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between  a single  HA  molecule  and  a  single  gold  atomic  anion,  Au−. This  study  shows  that  an  Au- anion
can  activate  a  HA  molecule  by inserting  into  its N–O bond.  Our calculations  show  this  reaction  to  be
facilitated  by  the  presence  of two  minimum  energy  crossing  points  (MECP’s),  i.e.,  spin flips,  along  the
reaction  pathway.

© 2018  Elsevier  B.V.  All  rights  reserved.
ingle atom molecular activation

. Introduction

Replacing hydrazine with less toxic ionic liquids as monopropel-
ants in spacecraft thrusters is appealing from both a safety and an
nvironmental perspective. Hydroxylammonium nitrate (HAN) is
ne such ionic liquid being considered. In fact, HAN is a component

n the monopropellant used in NASA’s Green Propellant Infusion
ission [1,2]. Studies of both the thermal and catalytic decomposi-

ion mechanisms of HAN have informed the further development of
AN-based monopropellants and thus of thrusters [3–18]. Hydrox-
lamine (H2NOH, HA) is a major thermal decomposition product
f HAN. As such, HA can further decompose on heated iridium
atalysts, creating ignition conditions in HAN-based propellants
17,19].

Single metal atoms are sometimes seen as models for mimicking
ctive sites in heterogenous catalysts [20–25]. Studying molecular
ctivation and catalysis using gas-phase, metal atomic ions can help
o better understand bond activation, dissociation, and new bond
ormation at the molecular level and thus to aid the design of new
atalysts [26–29]. In the present work, we focused on studying the
ctivation of HA by single gold atomic anions. Molecular activa-
ion by gold ions has received considerable attention in gas-phase
tudies. While the gold atomic cation has been found to activate
arious molecules [30–34], the gold atomic anion tends to be inert

n activating small molecules [35–42]. An exception, however, is
he activation of CO2 by Au−, a process that involves only charge
ransfer and not bond breaking [43,44]. Here, we utilize a combi-
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nation of anion photoelectron spectroscopy and density functional
theory (DFT) to provide strong evidence that Au- can break the N–O
bond in HA, thus activating it. As shown below, Au- spin states play
critical roles in activating HA.

2. Experimental and computational methods

Anion photoelectron spectroscopy is conducted by crossing
a beam of mass-selected negative ions with a fixed-frequency
photon beam and energy-analyzing the resultant photodetached
electrons. The photodetachment process is governed by the energy-
conserving relationship: h� = EBE + EKE, where h� is the photon
energy, EBE is the electron binding energy, and EKE is the elec-
tron kinetic energy. Our apparatus consists of a laser vaporization
cluster anion source with an attached ligation cell, a time-of-flight
mass spectrometer, a Nd:YAG photodetachment laser (operating
at 355 nm), and a magnetic bottle electron energy analyzer with a
resolution is ∼35 meV  at 1 eV EKE [45]. Photoelectron spectra were
calibrated against the well-known atomic transitions of atomic Cu−

[46].
The interaction between Au− and HA was  studied using a laser

vaporization-reaction cell arrangement [47]. Atomic gold anions
were generated by laser vaporization of a pure gold foil wrapped
around an aluminum rod. The resultant plasma was cooled with
helium gas delivered by a pulsed valve, having a backing pressure of
100 psig. The resulting gold anions then traveled through a ligation
cell (4-mm diameter), where it encountered HA/H2O mixed vapor.

The HA/H2O mixed vapor was  introduced into the ligation cell by a
second pulsed valve, within which resided a drop of hydroxylamine
water solution (Since HA in its pure form is hazardous, it is sold dis-
solved in water, 50 wt%). The resulting [Au(HA)]− anionic clusters
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ig. 1. The mass spectra of Au− anions without and with the addition of HA/H2O
ixed vapor.

ere then mass-analyzed and mass-selected by the time-of-flight
ass spectrometer and their photoelectron spectra measured.

Density functional theory calculations were performed with the
RCA computational chemistry software package [48]. All calcula-

ions were carried out with the PBE0 functional [49,50] with the
3 dispersion correction [51] and the RIJCOSX approximation [52].
he Ahlrichs Def2 basis sets, Def2-TZVP were used throughout our
alculations [53]. The Stuttgart effective core potential, SDD [54]
nd the ECP basis set, Def2-TZVP|Def2-TZVP/J were used for the
old atoms. Vertical detachment energies (VDE) were computed
rom the energetic difference between the relaxed anionic com-
lex and its corresponding neutral species at the geometry of the
elaxed anion. Frequency calculations were performed to verify
hat no imaginary frequencies existed and all optimized structures
ere minima. The minimum-energy crossing points (MECPs) for

he intersection of the electronic states of different spin multiplici-
ies were searched for and located by using the method developed
y Harvey et al. [55].

. Results and discussions

The mass spectra with or without the addition of the HA/H2O
ixed vapor into the reaction cell are shown in Fig. 1. With no
A/H2O mixed vapor, only Au− was observed in the mass spectrum.
fter adding HA/H2O vapor to the reaction cell, peaks due to both

Au(H2O)]− and [Au(HA)]− complexes appeared in the mass spec-
rum, these resulting from the interaction of Au− with HA or H2O,
espectively. [Au(H2O)]− has been studied in our previous work and
s not the focus of the current study [41]. [Au(HA)]−, on the other
and, could exist either as Au−(HA), where HA is physisorbed onto
u− or as a [Au(HA)]− complex, where one or more bonds in HA

N H, O H or N O bond) have been broken. This latter case would

orrespond to the activation of HA.

To distinguish between these isomers, the anion photoelectron
pectrum of [Au(HA)]− was measured. Typically, when an atomic
etal anion is physisorbed by another molecule, the photoelectron
Fig. 2. The photoelectron spectrum of [Au(HA)]− taken by 3rd harmonic output of
a  Nd:YAG laser (3.496 eV). The stick spectrum represents the calculated VDE value.

spectrum of the resulting weakly-attached cluster anion closely
resembles that of the atomic anion alone, since that anion acts as
the chromophore. Thus, except for being shifted to higher electron
binding energy (EBE) and its features slightly broadened, the result-
ing photoelectron spectrum looks like that of the atomic anion.
Fig. 2 presents the anion photoelectron spectrum of [Au(HA)]-. The
evident feature in this spectrum reaches its maximal intensity at
EBE = 3.00 eV. Thus, 3.00 eV is determined as the vertical detach-
ment energy (VDE) value, i.e., the transition energy at which the
Franck-Condon overlap between the anion’s wavefunction and that
of its neutral counterpart is at its maximum. Vibrational progres-
sions spaced by 0.1 eV are also observed. The EBE of Au- alone would
have been at 2.3 eV, i.e., its electron affinity. Since the observed dif-
ference between the VDE values of Au- and [Au(HA)]- is, at ∼0.7 eV,
relatively large for an ion-molecule interaction energy, and since
there is evident vibrational excitation in the spectrum, it is clear
that this is not the spectrum of the anion-molecule physisorbed
complex, Au-(HA). The observed spectrum implies that a strong
chemical interaction has occurred between Au- and HA, indicating
hydroxylamine has been activated by its interaction with Au-.

Fig. 3 presents the DFT optimized structures of different
[Au(HA)]− isomers. The global minimum of [Au(HA)]− has struc-
ture in which the Au− inserts into the N–O  bond of HA,  that is,
H2N-Au−OH−. The other isomers, H2NO-Au-H−, H-Au-NHOH− and
Au−(H2NOH) are essentially iso-energetic, although all of them are
∼1.8–1.9 eV higher than the global minimum. The VDE of the global
minimum H2N-Au−OH− is calculated to be 2.91 eV, which agrees
well with the experimental VDE of 3.00 eV. Because H2N-Au−OH−

is the most stable calculated isomer and since its calculated VDE
agrees with the experimental value, we  are confident that Au−

has inserted into the N–O bond of HA. The vibrational progression
spaced at 0.1 eV is due to the bending modes of both N H and O H
bonds.

The mechanism of HA activation by Au− was investigated by DFT
calculations. The resulting reaction pathway is presented in Fig. 4.
The most salient feature of this pathway is the role of spin states.
There, the singlet reactant, Au- is converted to a triplet transition
state before being converted back to the singlet product. Initially,
Au− and HA are both in their singlet ground states. After having
formed the singlet adduct, Au-(HA), in which HA is physisorbed to

Au-, the insertion of Au- into the N–O bond begins to take place.
Because of the rather high activation barrier (1.95 eV), however,
the continuation of the reaction coordinate along the singlet sur-
face is significantly hampered. Instead, the reaction can proceed
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Fig. 3. Optimized structures for [Au(HA)]− and their relative energies.
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Fig. 4. Calculated reaction pathway for HA activation by Au−

ore easily along the triplet transition state, which is only 0.73 eV
bove the entrance channel and much lower than the singlet transi-
ion state. The first minimal energy crossing point (MECP) is located
etween the physisorbed adduct and the transition states, where a
rossover from the singlet to triplet surfaces occurs. This MECP is
.95 eV higher than the entrance channel and 0.22 eV higher than
he triplet transition state. Therefore, the highest barrier the reac-
ants need to overcome is the first MECP rather than the triplet
ransition state. Once the first spin flip has occurred, the insertion
f Au- into the N O bond is essentially barrier-free. After pass-

ng through the triplet transition state, where the N O bond is
ignificantly lengthened, the activation complex encounters a sec-
nd MECP, which converts it back to singlet state and to the final
2N-Au-OH- product.

Usually gold anions are inert to the activation of molecules.
uch inertness can be explained by its d10s2 ground state elec-
ron configuration: when a �-bond is to be activated, the activating
gent needs to have unpaired electrons, so that it can accept elec-
rons from the bond to be activated. However, due to the lack of
npaired electrons in ground state Au−, such electron transfer from
he �-bond to Au- is prohibited. An atomic orbital hybridization,
hich usually includes electron promotion to the 6p orbital, is thus

equired. According to our TDDFT calculations, the energy needed
or such promotion is around 2.9 eV, which is too high to surmount.
n the present case, however, the interaction of Au− with HA can
educe this promotion energy from 2.9 eV to 0.95 eV. As shown in

ig. 4, at the first MECP the [Au(HA)]− complex converts from its sin-
let state to its triplet state, suggesting the creation of two  unpaired
lectrons and empty orbitals on Au moiety which can then accept
he two � electrons of the N O bond.
numbers denote the relative energies of different structures.

In summary, we have demonstrated that a single gold atomic
anion can activate a hydroxylamine molecule by breaking its N O
bond, inserting there, and forming the H2N-Au−OH− complex. DFT
calculations show that the spin crossover between singlet and
triplet surfaces is critical for this activation to occur, as it creates
the unpaired electrons and empty orbitals needed to accept the �
electron pair from the N O bond.
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