
of two electrodes with an electric potential between them that
is strong enough to completely deflect crossing particles. For
the detector aperture of 42 mm and a minimum flight distance
of 500 mm, the minimum deflection angle to avoid particle
detection is ©,,,;,, = 2.4°. The electrodes are held at 950
V,d = % inch apart, and have a width of £ = % inches. At
a typical acceleration potential of &y, = 3000 V, the particle
deflection is given by:
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Figure 3. Heavy (purple) and light (green) ion distribution
in a TOF system, from top to bottom: at time t, just before
gate activation, at time t; after gate activation, and at time
ty >t >ty after gate activation.

o 0
2d®
ensuring particles do not reach the detector while the deflector

is active. The deflector electrodes are electrically shielded in
the direction of the beam path to avoid unwanted interference.

O =tan"! ( ) =13.36°, 4)

Mass Resolution—The mass resolution of a mass spectrom-
eter is a measure of how well the instrument can distinguish
between adjacent mass lines. It is typically defined as

m t
Am oAl )

where Am is the difference in mass between adjacent mass
lines and At is the time width of an ion packet, typically
measured as the full-width-at-half-maximum (FWHM). Us-
ing conservation of energy, %mv2 = qV (where ¢ is the
ion charge, m is its mass, v is its velocity, and V is the
accelerating potential) and solving for velocity, the time an
ion of mass m takes to reach the detector is calculated as

m
t:L‘/2q7V' (6)

Substituting into Eqn. 5, the mass resolution can be estimated
using the equation

t L m

A1 v @

9At AL

Assuming an ion packet spread of At ~ 20 ns and an
acceleration potential of 2 kV, a mass resolution of 3" of
200 is achieved for all masses above 100 AMU for a for a
flight distance of 0.5 m, and all masses above 22 AMU for
a flight distance of 1 m. The high mass range resolution for
various flight distances is shown in Fig. 4.

EMI-BF; and EMI-Am, as well as the organic molecules
being detected, have mass ranges m/z ~ 150-200, within
the margins of temporal resolution of the mass spectrometer.
Placing the ESI farther or closer to the detector allows a trade-
off between resolving power and signal strength.

Detection— A Hamamatsu F1217-011 microchannel plate
(MCP) is used as an electron multiplier and detector, and
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Figure 4. Mass resolution over m/z, assuming At=20 ns
and ©¢=2000 V.

it is coupled with a FEMTO fast transimpedance amplifier
(TIA). Although the microchannel plate offers a relatively
large collection area, there is still a significant loss of current
between the ESI and detector, due to beam spreading over the
length of the flight tube. Assuming an equal distribution of
emission over the surface of a spherical cap with a half angle
of ¢, the portion of the current reaching the detector is equal
to

1 — cos (D)
Lictector = | ————— Iemi67 8
detect (1_COS(¢)) tted ®)
where ® = tan~! (5%) is the half angle of the portion of

the plume impacting the detector. Experiments with similar
conditions have determined that the half angle of the emitted
ion plume is approximately ¢ = 20° [16]. At a flight distance
of L = 1 m, and an impact diameter of 42 mm, the signal can
be reduced by a factor of up to 274. The F1217-011 MCP has
a maximum gain of 27.5x 10, and is coupled with a TIA with
a gain of 1x10* V/A. The MCP supply voltage regulates the
signal gain, and is set to supply a voltage reading of ~ 100
mV from the TIA. Fig. 5 shows the MCP assembly, including
grounding wires (white), a supply voltage line (coaxial), and
a current signal wire (green).

Figure 5. MCP mounting and electrical assembly.

4. RESULTS

As a control, EMI-BF,; was fired without the addition of
organic molecules. The TOF signal was differentiated nu-
merically and the flight time transformed to a m/z ratio using
Equation 6. EMI* molecules as well as dimers and trimers
of EMI-BF,, were detected in the resulting mass spectrum
shown in Fig. 6. This particular spectrum data was collected
using a flight distance of 0.621 m and a firing voltage of 3060
V.

Mass Spectrum of EMI-BF,
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Figure 6. Gathered mass spectrum of EMI-BF,

Attempts to fire EMI-Am were unsuccessful due to an in-
crease in its viscosity when exposed to vacuum. Its high
viscosity readily trapped miniature air bubbles inside the
fluid, which expanded during depressurization. The resulting
volatile behaviour disrupted the meniscus critical to suc-
cessful ion emission. Future work will explore increasing
the solvent temperature in order to lower its viscosity and
improve outcomes. While not the subject of this study, his-
tidine monohydrochloride has been observed to successfully
dissolve in EMI-Am, motivating further exploration of its use
in future studies.

Noise Reduction

A series of smoothing functions and corrections were applied
to the mass spectrum data, to reduce oscillations coupled with
gate activation and background noise. The initial oscillations
(0-3 us) may have been due to an impedance mismatch, and
are still being investigated. However the timescales of the
transients are outside of the range of expected ion flight times.
Random noise and MCP dark current was accounted for by
subtracting an empty MCP signal (that is, the signal gathered
while the ESI source was off). A moving average filter and
modified Savitky-Golay smoothing function was applied to
remove random peaks, while preserving large drops in current
indicative of species detection. The result of each post-
processing step is shown in the supplemental Fig. 9.

EMI-BF, and Cellulose

Cellulose granules were combined with EMI-BF,; with a
weight ratio percentage of 33%. The mixture was shaken and
emulsified to homogenize the mixture, however, separation of
undissolved cellulose granules occurred within several hours
if the mixture was not directly fired. An agitated sample
of the mixture was used to coat the ESI emitter tip, and
the resulting TOF signal was recorded (Fig. 7). Overlayed
in the figure are arrows indicating the expected flight times
of EMI-BF, fragmentation species, as well as that of an
EMI-BF, pair coupled with a cellulose fragment (a single
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glucose chain). The observed change in current at 18.45 us

TOF Data of EMI-BF, and Cellulose
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Figure 7. TOF signal of EMI-BF, and cellulose with
$,=2100 V and flight distance d = 0.621 m.

corresponds to a mass-to-charge ratio of m/z = 357.7, which
cannot be formed by an integer combination of EMI and BF,
molecules. However, the mass does correspond to the mass
of C¢H19O5(EMI-BF,) (m/z = 360), which is marked with
a blue arrow in Fig. 7. It is also noted that this peak is absent
from the pure EMI-BF4 mass spectrum (Fig. 6).

A steady decrease in current, visible between 10 us — 17 us, is
most likely due to fragmentation of dimers, wherein separa-
tion of EMI* and neutral EMI-BF, molecules while the beam
is still being accelerated to its final energy causes a steady
flux of ions rather than a step change. Separation may occur
anywhere in the acceleration stage, leading to the observed
distribution of flight times. Similarly, the steady decrease
in current beyond 17 us is most likely due to fragmentation
between EMI* and larger numbers of EMI-BF; molecules,
i.e. trimers and higher order species. The resulting mass
spectrum (Fig. 8) reflects the possible measurement of cel-
lulose with a relative abundance of 5.3%. EMI-BF, does not
carry a charge, indicating that the glucose fragment may carry
a positive charge and impact the detector while attached to a
neutral molecule of the solvent. Alternatively, the peak may
be a measurement of (EMI-BF,)(C¢H9O5)EMI* molecules
that lost the EMI* ion after acceleration. In this case, an
additional peak at 471 amu of the unfractured ion group
is expected, which may not have been accurately resolved
due to trimer fragmentation and low resolving power at high
mass-to-charge ratios. On the other hand, if such an ion
is metastable with a lifetime shorter than the flight time of
the system, non-detection of the unfragmented mass may be
expected.

EMI-BF 4 and Arginine

In experiments involving a 3:1 mass ratio mixture of EMI-
BF, and arginine, the organic compound was not detected
among the subspecies of the solvent. These results indicate
an absence of bonds between the organic molecule and EMI*,
which are necessary for detection. Future work may focus on
detection in negative firing mode, and the use of different,
more reactive, solvents.

5. CONCLUSIONS

These preliminary results of an in-vacuo ESI TOF-MS system
show potential feasibility for the gentle ionization of complex
organics in future space-borne instruments. Mass spectra of
the ionic liquid EMI-BF, were taken and mass lines were ob-
served at the expected locations of EMI*, (EMI-BF,)EMI*,
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Figure 8. Mass spectrum of a cellulose and EMI-BF,
mixture.

and (EMI—BF,),EMI*.

Cellulose was then suspended in a solution of EMI-BF,
and a new mass peak, potentially corresponding to
(EMI-BF4)(C¢H905)*, was detected in the resulting mass
spectrum, with a respective mass-to-charge ratio of m/z =
357.7. These initial results show the ESI technique developed
for space propulsion systems may be translatable to an ion
source capable of preserving complex organic molecules for
mass spectral analysis.

While arginine was not detected when suspended in
EMI-BF,, it may be possible to use EMI-Am as an alterna-
tive ionic liquid to measure this and other amino acid species.
Future work will pursue methods of using EMI-Am as an ef-
fective solvent and ionic liquid for ESI-MS analysis of amino
acids and other organics. Histidine monohydrochloride was
successfully dissolved in EMI-Am, and future experiments
will attempt to use a heater to decrease the resulting solution’s
viscosity such that it can be effectively employed as an ionic
liquid with the current ESI-MS system.

Organics may also be dissolved into a water solution that
is then in turn suspended in a solution of EMI-BF,. This
solution can then be placed into a vacuum chamber, where
the residual water can be pumped out. This will leave a
suspension of analyte molecules in the ionic liquid, even if
they don’t dissolve in it directly. If successful, not only will
this be a useful laboratory technique for the study of hard-
to-dissolve organics, but it will be more closely aligned with
actual flight data from icy ocean worlds, where any potential
biomolecules will presumably be entrained in water ice.

Histidine monohydrochloride readily dissolves in water, and
it is an attractive amino acid for study due to the fact that it
has never been observed in abiotic inventories and is thus only
associated with biological systems [10]. Because of this and
other reasons, histidine fragmentation in TOF-MS systems
has been studied in a number of recent publications related
to astrobiology surveys [17], [18], [19], including one from
an author of the present study [20]. Future experiments with
histidine will thus compare the performance of the ESI-MS
system presented here with this literature, as well as more
general chemistry studies of amino acids, e.g. [21]. This
performance will also be compared between the potentially
different operational regimes of the ESI-MS (i.e., water solu-
tions pumped out of EMI-BF,, direct dissolution into EMI-
Am, other potential methods, etc.). Further studies may also
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consider different ionic liquids, as these may be desirable for
TOF-MS solutions either due to superior solvency of organics
or due to relaxed instrument operation requirements.

Once baseline studies of histidine and other amino acids have
been completed, higher mass organics and complex mixtures
will be pursued. Solutions of several amino acids will be
studied, as these are more biologically relevant than single
amino acids [10], [22]. Following experiments will then
consider a wide variety of biomolecules, to eventually include
cellular material.

Finally, the small form factor of the prototype ESI-MS assem-
blies presented here allow for easy transport and integration
into other experimental systems. While the present study uses
a simple linear TOF-MS system, the source can be mounted
to different mass spectrometer systems, potentially even at
different scientific institutions. In this way, the performance
of the ESI source can be studied in the context of higher
performance mass spectrometer systems.
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APPENDIX

TOF Signal Data Filtering and Smoothing
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Figure 9. Filtering and smoothing of the TOF data
including oscillations.
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