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ABSTRACT: Elucidating the multifaceted processes of molecular
activation and subsequent reactions gives a fundamental view into
the development of iridium catalysts as they apply to fuels and
propellants, for example, for spacecraft thrusters. Hydroxylamine, a
component of the well-known hydroxylammonium nitrate (HAN)
ionic liquid, is a safer alternative and mimics the chemistry and
performance standards of hydrazine. The activation of hydroxyl-
amine by anionic iridium clusters, Ir,” (n = 1—5), depicts a part of
the mechanism, where two hydrogen atoms are removed, likely as
H,, and Ir,(NOH)~ clusters remain. The significant photoelectron
spectral differences between these products and the bare clusters
illustrate the substantial electronic changes imposed by the
hydroxylamine fragment on the iridium clusters. In combination
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with DFT calculations, a preliminary reaction mechanism is proposed, identifying the possible intermediate steps leading to the

formation of Ir(NOH)™.

1. INTRODUCTION

Since the 1960s, the most often used propellants for spacecraft
thrusters are composed of hydrazine (N,H,) and its
derivatives. Although hydrazine is effective as a monopropel-
lant, efforts are underway to find a substitute for hydrazine
compounds due to their significant hazards. Ionic liquids have
been proposed as a potential alternative due to their safer
properties such as negligible vapor pressure and comparable
performance as a propellant. The ability to model the
performance of propulsion systems depends on a fundamental
knowledge of the physical and chemical processes involved in
ignition and combustion.

Liquid propellants based on nitrogen-containing com-
pounds, including hydroxylammonium nitrate (HAN) and
other ionic liquids, have shown promise in terms of
effectiveness and safety.' ~® These ionic liquids also cross the
boundary between monopropellants and possible use as
multimode propellants, which are especially promising for
high-efliciency electrospray thrusters and high-performance
catalyzed (chemical) thrusters.” Hydroxylammonium nitrate
(HAN) was first proposed for use as a rocket propellant in the
1990s." More recently, HAN-based ionic liquid (IL)
formulations have been proposed to replace hydrazine as a
monopropellant”™ and for use in electric propulsion
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applications.” The numerous benefits of using HAN-based
ILs over hydrazine include, for example, the reduced toxicity
and respiratory hazards, higher stability with reduced explosion
hazards for long-term storage, and increased performance.
HAN has not been shown to be carcinogenic or mutagenic'
and has a very low vapor pressure, whereas hydrazine has a
significant vapor pressure and requires a S.C.A.P.E. apparatus
for handling.* HAN has a low freezing point and high density,
potentially enabling an increase in density specific impulse (d-
Isp)* with its use as a monopropellant. HAN formulations have
been successfully implemented in SDS-4 (JAXA) and AF-
M31SE (AFRL/NASA GPIM) fueled satellites.” Additionally,
the use of HAN in electrical propulsion applications has
attracted much interest recently in the potential use in high-
efficiency microthrusters.’ In a laboratory environment, these
ionic liquids can be safer to handle and are capable of
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mimicking the reactivity observed between catalysts and structures, §rowth patterns, and properties of bare iridium
hydrazine fuels."*>* clusters’” ™" and characterization of the low-lying excited

Much work has been done on the thermal decomposition
and combustion mechanisms of HAN,”™'" but there is not a
real consensus on these mechanisms due to the variety in
experimental and theoretical approaches and conditions
applied thus far. More importantly, the mechanism for the
heterogeneous catalysis of HAN is largely unknown, and this is
the focus of this work. As a protic ionic liquid, the generally
accepted first step in its decomposition is the proton transfer
from the hydroxylammonium cation to the nitrate anion,
producing hydroxylamine (HA) and HNO; neutral molecules.
It has been proposed that the ignition of HAN-based
formulations is initiated by proton transfer leading to
formation of HNO; and nitrogen oxides that can subsequently
react with the fuel species to ignite.” This is consistent with a
recent publication indicating the formation of NO and HNO;
upon contact of HAN with a hot Ir catalyst.” HA (50% in
H,0) has been observed to decompose completely at 45—50
°C on an iridium catalyst, but no mechanism was proposed in
that work."”

In general, iridium activation of small molecules has been
used successfully in Air Force applications for fuels and
propellants.”*~*° Thin coatings of iridium and its oxide make
for durable engine ignition devices, for rocket combustion
chambers, and as a component of anodes for oxidation or
splitting of methanol, ammonia, acetic acid, and water, for
example, in the oxygen evolution reaction.'*™*’ Hydrazine
decomposition is also facilitated with the use of an iridium
catalyst,”" and this mechanism has been well studied. The use
of an iridium catalyst significantly improves the efficiency of
achieving activation in hydrazine, decreasing the initiation
barrier from 65 to <10 kcal/mol.”” This initiation comes in the
way of breaking the N—N bond to create NH, radicals,
enabling the decomposition to N,, H,, and NH,.

Mass spectral and photoelectron studies show that single
atomic species and small ionic clusters often cause this
activation, for example, the breaking of O—H bonds in water,
breaking a C—H bond in methane, and altering the bond angle
in carbon dioxide. These small atoms and ionic clusters can be
viewed as reasonable approximations of active sites in the bulk
material and as fundamental starting points to assess catalytic
reactivity.”> ¢ Investigating the reactivity of highly uncoordi-
nated small Ir,” clusters will lead to better understanding of
reactive sites/reactivity at defects on bulk metal surfaces,
although this study will not necessarily capture all ligands that
are present on the bulk metal catalyst surface. Traditionally,
studies performed by flowing the reactant gas over a premade
surface of the catalyst or freezing the reactant gas and
interacting the catalyst with its surface allow the observation of
products formed from the catalysis of the small molecule, but
these are complicated and expensive for current calculation
methods. By focusing on isolated ionic atoms and clusters in
the gas phase, individual steps and, in some cases, discernible
products allow more specific details of the catalytic mechanism
to be ascertained. These basic details allow for further
understanding of the active sites of catalysts and provide
benchmarks for contemporary calculations.

The catalytic properties of iridium have generated
considerable interest in understanding the fundamental
properties of iridium clusters, their interactions with other
compounds and substrates, and the underlying chemistry of
catalysis. Prior theoretical studies include investigations of the
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In addition, the fundamental
interactions of iridium clusters with atomic*>*’ and molec-
ular*** hydrogen have been calculated. Several theoretical
studies have probed the catalytic properties of iridium clusters,
including correlation of catalytic activity with the cluster
HOMO-LUMO gaps,46 interactions with O,, CO, and NO,¥
and dehydrogenation of ethane.*® Incorporation of iridium
clusters onto alumina and magnesium oxide substrates™ has
been studied by using density functional theory (DFT),
including their catalytic effects on ethylene hydrogenation.>’
Schmidt et al.** used second-order perturbation theory and
coupled-cluster theoretical methods to compare the decom-
position of hydrazine in the gas phase to the catalyzed
decomposition by Ir, and Irg clusters supported on an alumina
substrate. DFT investigations of iridium clusters on zeolite
substratess_1 and their effects on hydrogen adsorption”*~>* and
migration®> >’ also have been con_g)leted.

More recently, Koyasu et al.>® conducted a combined
experimental and theoretical study of the photoelectron
spectroscopy (PES) of a series of anionic iridium clusters
and their structural growth patterns. In addition, Lu et al.*’
refined the experimental electron affinity of atomic iridium,*’
and in a complementary follow-up theoretical paper by Barysz
and Syrocki,”' relativistic quantum chemical calculations were
used to predict the photoelectron spectra of neutral iridium
atom and its anion, including reassignment of some excited
state levels.

To elucidate the heterogeneous catalysis mechanism, a
combination of experimental and theoretical approaches are
used here. Specifically, the reaction of the HA neutral with size-
selected Ir,” (n = 1—S5) anionic clusters is probed by using
photoelectron spectroscopy (PES), and quantum chemical
density functional theory (DFT) is used to model the potential
energy surface(s) involved. Reaction R1 is proposed based on
the species as detected by mass spectrometry (Figure 1).

states of Ir,_g clusters.*'

HA + Ir, (n = 1-5) = Ir,O (n = 1-5) + Ir,(NOH) (n = 1-5)
(R1)

Observed mass spectrometric products guide the DFT effort. A
size selection of each Ir,(NOH)™ (n = 1-5) cluster is then
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Figure 1. Mass spectrum of the interaction of laser-ablated anionic
iridium clusters, Ir,”, with helium seeded with hydroxylamine
(H,NOH), resulting in a variety of Ir,”, Ir,0, and Ir,(NOH)~
clusters, indicated by o, x, and #, respectively.
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performed; the electron is photodetached by 266 nm photons,
and the energy distributions of the electrons are measured
(Figure 2). Photodetachment thresholds and higher energy
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Figure 2. Photoelectron spectra of the Ir,(NOH)™ clusters (n = 1—4)
taken with the fourth harmonic of the Nd:YAG laser (266 nm, 4.66
V). The marked peak in the Ir(NOH)~ spectrum comes from IrO,".

features in the PES spectra give insight into the structure of the
products. The combination of determining the atomic
formulas for the products from the mass spectrometer,
determining possible lowest-energy structures and their vertical
electron detachment thresholds from DFT calculations, and
computing the barriers involved on the potential energy
surfaces will yield significant insight into the reaction of HA +
Ir,” (n = 1=5) that is directly applicable to the heterogeneous
catalysis process involved in HAN ignition on an iridium
catalyst.

2. METHODS

2.1. Experimental Details. Anion photoelectron spec-
troscopy is conducted by crossing a mass-selected beam of
negative ions with a fixed-frequency photon beam and energy-
analyzing the resultant photodetached electrons. The photo-
detachment process is governed by the energy-conserving
relationship: hv = EBE + EKE, where ho is the photon energy,
EBE is the electron binding (photodetachment transition)
energy, and EKE is the electron kinetic energy. Our apparatus
consists of a laser vaporization cluster anion source, a time-of-
flight mass spectrometer, a Nd:YAG photodetachment laser,
and a magnetic bottle energy analyzer.”” The magnetic bottle
photoelectron spectrometer resolution is ~35 meV at EKE = 1
eV. The fourth harmonic of a Nd:YAG laser (266 nm, 4.66 eV)
was used to photodetach electrons from mass-selected cluster
iridium—NOH anions, that is, Ir,(NOH)™ (n = 1-5). The
well-known atomic transitions of Cu~™ were used to calibrate
the photoelectron spectra.®®

The atomic and cluster anions of iridium were generated in a
laser vaporization source. This source consisted of a rotating
and translating iridium rod in a closed housing that was ablated
with the focused second harmonic of a Nd:YAG laser (532 nm,
2.33 eV). After exiting the nozzle of the housing, the beam of
iridium particles was crossed with a helium and hydroxylamine
beam inside of a reaction cell. The generated ions were then
sent through a skimmer and extracted into the time-of-flight
mass spectrometer. Ions of interest were mass selected and
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directed into the interaction region, where electrons were
photodetached with the fourth harmonic of a Nd:YAG laser
(266 nm, 4.66 eV), and photoelectron spectra were recorded.

2.2. Theoretical Details. The structures and relative
energies of several isomers and electronic spin states of
Ir,(NOH)” (n = 1-5) were calculated by using density
functional theory (DFT) methods, with the objective of
identifying the most stable species, for which the electronic
vertical detachment energies (VDEs) were subsequently
computed. In addition, portions of the Ir™ + NH,OH potential
energy surface were mapped to identify plausible mechanisms
of formation of the most stable Ir(NOH)~ species. The
wB97x-d°** range-separated functional, which includes
dispersion corrections, in combination with the def2-TZVPPD
basis set®™®” for all atoms and the Stuttgart quasi-relativistic
pseudopotential®® for iridium were used.””~”* This pairing of
functional and basis set, hereafter denoted simply as wB97x-d/
def2, was selected in part since the ground state electronic
configuration of atomic iridium in the neutral ([core]Ss*
5p°5d76s*) and anionic ([core]5s*Sp®5d®6s*) states are
correctly predicted at this level of theory. Furthermore, the
@wB97x-d/def2 predicted electron affinity of 1.50 eV is in
excellent agreement with the experimental value of 1.564
eV,””* lending additional confidence to the reliability of the
calculated data. All structures were fully optimized and
confirmed as local minima or first-order transition states via
diagonalization of the mass-weighted matrix of energy second
derivatives with respect to nuclear coordinates, that is, the
Hessian matrix. The minimum-energy pathways connecting
each transition state to reactants and products were traced by
using intrinsic reaction coordinate (IRC) methods.”*”*
Relative Gibbs free energies at 298.15 K were calculated at
all stationary points, with thermal and entropic corrections
obtained from standard rigid-rotor, harmonic oscillator
approximations,”> by using harmonic vibrational frequencies
scaled by a factor of 0.975.”° Restricted and unrestricted DFT
calculations were performed for closed- and open-shell
systems, respectively.

The relative Gibbs free energies were used in exploring the
Ir™ + NH,OH potential energy surface and to identify the most
stable isomers and spin states of the Ir,(NOH)™ (n = 1-5)
species. In contrast, vertical detachment energies of the latter
were obtained by taking the difference in electronic energies
between the anionic species and the corresponding neutral
with the most stable spin state at the structure of the anion.

An additional set of calculations, with the CAMQTPO1
range-separated functional’” used in place of wB97x-d, were
performed to probe the electronic transition energies between
the anionic and neutral forms of Ir,(NOH)~ (n = 1, S). The
CAMQTPO!1 functional has been shown to predict accurate
vertical ionization and excitation energies.”” Optimized
structures of the Ir,(NOH)™ (n = 1, 5) anion and neutral
species were computed by using the difference in unscaled zero
point energy-corrected total electronic energies to obtain
adiabatic detachment energies (ADEs). In addition, VDEs
were recomputed at the CAMQPTO01/def2-TZVPP level using
the procedure described previously. Finally, vertical excitation
energies from the optimized neutral species were computed
using time-dependent density functional theory (TDDFT). All
calculations were performed using the GAMESS quantum
chemistry program.”®””

https://doi.org/10.1021/acs.jpca.1c03935
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3. RESULTS AND DISCUSSION

3.1. Photoelectron Spectra of Irn(NOH)~. The mass
spectrum presented in Figure 1 resulted from the interaction of
HA with the anionic iridium clusters. No intact HA molecules
were observed in conjunction with the Ir,” clusters. Instead,
the HA lost two hydrogen atoms, forming Ir,(NOH)~ cluster
anions, as shown in reaction R1. Iridium oxide clusters, Ir,07,
were also present, resulting from the interaction with either
HA or oxides present on the surface of the iridium rod. To
eliminate the possibility that these peaks were actually due to
mass-coincident Ir,(NH,)” produced during the reaction,
photoelectron spectra for the species 16 amu heavier than the
iridium clusters were taken, in both the presence and absence
of HAN in the reaction cell (see Figures S1 and S2 in the
Supporting Information). No differences in the spectra were
observed, indicating no Ir,(NH,)~ formation.

Photoelectron spectra of the Ir,(NOH)™ clusters (n = 1—4)
are presented in Figure 2. The timing of the mass gate
associated with the most intense signal for the Ir,(NOH)~ (n =
1, 2) species also apportioned small intensities of Ir,O,”
species, both then entering the interaction region during
photodetachment. To differentiate between the spectra of
Ir(NOH) ~/Ir,(NOH) ™~ and the spectra of the corresponding
Ir,O,~ species, the photoelectron spectra were taken without
the introduction of HA into the reaction cell and compared to
the spectra obtained with HA. For n = 1, a single peak of the
combined spectrum was clearly from the dioxide: this peak was
marked with a blue triangle in the spectrum (see Figure 2 and
Figure S3). The other peaks were substantially different from
the dioxide and were clearly due to the Ir(NOH)~ species. For
n = 2, both spectra were normalized to the VDE peak of
Ir,O,”. The Ir,O,” spectrum was then subtracted from the
spectrum taken in the presence of HA, producing the
Ir,(NOH)~ spectrum presented in Figure 2 (see Figure S4).
It is also important to note that all spectra are substantially
different from spectra of their corresponding bare iridium
clusters (see Figure S6).

Only Ir(NOH)~ shows distinguishably separated peaks, (at
2.9, 3.15, and 4.25 eV) in its spectrum. Ir,(NOH)~ starts at 2.5
eV and displays three peaks in the feature between 2.5 and 3.5
eV. The onset energy of the two species Ir;(NOH)~ and
Ir,(NOH)™ is ~2.0 eV. Two relatively sharp peaks are
observed, centered around 3.4 and 3.9 eV, in the photoelectron
spectrum of Ir;(NOH)~, while a series of peaks are seen
between 3.0 and 3.5 eV in the spectrum of Ir,(NOH)".

Although it is difficult to determine experimentally if the
strongest peak in a feature corresponds to the vertical
detachment energy (VDE) or the adiabatic detachment
energy(ADE),” we refer to these features as VDEs, which
arise from the transition between the anionic state and the
neutral cluster state with the largest Franck—Condon overlap.
Comparison of the calculated ADEs and VDEs with the
observed values, summarized in Table 1, shows that the
theoretical VDEs are in better agreement with experiment than
the ADEs, with the exception of Ir(NOH)~, for which the
theoretical VDE and ADE are essentially the same. This
suggests that the measured values correspond to VDEs. The
comparison of the calculated VDE values and the measured
values, shown in Table 1, support the assertion that the species
seen in the mass spectrum are in fact Ir,(NOH)™ clusters,
agreeing with the predominant reaction shown in reaction R1.
Additionally, the measured VDE values for Ir,(NOH)~ are
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Table 1. Measured VDEs and Predicted VDEs and ADEs of
Ir,(NOH)~ (in eV)

measd
species VDE theor VDE theor ADE

'NOH™ 290 296 (a2); 371 (al)® 294 (a2); 3.47 (al)®
Ir,NOH™ 3.02 3.04 2.97

Ir;NOH™ 3.39 3.34 3.20

Ir, NOH™ 3.46 3.47 3.19

Ir,NOH" 33 3.32(el); 3.32(e2); 3.15(el); 3.14(e2);

3.41(e3)” 3.10(e3)”
1r0,” 364 348 3.44
Ir,0,” 263 281 2.19

“See Discussion section and Figure 3. bSee Figure SS.

significantly different than their respective bare anionic
clusters. For n = 1 to n = 3, the difference in the VDE
between Ir,(NOH) ™ and Ir,” is >1 eV, and for the two largest
clusters, n = 4 and §, it is >0.8 eV. Large differences in the
binding energy for ion—molecule interactions, as observed
here, in addition to the fact that no Ir,(NH,OH)~ was found
in the mass spectrum, indicate that the interaction between the
iridium clusters and hydroxylamine molecules is more than
simple physisorption.

3.2. Theoretical Structures of Ir,”. The initial set of
calculations focused on identifying the most stable isomers and
electronic spin states of the anionic Ir,” (n = 1-5) clusters,
guided by the anionic cluster calculations by Koyasu et al.>® as
well as the corresponding neutral Ir, cluster calculations by
Chen et al.*' These two studies and others’”~** illustrate the
intrinsic challenges in theoretical characterizations of small
iridium clusters due to complicating factors such as the
presence of several low-lying excited states, significant
multiconfigurational character, large spin—orbit interactions
and relativistic effects, and so on. Consequently, the
calculations presented here should not be regarded as
definitive in nature but nonetheless of sufficient reliability to
provide useful insights into the observed Ir™ + NH,OH
chemistry and Ir(NOH)~ photoelectron excitation energies.

The structures and spin multiplicities of the most stable Ir,”
(n = 1-5) isomers are summarized in Figure S7. The atomic
iridium anion has a triplet ground state and 5d6s* valence
configuration, in agreement with experiment.”” The ground
state of the diatomic anion is a sextet, with the octet, quartet,
and doublet states higher in energy by 2.29, 0.33, and 0.6S eV,
respectively. In comparison, Chen et al*! report a SA ground
state for the neutral diatomic at CCSD(T) and MRCI levels of
theory. For the n = 3 anion, the predicted ground state is a
symmetric Dj;, ring with a multiplicity of 9. This is in contrast
to the results of Koyasu et al,”® which predict a bent (C,,)
isomer with a spin multiplicity of 7. However, the present
calculations predict a nonsymmetric ring isomer, also with a
spin multiplicity of 7, which is only 0.17 eV above the Dy,
multiplicity = 9 ground state. The most stable Ir;~ linear D,
isomer found is a triplet, 0.69 eV above the ground state,
whereas for neutral Ir;, Chen et al.*' report a linear A, ground
state. The n = 4 anion has a slightly distorted planar Dy,
structure with spin multiplicity of 8, in agreement with the
predicted structure and spin multiplicity by Koyasu et al.>®
Less stable n = 4 isomers include a planar C,, [Ir;—Ir]” and a
tetrahedral cage structure, both with spin multiplicity of 8 and
relative energies of 1.0 and 9.1 eV, respectively. For the n = §
anion, multiple cage structures and spin multiplicities from 1 to
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Figure 3. Lowest energy isomers of Ir,(NOH)™ (n = 1—5). Free energies are at 298.15 K, relative to separated Ir,” + NH,OH — H,, i.e., AG for
the reaction (Ir,” + NH,OH — Ir,(NOH)~ + H,). M denotes the spin multiplicity.

15 were explored. The most stable isomer found has a
distorted square-pyramidal structure with spin multiplicity of
13, in agreement with Koyasu et al.

3.3. Theoretical Structures of Ir,(NOH)™. The next set of
calculations focused on identifying the most stable isomers of
Ir,(NOH)", beginning with n = 1. The isomers considered for
n = 1 included the unfragmented molecules HN=O0 (bonded
to Ir by either the N or O atom) and N—OH, plus all possible
combinations of N,H,O fragments, that is, N + OH, NH + O,
NO + H, and N + O + H, directly bonded to Ir~, for a total of
seven types of structural isomers. For each isomer, spin
multiplicities of 1, 3, and 5 were considered. In the following,
the notation Ir,(NOH)~ indicates the general, structural
nonspecific complex, whereas individual isomer structures are
qualitatively described by using the notation Ir(a)(b)” to
indicate that moieties “a” and “b” are directly bonded to Ir but
otherwise remain intact. For example, Ir(O)(NH)~ denotes an
isomer such as O—Ir—NH".

The optimized structures of the two most stable isomers,
Ir(O)(N)(H)™ and Ir(O)(NH)~, which have nearly equal
relative free energies, are shown in Figures 3al and 3a2,
respectively. Additional less stable isomers are shown in Figure
S8. The isomers in Figures 3al and 3a2 have a closed-shell
singlet ground state. The least stable isomers have
unfragmented HN=O or N—OH moieties (see Figure S8),
with the partially fragmented isomers Ir(NO)(H)~ and
Ir(N)(OH)™ having intermediate stabilities.

A similar computational sampling of representative isomers
of Ir,(NOH)~ was completed, taking into account the
possibility of fragments attaching to either a common Ir
atom or to separate Ir atoms. In addition, spin multiplicities of
2, 4, and 6 were considered. The most stable isomer found was
a fully fragmented spin-doublet Ir,(N)(O)(H)~ species in
which the O and N atoms are bonded to a common Ir atom, as
shown in Figure 3b. Additional isomers and the corresponding
relative free energies are illustrated in Figure S9, all of which
are doublets except for three spin-quartet isomers. As in the
case of the n = 1 isomers, it is generally observed that Ir,—
HNO™ structures with an unfragmented HNO or ONH ligand
are the least stable, and partially fragmented isomers such as
Ir,(NO)(H)™ and Ir,(O)(NH)~ have intermediate relative
energies.
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For Ir;—NOH™, a more limited sampling of representative
isomers was conducted. In particular, only the cyclic form of
the Ir;~ was considered, although an extended set of spin
multiplicities ranging from 1 to 9 were calculated. The most
stable isomer found was a fully fragmented spin singlet
Ir;(N)(O)(H)~ structure in which the N and H atoms are
bound to a common Ir, as illustrated in Figure 3c. As in the n =
1 and n = 2 cases, the stabilities of the Ir;(NOH)~ isomers
generally increase with degree of HNO fragmentation,
indicating that Ir—O, Ir—N, and Ir—H bonds are likely
stronger than N—O, N—H, and O—H bonds. A representative
subset of other isomers is shown in Figure S10. As an aside, an
isomer with a bridging H atom was found (with a relative free
energy of —271.1 kJ/mol), and a nitrogen atom was found to
insert into an Ir—Ir bond (relative free energy of —354.3 kJ/
mol), reflecting the greater number of configurational degrees
of freedom associated with larger Ir,” clusters and possible
weakening of the average Ir—Ir bond strength with increasing
n.

Because the trends in relative isomer stability for n = 1-3
discussed above indicate an energetic preference for
fragmented HNO, exploration of possible isomers for the n
= 4 species was limited to partially and fully fragmented
Ir,(NOH)~ species and further restricted to the planar
arrangement of Ir,”. Spin multiplicities of 2, 4, 6, 8, and 10
were examined. The most stable isomer located is the doublet
Ir,(N)(O)(H)~ structure shown in Figure 3d, in which each
N, O, and H atom is bonded to a separate Ir atom. Additional
representative isomers are shown in Figure S11, which include
instances of a bridging N atom.

Consideration of potential isomers of Irs—NOH™ was
restricted to the square-pyramidal form of Irs~ and only the
Irs(NH)(O)~ and Irg(N)(O)(H)~ fragmented species. Spin
multiplicities of 1—13 were considered because of the
predicted ground state multiplicity of 13 for the bare Irs~
anion. The most stable isomer found was the Irs(N)(O)(H)~
triplet state structure shown in Figure 3(e2), although the
corresponding singlet and quintet states, panels (el) and (e3),
respectively, in Figure 3, have similar structures and nearly the
same relative energies. Additional less stable isomers are shown
in Figure S12.
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Figure 4. (a) Hydrogen-bonded complex between Ir~ and NH,OH. (b) N—H fragmentation product. (c¢) O—H fragmentation product. (d) N—O
fragmentation product. Free energies are at 298.1S K, relative to Ir™ + NH,OH. M denotes the spin multiplicity.

3.4. Theoretical Vertical and Adiabatic Detachment
Energies of Ir,(NOH)™ (n 1-5). Vertical detachment
energies (VDEs) and adiabatic detachment energies (ADEs) of
the Ir,(NOH) ™ (n = 1-5) anions were computed by using the
lowest-energy structures shown in Figure 3. Single-point
energy calculations of the corresponding neutral species were
performed at the anion local minimum structures, taking the
difference in electronic energies of neutral minus anion as the
VDE. Multiple neutral spin states were calculated, with the
smallest energy difference between neutral and anion taken as
the theoretical VDE. For calculation of the ADEs, the neutral
species were optimized, and the ADEs were computed as the
difference in zero point energy-corrected electronic energies of
the anion and neutral. For n = 1, the VDEs and ADEs of
isomers (al) and (a2) shown in Figure 3 were computed due
to their nearly identical relative energies. The experimental
VDEs and theoretical VDEs + ADEs of Ir,(NOH)™ (n = 1-5)
are summarized in Table 1.

For n 1, the calculated VDE and ADE for isomer
Ir(O)(NH) ™, shown in Figure 3(a2), of 2.96 and 2.94 eV,
respectively, are in excellent agreement with the measured
value of 2.9 eV. In contrast, isomer Ir(O)(N)(H)~ (Figure
3(al)) has a calculated VDE (ADE) of 3.71 (3.47) eV, 0.8
(0.6) eV larger than the experimental value. This clearly
suggests that isomer (a2) corresponds to the Ir(NOH)~
species experimentally generated. For n = 2—35, the agreement
between the measured and predicted VDEs is uniformly
excellent, with differences of <0.1 eV. For n = 5, VDEs for the
three isomers shown in Figure 3, (el), (e2), and (e3), are
similar, ranging from 3.32 to 3.41 eV, with isomers (el) and
(e2) showing slightly better agreement with the measured
VDE of 3.3 eV. As noted previously, for n = 2—5 the VDEs are
closer than the ADEs to the experimental data, suggesting that
the measured peaks correspond to VDEs.

For comparison, the VDEs for some of the less stable
isomers of Ir,(NOH)~ were also computed and are shown in
Figures S9—S12. For n = 2 (Figure S9), predicted VDEs of
2.28 and 2.61 eV were obtained for two higher-energy isomers.
This illustrates the sensitivity of the VDE to the isomer
structure. Furthermore, the VDEs of the less stable isomers
differ significantly from the observed VDE (3.02 eV),
indicating that the less stable isomers are unlikely present in
the experiments. Similar comments apply to n = 3—5 (Figures
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§10—S12), in which the predicted VDEs of the less stable
isomers are in rather poor agreement with the corresponding
measured VDEs and the predicted VDEs of the most stable
isomers.

The VDEs of IrO,” and Ir,0,” were computed in a similar
fashion, with values of 3.48 and 2.81 eV, respectively, and
corresponding experimental values of 3.64 and 2.63 eV. While
the differences between theory and experiment of 0.15—0.18
eV are somewhat larger than observed for the Ir,(NOH)~
series of anions, the level of agreement is nonetheless
acceptable.

Electronic transition energies from the anion ground state
species Ir,(NOH)™ (n = 1—4) to vertical excited states of the
corresponding optimized neutral were computed by using
time-dependent density functional theory (TDDFT) at the
CAMQTPO01/def2-TZVPP level, which are summarized in
Table S1. For n = 1, a single excited state energy transition
below the experimental measurement limit of 4.5 eV is
predicted at 3.98 eV, which is 0.27 eV lower than the highest
energy peak observed in the PES spectrum shown in Figure 2.
For n = 2, there are three transition energies in the 3.6—4.3 eV
range, all larger than the observed transitions between 2.5 and
3.5 eV in Figure 2. For n = 3, there is a predicted transition
energy of 3.8 eV, which is near the measured transition energy
at 3.9 eV. For n = 4, there are five predicted transition energies
between 3.5 and 4.5 eV, all larger than the observed transitions
in the 3.0—3.5 eV range.

As seen in Table S1, the number of electronic transitions
below 4.5 eV grows rapidly with increasing number of iridium
atoms. This is qualitatively consistent with the complexity of
the observed PES spectra of the larger Ir,(NOH)~ species
shown in Figure 2. Nonetheless, a more rigorous theoretical
analysis which includes incorporation of Franck—Condon
effects and consideration of vibronic transitions will be
required to obtain further insights and interpretation of the
measured spectra.

3.5. Formation of Ir(NOH)". As shown by the
experimental data, a major product of the reactions between
the anionic iridium clusters Ir,” and hydroxylamine is
Ir,(NOH)™ accompanied by elimination of H,; that is, Ir,”
+ NH,OH —— Ir,(NOH)~ + H,. In principle, other reaction
products are possible such as those listed below, with reaction
free energies predicted at the wB97x-d/def2 level of theory.
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Figure S. [Ir(NH)---H,0]" structures at (a) the triplet state local minimum, (b) the singlet—triplet minimum energy crossing point, and (c) the
singlet state local minimum. AE,, denotes the relative electronic energies, and M denotes the spin multiplicity.

[Ir(NH,OH)]-
+17

1)
L3

TS (-126)

[IF(NH)]" + H,0
-198

-218

AG?8 (kJ/mol)

-225

[IF(O)] + NH,

[Ir(NH)]-...(H,0)

-269

[Ir(OH)(NH,)]-
-390

[ ]

’m\ [(H,0)--If(NH)]- /]

[r(NH)...(H,0)I" |

-202

Singlet-triplet
crossing?

[Ir(OH)(H)(NH)]
-371

[If(O)(NH)I + H,
-372

Figure 6. Potential energy diagram, not to scale, summarizing the key reaction steps leading to the formation of Ir(O)(NH)™ + H, and Ir(O)~ +
NHs. Free energies, in kJ/mol, are relative to Ir™ + NH,OH. Unshaded boxes correspond to triplet states, whereas the blue-shaded boxes are singlet

states.

Ir” + NH,0H — Ir(H)(H)” + HNO AG(298) = +17.1 kJ/mol
(R2)

Ir” + NH,0H - Ir(O)” + NH; AG(298) = —268.6 kJ/mol
(R3)

Ir” + NH,0H — Ir(N)(H)” + H,0 AG(298) = —270.3 kJ/mol
(R4)

Ir” + NH,0H — Ir(O)(NH)” + H, AG(298) = —371.8 kJ/mol
(RS)

In reactions R2—RS, the predicted ground states of I, Ir(O)~,
and Ir(H)(H)™ are triplets, whereas Ir(O)(NH)~ and
Ir(N)(H) are singlets. Elimination of HNO is slightly
endergonic, whereas eliminations of NH;, H,0, and H, are
all exergonic processes. Because (RS) is the thermodynamically
favored route and also corresponds to the primary reaction
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products observed in the experiments, we focused our
theoretical efforts on this particular reaction pathway.

To gain insights into the chemical processes leading to
formation of Ir,(NOH)™ + H,, a detailed mapping of portions
of the Ir™ + NH,OH potential energy surface was undertaken.
In the following, all energies are relative to separated Ir~(*X) +
NH,OH. On the triplet surface, a hydrogen-bonded complex is
formed between Ir™ and NH,OH, with a free energy of —43
kJ/mol with respect to separated Ir™ + NH,OH, as illustrated
in Figure 4a. Additional less stable conformers are shown in
Figure S13.

Initial fragmentation of NH,OH can occur in three primary
ways, via N—H, O—H, and N—O bond scission. The
corresponding products of these three processes are Ir(H)-
(NHOH)™, Ir(H)(ONH,)", and Ir(OH)(NH,)~, which are
shown in Figure 4, panels b, ¢, and d, respectively. The saddle
point connecting the initial complex and the N-H
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fragmentation product is shown in Figure S14, which has a
barrier of 79 kJ/mol. Similarly, the saddle point for the O—H
fragmentation process is shown in Figure S1S, which has a
smaller barrier of 56 kJ/mol.

Despite numerous attempts, on the triplet state surface we
were unable to locate a saddle point directly connecting the
initial complex and the N—O fragmentation product Ir(OH)-
(NH,)~. However, starting from the slightly higher energy
conformer of the Ir(NH,OH)~ complex identified in Figure
S13e, a two-step reaction pathway leading to the N—-O
fragmentation product Ir(OH)(NH,)” was identified, as
shown in Figure S16. The first step of the reaction, with a
barrier of 28 kJ/mol, involves concerted N—O bond
dissociation and transfer of an H atom from NH, to OH,
resulting in formation of H,O which is hydrogen-bonded in
the product to the thus-formed Ir(NH)~ intermediate, with a
relative energy of —225 kJ/mol. Because this barrier of 28 kJ/
mol is smaller than that of both the N—H fragmentation
process (79 kJ/mol, Figure S14) and the O—H fragmentation
(56 kJ/mol, Figure S15), and hence more likely to play a key
role in formation of the observed reaction products, this
reaction pathway was studied in greater detail.

The next step of this reaction pathway involves concerted
dissociation of an O—H bond with the H atom reattaching to
the —NH fragment and the hydroxyl moiety attaching to Ir,
resulting in formation of Ir(OH)(NH,)~ (Figure S16).
However, it should be noted that on the triplet state surface
simple breaking of the hydrogen bond in the Ir(NH)---H,0~
complex to produce separated Ir(NH)~ and H,0, at a relative
energy of —198 kJ/mol, is energetically more favorable than
crossing the second saddle point, which has a relative energy of
—133 kJ/mol. However, a singlet—triplet minimum-energy
crossing point in close structural and energetic proximity to the
triplet state [Ir(NH)---H,O]  complex was located and is
shown in Figure 5 along with the singlet and triplet state local
minima. The crossing point lies only 3 kJ/mol above the triplet
local minimum, suggesting that crossover to the singlet state
might readily occur. On the singlet surface, the [Ir(NH)---
H,0]™ local minimum can undergo a simple internal migration
of the water molecule, with the saddle point at a relative free
energy of —198 kJ/mol, followed by a nearly barrier-free
transfer of an H atom from water to the Ir atom to form
Irf(OH)(NH)(H)", as illustrated in Figure S17. Finally,
elimination of H, from Ir(OH)(NH)(H)~ to form Ir(O)-
(NH)™ crosses a saddle point with a relative free energy of
—161 kJ/mol, as shown in Figure S18. It should be noted that
the final product, Ir(O)(NH)~, shown in Figure 3(a2), is the
isomer of Ir(NOH)~ that has a predicted VDE (2.96 eV) in
good agreement with the experimental value (2.9 eV), as
discussed previously.

Figure 6 summarizes the key steps described above and
shown individually in Figures S16—S18. Also shown on the left
side of Figure 6 is a sequence of reaction steps, entirely on the
triplet state surface, leading to formation of Ir(O)” + NH,.
However, this portion of the Ir™ + NH,OH potential energy
surface is not discussed in detail since Ir(O)" is present even in
the absence of hydroxylamine.

4. CONCLUSION

In this work, photoelectron spectra of mass-selected bare Ir,~
(n = 1-5) anionic clusters and Ir,(NOH)™ (n 1-5)
products were measured, and the photoelectron VDEs were
found to be in excellent agreement with DFT calculations. The
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reaction of Ir~ with hydroxylamine to form Ir(NOH)~ + H, is
proposed to proceed through a triplet to singlet crossing and is
exoergic by 372 kJ/mol. This pathway could help to explain
the enhanced reactivity of hydroxylamine on iridium catalysts
leading to large heat release and promoting ignition of HAN-
based monopropellants. The systematic study of Ir,” with
hydroxylamine offers a wealth of information as to the
fundamental reaction mechanisms common to these hetero-
geneous catalytic reactions leading to combustion and ignition.
Further expanding these studies to include more analogues of
regularly employed fuels (hydrazines, nitrates, etc.) will give a
better understanding as to the limitations of their current use
in spacecraft thruster applications. This is critical in real-world
applications for continued design and development of the next-
generation fuels and catalysts, lowering the risks from exposure
and explosive hazards and increasing the lifetime of the
catalysts, thereby increasing the lifetime of the thrusters and
spacecrafts as well.
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