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a b s t r a c t

Understanding the chemistry of compounds that are similar to hydrazine has two advantages. First, it
helps to identify less hazardous propellants to replace hydrazine as the most widely used mono-
propellant. And second, it helps to gain insight into the reaction mechanism that could be analogous to
the decomposition of hydrazine into ammonia and nitrogen. Ionic liquids have already shown to be
promising candidates to replace hydrazine. The molecule investigated in this study is 2-
hydroxyethlyhydrazine (HOCH2CH2NHNH2; HEH), which is a neutral precursor to the ionic liquid 2-
hydroxyethylhydrazinium nitrate (HEHN) and differs from hydrazine by the substitution of a hydrogen
with a hydroxyethyl group. Gas phase photoelectron spectroscopy and density functional theory were
used to examine the reaction between a HEH molecule and an Ir� anion as well as with IrC�. Suggested
by the experimental and theoretical data, Ir� and IrC� react with HEH and can attack the CeN, CeO, NeN,
CeH and the CeC bond in HEH.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Despite its high toxicity, hydrazine has been commonly used as
a monopropellant, where the fuel is ignited over a catalyst bed. To
improve safety and make handling easier, hydrazine-based ionic
liquids have attracted attention as a replacement. Ionic liquids
(melting point must be below 100 �C) have negligible vapor pres-
sure, which means they can be handled with lower risk of human
exposure. Ionic liquids to be used as monopropellants in a thruster
should ignite without an external ignition source on a catalyst,
thereby reducing the complexity of the thruster design, as the ionic
liquid only needs to be sprayed onto the catalyst. Hydrazine and its
derivatives for example have this property [1]. Hydrox-
ylammonium nitrate (HAN) is an example of an ionic liquid that has
, steven.chambreau.ctr@us.af.
.

already shown improvements in safety and efficiency over hydra-
zine as a monopropellant [2e4]. 2-hydroxyethylhydrazine (HEH)-
based ionic liquids are also attractive candidates. Shamshina et al.
showed that 2-hydroxyethylhydrazinium nitrate (HEHN) and 2-
hydroxyethylhydrazinium dinitrate (HEH2N) ignite when in con-
tact with an alumina-supported iridium catalyst [1]. Other ionic
forms of HEH have also been invented for monopropellant appli-
cations such as the chloride and dichloride salts [5].

Out of many hydrazine-based ionic liquids that have been
studied, HEHN has a significant advantage. While most of the other
potential ionic liquid candidates are solids at room temperature,
HEHN is liquid (glass transition at �56.9 �C [1]), making it possible
to handle in fuel lines and to introduce onto the catalyst. HEHN also
has higher thermal stability compared to other ionic liquids used as
propellants [1], and is more stable than HEH, making it preferable
for practical use.

While HEHN is an ionic liquid consisting of protonated HEH
(HEH-Hþ, HOCH2CH2NþH2NH2) and NO3

�, the first step of the HEHN
decomposition is proton transfer to NO3

� to form neutral HEH and
nitric acid [6,7]. Zeng et al. also showed, via cryogenic vibrational
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spectroscopy, that the HEHN ion-pair has neutral characteristics
and can be treated as a HEH-HNO3 complex [8]. The less well un-
derstood step of the mechanism is the further decomposition of
HEH by a catalyst, which is investigated in this study.

Iridium is used as a catalyst in thrusters to decompose hydra-
zine, HAN or HEHN. Like other elements in the platinum group,
iridium and its derivatives are used commonly as a catalyst in a
wide variety of reactions [9e13]. Additionally, iridium and its
complexes have been shown to activate a variety of molecules
[14e16]. Hydrazine for example is activated by iridium (I) com-
plexes, and the NeH bond is cleaved in the reaction [17]. Cleavage
of the NeH bond was also observed for the hydroxylamine-iridium
reaction [18]. Although a great amount of research has already been
done to characterize hydrazine decomposition on iridium, no
consensus on the catalytic mechanism has been established yet
[19e21].

To imitate the active site in catalysts, single metal atoms can
often be used as a good model [22e26]. Using those single metal
atoms gives insight into the different steps that are happening on a
molecular level between the catalysts and the reactant, for example
breaking and forming bonds [27e33].

In this study, a combined theoretical and experimental approach
was used to investigate the mechanism of the catalytic process. On
the experimental side, a combination of time-of-flight mass spec-
trometry and photoelectron spectroscopy were utilized. On the
theoretical side, density functional theory (DFT) was used to predict
the probable products, followed by simulations of the corre-
sponding photoelectron spectra. These combined methods have
shown that Ir� as well as IrC� can attack the carbon atoms in the
HEH molecule and they can break the NeN, the NeC, the CeO, the
CeC as well as every kind of CeH and NeH bond. These findings
line up with previous experiments by Esparza et al. and Howard
et al. that showed that in the thermal decomposition of HEH, a large
number of different compounds formed, including ethanolamine,
ammonia and hydrazine [34,35]. This indicates the breaking of
several different bonds in the HEH molecule, including for example
the CeN bond to form hydrazine.

2. Methods

2.1. Experimental details

Anions were generated using a laser vaporization-reaction cell
arrangement described previously [18] and described briefly here.
A rotating and translating iridium rod was ablated by the 2nd
harmonic of Nd:YAG laser (532 nm, 2.33 eV), and helium backing
gas delivered the iridium products through a nozzle into the re-
action cell, where the iridium beam was crossed with a gaseous
HEH and helium mixture. The resulting particles were introduced
into the time-of-flight mass spectrometer through a skimmer. An-
ions were then mass-selected by accelerating them in a Wiley-
McLaren type time-of-flight mass spectrometer, and photo-
detached by crossing the ion beam with a laser, after decelerating
the anions. The kinetic energy of the photodetached electrons was
measured by a magnetic bottle electron energy analyzer to obtain
photoelectron spectra.

The detachment process is governed by the energy-
conservation relationship: hn ¼ EBE þ EKE, where hn is the en-
ergy of the photon, EBE is the electron binding energy, and EKE is
the kinetic energy of the photodetached electron. From this rela-
tionship the binding energy can be obtained by measuring the ki-
netic energy of electrons photodetached by a Nd:YAG laser
operating at 3rd harmonic (355 nm, 3.49 eV). The energy resolution
of the magnetic bottle is ~35 meV at EKE ¼ 1 eV [36]. The photo-
electron spectra were calibrated by the well-known transitions of
2

Cu� atomic anions [37].

2.2. Theoretical details

The structures and relative energies of several isomers and
electronic spin states of [IreN/C/O/H]- anionic species corre-
sponding to the m/z fragments detected experimentally were
calculated using density functional theory (DFT) methods, with the
objective of identifying the most stable species, for which the
electronic vertical detachment energies (VDEs), adiabatic detach-
ment energies (ADEs), and photoelectron spectra (PES) were sub-
sequently computed. The uB97x-d [38,39] range-separated
functional, which includes dispersion corrections, in combination
with the def2-TZVPPD basis set [40,41] for all atoms and the
Stuttgart quasi-relativistic pseudopotential [42,43] for iridiumwere
used [44e46]. This pairing of functional and basis set, hereafter
denoted simply as uB97x-d/def2, was shown in a recent study [18]
to be a suitable computational approach for a similar series of
[IreN/O/H]- anions. All structures were fully optimized and
confirmed as local minima via diagonalization of the mass-
weighted matrix of energy second derivatives with respect to nu-
clear coordinates, i.e., the Hessian matrix. Relative Gibbs free en-
ergies at 298.15 K were calculated at all stationary points, with
thermal and entropic corrections obtained from standard rigid-
rotor, harmonic oscillator approximations [47], using harmonic
vibrational frequencies scaled by a factor of 0.975 [48]. Restricted
and unrestricted DFT calculations were performed for closed- and
open-shell systems, respectively. All electronic structure calcula-
tions were performed using the GAMESS quantum chemistry pro-
gram. [49,50].

Photoelectron spectra were computed using the ezFCF program
suite developed by Gozem, Wojcik, Mozhayskiy, and Krylov [51,52],
utilizing the double harmonic approximation with Franck-Condon
factors obtained using Duschinsky rotations [53]. The full set of
3Ne6 (3N-5 for linear species) vibrational modes, where N is the
number of atoms, were included in the calculations. The simulated
photoelectron spectra were obtained using the following protocol:

(i) Sufficient vibrational quanta Vf were included in the target
(neutral) state to generate initial state (anion)/ target state
(neutral) energy transitions up to 3.5 eV, the highest energy
measured in the experiments.

(ii) Using a Boltzmann temperature of 300 K to estimate thermal
populations of vibrational hot bands in the initial (anion)
state, the number of vibrational quanta Vi in the initial state
was systematically increased until the simulated spectra
showed no significant changes.

(iii) Final PES simulations were generated using the thus-
determined values of Vi, Vf, and a Boltzmann temperature
of 300 K.

3. Results and discussion

The results, obtained from the mass and the photoelectron
spectra, supported by the calculations, indicate that there were two
different interactions occurring. The first is the interaction of Ir�

with HEH, and the second is the interaction of IrC� with HEH. The
source of carbon to form IrC� is most likely from the steel housing
of the laser vaporization source. The carbide then forms with Ir in
the helium stream. Therefore, IrC� is already present in the beam
before it crosses the HEH and helium beam in the reaction cell. This
is a known behavior for Ir formed in the used source. It was
observed in experiments with the laser vaporization source and
iridium in previous experiments (for example in the reaction of Ir�

with hydroxylamine [18]). Attempts to suppress the IrC� formation



Fig. 2. Mass spectra from the Ir� and HEH reaction for different source settings, with a
high abundance of IrC� (red) and with a low abundance of IrC� (black). Both spectra
are normalized to the 193Ir peak (not shown).
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were unable to eliminate it completely. However, the formation of
IrC� before the actual interaction with the HEH gives the oppor-
tunity to look at the reaction of IrC� and HEH as well.

In the mass spectra in Fig. 1, five main peak series can be iden-
tified, the series of the elemental iridium (consisting out of the two
isomers with an abundance of 37% for 191Ir and 63% for 193Ir) and
four others. Two additional series can be found at higher masses,
but their intensities are very low, and will not be discussed here.

Depending on the source conditions, the intensity of the IrC�

peaks changed. Fig. 2 shows the mass spectra for different IrC�

concentrations. It can be observed that some of the peaks have
different intensities while others have similar intensities, poten-
tially indicating reaction products from a IrC� þ HEH reaction. Both
spectra are normalized to the iridium peak at m/z ¼ 193, so the
reaction products from the reaction of iridium with HEH should
have similar intensities in both mass spectra. There are similarities
in the intensities in the peak distributions in series 2, 3 and 5 in
Fig. 2, but the peak intensities differ dramatically in series 4 that are
likely reaction products from reactions of IrC� and HEH. Different
source conditions could of course also just lead to iridium anions in
different electronically excited states, leading to different reaction
products. But for example, different laser powers alone will give
different amounts of carbon from the housing of the laser vapor-
ization source. Masses in series 4 could correspond to formation of
IrC3Hx

� species, but there is no source for the third carbon atom in
the reaction of Ir� and HEH. The possible existence of this species
could be explained by IrC� reacting with HEH to provide the third
carbon atom. The existence of IrC3Hx

� product ions will be discussed
below.

Additionally, the lowest mass detected in series 5 is shifted for
the different concentrations of IrC� present; With a high concen-
tration of IrC� in the beam (red trace in Fig. 2), series 5 starts at m/
z ¼ 241 (191IrC3N�). Having a low concentration of IrC�, series 5
starts at m/z ¼ 245 (191IrNC2O�). This can be explained by the fact
that HEH has only two carbon atoms, needing an extra carbon from
the IrC� to form IrC3X� species, indicating that both Ir� and IrC� are
reacting with HEH in these experiments.

Looking at the entire mass spectrum in Fig. 1, almost all the HEH
was fractured by the Ir� or IrC� upon exposure to the anion beam,
Fig. 1. Mass spectrum of iridium anions, with the addition of HEH (red) and the pure
Ir� spectrum in black. Both spectra are normalized to the 193Ir peak. Smaller peaks in
the black spectrum might be from residual HEH in the interaction region or the pulsed
valve.

3

indicating a complex reaction mechanism, as there was little to no
intact HEHmolecules observed attached to Ir� or IrC� or by itself in
the mass spectrum (at m/z ¼ 265 or 267 and 277 or 279). This fact
already eliminates the possibility of a simple physisorption be-
tween the iridium species and HEH. The large differences in the
photoelectron spectra compared to the well-known iridium atomic
anion spectrum [18] additionally indicate that a chemical reaction
is occurring.

Because of the atomic complexity of HEH (C, N, O, H) and the
isotopic pattern of iridium (of 63% 193 and 37% 191), there can be
multiple different possible products contributing to each mass
peak, especially as product mass increases. In order to find out
which species contribute to the peaks at the differentmasses and to
investigate if series 4 contains IrC3HX

� species, photoelectron
spectra were taken and compared to the theoretically predicted PE
spectra. Interest was paid mostly to the masses with the highest
intensities in each series, assuming those would be the most
prevalent products. A summary of all found reaction pathways can
be found in Figs. 8 and S14.
3.1. Analysis of the photoelectron spectra

The masses m/z ¼ 203, 205 and 207 (series 2) are in the first
series of peaks after the elemental iridium peaks. Their high in-
tensities in the mass spectra indicate that those might be the main
reaction products. The photoelectron spectra of m/z ¼ 205 and 207
were taken, as seen in Figs. S1 and 3a.

Looking at all atoms that are present in the reaction, IrC� is the
only plausible species that shows up in them/z¼ 205 spectrum but
not in the m/z ¼ 207 spectrum. The subtraction of the m/z ¼ 207
spectrum from the m/z ¼ 205 spectrum should thereby yield the
spectrum of IrC�which is the green feature in Fig. 3b. The spectrum
of m/z ¼ 207 is shown in 3a and the spectrum for m/z ¼ 205 in
Fig. S1 can be found in the supporting information. Comparing the
spectra to the theoretical data in Fig. 3 shows a reasonable match
between experimental and simulated results (Electron affinity (EA),
theoretical: 2.0 eV and experimental: 2.4 eV). Another theoretical
value for the EA found in the literature matches within 0.2 eV
(2.20 eV) [54] and calculations at the coupled cluster level predict
an EA of 2.36 eV (see Table S1.) The theoretical values for IrN�



Fig. 3. Photoelectron spectra of a) m/z ¼ 207 and b) the difference spectrum from m/z ¼ 205 and m/z ¼ 207. The theoretical calculated features of i IrN� (blue), ii IrCH2
� (red) and iii

IrC¡ (green) are added to the spectra. The calculated structures of IrCH2
� and IrCH2 are shown in Fig. S2.

Fig. 4. Photoelectron spectrum of the m/z ¼ 218 species. Additionally, the theoretical
values for three 193IrC2H� isomers (with the relative Gibbs free energy a) DGrel ¼ 0 kJ/
mol, b) DGrel ¼ 90 kJ/mol and c) DGrel ¼ 91 kJ/mol) and 191IrNCH� were added.
191IrC2H3

� did not have a spectrum due to poor Franck Condon overlap between anion
and neutral (see Fig. S3 in the supporting information).
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correspond to a feature between 1.2 and 1.7 eV and the theoretical
values from IrCH2

� correspond to a feature between 1.7 and 2.2 eV.
The fact that the mass spectrum shows a significant increase of m/
z ¼ 203 and 205 species between the Ir� only spectrum and the
Ir� þHEH spectrum in Fig.1, indicates that IrC� is likely a product of
the reaction between Ir� and HEH. For species at m/z ¼ 207, from
the photoelectron spectrum it is difficult to differentiate which one
of IrN� and IrCH2

� is the main product. However, in the mass
spectrum (Fig. 1), the IrC� peaks seem to increase more with the
addition of HEH than the IrN�/IrCH2

� peaks.
Series 3 begins with m/z ¼ 215, most likely being IrC2�. The

species withm/z ¼ 218, containing the heavier iridium species, and
thereby having the higher intensity, is most likely 193IrC2H�

because species containing only one carbon, one oxygen or a ni-
trogen would contain high amounts of hydrogen. It would contain
at least nine hydrogens (for 193IrOH9), while HEH itself only has
eight hydrogens. That means even for IrOH9

� an additional inter-
action between Ir� and a second HEH molecule would need to
occur to gain more hydrogen, which is unlikely in this experimental
setup. Minding the low pressure in the source chamber (around
5� 10�5 Torr in the source chamber, mean free pathz 6 cm), every
additional collision makes a reaction pathway less likely. Addi-
tionally, only a small amount of HEH will be in the He that is
introduced through the pulsed valve, meaning only the smallest
part of the interactionswill be between Ir� and HEH. This is the case
even when the pressure inside of the reaction cell is much higher
than the rest of the chamber when the pulsed valve is open.
Because of the low probability of multi collision interactions the
focus was laid on products of a reaction between one Ir� anionwith
one HEH molecule.

The other plausible species at m/z ¼ 218, coming from a
Ir� þ HEH reaction, is 191IrNCH�. The PE spectra of both species are
shown in Fig. 4. DFT calculations show that the lowest energy
structure for IrC2H� has two additional isomers close in energy (see
Fig. S4.) Similarly, the calculations predict three isomers of IrNCH�

with similar low energies, but only the most stable of these,
included in Fig. 4, has a predicted VDE within the relevant energy
range (see Fig. S5.) The three isomers of IrC2H� can be seen in Fig. 4,
together with their theoretical spectrum, and the theoretical
spectrum of IrNCH�. Themost likely way to form IrC2H� is by either
Ir� cleaving the NeC bond, leaving the CeC bond intact, or by IrC�

cleaving the CeC bond. The parent anion Ir� or IrC� would then
only be bonded to part of the HEH molecule and additionally lose
hydrogen atoms. IrNCH� forms in a similar way, by cleaving other
bonds, likely the NeN bond. However, because of the similarities in
the PE spectrum of IrNCH� and one of the isomers of IrC2H�, no
4

final conclusion about the NeN bond can be made. These multi-
step, complex reaction mechanisms are still the most likely ones
(similar to what was observed in the reaction of iridium clusters
and hydroxylamine) [18], because a different reaction mechanism
would include HEH reacting with Ir�, breaking apart, and then
having the fragments of HEH reacting with other HEH molecules or
reaction products. This would include multiple interactions be-
tween different particles, which is less likely to occur in the vacuum
environment.

Looking at isomer a) and b) of IrC2H� in Fig. 4, it seems that the
Ir� cleaved a CeH or the CeN in a) and the CeH bond in b). Addi-
tionally, all the CeH, the CeO and the CeN (if it was not cleaved)
bonds were broken. The breaking of all these bondsmust have been
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caused by the interaction with the iridium anion because HEH
under vacuum conditions and at room temperature is rather stable.
In isomer c) the iridium atom is directly bonded to two different
carbon atoms. This could be due to the Ir� cleaving the CeN bond, a
CeH bond or binding to both carbon atoms in HEH, leaving C2H
bond to the iridiumwhile dropping the rest of the HEHmolecule, or
IrC� cleaving the CeC bond or a CeH bond leaving CHwith the IrC�.
These are both plausible but since there is no significant change in
the intensities for this series for different amounts of IrC�, making
them more likely a product of the Ir� with HEH reaction.

Possible reactivity of IrC� with HEH can be seen by looking at
them/z ¼ 230 and 231 species, because they are most likely IrC3H�

and IrC3H2
�. As discussed previously for Fig. 2, the theoretical data

compared to the PES in Fig. 5 implies that the species atm/z¼ 230 is
193IrC3H� and at m/z ¼ 231 is 193IrC3H2

�, while other species with
the same mass also might be present in the PE spectra. The reason
that both peaks are present in both spectra is limited mass reso-
lution (m/Dmz 400) of the experiment. Even though they are
resolved in the mass spectra (Fig. 1), and the species were mass-
separated with a mass gate having a width of around 2 amu, the
species still overlap to some extent in the photoelectron spectrum.
This happens in most of the obtained spectra, because of the sheer
number of different species in this experiment, giving every species
a direct left and right neighbor (with 1 amu difference). Despite this
limitation, the theoretical VDE values of 2.0 and 3.4 eV see Table S1)
for the two species line up closely with the two main peaks in the
spectra at 2.2 and 3.3 eV. As shown in Table S1, wavefunction-based
calculations at the MP2/def2-TZVPPD level predict a VDE of 2.1 eV
for IrC3H�, in good agreement with the DFT result and the lower
experimental peak at 2.2 eV. However, the MP2/def2-TZVPPD
predicted VDE value of 4.1 eV for IrC3H2

� does not agree well with
either the DFT prediction or the higher experimental peak at 3.3 eV
(See Figs. S6 and S7 for the calculated isomers and relative free
energies of IrC3H� and IrC3H2

�, respectively.). The possible forma-
tion of IrC3H� and IrC3H2

� both indicate that IrC� could react with
HEH, resulting in attachment of C2Hx (x¼ 1,2) to IrC�. The observed
vertical detachment energy (VDE) of IrC3H2

� is higher than IrC3H�

by ~1.1 eV, which is perhaps due to the additional H directly bonded
to the iridium. There is a much smaller concentration of IrC2� (m/
Fig. 5. Photoelectron spectra ofm/z ¼ 230 and 231, with the theoretical features from a) 193Ir
peaks show up in both spectra because of limited mass separation.

5

z ¼ 215,217) in the reacting beam compared to IrC� (m/z ¼ 203,205
see Fig. 1, Ir only), making it less likely that the IrC3Hx

� forms from a
reaction of IrC2� with HEH. The predicted shapes of the IrC3Hx

�

products with one carbon on one side of the iridium atom and the
other carbons on the opposite side of Ir, also supports the idea that
IrC3Hx

� is formed by reaction of IrC� þ HEH.
All the obtained spectra so far have shown either Ir� or IrC�

attaching to a carbon atom of HEH. As mentioned before there are
five main series in the mass spectrum in Fig. 1. The first series
consists of the elemental Ir� with its isotope pattern of 63% 193Ir
and 37% 191Ir. The second series starts with a mass of m/z ¼ 203,
191IrC� and progresses to IrCH2

�. The third series starts atm/z¼ 215,
indicating 191IrC2�, and then progresses to IrC2H� and up to IrC2H5

�

(m/z ¼ 222). The two peaks at m/z ¼ 223, 225 likely have contri-
butions from IrO2

�. The fourth series starts atm/z¼ 227with 191IrC3
�.

The photoelectron spectra of the species with m/z ¼ 230 and 231
show that the series contains further hydrogenated species of IrC3�.
Other species such as IrC2N� might also contribute to the PES of the
m/z ¼ 231 spectrum, but the two main peaks in Fig. 5 are assigned
to the theoretical values of the carbon species (IrC3H� and IrC3H2

�,
Table S1).

To see if the higher masses in series 4 came from the limited
dehydrogenation of the IrC3Hx

� species, the photoelectron spectrum
of m/z ¼ 236 was taken. For m/z ¼ 236, a possible molecule would
be IrC2NH5

�, although its simulated photoelectron spectrum did not
show any peak in the calculated energy range from 0 to 3.5 eV. This
is due to poor Franck-Condon overlap between the anionic and
neutral species, caused by the significant increase in the CeIreC
bond angle as shown in Fig. 6. This large change in the geometry of
the molecule will give a poor Franck-Condon overlap between the
anionic and the neutral state and thereby a predicted spectrum that
is zero over the whole energy range. The fact that there was still an
experimentally obtained spectrum means that there is another
species with the samemass, such as IrCN2H3

� or IrC3H7
�. Some of the

features in the spectrum might be explained by the presence of
IrC3H7

� (Figs. S8 and S9), while IrCN2H3
� (Fig. S10) shows poor Frank

Condon overlap between neutral and anion (geometrical structures
are shown in Fig. S43). This indicates that series 4 consists, at least
partly, of IrC3Hx species.
C3H� in the left spectrum and b) from 193IrC3H2
� in the right spectrum, both in red. Both



Fig. 6. Lowest energy theoretical structure of IrC2NH5
� as an anion (left) and a neutral (right). The removal of an electron from the anion increases the CeIreC bond angle.
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The next question is regarding the source of series 5, starting at
m/z¼ 241. Another addition of carbon is unlikely, thereby ruling out
IrC4HX

�. Starting at m/z ¼ 241, IrC3N� has the right mass. The
theoretical data suggests that breaking of the NeN bond is the most
energetically efficient way of attacking HEH by iridium or iridium
carbide (see Table S2, NH3 elimination).

To pursue this, photoelectron spectra of the masses 245 and 247
were measured (Fig. 7).

As shown in Table S1, the calculated electron affinities of the
lowest energy isomers of species IrNC2O� (Fig. S11) and IrC2N2H2

�

(Fig. S12) are 3.51 eV and 4.61, respectively, which are beyond the
energy limit of photodetachment in our experimental setup.
Although the leading edge of the VDE peak of IrNC2O� should show
up in the high energy limit of the spectrum, in order to detect the
formation of IrNC2O� in the ion beam a different experimental
setup with a higher photon energy would be needed. But there are
additional peaks in this spectrum (Fig. 7), which could be from
IrC3NH4

� (the geometrical structure is shown in Fig. S13). The
presence of IrC3NH4

� suggests the possibility of IrC� cleaving the
NeN bond in HEH.
4. Conclusion

The gas phase study of the reaction of the iridium anion and
HEH showed that the iridium anion can bond to different atoms in
HEH. In this process, multiple bonds are broken with the extreme
casewhere Ir� can basically strip the carbon or nitrogen atoms of all
other atoms. Cleavage of the NeN bond is supported by the theo-
retical data, the mass spectra and different photoelectron spectra.
These reaction pathways also explain the observed products found
in other studies such as hydrazine and ammonia, by breaking the
Fig. 7. Photoelectron spectra of the masses m/z ¼ 245

6

NeC bond and the NeN bond in HEH, while providing hydrogen
from breaking bonds at other points at the molecule. Ammonia for
example could be formed, by breaking the NeN bond in HEH and
releasing NH2 which reacts with a hydrogen. This gives more
insight in the actual mechanism of catalytic reactivity of HEH and
might help to find out more about the hydrazine combustion by
indicating that the NeN bond is broken in a reaction that is close to
the combustion of hydrazine on an iridium-based catalyst.

Similar behavior as in the iridium-based interaction was
observed with IrC�. Concluding from the changes in series 4 and 5
in the mass spectra and the PE spectra, IrC� seems to mostly form
IrC3Hx

� and IrC3NHx
� species. The mass spectra were normalized to

the Ir� peaks, and the assumption can be made that species coming
from reactions of Ir� with HEH should have similar intensities in
both spectra in Fig. 2, suggesting that IrC� has different reaction
pathways with HEH than Ir�. Using iridium carbide instead of or in
combination with pure iridium might be an effective way to lower
the costs for monopropellant catalyst by using less of the rare
iridium for the same amount of catalyst or increasing the capability
of the catalyst.
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Fig. 8. Summary of Ir�/IrC� þ HEH reactions that were confirmed by theoretical and experimental photoelectron spectra. The series corresponds to the mass spectrum in Fig. 2. The
circle shows where the molecule is being attacked.
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