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Abstract The 2-hydroxyethylhydrazinium nitrate ((HOCH,CH,NH,NH,]*"NO;~, HEHN) ionic liquid has
the potential to power both electric and chemical thrusters and provide a wider range of specific impulse
needs. To characterize its capabilities as an electrospray propellant, we report the formation of HEHN
cluster ions in positive electrospray ionization (ESI) and their collision-induced dissociation. The
experiment was carried out using ESI guided-ion beam mass spectrometry which mimics an electrospray
thruster in terms of ion emission, injection into a vacuum and fragmentation in space. Measurements
include compositions of primary ions in the electrospray plume and their individual dissociation product
ion cross sections and threshold energies. The results were interpreted in light of theoretical modeling.
To determine cluster structures that are comprised of [HE + H]" and NO;™ constituents, classical
mechanics simulations were used to create initial guesses; and for clusters that are formed by reactions
between ionic constituents, quasi-classical direct dynamics trajectory simulations were used to mimic
covalent bond formation and structures. All candidate structures were subject to density functional theory
optimization, from which global minimum structures were identified and used for construction of reaction
potential energy surface. The comparison between experimental values and calculated dissociation
thermodynamics was used to verify the structures for the emitted species [(HEHN),HE + HJ",
[(HEHN),(HE), + H]*, [(HE),+; + H]" and [(HE),C,H,OH]" (n = 0 — 2), of which [(HE),,+ H]"
dominates. Due to the protic nature of HEHN, cluster fragmentation can be rationalized by proton
transfer-mediated elimination of HNO;, HE and HE-HNOQO3, and the latter two become dominant in larger
clusters. [(HE), + H]" and [(HE),C,H,OH]* contain H-bonded water and consequently are featured by
water elimination in fragmentation. These findings help to evaluate ion formation and fragmentation

efficiencies and their impacts on electrospray propulsion.

*E-mail: jianbo.liu@qc.cuny.edu. Tel: 1-718-997-3271.
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1 Introduction

Ionic liquids (ILs), defined as compounds completely composed of ions with melting points at or less
than 100 °C," 2 have applications ranging from tailored solvents for synthesis and catalysis,>* electrolytes
in fuel cells’ and batteries,® potential materials for CO, capture and utilization, to explosives and
propellant fuels.”' The list of applications continues to expand. Owing to their reduced toxicity and
improved performance, ILs have been considered as green alternatives to the current, but toxic, volatile
and sensitive monopropellant hydrazine.!! Since 2003, ILs have been envisioned and fielded as
electrospray propellants due to their inherent ionic nature, negligible vapor pressure, higher electrical
conductivities and lower viscosities than conventional salt-solvent systems.!>'7 Such versatile properties
make ILs prime candidates'® for a dual-mode spacecraft propulsion system,!® which can operate using a
single propellant in either a chemical?® 2! or an electrospray mode!# as the need arises.

The target IL in the present work is 2-hydroxyethylhydrazinium nitrate ((HOCH,CH,NH,NH,]"NOs",
abbreviated as HEHN). HEHN is a protic IL,! 22 which can be produced by the stoichiometric
neutralization of 2-hydroxyethylhydrazine (HE) with HNO;. It was developed by the Air Force Research
Laboratory (AFRL) as a catalytic monopropellant for chemical propulsion.?? HEHN is a liquid at room
temperature with a glass transition temperature (7,) of 216.1 K* and a melting point of 228 K.>*
Research on the thermal decomposition mechanisms of HEHN has been insightful but limited.?3- 25-?7
Chowdhury and Thynell® investigated the reactions governing the initial decomposition of HEHN using
confined rapid thermolysis coupled with FT-IR and time-of-flight mass spectrometry. The results led to a
hypothetical kinetics model consisting of a proton transfer reaction in the ion pair to form HE and HNOs;,
followed by an autocatalytic reaction between HEHN and HNO;, ultimately leading to the production of
H,0, N,0O, N,, O, and CH;CHO. The decomposition kinetics of HEHN was later refined by Esparza et
al.?® to accommodate a two-stage activation mechanism, in which the first stage generates H,O, N,, NHj,
NO, N,O and NO, and the second stage generates additional gas products HNO; and CO,. More recently,

Chambreau, Vaghjiani and co-workers?’ reported exhaustive measurements on HE and HEHN using
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vacuum ultraviolet photoionization mass spectrometry of supersonic beam, effusive beam and aerosol, -3
nanotip ambient ionization mass spectrometry,’! and laser desorption ionization droplet delivery mass
spectrometry.3? Both flash pyrolysis and unimolecular photodissociation of HE and HEHN were
examined, and thermal vs. heterogeneous catalytic decomposition were compared. The complementary
measurements verified the formation of *C;H; (propargyl), *CH;, NH;, H,O, C,H,, H,CNH, NO, N,O,
HOCH,CH,NH,, HNOj; and HE as well as products of high mass-to-charge ratios (m/z).

Investigations into the electrospray thruster applications of HEHN have emerged recently. Prince et
al.!* reported the electrospray mass spectra of HEHN in a positive mode in 2012. Later, Patrick et al.?
reported collision-induced dissociation (CID) of the protonated [(HE), + H]* and [(HEHN),HE + H]*
cluster ions formed in the positive electrospray. Recently, Zeng et al.>* explored the structural features
and H-bonding motifs in [(HEHN),HE + H]" (n = 1 — 5) using cryogenic vibrational spectroscopy. On the
basis of classical molecular dynamics simulations, Prince et al.!” determined the Eying-Polanyi and
Arrhenius parameters, rate constants and branching ratios for the unimolecular dissociation of
[(HEHN),HE + H]*(n = 1 - 3).

The principle and techniques of the electrospray thruster have been discussed in many works.!'4 1617
33,3547 In brief, a high electric field is applied to ILs at a spray emitter leading to the formation of a
Taylor cone at the emitter tip'>*® and the emission of charged IL droplets and ions from the Taylor cone
into the gas phase. As the emitted charged species are accelerated in a high electric field to produce a
thrust, the spacecraft is accelerated in the opposite direction to the ions. Theoretically, no decomposition
of the emitted ions is needed (this is different than chemical propulsion wherein energetic ILs undergo
hypergolic ignition upon contact with propulsion oxidizers and produce gaseous products!®-2°). Note that
a spacecraft orbiting the Earth may experience extreme temperatures depending on its location with
respect to the sun or a shadow (planet) and altitude. The lowest temperature in the low-Earth orbital
(LEO) is 208 K, that in the geosynchronous Earth orbital (GEO) is 77 K, and that in a trans-atmospheric
vehicle may go down to 73 K.*° To this end, the wide liquid range of ILs makes ILs advantageous to

move through liquid handing systems without requiring too much on-board power reserves in the
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spacecraft for thermal control. In addition, a fraction of the electric power fed into the IL electrospray is
automatically dissipated as heat and causes a temperature increase in cone-jets of ILs. This process,
referred to as self-heating, is generated by cone-jet ohmic and viscous dissipation occurring at sufficiently
high conductivities and low Reynolds numbers.® The self-heating can raise the temperature sufficiently
to alter the physical properties of liquids.>!

The electrospray emitter may operate in two theoretical conditions as well as a mixed mode between
the two extremes.'* The first extreme, designated as a droplet mode, is dominated by the emission of

large droplets containing 10— 103 molecules per charge and hence presents large m/z. The droplet mode

produces a large thrust (F) that is proportional to n/m/Z . The second extreme is a purely ionic mode
where the emission is dominated by small ions with large ratios of z/m.!7-36-40 In the purely ionic mode,

every ion is efficiently used, resulting in a high specific impulse (/y, the change in momentum per unit

mass for rocket fuels, a key metric in assessing propulsion efficiency) that is proportional to \z/m 4

In the electrospray thruster, greater than 90% propellant utilization is desired for mission planning,?
yet many factors result in deviations from the theoretical optimum. One such factor arises from the nature
of protic ILs! 2% and their ionicity. Protic ILs have a proton on the cation that can undergo reversible
proton transfer with the anion. Depending on several factors including anion basicity, there exists an
association equilibrium to form neutral molecules or clusters in the electrospray plume.! Consequently, a
small fraction of the propellant mass becomes unavailable for ion-thrust generation.

Formation of cluster ions>>>* and nanoclusters®® represents another complication associated with
electrospray. As the outcome of kinetics-controlled in-source cluster formation and in- and after-source
cluster fragmentation may not be accurately predicted on the sole basis of thermodynamics, molecular
dynamics simulations are needed to elucidate mechanism of these events.>>3* For the electrospray
thrusters operating in the purely ionic regime, formation of undesirable IL cluster ions,!733:40.41.43 jp
addition to single ions, brings about several specific issues: 1) I, of the propellant is decreased by large

cluster ions; 2) cluster ions of the same charge but different masses are accelerated to different final
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velocities and momenta by the same electric field, and the resulting ion-beam polydispersity limits the
propulsion efficiency;3>3° 3) cluster ions are metastable (lifetime of ps)* and undergo in-flight
dissociation.’® Cluster fragmentation may occur via various mechanisms in a spacecraft, e.g., the emitted
species strike a downstream space (i.e., liberation of materials in sputtering),*®4’ the backscattering
clusters (happening in a bipolar electrospray thruster) impact the surface of the spacecraft,'® and collisions
between the emitted species in "traffic jams” within the electrospray plume (because of the differences in
their velocities).*> Cluster fragmentation within the acceleration zone poses a detriment to the propulsion
efficiency, namely kinetic energy loss from neutral fragments that are not subsequently accelerated to the
theoretical kinetic energy;!”- 3738 and 4) neutral fragments participate in subsequent ion-neutral collisions,
further reducing propellant performance and complicating the plume compositions.

These facts indicate that the performance of an electrospray thruster directly depends on formation
and reactions (including fragmentation) of the IL cluster ions formed in the spray plume. Electrospray
ionization (ESI) mass spectrometry closely mimics the electrospray thruster in terms of ion emission from
a Taylor cone, injection into a vacuum, and inherent gas-phase ion chemistry associated with post-
extraction activation and fragmentation.**37 For this reason, in the present work EST mass spectrometry
was utilized to examine the compositions, structures, stabilities and primary/secondary reactions of the
HEHN cluster cations.

The remainder of the paper is organized as follows. The instrumentation and experimental methods
are described in Section 2, including measurements of primary cluster ions and characterization of their
kinetic energy dependent CID. The computational methods are described in Section 3. This section starts
with two different molecular dynamics simulation approaches for the search of candidate molecular
structures for cluster ions. For the cluster ions that are comprised of ionic constituents only, classical
molecular mechanics was used for the search of candidate structures; and for the cluster ions that involve
chemical reactions and formation of covalent bonds between constituents, quasi-classical direct dynamics

was applied. The section then proceeds to the quantum chemistry calculations of the candidate structures
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acquired from dynamics simulations, followed by calculations of reaction potential energy surfaces
(PESs) and thermodynamics using global minimum cluster structures. In Section 4, we report the mass
spectrum of HEHN cluster ions in the positive ESI, and the tandem mass spectra of CID product ions for
individually selected cluster ions. For each product channel, dissociation energy was determined by
analyzing the kinetic energy-dependent cross section for this product ion, and the result was compared to
the calculated thermochemistry for a proposed structure. In Section 5, we summarize formation,
structures, and fragmentation pathways and energetics for all of the HEHN cluster ions, and their
interconversions. Finally, conclusions are presented in Section 6.
2 Experimental Methods
2.1 ESI guided-ion beam tandem mass spectrometry and experiment

Formation of the HEHN cluster ions was made through the electrospray of a HEHN solution,
followed by two types of measurements: measurement of cluster ion compositions in the electrospray
plume, and characterization of cluster ion structures. Both measurements were carried out on a home-
built guided-ion beam tandem mass spectrometer located at Queens College.’® In structural
characterization, cluster ions of specific m/z were selected and underwent CID with the inert Xe atoms
through the use of ion-neutral scattering techniques>*-! incorporated into the tandem mass spectrometer.
The apparatus along with operation and calibration was reported in detail before.’® A brief description is
given here, emphasizing the instrumentation parameters used in the work.

The HEHN sample (received from the Edwards AFRL, containing 4.5% water) was diluted to 5 mM
in a solvent of 75% CH;3CN and 25% water. The solution was sprayed into the ambient atmosphere (flow
rate 0.06 mL-h'") through a 35-gauge stainless steel electrospray needle (OD 0.005 inch, ID 0.0021 inch,
biased at 3.2 kV relative to ground). ESI-formed charged droplets entered the mass spectrometer through
a pressure-reducing capillary heated to 455 K and biased at 70 — 180 V relative to ground. Liquid
aerosols underwent desolvation within the capillary, and were ultimately converted to gaseous cluster
ions. A skimmer of 1.0-mm-diameter orifice is located at 3 mm away from the end of the capillary. The

skimmer was biased at 15 — 30 V relative to ground. The electric field between the end of the capillary
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and the skimmer served three purposes: to remove remaining solvent molecules attached to ions via
collision-induced desolvation by the background gas of 1.7 torr in the source chamber;® to prevent large
solvent clusters from appearing downstream;®* % and to promote in-source dissociation of larger clusters.
lons that passed through the skimmer were transported into a radio-frequency (rf) hexapole ion guide.
The interaction of ions with the background gas (at a pressure of 20 mTorr) within the rf hexapole led to
ion energy dissipation and focusing,®-¢ through which the ion internal energy was thermalized to 310 K38
and the kinetic energy spread was narrowed down to within 0.6-eV FWHM (full-width at half-maximum).
For measurement of the HEHN ion plume compositions, the first quadrupole mass filter in the tandem
mass spectrometer was operated in a rf-only mode (i.e., removing the resolving DC potential) to transmit
all ions. A mass scan was performed by a second quadrupole mass filter, and ions were counted by an
off-axis electron multiplier. For measurement of tandem CID product ions, cluster ions were mass
selected in the first quadrupole mass filter before injection into an octopole ion guide. Along the octopole
ion guide, ions passed through a 10-cm-length scattering cell containing the Xe gas. In addition to
providing a rf potential that traps ions in the radial direction, the octopole ion guide was biased at a DC
offset potential. The DC potential allowed the control of the kinetic energy of primary ions in the
laboratory frame (£},;), thereby setting the collision energy (Ecy) between ions and the Xe gas in the
center-of-mass frame, that is Ecy = Elp X Myeual/(Mion + Mueural), Where myeura and m;,, are the masses of
Xe and primary ions, respectively. CID was measured over a broad range of E¢y;, from which kinetic
energy-dependent dissociation was detected. The Xe gas pressure was maintained at no more than 0.03
mTorr through a leak valve and measured using a capacitance manometer. At this target gas pressure,
most of the primary ions underwent at most single collisions with the Xe gas. The probability of ions
having single collisions with Xe was 5%, that of double collisions with Xe was < 0.2%, and that of
having more than double collisions was negligible. After CID, product ions and remaining reactant ions
were collected by the octopole, passed into the second quadrupole for mass analysis and counting.
2.2 Data analysis

Dissociation product ion cross section As ion-neutral collisions were carried out at a low target gas
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pressure to ensure single collision conditions, a thin-target limit based on the Beer-Lambert law®* could
be applied to the calculation of dissociation product ion cross section. Accordingly, the cross section was
calculated directly from the ratio of product ion (after correction for the background signal produced from
CID occurring outside the scattering cell) to reactant ion intensity, the scattering cell gas pressure and the
effective length of the cell. Cross section is a micro-analogue of unimolecular dissociation rate constant
k, and cross section = k/v where v is relative velocity.®® Each product ion channel was measured as a
function of Ecy over the range of 0.05 to 9 eV. The entire experiment was repeated for four times under
the same conditions to reduce standard deviations.

Dissociation energy at 0 K Due to the kinetic energy spread and internal energy of the primary ions and
the Doppler broadening (i.e., thermal velocity inside the scattering cell) of the Xe gas, CID product ion
cross section rises from zero at Ecy lower than the true dissociation threshold or activation energy. To
determine the exact value of dissociation threshold, the E¢y -dependent cross section was analyzed using

a modified line-of-centers (LOC) function:% 68-70

(Ecu + Evip + Erot — E)"
Eon (1)

o(E) =0y

where oy is an energy-independent scaling factor, E.;, and E, are reactant vibrational and rotational
energies, F, is the threshold energy at 0 K, and # is a fitting parameter which determines the efficiency of
translational-to-internal energy transfer (7 — E},) in collisions and therefore controls the slope of o(E).
The LOC model assumes that a fraction of near-threshold collisions are completely inelastic so that all of
the energy contributes to overcome E.%0 707!

Before comparison with the experimental data, the o(F) function was convoluted over the
experimental energy broadening and kinetic factors. To this end, a Monte Carlo classical mechanics
simulation program made for ion-molecule collisions’> 73 was used to mimic energy broadening in ion-Xe
collisions. For each product channel, a total of 100000 ion-Xe collisions were simulated at each nominal
Ecy. In these collisions, the Xe atoms were sampling a Maxwell-Boltzmann kinetic energy distribution at

the scattering cell temperature of 300 K. The primary ions were sampling £, corresponding to the
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specific Ecy with a FWHM of 0.6 eV in the laboratory frame and E,;, and E, from the normalized
vibrational and rotational Maxwell-Boltzmann energy distributions at 310 K.

To account for kinetic shift’ (i.e., excess energy is required to observe detectable dissociation within
the ion time-of-flight in the mass spectrometer),’> each collision that had total energy exceeding £, was
subjected to Rice-Ramsperger-Kassel-Marcus (RRKM) analysis’ to determine if it would lead to a
dissociation within the ion time-of-flight (~500 ps) or not. The collision outcomes at various Ecy were
fed into Eqn. (1). A leveling-off function was used in the fitting to allow o(F) to reach a plateau at high
Ecy. The rising curvature of o(E) is highly sensitive to £y and n, the values of which were adjusted until
the convoluted o(F£) matched the experiment. Uncertainties of £, were determined from several
independent fits using an acceptable range of n and included the absolute uncertainties in Ecy.

3. Theoretical Methods
3.1 Classical molecular dynamics simulations

Classical molecular dynamics simulations were carried out using the GROMACS software.”’-3?
Universal force field and topology files required for the GROMACS simulations were generated by the
Sobtop program,® for which the Hessian matrices for individual constituents ((HE + H]*, NO;~, [HE +
H]"*NOs~, and HE) were acquired from the electronic structure calculations using Gaussian 16.%°

Note that, despite the existence of an isolated stable neutral pair of HE-HNO; in the gas phase, this
neutral pair does not exist within large HEHN cluster ion.>*3* A relaxed PES scan along the center-of-
mass distance between HE-HNOj; and a second [HE + H]* (Figure S1 in the Supporting Information,
calculated at the ®B97XD/6-31+G(d,p) level of theory using Gaussian 16) has shown that the neutral
HE-HNO; starts converting to an ion pair even with the presence of a [HE + H]" at a distance of ~30 A.
This behavior is reminiscent of hydroxylammonium nitrate (HAN).’” A HAN monomer adopts a stable
H-bonded, neutral HONH,-HNO; structure in the gas phase; similarly, spontaneous proton transfer
between the HONH, and HNO; moieties may be trigged by a charge and/or a dipole of a water molecule

without the need for chemical interaction or close physical contact.
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For this reason, most HEHN clusters have constituents in their ionic forms, unless otherwise stated.
In the GROMACS simulations of this type of cluster ions, their constituents were all inserted into a 3 nm
x 3 nm x 3 nm cube. An initial energy-minimization procedure was used to find a potential energy
minimum under the NVT (constant-temperature and constant-volume or canonical) ensemble. The
resulting minimum-energy structure was used as the starting point in simulated annealing.®® In brief, the
starting structure was subject to temperature ramping from 300 K to 500 K within 3 psec, followed by 4
psec of dynamics at 500 K, and then cooled to 300 K within 3 psec. The acquired candidate structure was
then used as a new starting structure and subject to another annealing process.

Following this sequence, 100 candidate structures were generated to cover reasonable cluster
conformations, and they were viewed using the VMD program®’ to remove duplicates. All unique
structures were submitted to quantum mechanics geometry optimization at the ®B97XD/3-21G level of
theory using Gaussian 16. All conformers that were within a 0.5 eV energy range were subject to further
optimization using the larger 6-31+G(d) basis set and then the 6-31+G(d,p) basis set, from which their
explicit local and global minima were found.

3.2 Quasi-classical, direct dynamics trajectory simulations

To help identify covalent cluster structures that formed via ion-molecule reactions, quasi-classical,
direct dynamics trajectories were calculated to mimic the formation of cluster ions starting from their
constituents and/or fragments. Quasi-classical, direct dynamics avoids the need for an analytical
potential; instead, forces needed for trajectory integration are determined "on the fly” by calculating the
gradient of electronic potential energy at each point in the trajectory.®-°! Quasi-classical, direct dynamics
trajectories were calculated by using a combination of the Venus code of Hase et al.”> %3 to set up initial
conditions for a series of trajectories and the Gaussian program to integrate the trajectories. Vibrational
excitations in the trajectory reactants were sampled using the quantum Boltzmann probability
distributions®* P(n;) = exp ( — nhv;/kgT)[1 — exp ( —hv;/ kBT)] where v; and n; are the vibrational

frequency and quantum number of the i mode, respectively, and T is the temperature (310 K) of the
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reactants. The reactants had zero-point energy (ZPE) in all vibrational modes, and individual reactant
atoms were provided momenta and displacements from equilibrium with random phases for different
modes. Hessians needed for normal mode calculations were computed at the ®B97XD/6-31G+(d) level
of theory. Reactant rotational energy (£,,) was sampled from a classical Boltzmann distribution at 310 K.

Trajectories were started at the randomly oriented reactants with an initial center-of-mass separation
of 8.0 A and E¢y of 0.5 eV between the collision partners, and terminated after the formation of a cluster
ion or when product separation exceeded 10.0 A. The E¢y chosen for the trajectories was low enough to
allow for complex formation in the collisions, but it was not so low as to substantially increase trajectory
integration time. For each reaction system, trajectories were collected at three impact parameters (b) to
explore different collision dynamics, i.e., 5= 0 A (to mimic head-on collisions), 1.5 A (a midrange impact
parameter to mimic complex formation within the hard-sphere collision radius) and 3.0 A (a large impact
parameter to mimic direct reaction in side-scattering). Using three fixed b values instead of sampling b
randomly within a fixed range also allowed us to examine the reaction opacity function, i.e., the b-
dependence of reactivity. For each collision system, a total of 300 trajectories were simulated, with 100
eachat h=0, 1.5 and 3.0 A.

Trajectories were propagated using the Hessian-based method of Bakken et al.,’! implemented in the
Gaussian software with Hessians reevaluated every five steps. The propagation step size was set at 0.25
amu'2-Bohr (equivalent to a step size of 0.4 fsec in trajectory time), to ensure the conservation of energy
and momentum. At each point, energies, forces and Hessian were calculated using DFT at the
®B97XD/6-31G+(d) level of theory. This level of theory was chosen based on a compromise between
accuracy and computational cost, as previously demonstrated in our simulations of other IL dynamics.”
95-97
3.3 PES calculations

After identifying the most probable structure for each cluster ion on the basis of molecular dynamics

simulations and quantum chemistry optimization, the last step was to map out cluster reaction coordinates
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and PES including structures and energies of reactants, transition states (TSs), intermediates and products.
PES was calculated using the ©B97XD/6-31+G(d,p) level of theory (unless otherwise stated). TSs were
verified as first-order saddle points by frequency calculations, and the vibrational mode with an imaginary
frequency corresponds to the reaction coordinate. The intrinsic reaction coordinate was evaluated to
further verify that each TS was connected to the correct reactant/product minima. Electronic structure
calculations were carried out using Gaussian 16. Cartesian coordinates for all of the calculated species
are provided in the Supporting Information. Cluster ion dissociation energies were calculated at 0 K to
allow for a direct comparison with the LOC fits of the CID experiment. Reaction PESs in the Supporting
Information were calculated at 298 K. All energies reported have taken into account ZPEs and thermal
corrections (298K), and ZPEs were scaled by a factor of 0.975.%8

4 Results and Discussion

4.1 Formation of HEHN cluster ions in positive electrospray

Figure 1 presents a mass spectrum of the HEHN cluster ions produced in the positive electrospray.
The species can be grouped into four series [(HEHN),HE + H]*, [(HEHN),(HE), + H]", [(HE),,+ H]*
and [(HE),C,H,OH]* (n =0 — 2). The first two series are built on the progression of HEHN and the next
two are on the progression of HE. The observation of the HE progression agrees with the formation of
neutral HE by proton transfer in the protic HEHN IL, and that of C,H,OH" indicates the in-source
dissociation of HEHN at the C-N bond. Our measurement has not only reproduced the electrospray mass
spectrum of HEHN reported by Prince, Fritz and Chiu,'* but also discovered the new series [(HE),.; + H]*
and [(HE),.,C,H,OH]".

Besides the four major series, ions of m/z 59 may be assigned to a water-elimination product of [HE +
H]*, ions of m/z 118 are attributed to the solvated [HE + H]"-CH;CN, which disappeared completely in
the electrospray of HEHN in pure water. lons of m/z 175 were also observed in Prince et al’s study but
yet unassigned. We tentatively assign m/z 175 as [HE],Na* on the basis of its CID product ions at m/z 99

([HE]Na*) and 23 (Na*). This assignment is further supported by the elimination of m/z 23 (Na") from the
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daughter ion [HE]Na*. However, the source of Na* remains unclear.

[(HEHN) HE + H]"
0 1 2
z | [(HE), ., +HI'
c [HE+H]" - H,0[0 1 2
S5 59
°
2 [(HEHN) (HE), + H]"
2 ] 0 1] 2
‘953 [(HE),C,H,OH]"
£ 0 118)|1 2
c [HE+H]"
o -CH,CN (HELNa"
T [HEINa' 175
h LMM UWJV
th_'_'u' .'....,.bN.............L".-A.....L—

50 100 150 200 250 300 350 400 450

Figure 1  Formation of HEHN cluster ions in the positive ESI of 5 mM HEHN in 3:1 acetonitrile/water.

The four major series of ionic species are distinguished by the colors of their labels.

Note that our mass spectrum was acquired by electrospray of a 5 x 10 M HEHN solution through a
stainless steel emitter. The use of a diluted HEHN solution was necessary for conventional ESI mass
spectrometry, as the intensity of ions exhibits a linear dynamic range from the lower limit of detection to
10— 10> M (where the intensity increases linearly with increasing concentration), then levels off as a
function of increasing concentration, and finally decreases as the concentration is further raised.” The
mass spectrum of Prince et al. was, on the other hand, acquired by field evaporation of pure HEHN IL as
in the electrospray thruster.'* The electrospray thruster uses either a capillary emitter as in our case or an
externally wetted needle,** 10 and both follow the same principle to produce thrust. In Prince et al.’s
work, HEHN from a reservoir was applied to an externally wetted titanium electrospray emitter. The
flow was driven by capillary action as well as surface characteristics of the emitter, and aided by the
electric field applied between the emitter and an extractor placed near the emitter tip. When the
extraction voltage reached a critical value, field emission occurred. The emitted species have 10? — 103
eV kinetic energy. As a result, their quadrupole mass spectrometer had to be modified to tolerate ion

kinetic energy at the cost of ion transmission and m/z resolution. Nevertheless, the overwhelming
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similarities between the two mass spectra of Prince et al. and ours indicate that our ESI mass spectrum
was able to capture all important plume compositions in pure HEHN IL electrospray.
4.2 Dissociation of [(HE),:; + H]* (n =0, 1 and 2)

[HE + H]* (m/z 77) Despite being the lightest ion selected for CID, [HE + H]* displays rich
fragmentation chemistry. Figure 2a presents its CID product ion mass spectrum recorded at Ecy = 4.0
eV, including m/z 59 (H,O elimination), 45 (CH;0H elimination), 42 (elimination of H,O + NH3), 31
(CH;CH,OH elimination) and 30 (elimination of CH;0H + *CHj3). The cross sections for individual
product ions were measured over a wide range of £y and are reported in Figures 2b — f, wherein error

bars were determined on the basis of four sets of measurements.
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Figure 2  a) Structure and a representative CID product ion mass spectrum of [HE + H]*; and b — f)
individual product ion cross sections as a function of Ecy;, wherein red lines with error bars represent the
experimental data and blue lines represent the LOC fits.

The blue lines in Figures 2b, ¢ and e respectively represent the LOC fits for the kinetic energy

dependent cross sections of H,O, CH;0H and CH;CH,OH elimination channels with the values of the
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fitted dissociation threshold at 0 K, £y, marked. Note that multiple product channels and branching ratios
may be simulated by incorporating a statistical model, such as when using the Crunch program developed
by Armentrout, Ervin, Rodgers and co-workers.”* 101. 102 However, simultaneous fitting of multiple
channels requires the knowledge of dissociation TS properties for each of all product channels. Such
fitting became impractical in the present work. For example, the two product channels of m/z 42 and 30
have high apparent dissociation thresholds, and each involves stepwise elimination of (H,O + NH;) or
(CH;0H + *CHs;) through secondary reactions with unknown TSs (interestingly, the elimination of NH; or
*CHj; could not happen in a primary reaction). In our work, LOC fits were carried out without first
exploring reaction TSs and PES. The fact that our fits were able to reproduce the Ecy-dependent cross
sections helped us identify reactant structures and map out reaction PES. Because m/z 42 and 30 were not
produced from primary reactions, we did not attempt to fit their cross sections.

Two structures were proposed for [HE + H]" with the difference being which amino group is
protonated: [HOCH,CH,NH,NH,]* vs. [HOCH,CH,NHNH;]*. [HOCH,CH,NHNHj;]" has identical
energy as that of [HOCH,CH,NH,NH,]" at the ®B97XD/6-311++G(d,p) level of theory, but slightly
higher (by 0.03 eV) than the latter at the M06-2X/6-311++G(d,p) level. Yet, the interconversion barrier
between the two isomers is up to 2.01 eV leading from [HOCH,CH,NH,NH,]*. We calculated
dissociation enthalpies (AH, 0 K) resulting from each structure, as well as activation barriers (AH*, 0 K)

for single-step processes, as listed below.

[HOCH,CH,NH,NH, ]*

—»[CH;CH=NHNH,]* + H,0 AH= 0.10 eV (AH*=1.93 eV ) Rxn 2b.1
—> [CH,=NHNHS,]" + CH;OH AH= 1.30eV (AH*=3.39¢V) Rxn 2c.1
— [CH,=C=NH,]" + H,0 + NH; AH = 1.06 eV Rxn 2d.1
— [NH=NH,]* + CH,CH,0H AH = 230 eV (AH*=2.53 ¢V) Rxn 2e.1
— [N=NH,]* + CH;OH + *CHj AH= 5.90 eV Rxn 2f.1
[HOCH,CH,NHNH;]*

—> [CH;CH=NNH;]* + H,0 AH= 043 eV (AH*=2.90 eV ) Rxn 2b.2

— [CH,=NHNH,]* + CH;0H AH= 130eV (AH*=2.82¢V ) Rxn 2¢.2
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— [CH,=C=NH,]* + H,O + NH; AH= 1.06 eV Rxn 2d.2
— [N=NH,]* + CH;0H + *CH; AH= 590eV Rxn 2f.2

It can be seen from above that the activation energies for water, methanol and ethanol elimination
from [HOCH,CH,NH,NH,]" respectively in Rxns 2b.1, 2¢.1 and 2e.1 nicely match the corresponding
experimental £, values. [HOCH,CH,NHNH;]*, on the other hand, cannot eliminate ethanol. Moreover,
its activation energies for water and methanol elimination respectively in Rxns 2b.2 and 2c¢.2 significantly
deviate from the experimental data. These facts indicate that [HOCH,CH,NH,NH,]* represents the
dominating [HE + H]* structure in our experiment.

Concerning the [HE + H]J" structure in the context of IL, the ion-pairing energy is 5.03 eV for
[HOCH,CH,NH,NH,|"NO;~ vs. 4.87 eV for [HOCH,CH,NHNH;]*"NO;" calculated at ©®B97XD/6-
31+G(d,p). This reaffirms that [HE + H]* favors the [HOCH,CH,NH,NH,]" structure in the HEHN IL.
Similarly, for [HE + H]*-containing cluster ions, the structures containing [HOCH,CH,NH,NH,]* are
0.09 — 0.23 eV more stable than those containing [HOCH,CH,NHNH;]*. Therefore, the
[HOCH,CH,NH,NH,]" structure is adopted here for the cluster ions.

[(HE), +H]* (m/z 153) The CID of [(HE), + H]" has demonstrated that the clusters of the same m/z
may also adopt quite different structures depending on post-extraction conditions. In this experiment, the
post-extraction conditions involve the reactions occurring in the ion source chamber, i.e., within the
desolvation capillary and/or between the exit of the desolvation capillary and the skimmer. Two extreme
conditions were realized for in-source reactions by adjusting the electric potential between the desolvation
capillary and skimmer, each of which is described below:

1) Condition I, the ion source was adjusted (by floating the desolvation capillary at 183 V and the
skimmer at 59 V, i.e., hard in-source collision) to only populate a primary ion structure that did not
eliminate water in the subsequent Xe-induced CID. As a result, the CID mass spectrum in Figure 3a
presents only a single product ion [HE + H]" at m/z 77. Figure 3b presents the Ecy-dependent cross
section of the product [HE + H]*. A similar CID result and the corresponding

[HOCH,CH,NHNH,]-[HOCH,CH,NH,NH,]* structure (referred to as Structure I for [(HE), + H]*, as
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illustrated in Figure 3a) were also reported by Patrick et al.3 The calculated AH (1.38 eV) for the HE
elimination in Rxn 3b is consistent with the experimental £, value (1.2 £ 0.2 eV).

[HOCH,CH,NHNH,]-[HOCH,CH,NH,NH,]* (Structure I)

- HOCHzCHzNHNHz + |:HO(:H2(:H21\IH21\IH2]Jr AH= 136 eV Rxn 3b
Structure | . 20 -
a) Structure [(HE), + H] < Jomz13sHOel)
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Figure 3  Structures, CID product ion mass spectra and individual product ion cross sections of a — b)
[HOCHQCHzNHNHz][HOCHzCHzNHzNH2]+ and ¢ — f) [CH2CHNHNH2] . [NHzNH2CH2CH20H]+HQO
For cross sections, red lines with error bars represent the experimental data and blue lines represent the
LOC fits.

2) Condition II, the ion source was modified (the desolvation capillary and the skimmer were floated
at 80 V and 46 V, respectively, i.e., soft in-source condition) to populate a primary ion structure that
presented significant water elimination in the Xe CID. As shown in Figure 3c, the dissociation of the so-
selected m/z 153 structure produced two new product channels in addition to the HE elimination: product
ions at m/z 135 corresponding to single-water elimination, and those at m/z 117 representing double-water

elimination. Figures 3d — f present individual product ion cross sections. The cross section for single-
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water elimination (Figure 3d) has already risen to 3 A2 at the lowest experimental Ecy, reaching a
maxima at ~1 eV and afterwards decreasing with increasing Ecy. This fast-rising cross section is
distinctly different than any endothermic product channel with £, > 1.2 eV observed in this study, as the
cross section of the latter would present an onset at the low Ecy range. It suggests that the threshold
energy for single-water elimination must be lower than 1.2 eV. The implication is that the reaction
detected in Figure 3d is not a simple water elimination from a HE or [HE + H]* moiety, as the water-
elimination barriers for HE and [HE + H]" are 2.95 eV and 1.96 eV, respectively. The question arises as
to what structure of m/z 153 (referred to Structure II) was formed under condition II? The low water-
elimination energy of Structure II leans toward an H-bonded water complex structure, and we have
proposed three reaction scenarios as described below.

The first scenario is initiated by water elimination from [HE + H]*. However, if the structure appears
as [HE]-[HE + H" — H,O]-H,O0, the fragment ion [HE + H* — H,O] should have been observed at m/z 59;
but this was not the case. It follows that the remaining [HE + H* — H,0O] (i.e., [CH,CH,NHNH,]*) must
have covalently bonded to HE, forming a [HOCH,CH,NHNH,CH,CH,NHNH,]*-H,0O complex. The
PES for the in-source formation and subsequent CID of [HOCH,CH,NHNH,CH,CH,NHNH,]*-H,O are
provided in Figure S2 in the Supporting Information, in which the
[HOCH,CH,NHNH,CH,CH,NHNH,]*-H,O is located at zero point of the PES. This structure may be
converted from [(HE), + H]" with an activation barrier of 2.09 eV and product enthalpy of +0.38 eV. The
cross-linking of [HE + H" — H,O] (i.e., [CH,CH,NHNH,|") with HE may also lead to a
[HOCH,CH,NH(NH,)CH,CH,NHNH,]*-H,O structure, as shown in Figure S3 in the Supporting
Information. However, the formation barrier for [HOCH,CH,NH(NH,)CH,CH,NHNH,]*-H,O from
[(HE), + H]" is much higher than that of [HOCH,CH,NHNH,CH,CH,NHNH,]*-H,0O, and no [HE + H]*
elimination pathway was found for [HOCH,CH,NH(NH,)CH,CH,NHNH,]*-H,0; hence this structure is
less likely to be present in experiment. The dissociation reactions of

[HOCH,CH,NHNH,CH,CH,NHNH,]*-H,O are presented below:
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[HOCH,CH,NHNH,CH,CH,NHNH,]"-H,O (first probable Structure II)

— [HOCH,CH,NHNH,CH,CH,NHNH,]* + H,0 AH=0.33 eV Rxn3d.1
— ¢yclo-[CH,CH,NHNH*(CH,CH,NHNH,)] + 2H,0 AH=1.25 eV (AH*=2.93 eV) Rxn3e.l
— [HE + H]* + CH,CHNHNH, + H,0 AH = 1.42 eV (AH* = 1.93 ¢V) Rxn3f.l

The second scenario corresponds to water elimination from HE followed by H-bonding of the
resulting CH,CHNHNH,, [HE + H]" and water, forming a [CH,CHNHNH,]-[NH,NH,CH,CH,OH]*-H,O
structure as shown in Figure S4 in the Supporting Information. This structure may also eliminate single
and double water as well as CH,CHNHNH, + H,0 via the following pathways:

[CH,CHNHNH,]-[NH,NH,CH,CH,OH]*-H,O (second probable Structure II)

— [CH,CHNHNH,]-[NH,NH,CH,CH,OH]* + H,0 AH=0.52 eV Rxn3d.2
— [CH,CHNHNH, ] [NHLNH,CHCH,]* + 2H,0 ~ AH = 1.42 eV (AH*=3.25 ¢V) Rxn3e.2
—> [HE + H]* + CH,CHNHNH, + H,0 AH = 1.47 eV Rxn3f.2

The third scenario can be characterized by concurrent elimination of a H atom from [HE + H]* and a
*OH radical from HE followed by covalent combination of the remaining fragments, as shown in Figure
S5 in the Supporting Information. This scenario leads to the formation of the same structure as in the first
scenario, i.e., [HOCH,CH,NHNH,CH,CH,NHNH,|*-H,O and Rxns 3d.1 — 3f.1 may be applied herein.

To determine which structure best describes the experiment, we first fitted the experimental CID
thresholds. The cross sections in Figures 3d and e either miss the rising edge starting from a zero cross
section or involve multiple steps and thus are not suitable for LOC fitting. Only the data in Figure 3f was
fitted. It turns out that Rxn 3f.2 is in better agreement with the fitted £, in Figure 3f, pinpointing the most
probable Structure II as [CH,CHNHNH,]-[NH,NH,CH,CH,OH]*-H,0. The fact that we managed to
form [CH,CHNHNH,]-[NH,NH,CH,CH,OH]"-H,0, despite that it being 0.36 eV higher in energy than
the conventional Structure I [HOCH,CH,NHNH,]-[HOCH,CH,NH,NH,]*, demonstrates the importance
of secondary cluster reactions. It seems reasonable that Structure II most likely formed within the
desolvation capillary by a 3-body process and only survived the soft in-source collisions. We note that

Structure I does not affect the dominance of Structure I, as Structure I has an order of magnitude higher
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abundance than Structure II. This prompted us to focus more on the dominating cluster structures for the
remaining larger cluster ions wherein structural complexity and variety increased.

[((HE); + H]* (m/z 229) This cluster ion can eliminate one and two HE, producing [(HE), + H]* and
[HE + H]", respectively. A representative product ion mass spectrum and individual product cross
sections are reported in Figure 4. Patrick et al.3? reported the most stable structures for [(HE); + HJ",
[(HEHN)HE + H]*, [[HEHN),HE + H]* and [(HEHN)(HE), +H]" by using classical all-atom force fields
to generate initial-guess geometries followed by using the M06-2X/6-311++G(d,p) functional to identify
global minima. We adopted these cluster structures and re-optimized them at the ®B97XD/6-31+G(d,p)

level of theory. The optimized [(HE); + H]* structure is shown in Figure 4.
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Figure 4 a) Structure and a representative CID product ion mass spectrum of [(HE); + H]*; and b — ¢)
individual product ion cross sections as a function of Ecy, wherein red lines with error bars represent the
experimental data and blue line represents the LOC fit.

Using this as the starting reactant structure, we have obtained the following reaction energetics:

[(HE); + H]
s [(HE), + H]* + HE AH = 1.05 eV Rxn 4b
—> [HE + HJ* + 2HE AH = 2.44 ¢V Rxn 4c

Due to the low reaction threshold of single HE elimination, the cross section has exceeded zero even

at the lowest Ecy. As a result, we were not able to observe a complete threshold profile (i.e., rising from
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a zero-cross section) at low E¢y range which was required for a quantitative LOC fitting. However, a test
LOC fitting verified that the £, value should be no more than the theoretical value of 1.07 eV. On the
other hand, the LOC fitting was able to reproduce the cross section for double HE elimination. The fact
that the LOC-deduced E, value closely matches the calculated product AH in Rxn 4c indicates that the
dissociation has no reverse activation barrier, i.e., the barrier is located at the dissociation product
asymptote. This is not surprising as the cluster ions are bonded by ion-dipole interaction and H-bonds,
and there is no centrifugal barrier for dissociation.!® The decrease in the single HE elimination cross
section at high Ecy is due to the inter-channel competition between single- and double-HE elimination.
4.3 Dissociation of [HEHN) ,HE + H]* (n=1, 2)

[HEHN)HE + H]* (m/z 216) [(HEHN)HE + H]* may eliminate HNO; (an indicator for intra-ion
pair proton transfer in HEHN) and HEHN, as shown in Figure 5a. Note that the product HEHN remains
as an ion pair when it is dissociating from the parent ion (Figure S1); but it would ultimately convert to a
stable H-bonded neutral structure at the product asymptote. Therefore, it is presented as HE-HNO; in
dissociation products. Using the [[HEHN)HE + H]* structure reported by Patrick et al,*? its dissociation

enthalpies were calculated as:

[(HEHN)HE + H]*
— [(HE), + H]* + HNO; AH= 0.82 eV Rxn 5b
s [HE + H]* + HE-HNO; AH= 142 ¢V Rxn 5S¢

As shown in Figures 5b, the dissociation threshold for HNO; elimination is rather low so the cross
section has already become non-zero at the lowest Ecy. The is consistent with the calculated AH (0.82
eV) of Rxn 5b. It implies that the proton transfer within the activated cluster ion has an insignificant or
no activation barrier. The cross section for HNO; elimination presents significant decrease above Ecy =
1.5 eV, which is due to the competition with the increasing HE-HNO; elimination at higher energies. The
LOC fitting for the HE-HNO; elimination cross section (Figure 5c) has fully reproduced the experimental
Ecyv dependence, and the £ value extracted from the fitting (£, = 1.5 + 0.2 ¢V) matches the theoretical

dissociation energy (AH = 1.42 eV).
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a) Structure and a representative CID product ion mass spectrum of [(HEHN)HE + HJ*; and b

— ¢) individual product ion cross sections as a function of Ecy;, wherein red lines with error bars represent
the experiment and blue line represents the LOC fit.

[(HEHN),HE + HJ* (m/z 355) The CID of [(HEHN),HE + H]* mimics that of [(HEHN)HE + H]* in

terms of HNO; and HE-HNO; elimination, and the elimination of two HNO; or two HE-HNO; becomes

feasible for [([HEHN),HE + H]* as shown in Figure 6. These products are the same to what were reported

by Patrick et al.33 The cross sections for single and double HNOj; elimination (Figures 6b and 6c,

respectively) start to drop at or before reaching their theoretical dissociation thresholds, which has

prohibited LOC fitting. We fit the cross sections for the remaining three product channels in Figures 6d —

f. The resulting £, values are consistent with the calculated AHs for Rxns 6d — f. The CID of

[(HEHN),HE + H]* is dominated by elimination of (HE-HNO; + HNOs) at Ecy above 2.5 eV, switching

to double HE-HNOj; elimination above 7 ¢V. The fact that HNO; elimination becomes less competitive

than HE-HNO; elimination above 2 eV implies that the proton transfer reaction (leading to formation of

HNO;) within HEHN is less favored at higher energies.

[(HEHN),HE + H]*
— [(HEHN)(HE), + H]* + HNO;
— [(HE); + H]* + 2HNO;

> [(HEHN)HE + H]* + HE-HNO;

AH= 142¢eV
AH= 226 eV
AH= 1.70 eV
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—> [(HE), + H]* + HE-HNO; + HNO; AH= 2.52¢eV Rxn 6e
— [HE + HJ* + 2[HE-HNO;] AH= 3.12 eV Rxn 6f
60
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Figure 6  a) Structure and a representative CID product ion mass spectrum of [(HEHN),HE + H]*; and
b — f) individual product ion cross sections as a function of E¢y;, wherein red lines with error bars
represent the experimental data and blue lines represent the LOC fits.

4.4 Dissociation of [(HEHN),(HE), + H]* (n =1, 2)

[(HEHN)(HE), + H]* (m/z 292) This cluster may eliminate HNO;, HE, HE-HNO; or the [HE + H]*

ion (accompanied with the elimination of HE-HNO; + HE). The E¢\ -dependence for the HNO,

elimination is reminiscent of Rxns 6b — ¢ for [[HEHN),HE + H]", i.e., the cross section drops before

approaching the nominal dissociation threshold. This reaffirms that HNOs; elimination is less competitive

with others above Ecy > 3.0 eV even though it has the lowest threshold (0.81 eV for Rxn 7b). The

lowest-energy structure for [(HEHN](HE), + H]" (in Figure 7a) was adopted from the work of Patrick et

al.*3 The LOC fits for the HE-HNO; and HE-HNO; + HE elimination (Figures 7d — e) have reproduced

their cross sections and supported the calculated products’ AH. The HE elimination dominates the CID
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from the lowest Ecy to 2 eV, the HE-HNO; elimination dominates from 2 to 5 eV, and the [HE + H]*

elimination dominates above 5 eV.

a)CID at Eg, =4 eV

lon Intensity

[(HEHN)(HE), + HT

50 100 150 200
m/z

40

Q4 2
@5
4
m/z 292 y e?, 4 0y’
J“J 249 »
% ®
229 » J’ ? +
| J
AREERERAS
250 300

&5

Cross Section (A%

b) m/z 229 (HNO, eli.)

80

60

40

20

100

d) m/z 153 (HE-HNO, eli.)

Ey=1.2%0.2 0V pue

T T

T T

Cross Section (A%

Figure 7 a) Structure and a representative CID product ion mass spectrum of [(HEHN)(HE), + HJ";
and b — e) individual product ion cross sections as a function of Ecy;, wherein red lines with error bars

represent the experiment and blue lines represent the LOC fits.

[(HEHN)(HE), + H]*

— [(HE); + H]" + HNO;

— [(HEHN)HE + H]* + HE

— [(HE), + H]* + HE-HNO;

— [HE + H]* + HE-HNO; + HE

[(HEHN),(HE), + H]* (m/z 431)  Figure 8 presents the CID results and LOC fits for the largest

cluster, [(HEHN),(HE), + H]*, measured in the experiment. Its fragmentation is featured by the

AH= 0.83 eV
AH= 1.06 eV
AH = 1.09 eV
AH= 2.48 eV

Rxn 7b
Rxn 7c
Rxn 7d
Rxn 7e
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elimination of HE and HE-HNOs; but no HNO; elimination was observed. To identify the lowest-energy

reactant structure, multiple candidate structures were created by using classical molecular mechanics
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simulations. These candidate structures were subjected to geometry optimization using the ©B97XD
level of theory with the basis set increased from 3-21G, through 6-31+G(d) and to 6-31+G(d,p). Figure
S6 in the Supporting Information illustrates the converged structures within an energy range of 0.3 eV, of

which the global minimum conformer has a population of 81%.
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Figure 8 a) Structure and a representative CID product ion mass spectrum of [(HEHN),(HE), +H]";

and b — e) individual product ion cross sections as a function of E¢y;, wherein red lines with error bars
represent the experimental data and blue lines represent the LOC fits.

The global minimum structure was then used as the starting reactant ion to calculate thresholds in
Rxns 8b —e. Overall, the calculated energetics agrees with the experiment within the combined
experimental and theoretical uncertainties. This suggests that the reactant structure shown in Figure 8a
was detected. The less ideal LOC fits in Figure 8 may be due to contributions from low-population

reactant conformers and secondary dissociation products in the experiment.

[(HEHN),(HE), + H]*
— [(HEHN),HE + H]* + HE AH= 1.16eV Rxn 8b
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s [(HEHN)(HE),+ H]" + HE-HNO; AH= 1.82¢eV Rxn 8¢
— [(HEHN)HE + H]* + HE-HNO; + HE ~ AH = 3.00 eV Rxn 8d
— [(HE), + H]* + 2[HE-HNO;] AH= 3.20eV Rxn 8e

4.5 Dissociation of [(HE),C,H,OH]* (n=1,2)

[(HE)C,H,OH]* (m/z 121) The [(HE),C,H,OH]" series was not reported in the literature, except for
C,H,OH".'* The CID of [(HE)C,H,OH]" shows only water elimination with a relatively low threshold
energy, as shown in Figure 9. No [HE + H]" or C,H,OH" was observed, ruling out the possibility of a H-

bonded HE-C,H,OH" or [HE + H]*-C,H3;0H structure for m/z 121.

4
a)CIDatE,,=3eV ‘Z'Z Jb) m/z 103 (H,O eli.)
= [(HE)C,H,OH]" =
[7)]
2 S . m/z 121 %
g e @7, 3 21
= pa” 2 @
5 9 ] 103 a
- e
“A—MA—“—J—&WV O
T 0 LB | T T LI
50 60 70 80 90 100 110 120 0 1 2 3 4 5
m/z Ecu (€V)

Figure 9  a) Structure and a representative CID product ion mass spectrum of [(HE)C,H,OH]"; and b)
product ion cross sections as a function of Ecy.

To explore the structures of m/z 121 that may contain new covalent structures, quasi-classical direct
dynamics simulations were carried out to mimic complex formation from the possible constituents in m/z
121. Note that an isolated C,H,OH" (2-hydroxyethyl cation) would convert to a CH;CHOH™ (1-
hydoxyethylium) structure in the gas phase. For this reason, we simulated the bimolecular collisions of
[HE + H]" + neural CH,CHOH and of HE + CH;CHOH" cation. For collisions of [HE + H]* +
CH,CHOH, no complex formation or other reactions were observed. On the contrary, the collisions of
HE + CH;CHOH" lead to two covalent structures [HOCH,CH,NHNH,CH(OH)CH;]* and
[HOCH,CH,NH(NH,)CH(OH)CHj;]" (wherein the protonated carbonyl group in CH;CHOH™ attacks and
binds to the N-terminus and secondary amine in HE, respectively). The formation yields for the first
structure are 4% at b =0 A, 6% at 1.5 A and 3% at 3.0 A, and the yields for the second structure are 3%

at0 A, 2% at 1.5 A and 2% at 3.0 A. No strong b-dependence was observed for either reaction, which is
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consistent with complex formation in reactive collisions. [HOCH,CH,NHNH,CH(OH)CH;]* not only
has a higher trajectory formation yield but also lies at an energy 0.11 eV below
[HOCH,CH,NH(NH,)CH(OH)CHj;]".

Yet, neither of the two structures has a H-bonded water which is required to rationalize the low CID
threshold in Figure 9b. However, [HOCH,CH,NHNH,CH(OH)CH;]" may interconvert to a H-bonded
structure [HOCH,CH,NHNHCHCH;]*-H,O via a barrier of 0.79 eV, and the latter is featured by a low-
energy (0.54 eV) water-elimination channel, as depicted in Figure S7 in the Supporting Information. A
similar interconversion pathway was identified, leading from [HOCH,CH,NH(NH,)CH(OH)CH;]* to
[HOCH,CH,;N(NH,;)CHCH;]*-H,O via a barrier of 1.78 eV, as shown in Figure S8 in the Supporting
Information. [HOCH,CH,N(NH,)CHCH;]*-H,0 may also lose a water with a threshold energy of 0.41
eV. Based on these results, it is reasonable to propose [HOCH,CH,NHNHCHCH;]*-H,0 and
[HOCH,CH,N(NH,)CHCHj;]*-H,O as the two probable structures for m/z 121, with the first one being
more favorable. The dissociation energetics in Rxns 9b.1 — 2 match the low-threshold dissociation
observed in Figure 9b.

— [HOCH,CH,NHNHCHCH;]* + H,O AH=0.52 eV Rxn 9b.1

[HOCH,CH,N(NH,)CHCH;]*-H,O

— [HOCH,CH,N(NH,)CHCH;]" + H,0O AH=0.41¢eV Rxn 9b.2

[(HE),C,H,OH]"* (m/z 197) The structures for m/z 197 were calculated by adding a HE to different
positions in [HOCH,CH,NHNH,CH(OH)CH;]* and with different orientations, followed by optimizing
geometries at the @B97XD/6-31+G(d,p) level of theory. Stable [HE][HOCH,CH,NHNH,CH(OH)CH;]*
conformers are summarized in Figure S9 in the Supporting Information. Figure S10 in the Supporting
Information shows the formation of a water-bonded structure [HE][HOCH,CH,NHNHCHCH;]*-H,0O
from the lowest-energy conformer [HE]|[HOCH,CH,NHNH,CH(OH)CH;]" via an in-source reaction.
[HE][HOCH,CH,NHNHCHCH;]"-H,O has water elimination opening at 0.32 eV (Rxn 10b), HE

elimination at 0.79 eV (Rxn 10c), and concurrent loss of HOCH,CH,NHNCHCH; + H,O at 1.61 ¢V (Rxn
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10d, occurring after a barrierless proton transfer from [HOCH,CH,NHNHCHCH;]* to HE). These
dissociation energies agree with the CID of m/z 197 and suggest [HE]|[HOCH,CH,NHNHCHCH;]*H,O
as the major reactant structure. The [HE][HOCH,CH,NHNH,CHCH;]* itself may contribute to the CID
but cannot be significant as it has a higher AH (1.87 eV, see Figure S10) for producing [HE + H]" than the
experiment (1.7 eV). Although it could be possible, we did not investigate a structure for m/z 197 that
may form upon the addition of HE to [HOCH,CH,N(NH,)CHCHj;]*-H,0O. The rationalization is that

there is no proton available from [HOCH,CH,N(NH,)CHCH;]*-H,O to produce a [HE + H]" product.

[HE][HOCH,CH,NHNHCHCH;]*-H,0

— [HE][HOCH,CH,NHNHCHCH;]* + H,O AH= 0.29 eV Rxn 10b
— [HOCH,CH,NHNHCHCH;]*-H,O + HE AH= 0.81eV Rxn 10c
— [HE + H]* + HOCH,CH,NHNCHCH; + H,O AH= 1.61eV Rxn 10d
a) CID MS at E, = 4 eV c::;' ¢ {c) m/z 121 (HE eli.)
) > [(HE),C,H,OHI" z 3
2 e ;’!‘ St L s
[} ) ™ [5} ]
= . 8 :"\ 3 2
w"‘-r L e | 1
§ "% { @ 14 T
77 )
121 179 O ]
0""I""I""I""
60 80 100 120 140 160 180 200 0 1 2 3 4
m/z Ecu (8V)
8 , 30
::ZE 1b) m/z 179 (H,0 eli.) TZ d)ymiz77
%’ 6 ‘g’ 20 J(€li- H,0 + OHCH,CH,NHNCHCH,)
3 kst E,=17+0.1eV
O] @
w w
] o 10
S S
&) o
0 T L T 0 Trrrrrrrrrrrorore

4 0 1 3 4

2 2
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Figure 10 a) Structure and a representative CID product ion mass spectrum of [(HE),C,H,;OH]"; and b —

d) individual product ion cross sections as a function of Ecy, wherein red lines with error bars represent
the experimental data and blue line represents the LOC fit.

5 General Trends in Cluster Dissociation
The CID data in this work has served two purposes: first, the experimental dissociation energies were
used to compare with the thermodynamics of the proposed cluster structures, from which the most

probable cluster ion structures were identified, their fragmentation product pathways, branching and
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major products were analyzed, and accurate thermodynamic data were accumulated; second, despite that
CID with Xe atoms would not occur in the space environment, fragmentation of cluster ions indeed
happens substantially in the spacecraft propulsion system as aforementioned in Introduction and affects
the propulsion efficiency. In this context, the cluster post-activation and fragmentation information and
gas-phase cluster ion chemistry learned from Xe-CID can be extrapolated to the thruster system in space,
and provide insight into the ultimate fate of the species ejected from the thruster.

The present work has shown that each cluster ion is able to present multiple dissociation pathways,
partly due to the protic nature of HEHN. Scheme 1 outlines in a flowchart both primary and secondary
dissociation channels, and Table 1 summarizes their major product ions and complementary neutral losses
and corresponding dissociation thresholds. Common features and general trends may be revealed from
the examination of Scheme 1 and Table 1 as follows: 1) water elimination is expected from an H-bonded
water complexes and has a low dissociation threshold, except for [HE + H]*, wherein the water is
eliminated from a covalent structure; 2) HNO; elimination (i.e., proton transfer-mediated dissociation) is
most facile in [(HEHN),,HE + H]*. It becomes less kinetically favorable in large clusters as the NO;~
anions are encapsulated within a large assembly and surrounded by cations; 3) large cluster ions tend to
eliminate HE and/or HE-HNO; moieties; 4) for large HEHN clusters, the fragment ions still contain the
[(HE),+; + H]* and [(HEHN),HE + H]* constituents. The implication is that fragmentation promotes the
formation of smaller (and lower mass) HE and/or HEHN cluster ions, which may increase specific
impulse; and 5) energetically, all cluster ions have the first dissociation channel open at an threshold

energy of < 1.6 eV, and many of which are below 1 eV.
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Major Series n=2 1 0o
[(HEHN),(HE), + HI*  [(HEHN)(HE), + HJ* ~ —~HERN [(HEHN)(HE), + H]* =FERN.  [(HE), + H]*
. I . .
| I I I I
—_ m =z m m
i z e -
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Scheme 1 Formation and fragmentation pathways of positively charged HEHN clusters and derivatives.
The four major series of ionic species are distinguished by the colors of their labels, and neutral fragments

are labeled in black.

Table 1 Major dissociation pathways and threshold energies (AH, 0 K) for HEHN positive cluster ions

cluster ions AH (eV) fragment ion complementary neutral
[HE + HJ* 0.10 (1.93%)  [CH;CH=NHNH,]* H,0
[(HE), + H]* (Structure I for m/z 153) 1.39 [HE + HJ* HE
[CH,CHNHNH,][NH,NH,CH,CH,OH]"H,0 | 0.52 [CH,CHNHNH, ] [NH,NH,CH,CH,0H]*  H,0
(Structure II for m/z 153) 1.47 [HE + H]* CH,CHNHNH, + H,0
[(HE); +H]* 1.05 [(HE), + H]* HE

0.82 [(HE), + H]* HNO;
[((HEHN)HE -+ H]* 1.42 [HE + H]* HE-HNO,

2.52 [(HE), + H]* HE-HNO; + HNO;
[((HEHN),HE + HJ* 3.12 [HE + H]" 2HE-HNO,

1.06 [(HEHN)HE + H]" HE
[(HEHN)(HE), + HJ* 1.09 [(HE), + H]* HE-HNO;

1.16 [(HEHN),HE + H]* HE
[(HEHN),(HE), + HJ* 3.20 [(HE), + H]" HE-HNO,
[HOCH,CH,NHNHCHCH;]*-H,0 (m/z 121) 0.52 [HOCH,CH,NHNHCHCH;]* H,O
[HOCH,CH,N(NH,)CHCH;]*H,0 )
(another structure for m/z 121) 0.41 [HOCH,CH.N(NH,)CHCH;] H0
[HE][HOCH,CH,NHNHCHCH;]*-H,0 1.61 [HE + HJ* HOCH,CH,NHNCHCH; + H,0

# activation energy for dissociation

6 Conclusions

This work has combined mass spectrometric study on the dissociation of [(HEHN),HE + H]*,
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[(HEHN),(HE), + H]*, [(HE),+; + H]* and [(HE),C,H,OH]" (n = 0 — 2) cluster ions formed in positive
electrospray with theoretical investigation of cluster structures to understand the reaction dynamics as
well as pathways to product formation. The focus was on exploring what constituents are to be expected
in the electrospray of HEHN ionic liquid, the stability and structures of the clusters, what fragmentation
reactions happen upon post-source activation, and how well the theory can reproduce the experiment. All
HEHN cluster ions are prone to fragmentation. [(HE),, + H]" accounts for the most abundant
compositions in electrospray plume and has the lowest m/z. [HE + H|" and [(HEHN)HE + H]* represent
the most common fragment ions from larger cluster ions, while HE, HE-HNO; and HNO; represent the
complementary neutral fragments. H-bonded water was detected in
[CH,CHNHNH,]-[NH,NH,CH,CH,0OH]*-H,0, [HOCH,CH,NHNHCHCHj;]**H,O0,
[HOCH,CH,N(NH,)CHCH;]*-H,0 and [HE][HOCH,CH,NHNHCHCH;]*-H,0, each of which has a
characteristic low-energy water elimination channel. These clusters, especially the water-bonded ones,
may not necessarily form in other electrospray methods. These results are of importance for modeling
spacecraft electrospray thruster performance, in particular, small ions resulting from cluster fragmentation
can help improve specific impulse in electrospray thrusters.
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