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of Chemistry Governing molecular activation and reaction selectivity is a fundamental strategy for advancing catalytic
performance. Metal clusters show great promise for tailoring reactions due to their unique electronic
structures, yet the microscopic mechanisms of how their active sites cooperate are still not fully
elucidated. This work examines the reactivity of Ta,* clusters with CO, and N,, demonstrating the dual
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Introduction

In light of the challenges posed by global climate change and
the continued energy requirement, the reduction of carbon
dioxide (CO,)" and nitrogen (N,),*** as pivotal subjects within
green chemistry, necessitates the urgent advancement of effi-
cient and sustainable catalytic technologies. Conventional
catalytic methods, exemplified by the Haber-Bosch process,*
while prevalent in industry, face limitations in long-term
viability due to their substantial energy consumption and
environmental pollution concerns. Up to now, the experimental
pursuit of highly efficient and low-energy catalytic systems has
emerged as a hot topic of research.***® Meanwhile, the general
mechanisms have been well established for N, reduction (e.g.,
direct dissociative mechanism vs. associative distal/alternating
pathway)* and CO, reduction (e.g., direct CO, adsorption and
activation vs. proton-coupled electron transfer, PCET).*** Also,
insights into the metal identity in diverse catalysts, electronic
and geometric structures, metal-support interactions,**** key
intermediates, reaction path selectivity, etc. have been exten-
sively studied.

Recent investigations indicate increasing interest in the dual
activation of CO, and N,.**?*° However, ambiguities persist
concerning the active locations and catalytic processes.
Remarkable research on innovative nanocatalysts and single-
atom catalysts has shown the formation of C-N or N-O
coupling products during the concurrent activation of CO, and
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a framework to design efficient catalysts for dual activation of CO, and No.

N,, contingent upon the properties of the catalyst's active sites
and the evolving structures during the reaction.*+*> While the
importance of N-C coupling is well known, the potential for
direct N-O coupling interactions between CO, and N, may
provoke new understanding of the fundamental mechanisms
underlying NO, production in atmospheric haze.** To compre-
hensively elucidate the catalytic mechanisms and establish
a basis for the rational design of high-performance catalysts for
dual activation of CO, and N,, transition metal clusters are
anticipated to function as optimal model systems.>*** Catalysts
made of atomically precise clusters feature well-defined struc-
tures, tuneable compositions, specific coordination environ-
ments, and adjustable multi-site synergy, enabling a direct link
between the electronic properties of individual atoms and
nanoparticles.***® This shows promise for achieving precise
control and high performance in both CO, reduction and N,
activation.**-*°

This study investigates the reaction dynamics of tantalum
(Ta) clusters with CO, and N,. Joint experimental and theoret-
ical analyses demonstrate that both localised and delocalised
electrons (e.g., 3c-2e multicentre bonds) in the Ta clusters are
associated with the activation of CO, and N,, dictating variable
C=0 and N=N dissociation pathways. CO, selectively adsorbs
at electron-rich Ta-Ta sites, undergoing C=O cleavage via
twisted deformation; N, dissociates with low energy barriers on
the resulting Ta,0;," intermediates. Despite weaker passiv-
ation than the nitride Ta,N,", the intermediates of cluster oxide
Ta401'2+ preserve active sites for N-O coupling to form stable
TayN,0,". By revealing the structure-activity relationships
between electronic structures and reaction pathways, our find-
ings lay the groundwork for optimising energy-efficient and
selective CO, and N, conversions. This study clarifies how
charge distribution and electron localisation or delocalisation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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control reaction selectivity and intermediate stability, thereby
enabling more sustainable chemical processes.

Results and discussion

Fig. 1a depicts the mass spectrum of nascent Ta," clusters (n =
3-11), produced by a magnetron sputtering (MagS) cluster
source in tandem with a multi-ion laminar flow tube reactor and
a triple quadrupole mass spectrometer (MIFT-TQMS).** Fig. 1b
illustrates the recorded mass spectrum resulting from the CO,
reaction, showing a series of products including Ta, 0", Ta,0,",
Ta,0;", and Ta,0,". The observation of these products indicates
that the Ta,," clusters readily react with CO, and are favourably
transformed into metal oxides, along with CO removal. Fig. 1c
illustrates the subsequent reactions by further introducing N,
into the flow tube reactor. The Ta,O,_," clusters then reacted
with N, to yield a series of Ta,,NxOy+ products. The inset shows
the products from a typical Ta," cluster, such as Ta,NO",
Ta,N,0", and Ta,N,0,". The observation of these Ta,N,O,"
products suggests dual activation of N, and CO,, likely involving
N-O coupling processes. Notably, this experiment did not
exhibit a significant etching effect, likely due to the efficient
cooling of the reaction products caused by the presence of
enough He gas in the laminar flow tube.

The reactions of Ta,” with CO, and N, to form Ta,N,O,"
products were also validated using '°N isotope-labelled nitrogen
gas (Fig. 2) and '®0O-labelled carbon dioxide (Fig. S1, SI). When
the Ta,," clusters react with a mixed reactant containing isotope-
labelled °N, and normal CO,, they form TaanOy+ products
similar to those generated by adding CO, and N, sequentially.
Upon the introduction of a minor flow of the *>N,/CO, mixed
gas, a range of nitrogen oxide products, such as Ta,NO',
Ta,N,0", and Ta,N,0,", emerge in the mass spectra. When
introducing a larger dose of the reactant gas, bigger clusters
were etched and depleted, resulting in the persistence of the
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Fig.1 (a) Mass spectrum of the nascent Ta,* clusters. The stars above
the mass peaks indicate oxygen contamination. (b) Mass spectra of the
Ta," clusters after reactions with CO5 (1% in He) and (c) then N5 (1% in
He) in the same flow tube reactor (~0.5 Torr), with a controllable flow
rate of ~2 sccm for each.
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Fig. 2 (a—c) Mass spectra of the Ta," cluster before and after the

reactions with a mixed reactant of N, and CO, (both 1% in He) at
different flow rates (ca. 2 sccm and 5 sccm), introduced from the inlet
of the Mag$ source to leverage plasma assistance. An isotopically pure
reagent of °N, was used to provide unambiguous mass assignments.
The stars on the peaks indicate oxygen contamination.

relatively stable Ta," cluster. Concurrently, the relative intensity
of nitrogen oxide species associated with the clusters rose, and
the diversity of nitrogen- and oxygen-containing products like-
wise increased. The degree of reactivity tends to decrease as the
cluster size grows. This is because larger clusters have greater
heat capacity and more flexible structures to dissipate energy,
whereas smaller clusters have limited energy dispersal and
reduced collision cooling, thus leading to shorter lifetimes of
intermediates. Meanwhile, thermal dissociation threshold
values are usually small for the larger clusters, allowing for
incidental fragmentation.>»** Apart from the fruitful products of
the Ta," cluster under different conditions (Fig. S2-S7, SI),
distinct nitride and nitrogen oxide products of relatively weaker
mass abundances were also detected on the other Ta," clusters.
These Ta," clusters exhibited notably elevated reaction rates
(larger than 10~° cm® s™* per molecule) with the mixed reactant
of N,/CO, under ambient conditions (Fig. S8, SI).

Notably, N, readily dissociates in reacting with the bare Ta,,"
clusters (Fig. S2, SI), demonstrating high activity of such clus-
ters for N, activation. This observation aligns well with previous
theoretical and experimental studies, which have reported
similar reactivity for small Ta clusters.**>” Also, the production
of TaanOy+ products is reproduced with different N,/CO, ratios
or different size distributions of the nascent Ta,* clusters
(Fig. S3, SI). Our results demonstrate that the end-on coordi-
nated N, bends toward a neighbouring Ta atom. This forms an
intermediate where N, bridges two Ta atoms along a tetrahedral
Ta, edge, followed by N-N bond dissociation to yield two p;-N
moieties on the neighbouring Ta; facets. A comparison of
thermodynamic data reveals that the energy released during the
adsorption of CO, on the Ta," cluster (AH = —0.31 €V) and the
subsequent CO removal to form Ta,O" (AH = —2.23 eV) are
typically smaller than that for N, adsorption (AH = —0.78 eV)
and the formation of N-N dissociative Ta,N," (AH = —4.77 eV).
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Table 1 The energy differences of Ta,s* in reacting with CO, and N,, calculated quantum chemically at the tpsstpss/def2tzvp level of theory

Ta," + CO, — Ta,CO,", AH = —0.31 eV

Ta," + CO, — Ta,0" + CO, AH = —2.23 eV
Ta,0" + CO, — Ta,0-CO,", AH = —0.35 eV
Ta,0" + CO, — Ta,0," + CO, AH = —1.97 eV
Ta,0" + N, — Ta,O-N,", AH = —1.38 eV
Ta,O" + N, — Ta,ON,", AH = —4.23 eV

However, enhanced stability of the N-capped Ta,N," diminishes
the likelihood of subsequent activation of CO, molecules (AH =
—1.34 eV), indicating that the p;-N exerts an effective passiv-
ation effect on the Ta," cluster. This result rebuts the traditional
idea that N, must be added first because its stronger bond
(N=N) makes it harder to activate than CO, (Table 1).

In comparison, when the Ta," cluster first reacts with CO, to
form a Ta,O" intermediate (AH = —2.23 eV), the subsequent N,
adsorption energy is markedly exothermic (AH = —1.38 eV).
This indicates that nitrogen adheres strongly to the cluster
oxide Ta,O" and is less prone to desorption compared to the
nascent Ta," cluster, which is beneficial for stable adsorption
and subsequent N, activation. The N=N dissociation energy on
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Ta," + N, — Ta,N,", AH = —0.78 eV

Ta," + N, — Ta,N,", AH = —4.77 eV

Ta,N," + CO, — TayN,"-CO,, AH = —2.16 eV
Ta,N," + CO, —Ta,N,0" + CO, AH = —1.34 eV
Ta,0," + N, = Ta,0,-N,", AH = —0.87 eV
Ta,0," + N, — Ta,O,N,*, AH = —4.35 eV

the Ta,O" intermediate (AH = —4.23 eV) is comparable with that
on the pure Ta," cluster, establishing an energetic basis for the
amalgamation of nitrogen and oxygen atoms within clusters.
These energy changes promote the coupling of nitrogen and
oxygen atoms, leading to the formation of N-O coupling prod-
ucts, of which the geometric and electronic structures are given
in the SI (Fig. S9-516).

Fig. 3 presents the energy diagrams comparing the potential
reaction pathways for a Ta," cluster with N, and two CO,
molecules. When Ta," initially reacts with N, it forms a stable
N,-dissociated Ta,N," intermediate (Fig. 3A), which makes the
subsequent CO, activation dynamically less favourable, with an
energy barrier of 5.02 eV for N-O coupling (TS5). In comparison,

-6.30

-6.31

Reaction coordinate

= Route1
— Route2

Energy / eV

Reaction coordinate

Fig. 3

(A and B) Energy reaction diagram of a Ta,"* cluster reacting with an N, and two CO, molecules at different sequences, ultimately yielding

TasNO* and a released NO molecule. Insets depict the LUMOs and HOMOs of the intermediates involved in the reaction process.
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Fig. 4 The 2D and 3D electron localization functional (ELF) analyses for the intermediates (IM) and transition states (TS) during the reaction
process (Route 1 in Fig. 3). In 2D-ELF, active sites are highlighted with white circles, while changes in covalent bonding are indicated by grey
circles. The numerical labels on the atoms correspond to the atomic numbering within the metal cluster. In 3D-ELF, the red arrows indicate
active sites, with the atoms 1, 2, 3, and 4 being kept in the same position for all.

the reaction of CO, first (Fig. 3B) suffers from a small single-step
energy barrier for the first CO, dissociation (0.67 eV, TS1).
Nonetheless, the formation of Ta,O" along with a CO removal
will result in significant energy gain (—2.23 eV, IM2). The
second CO, adsorption and C=0 bond dissociation event is
more exothermic, forming a Ta,O," product with two isomeric
configurations (IM4). The energy gains are —4.06 eV for the
ortho-site bridged isomer (Route 1) and —4.20 eV for the para-
site bridged isomer (Route 2). The large energy gain for Ta,” to
react with two CO, molecules facilitates the subsequent N,
activation. Notably, the energies for N, dissociation on Ta,O"
(Fig. S17, SI) and Ta,O," (Fig. 3B) are lower than that on pure
clusters. The significant decrease in energy promotes the
subsequent N,-adsorption and N=N dissociation, and enables
N-O coupling at a relatively smaller single-step energy barrier
(TS6). The other reaction pathways for different sequences of
CO, and N, adsorbed on the Ta,” cluster all lead to similar
results with a product of Ta,(NO), ," and the pathways for N-N
dissociation and NO release ultimately are thermodynamically
favourable even on a graphene support (Fig. S18-S24, SI).
Additionally, the selectivity of the two reaction pathways (i.e.,
Routes 1 and 2) was evaluated by referring to RRKM theory.>*
The results demonstrate a pronounced kinetic preference for
Route 1, as evidenced by its significantly higher rate constant of
8.85 x 10 s '—roughly 122 times larger than the value
calculated for Route 2 (c.a. 7.23 x 10" s™").

The modified electronic configurations profoundly influence
the cluster's reactivity. Nitrogen's stronger electron affinity
disrupts the bonding network, enhancing passivation and
inhibiting further reactions. Fig. 4 presents the electron local-
isation function (ELF)*** analysis for all the intermediate states
along Route 1 (for details see Fig. S25-S34, SI), revealing the
electronic coupling between small molecules and Ta," clusters

© 2026 The Author(s). Published by the Royal Society of Chemistry

throughout the whole reaction process. ELF analysis reveals
uniformly distributed charges across all remaining Ta-Ta
bonds at this stage. The distinctive electronic configuration of
Ta," facilitates charge-driven interactions with CO,. Initially,
CO, interacts with Ta," to form an adsorption intermediate
(IM1). Following this, the coordination of CO, causes distortion
of the electron cloud in TS1 (p,-O), facilitating the cleavage of
a C-0 bond to form Ta,O" (IM2). The incorporation of oxygen
modifies the cluster's electronic configuration, resulting in
greater charge localisation within the Ta-Ta bonds adjacent to
the Ta-O-Ta units (specifically, Tal-Ta3). The enhanced
bonding network promotes further CO, adsorption, leading to
the formation of the Ta,O," intermediate (IM4). In addition to
the considerable energy advantage of CO removal in the
formation of Ta,0,", large charge accumulation at the metal
sites of the Ta,O," intermediate facilitates subsequent N,
adsorption and activation. The increased charge density facili-
tates subsequent N, adsorption across multiple Ta-Ta sites
(Fig. S36, SI). Subsequent to N, adsorption, charge polarisation
facilitates N, dissociation, wherein one nitrogen atom transi-
tions to an oxygen site via a transition state to yield NO. The
residual nitrogen is drawn to adjacent charges, resulting in
further NO production and the transformation of the cluster
into Ta,NO". Likewise, the reaction pathway for Route 2 was
delineated using ELF analysis (Fig. S35, SI), revealing height-
ened charge density between neighbouring Ta-Ta bonds (Ta2-
Ta3) and the connection (Ta3-Ta4). This method emphasises
the synergistic effects of cluster charge redistribution and
orbital overlap interactions in the catalytic dual activation of
CO, and N,.

This interplay between heteroatom incorporation and elec-
tronic restructuring underscores the utility of adaptive natural
density partitioning (AANDP) analysis.®®> Notably, the frontier

Chem. Sci., 2026, 17, 2364-2371 | 2367
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Fig.5 AdNDP bonding analysis of the Ta,*, Ta;O1_4", TasN,* and Tay,NO* clusters. The occupation numbers (ON) are given below each pattern.

orbitals of N, and CO, align well with those of the nascent Ta,"
and subsequent intermediates (IM2 and IM4), promoting the
formation of coordination bonds once adsorbed. Previous
studies have demonstrated the mechanisms governing such
small cluster stability and structure-property relationships,
including geometric structure, charge population, and surface
Lewis acid/base sites, as well as electronic configuration
including superatomic features, and the resulting energetics
and dynamics within the surrounding environment.”” Here, the
finding of unique cluster catalysis of Ta," is largely contributed
by its identical Lewis acid sites and the reduced sizes.>**® To
fully elucidate the reaction mechanism, we analysed the
bonding modes and their evolution in this small cluster reac-
tion using AANDP analysis, which offers a comprehensive
approach to describe chemical bonding, encompassing both
localised electron pairs and delocalised multi-centre bond
interactions (Fig. S37-S43, SI). As illustrated in Fig. 5, the
nascent Ta," cluster initially features five 2c-2e bonds and four
3c-2e bonds, along with a 2c-1e Ta-Ta bond due to the positive
charge. The Ta,O" and Ta,0," intermediates preserve the multi-
centre bonds and electronic structure of Ta,’; however, the
addition of oxygen weakens the 2c-1e bond occupancy and
decreases the occupation numbers (ON) of delocalised 3c-2e
bonds, indicating electron transfer to the oxygen atoms. In
contrast, the Ta,N," and Ta,NO" clusters exhibit a more
substantial disruption of 3c-2e bonding, indicative of a more
pronounced effect than in Ta,0,_," clusters. This emphasises
nitrogen's stronger ability to withdraw electrons and its more
significant influence on the electronic accommodation during
the reaction process.

In principle, localised electrons, due to their concentrated
electron density, tend to act as key active sites or reactive
centres. Electron-rich regions, such as lone pairs and 7-bonds,
can initiate nucleophilic reactions; conversely, electron-
deficient areas, like the positive end of a polar bond, can be
targeted by electron-rich reagents. The well-defined bond
energy of localised o-bonds within a cluster, like Ta,", allows for

2368 | Chem. Sci., 2026, 17, 2364-2371

homolytic cleavage and radical formation. In contrast, delo-
calised electrons (or multicentre bonds) may function to sta-
bilise the overall metal cluster structure, with a more even
charge distribution throughout the cluster. A balance of local
bonding and delocalised electrons allows for distinctive reac-
tion pathways by stabilising crucial intermediates,*® thereby
generating energetically favourable sites for further electro-
philic or nucleophilic attacks, which is particularly beneficial
when multiple reactant molecules are involved.

Experimental
Experimental details

The experiments were conducted using a homemade MIFT-
TQMS instrument,* in tandem with a customised MagS
source. The MagS source was used to produce pure tantalum
clusters. These clusters were then introduced into a flow tube
reactor (with a diameter of 60 mm and a length of 1 meter)
using high-purity helium gas (purity > 99.999%). Inside the
reactor, the clusters reacted with specific reactant gases. The
flow rate of the reactant gases was controlled using a gas flow-
meter (Alicat) throughout the experiment. To ensure sufficient
collisional interactions of the Ta," clusters, the pressure within
the MagS source was kept at approximately 2.6 Torr, while the
flow tube was kept at about 0.6 Torr. This was achieved by using
a laminar flow of helium buffer gas from the upstream MagS
source and a downstream Roots pump with a pumping speed of
142 litres per second. After the reaction, the resulting products
were transferred into a differentially pumped five-stage vacuum
system, equipped with different-sized apertures and linear/
conical octuple ion guides, respectively. Finally, the products
were analysed using a custom quadrupole mass spectrometer.

Computational details

The initial structures of the tantalum clusters were designed by
examining the experimental and theoretical studies that had
been previously reported in the literature while also considering

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the variations in spin multiplicity and geometric structure. The
Gaussian 16 program® was employed to conduct the structural
optimisation and energetics calculations at the TPSStpss/def2-
TZVP level of theory.®® The energies were corrected by zero-
point vibrations, and all the calculated low-lying isomers and
intermediates were verified to ensure that there was no imaginary
frequency. All transition states (TS) were confirmed to possess
one imaginary frequency and correlated with the reaction
pathway, which was also validated by intrinsic reaction coordi-
nate (IRC) computations.®” The projected density of states (pDOS)
and natural population analysis (NPA) studies were conducted
utilizing the Multiwfn software.®® The VMD (Visual Molecular
Dynamics) program was employed to create the figures.*

Conclusions

In conclusion, we have prepared well-resolved Ta,," clusters (n =
4-10) and studied their gas-phase reactions with N, and CO,
using a customised flow tube reactor and mass spectrometer.
Our study demonstrates a direct relationship between their
atomic structure and their varying reactivity with the two inert
gas molecules. Interestingly, the sequential activation of CO,
followed by N, by the bare Ta," cluster is facilitated by an
oxygen-induced electronic reconfiguration, resulting in N-O
coupling. The incorporation of one or two oxygen atoms selec-
tively creates new, highly reactive sites on the cluster surface,
which are crucial for the subsequent N, cleavage and coupling
reactions. Conversely, the pre-formed TayN," cluster demon-
strates reduced reactivity, which is rooted in its thermody-
namically stable dual ps-N structure. This structural motif
passivates the active sites and releases more energy upon
production of Ta,N," in contrast to the formation of a Ta,0,"
equivalent with p,-O bridge bonds. Utilising ELF and AANDP
studies, we clarify how delocalised electrons and charge distri-
bution within these metal clusters dictate reaction selectivity
and stable intermediates across the reaction pathways. The
selectivity of these Ta clusters is shaped by their electronic
configuration, which is affected by their geometric structures.
The essential role of multi-centre bonds in facilitating dual
activation of N, and CO, presents a fundamental framework for
rational design of efficient Ta-based catalysts, emphasising the
balance between electronic accommodation and surface
passivation.
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