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Nitrogen activation is a significant but difficult project in the chemical

area. Photoelectron spectroscopy (PES) and calculated results are used to investigate v

the reaction mechanism of the heteronuclear bimetallic cluster FeV™ toward N, Nzx Fe

activation. The results clearly show that N, can be fully activated by FeV™ at room

the metal core, which demonstrates that heteronuclear bimetallic anionic clusters are

temperature, forming the FeV(y,-N),” complex with the totally ruptured N=N

bond. Electronic structure analysis reveals that the activation of N, by FeV™ is

achieved by the electron transfer of bimetallic atoms and electron back-donation to N, activation
A%

very important to nitrogen activation. This study provides important information for

the rational design of synthetic ammonia catalysts.
FeV~ anion

nitrogen activation, synthetic ammonia catalysts, heteronuclear bimetallic anionic clusters, photoelectron spectroscopy,
natural nitrogenases

and by the C—N coupling of FeV,C,”, FeTaC,”, Ta,C,”,

- 25-28 . 4
The synthetic ammonia industry is crucial to fertilizer ViCy) et Additionally, the reaction of homonuclear

production and using NH; as an energy source.' Due to metal species with nitrogen has been widely used as Ta,", Ti,,
harsh conditions of the conventional Haber—Bosch industrial Gd,, and so on.””"?' Interestingly, there are similarities that
process, efficient transformation and activation of nitrogen nitrogen was activated in these studies. However, systematic
under moderate conditions still maintain a great direction in studies on the reactivity of N, activation by heteronuclear
the realm of chemical industry in which it has been actively bimetallic clusters remain scarce. Various metal cluster cations,

aspired for over a century.” ® Natural nitrogenases are well
known to be capable of activating N, in the atmospheric
environment. Especially, iron—molybdenum nitrogenases have
their activated locations of heteronuclear metals and are more
effective than pure iron nitrogenases.””” Given the polynuclear
properties of active artificial sites and nitrogen fixation from

anions, and atoms assimilate one or more N, to form physically
adsorbed metal nitrogen complexes with relatively low
activation of N,. Studies on anion-mediated complete
activation of N, in clusters including multiple atoms are
scarce. Therefore, the study of the reaction between

biology, they are considerably vital to investigate metallic heteronuclear bimetal atoms and N, in a mild environment
polynuclear nitrogen activation and fixation.'*~" is of great significance for the activation of N, and

In recent years, some condensed phase studies have identification of new reaction types. Given the significant
demonstrated the synergism of heteronuclear metals in the character of vanadium and iron for activation and fixation of
N, activation via transferring electrons and lowering energy N,, iron and vanadium were selected to react with nitrogen in
barriers. However, the selective assembly of the heteronuclear this work. Notably, the complete breaking of the N=N bond

metal system still faces considerable challenges in the
coacervation phase, which limits further investigations.'® In
contrast, isolated gaseous metal clusters can provide an ideal

induced with the help of FeV™ was found by using
photoelectron imaging spectroscopy combined with theoretical

pattern to study bond activation processes without ambient calculations.
interference.'” "’

The reaction of N, and metal systems in the gaseous phase, March 24, 2023
containing pure metal complexes and clusters associated with May 2, 2023
various ligands (N, C, H, S, and others),””*" is studied in May 3, 2023
depth, as well as those between nitrogen clusters and metallic May 15, 2023

clusters. Nitrogen can be activated by transitional metallic
nitrides like Ta,N", Ta;N;H,, ™, ViN5~, and so forth20:22-24
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The photoelectron detachment experiments have been
performed with our self-made instrument, which possesses a
laser sputtering cluster ion source, a mass spectrometer with a
double channel, and a photoelectron image spectrometer with
a velocity map. Details of the experimental instrument can be
found elsewhere.’> By spraying helium gas with a pulsed laser,
the FeV™ beam was generated. FeVN, ™ clusters were obtained
from the laser disintegration of the mixed metal target with 5%
N, and 95% He. Their pressure for N, and He mixed gas was
set as approximate 3 atm. The FeVN,™ anionic clusters were
quickly cooled down and expanded in a laser ablation chamber.
These clusters were further picked using a mass spectrometer
from Wiley—McLaren. In the photodetachment of cluster
anions, 532 or 1064 nm laser is acquired. Photoelectrons were
recorded by a detector, which consisted of a phosphor screen
and two micro-channel plates. In addition, two-dimensional
(2D) photoelectron imaging results were acquired, which were
normally recorded with a commercial charged coupling camera
(CCD). Raw images were collected with 15,000 laser spots. It
had a two-dimensional imaging detector, and the density of the
photoelectron in its three-dimensional framework was
projected onto this detector. The Abel Inverse Basis Set
Expansion (BASEX) transformation method was applied to the
initial three-dimensional distribution, and photoelectron
spectra were acquired by reorganizing the corresponding
three-dimensional images. The experimental results were
corrected through the Au™ anion,* and the recorded energy
resolution from the current instrument was more than 5%.

To elucidate the possible structures of the FeVN,™ anion,
theoretical calculations at the BH&HLYP functional™ level
was carried out using the universal Gaussian 09.”> The Def2-
SVP basis set’ was employed for all atoms. All possible
electronic states were considered. To make sure that every
structure on the potential energy surface has the actual
minimum value, vibration analysis was performed. Theoret-
ically, the difference for their energies from the anionic cluster
and neutral species in an optimized anionic structure was set as
vertical detachment energy (VDE). Additionally, the difference
for their obtained energies from neutral species and
corresponding anions in their respective optimized geometry
is called adiabatic detachment energy (ADE). Relative energies
embraced correction for zero-point energy. Combining the
natural population analysis (NPA) and molecular orbital
analyses to FeVN,™ was executed, and the natural bond orbital
(NBO) 3.1 version was implemented.*

The experimental imaging spectra of FeVN,™ recorded at 1064
or 532 nm are shown in Figure 1. This dominant peak (X)
represents the VDE of its ground state for FeVN,”, and its
value is directly estimated to be 0.75 + 0.02 eV. The absence
of vibrational details limits the direct measurement of its ADE,
which is alternatively estimated to be 0.72 + 0.02 eV by the
connection of the horizontal axis with a rising edge of the
ground-state band.

To obtain an in-depth molecular level understanding of the
observed spectra, multiple optimized structures for FeVN,™ are
theoretically located and alphabetically labeled from A to J
according to the relative energies (Figure S1). According to the
relative energies of these complexes, the most appropriate five
low energy isomers (A—E) are selected as the research objects
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Figure 1. Photoelectron spectrum of FeVN,™ recorded at 532 nm
(2.331 eV) and the corresponding observation at 1064 nm (1.165
eV). The lowest-lying isomer for FeVN,™ anion and its electronic
state is given.

for discussion. In the lowest-lying isomer A, N, is completely
cleaved and each N atom binds to both the Fe and V atoms,
forming a quadrilateral C,, configuration containing two V—
N—Fe bridges with a “A, ground state. Isomer B has 0.25 eV
higher energy and a A’ state. C lies 0.80 eV higher compared
to isomer A, and N, is terminally Fe atom. The fourth low
energy structure D, which possesses nearly identical energy to
isomer C, is the one in which the N, is completely split with a
*A’ state. Isomer E has 0.91 energy and exhibits a C,
configuration with a ’A’ state where N, binds to Fe in an
end-to-end manner.

The experimental results of VDE/ADE values (Table 1) for
the FeVN,™ anion are combined with the theoretical values for

Table 1. Experimental ADE and VDE Results Comparison
to the Five Calculated Values at BH&HLYP for FeVN,~

VDE (eV) ADE (eV)
relative

cluster  isomer energy (eV) Expt” Calc Expt” Calc
FeVN,” A 0.00 075(2) 082 072(2) 075
B 0.25 1.16 0.94

C 0.80 0.42 0.32

D 0.82 1.94 1.54

E 091 1.36 0.89

“The numbers in parentheses stand for the experimental uncertainty.

the obtained structures to promote the spectral assignments
and structural identification. The theoretical VDE and ADE
results for isomer A are 0.82/0.75 eV, which are in accordance
with the experiment. In contrast, those values of isomer B
equal to 1.16/0.94 eV are considerably higher. The computed
results of the remaining isomers from C to E (0.42/0.32 eV,
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1.94/1.54 eV, and 1.36/0.89 eV), however, are even less
consistent with the experimental results. Additional evidence
provided by the simulated spectra as density-of-state (DOS)
spectra, on the basis of the computed generalized Koopman
theorem, is illustrated in Figure S2. The DOS spectrum of
isomer A nicely reproduces the experimental result, while the
other simulated DOS spectra exhibit huge differences.
Consequently, isomer A is confirmed to be responsible for
the experimental spectra.

The potential energy profile along with multiple inter-
mediates and transition states are calculated to seek how
isomer A is dynamically transformed from the isolated N, and
FeV~ (Figure 2). To start with, one nitrogen approaches the
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Figure 2. Theoretical potential energy profiles for the N, reaction
with the FeV™ anion. The intermediates (IM1—IM4) and possible
transition states (TS1—TS4) are revealed in eV after correction for
zero-point energies.

-2.45

iron from the opposite side of the V atom, forming a linear
IM1 structure, which consumes 0.60 eV to be further
converted to a side-on IM2 structure. Meanwhile, the N
atom of IM1 gets close to the V atom for the V—N bond to
come into being, then its bond length from N—N increases to
0.03 A (Figure S3). From IM2 to IM3, its isomerization
process can be found, and this suggests its rupture for the bond
of Fe—N and the formation of another V—N bond. It can be
found that this process needs an energy of about 0.22 eV. By
comparison, the conversion from IM3 to A needs 0.48 eV to
totally break the N—N bond. In addition, when the V atom
acts as the adsorption site, the reaction pathway needs to
conquer 1.09 eV from IM4 to TS4, which is approximately 0.5
eV higher than the process from IM1 to TS1. The energetics of
TS1 and TS4 are highly lower than the initial reactants,
suggesting that the two pathways involving Fe and V atoms as
the adsorption sites are both feasible.

The molecular orbital analysis of TS3, as shown in Figure 3,
supports the nitrogen activation mechanism. The HOMO-3
and HOMO-4 orbitals have a z-back-donation characteristic,
which comes from the occupied 3d orbital of V and Fe into N,.

LUMO HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4
n* < n n w* *

Figure 3. Molecular orbital pictures of TS3 for FeVN,™.
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The previous results have indicated that the bond of N=N can
be lowered due to z-back-donation, which was suitable for the
subsequent reaction activation process.”” Compared with end-
on structures, these side-on structures have a greater degree of
activation. Noting the HOMO-3 of TS3 as a V=N 7z orbital,
HOMO-4 can be viewed as a Fe—N o orbital; both orbitals
devote to weakening of the bond of N=N. In transformation
from the isolated N, and FeV group to the isomer A, the
distance of the N—N bond is progressively extended to 1.44 A.
Interestingly, the Fe—V bond length gets longer from R1 to
IM2, while it gets shorter from IM2 to A (Figure S3), implying
transfers electrons of FeV™ to N, from Rl to IM2 while
transfers electrons of N, to FeV™ from IM2 to A.

To visualize the charge variation among those involved
atoms, NPA is performed (Figure 4), and we mainly discuss
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Figure 4. Natural population analysis (NPA) charge of FeVN,™.

the reaction pathway with Fe as the adsorption site. According
to the natural charge trend, the transferring electron from
FeV™ to N, induces the rupture of the N=N bond. For FeV~,
the internal charge enriches Fe, thereby further enhancing its
catalytic performance. The negative charge of Fe on FeV™ is
transferred to the N, and V atoms when nitrogen is strapped to
FeV™ (R1 to IM1). It reveals z-back-donation of the occupied
3d orbital for iron into the 7* orbital toward N, and is the key
to the activity of reduced nitrogen. However, the negative
charge of the nitrogen unit decreases with the negative charge
on the two metal groups increasing to some extent from IM3
to TS3. It indicates that the electron return phenomenon
promotes nitrogen activation from the N, to FeV group, and
the experimental and theoretical evidence confirms that iron
and vanadium atoms are quite significant in the activated
reaction mechanism of N,. Taken together, this study reveals
the underlying mechanism of the electron back-donation of
nitrogen to the metallic core at their reaction process.

In this work, the reaction between FeV™ and N, was
investigated by combining photoelectron imaging spectroscopy
and theoretical calculations, suggesting that FeV™ can
effectively crack and activate N, at room temperature. The
lowest-lying geometry of FeVN,™ possesses the FeV nitride
with a ring configuration. Further calculations and analyses
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show that the catalytic process is enabled by the bimetallic
electron transfer. In general, the bimetal charge transfer to
nitrogen promotes nitrogen activation, and the electron return
phenomenon is found in FeV™ cracking and activating the N,
reaction. The underlying mechanism of nitrogen co-activation
by heteronuclear bimetal atoms has been revealed, which is
promising for the research and development of novel ammonia
catalysts.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00143.

Low energy isomers, simulated photoelectron spectra for
the FeVN,™ anion, and potential energy profile for FeV~
with N, (PDF)
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