#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Observation of competing nitrogen activation in

i") Check for updates‘
metal tricarbon anions MCz~ (M = Os, Ir, Pt)

Cite this: Chem. Sci., 2025, 16, 17241

Shihu Du, 1 Ziheng Zhang,? Gang Li, ©2 Shibo Cheng, ©° Xiangtao Kong, @<
Lu Li,* Qingin Yuan,® Hua Xie ©*2 and Ling Jiang © 2

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Metal carbides hold significant potential as catalytic and functional materials. However, the absence of
explicit directives hinders investigations of the reaction mode of metal carbide clusters. In this study, we
employ size-specific photoelectron velocity-map imaging spectroscopy to explore the reactivity of
metal tricarbon clusters MCs~ (M = Os, Ir, Pt) in nitrogen activation. The experimental results reveal two
competing modes of nitrogen activation: cleavage of the N=N bond with formation of a stable C-N
bond, and chemisorption. IrCs~ exhibits coexistence of dual nitrogen activation mechanisms, while
OsCs~ achieves nitrogen activation through cleavage of the N=N bond and PtCs~ employs
chemisorption-mediated activation of dinitrogen. Further theoretical analysis suggests that the activation
of N, by MCs~ (M = Os, Ir, Pt) decreases as the 5d orbital energy of the metal atoms decreases.
Additionally, the chemisorption mode becomes more dominant, consistent with the experimental
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Introduction

Most nitrogen-containing compounds are synthesized from NH;
and the traditional Haber-Bosch process operates under harsh
conditions. The effective conversion and activation of nitrogen
under mild conditions remain quite challenging in the chemical
industry.’ Ongoing efforts focus on understanding the catalytic
conversion of nitrogen to NH; through various transition metal
complexes.®*™* Studying individual active species confined within
metal clusters under isolated, controlled, and reproducible
conditions is an ideal method for elucidating mechanistic details
and key factors at the molecular level.”*® This method provides
insights into the significant catalytic efficiency and reaction
selectivity of metal clusters. For example, the binding of N, to some
metal atom dimers (e.g., Ti,, Sc,, Gd,, and Ta,"),®?? and some
transition metal clusters (e.g;, Ta;N", TazN;H,;~, and V5N5 )*2°
results in significant N=N bond activation. Furthermore, the
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for the development of related single-atom catalysts with isolated metal atoms dispersed on supports.

d orbital energies of metal elements typically decrease from left to
right across the periodic table, which may decrease the interaction
between the orbitals of the N, ligand and those of later transition
metals,” as confirmed by a previous study on bare metal clusters.*

Furthermore, transition metal carbides possess immense
potential for applications in catalytic and functional materials, and
considerable achievements have been made in the study of their
structure and reactivity.”*** Metal carbide clusters play a crucial
role in the activation of N,; for instance, the transition metal
carbide clusters FeV,C, , FeTaC, , Ta,C, , V5C, , V5;C', and
V3, Ta,C,~ (x = 0-3)*" can completely cleave the N=N triple
bond and form stable C-N bonds. The formation of C-N bonds
allows the incorporation of nitrogen into organic molecules. Such
C-N compounds, as fundamental components of natural prod-
ucts, medicinal compounds, and multifunctional materials, are
important in this field of research,*® and C-N metal clusters can be
formed via reactions between nitrogen and carbon dioxide under
suitable conditions.>***

Given the important role of metal carbide clusters, this article
provides a detailed analysis of the noteworthy competing rela-
tionship between the two modes of nitrogen activation exhibited
by metal tricarbon compounds, MC;~ (M = Os, Ir, Pt), which is
intimately connected to the d-orbital energy of the metal atom.

Experimental and computational
methods

Experiments were conducted using a custom-built instrument
that incorporated a laser vaporization source and a dual-
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channel time-of-flight mass spectrometer. Details of the appa-
ratus have been provided elsewhere,” and only a brief
description is given below. MC;~ and MC;3N, ™ (M = Os, Ir, Pt)
anions were produced by laser vaporization of M-C (M = Os, Ir,
Pt) mixtures (mole ratio, M/C = 1: 4) in the presence of a helium
carrier gas seeded with 5% N,. The typical stagnation pressure
of the carrier gas was approximately 2-5 atm. After the samples
were cooled and expanded into the source chamber, the anions
of interest were mass selected using a Wiley-McLaren time-of-
flight mass spectrometer and then introduced into the photo-
detachment region, where they interacted with laser beams
operating at 266 nm (4.661 eV). The photoelectrons were map-
ped onto a detector consisting of a microchannel plate and
a phosphor screen. The two-dimensional (2D) images on the
phosphor screen were recorded using a charge-coupled device
camera. Each image was obtained by accumulating 10 000-
50000 laser shots at a repetition rate of 10 Hz. All raw images
were reconstructed using the basis set expansion (BASEX)
inverse Abel transform method. The photoelectron spectra were
calibrated using the known spectrum of Au™.** The energy
resolution was better than 5%, corresponding to 50 meV at an
electron kinetic energy (eKE) of 1 eV.

To elucidate the electronic and geometrical structures of
MC;N,” (M = Os, Ir, Pt), theoretical calculations were con-
ducted using the Gaussian 09 program.** The structures were
optimized via density functional theory using the B3LYP func-
tional together with the aug-cc-pVTZ basis set for C and N and
the aug-cc-pVTZ-PP basis set for the M atom (M = Os, Ir, Pt).*™*"
Harmonic frequency analysis was performed to ensure that the
obtained structures corresponded to real minima on the
potential energy surfaces. The vertical detachment energy (VDE)
was calculated as the difference in energy between the neutral
and anionic species based on the optimized anionic geometry,
and the adiabatic detachment energy (ADE) was calculated as
the difference in energy between the neutral and anionic
species in their optimized geometries. Zero-point-energy
corrections were considered in the total energy of each cluster
isomer used for the relative energy and ADE calculations. To
understand the structure of MC3N,~ (M = Os, Ir, Pt), the Wiberg
bond orders, bond lengths, and bond angles of MC3N,™ (M =
Os, Ir, Pt) were determined, and natural population analysis
(NPA) and canonical molecular orbital (CMO) analysis were
performed by means of the Gaussian 09 package.

Results and analysis

The photoelectron spectra of MC;~ and MC3N, ™ (M = Os, Ir, Pt)
recorded at 266 nm are shown in Fig. 1. The structures of IrC;~
and PtC;~ have been determined in previous studies.’* In
addition, structure optimization and a comparison of the
theoretical simulation results with experimental results shown
in Fig. S1 and S2 indicated that OsC;~ adopted a linear chain
configuration (similar to IrC;~ and PtC; ). The electron binding
energy of the maximum of each 1st resolved band (labeled with
X) corresponded to the VDEs of the ground state, as shown in
Fig. 1, which were directly measured to be 2.98 &+ 0.08 eV, 3.18 +
0.07 eV, and 2.58 4+ 0.10 eV for MC;N,~ with M = Os, Ir, and Pt,
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Fig.1 Photoelectron spectra of MCs~ and MC3N,™ (M = Os, Ir, Pt) at
266 nm (4.661 eV). Mark X represents the vertical detachment energy,
and the black arrow represents the experimentally estimated adiabatic
detachment energy.

respectively (Table 1). Bands in the spectra without vibrational
structures prevented us from directly measuring the ground-
state ADEs, so these values were instead estimated by drawing
a straight line at the rising edge of the main band and adding
the instrumental resolution to the point of intersection with the
binding energy axis. The ADE values (black arrow marking)
corresponding to the X bands for MC3;N, ™ (M = Os, Ir, Pt) were
determined to be 2.80 + 0.09 eV, 2.95 + 0.08 eV, and 2.35 +
0.12 eV (Table 1), respectively.

To assign the observed spectral features and determine the
structures of the low-lying isomers, quantum chemical calcu-
lations at the B3LYP/aug-cc-pVTZ/aug-cc-pVTZ-PP level of theory
were performed for MC;N,™ (M = Os, Ir, Pt). The optimized
structures of the three lowest-energy isomers for the MC;N, ™ (M

Table1 Comparison of the experimental VDE and ADE values with the
B3LYP calculated ones for the three lowest-energy isomers of MCsN, ™
(M = Os, Ir, Pt)

VDE (eV) ADE (eV)
Relative
Cluster ~ Isomer energy (eV) Expt.” Calc. Expt.* Calc.
OsC;N,~  3A 0.00 2.98(8) 293 2.80(9) 2.81
3B 1.46 3.30 3.20
3C 1.93 2.83 2.66
IrC;N,”~  3a 0.00 318(7) 312 2.95(8)  3.02
3b 0.33 355(6) 3.50 3.10(8) 3.21
3c 0.97 3.56 3.12
PtC,N,” 3l 0.00 2.58 (10) 2.56 2.35(12) 2.43
311 0.47 3.66 3.47
3111 0.50 2.75 2.59

¢ Numbers in parentheses represent the uncertainty in the last digit.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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= Os, Ir, Pt) anions are shown in Fig. 2. Other low-lying isomers
are illustrated in Fig. S3-S5. The theoretical VDEs and ADEs of
the three lowest-energy isomers are listed and compared with
the experimentally measured values in Table 1. The density of
states spectra of the isomers were simulated on the basis of the
theoretically generalized Koopman's theorem and are
compared with the experimental spectra in Fig. 3.

OsC;3N,

In the most stable isomer (3A) of OsC;3;N, ", N, was completely
cleaved (referred to as the breaking configuration). Isomer 3B,
in which N, was bound to the Os atom in an end-on configu-
ration at a certain angle, was 1.46 eV higher in energy than
isomer 3A. Isomer 3C, in which N, was bound to the Os atom in
a side-on configuration at a certain angle, was 1.93 eV higher in
energy than isomer 3A. Isomers 3A, 3B and 3C were character-
ized by C, symmetry and a *A’ electronic state.

The calculated VDE and ADE values of isomer 3A (2.93 eV
and 2.81 eV) agreed well with the experimental values (2.98 +
0.08 eV and 2.80 + 0.09 eV) (Table 1). In contrast the calculated
VDE and ADE values of isomer 3B (3.30 eV and 3.20 eV) were
obviously higher than the experimental values, whereas those of
3C (2.83 eV and 2.66 eV) were much lower than the experimental
values. As shown in Fig. 3, the simulated spectrum of isomer 3A
agreed best with the experimental spectrum, confirming that
the experimental spectrum could be attributed to isomer 3A.
Thus, the presence of isomers 3B and 3C can be ruled out.

IrC;N, ™

For IrC;N, , the structures of isomers 3a, 3b, and 3c were
similar to those of isomers 3A (breaking configuration), 3B (end-
on configuration), and 3C (side-on configuration), respectively.
As listed in Table 1, the calculated VDE and ADE values of the
lowest-lying isomer (3a) were 3.12 eV and 3.02 eV, respectively,
in excellent agreement with the experimental results (3.18 +
0.07 and 2.95 £ 0.08 eV). Isomer 3b was only 0.33 eV higher in
energy than isomer 3a. The calculated VDE and ADE values of
isomer 3b (3.50 eV and 3.21 eV) agreed well with the VDE and

° %
OsC;N,~ G&JJ’: ‘737,‘/"/‘ 2009

3A(C,,2AY) 3B (C,,2A") 3C(C,%A")
0.00 +1.46 +1.93
IrC;N, W;—f mj =09
3a(C, 'AY) 3b(C, 'A") 3¢(C, 'A)
0.00 +0.33 +0.97
cee 000 op,, o° coced
PtC,N,
31(C,, =Y 311 (C,, 2A") 31 (C,, 2A))
0.00 +0.47 +0.50

Fig. 2 Optimized structures of the three low-energy isomers for
MC3N,™ (M = Os, Ir, Pt). Relative energies are given in eV.
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ADE (3.55 + 0.06 eV and 3.10 + 0.08 eV) corresponding to the
2nd resolved band (marked as X') of the experimental spectra.
Isomer 3c (with calculated VDE and ADE values of 3.56 eV and
3.12 eV, respectively) was 0.97 eV higher in energy than isomer
3a, and was too high in energy to be experimentally probed. As
shown in Fig. 3, the best agreement between the simulated and
experimental spectra was achieved when a mixture of isomers
3a and 3b was assumed, implying the coexistence of these two
isomers.

PtC;N,~

For PtC3;N, , the most stable isomer (3I), exhibited a linear
chain structure in which N, was bound to the Os atom in an
end-on C.., configuration and had a T ground state. The
calculated VDE and ADE values of isomer 3I were 2.56 eV and
2.43 eV (Table 1), respectively, consistent with the correspond-
ing experimental values (2.58 + 0.10 eV and 2.35 + 0.12 eV).
Isomer 3II was 0.47 eV higher in energy than isomer 31 and
exhibited a structure similar to those of isomers 3A and 3a.
Isomer 3111, in which N, was bound to the Os atom in a side-on
C,y configuration with a ®A; electronic state, was 0.50 eV higher
in energy than isomer 3l. The VDE and ADE values of isomers
311 (3.66 eV and 3.47 eV) and 3III (2.75 eV and 2.59 eV) differed
from the experimental values. Moreover, the simulated spec-
trum of isomer 3I effectively reproduced the experimental
spectrum (Fig. 3). The disagreement between the simulated
spectra of isomers 3II and 3III and the experimental spectrum
suggested that the presence of these isomers could be excluded.

Discussion

In the experimental spectrum, the spectral characteristics of
MC;™ and MC;N,~ (M = Os, Ir) were clearly distinct; however,
for PtC;~ and PtC;N, , the resolved peaks were only red-shifted,
and the spectral characteristics were extremely similar. These
results suggested that nitrogen was present in PtC;N,  as
a result of chemical adsorption and that MC3N,~ (M = Os, Ir)
exhibited a more specific nitrogen activation mode.

The agreement between the calculated and experimental
results allowed the structure of the final product of the reaction
between N, and MC;~ (M = Os, Ir, Pt) to be determined. For
OsC;3N, , the most stable isomer observed in the experiment
adopted a breaking configuration. For the IrC;N, " cluster, the
isomers observed in the experiment adopted breaking and end-
on configurations. However, for PtC;N, , the most stable
isomer observed in the experiment adopted an end-on config-
uration. These results experimentally revealed the existence of
two reaction modes between N, and MC;~ (M = Os, Ir, Pt):
breaking and end-on modes. Among them, two nitrogen acti-
vation mechanisms coexist in IrC;, while OsC;~ and PtC;~
activate nitrogen by breaking the N=N triple bond and chem-
isorption, respectively. Additionally, when the d orbital energy
of the metal atom was lower, the end-on mode was more likely,
corresponding to a lower degree of activation. Furthermore, the
end-on configuration played an essential role as an

Chem. Sci., 2025, 16, 17241-17247 | 17243
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Fig.3 Comparison of the experimental 266 nm photoelectron spectrum (red mark) of (M = Os, Ir, Pt) to the simulated spectra (blue mark) of the

three low-lying isomers.

intermediate in the two reaction modes compared to the acti-
vation modes of MC; ™~ (M = Os, Ir, Pt).

To explore the changes in the two modes of nitrogen acti-
vation for OsC;, IrC; ™, and PtC; ™, we discussed in detail the
bond length, Wiberg bond order, bond angle, NPA charges and
CMO analysis of the products and intermediates (breaking
configuration and end-on configuration) during the process.

The bond lengths and bond angles in these structures are
listed in Fig. 4. The Wiberg bond orders between all atoms are
listed in Table S1. Throughout the reaction, for the breaking
configuration, the C-M-N bond angle (M = Os, Ir, Pt) increased
sequentially for Os, Ir, and Pt. The M-N bond length of OsC;N, ™~
(1.634 A) was similar to that of IrC;N,~ (1.658 A), and the Pt-N
bond length (1.748 A) differed significantly from those of the
Os-N and Ir-N bonds. The Wiberg bond orders of the M-N
bonds were 2.730, 2.587, and 1.764 in the breaking configura-
tions of MC;3;N,~ with M = Os, Ir, and Pt, respectively, consistent
with the variation in bond lengths. Furthermore, the bond
lengths of the C-N bonds were 1.167 A, 1.166 A, and 1.164 A, and
the Wiberg bond orders of the C-N bonds were 2.656, 2.668 and
2.683, indicating the formation of relatively stable C-N bonds in
the breaking configuration.

For the intermediate (end-on configuration), the N-N bond
length increased from 1.095 A (nitrogen molecule) to 1.120 A
(OsC;3N,7), 1.121 A (IrC;N,7), and 1.116 A (PtC;N, ). The
Wiberg bond orders of the N-N bonds were 2.603, 2.596, and

17244 | Chem. Sci,, 2025, 16, 17241-17247

2.642 in the end-on configuration of MC;N,~ with M = Os, Ir,
and Pt, respectively (Table S1), which were smaller than that of
a free nitrogen molecule (3.000). These results revealed that the
N-N bond was weakened, and the end-on configuration allowed
a clear distinction among PtC;N, , OsC3N, , and IrC;N, :
PtC;N,~ exhibited a straight-chain end-on structure, whereas in
0OsC;3N,  and IrC;N, , N, was bound to the Os and Ir atoms in
an end-on configuration at a certain angle (148° and 140°).
Moreover, to visualize the changes in the charges on these
atoms, NPA was carried out (Table 2). Charge transfer occurred
between MC;~ (M = Os, Ir, Pt) and N,, with the MC; groups
transferring electrons to N,. In the end-on configurations of
OsC;N, ™ and IrC;N,, the negative charge on the N, group
increased from 0 to —0.184 and —0.181, respectively, which was
larger than the increase observed in the charge on the N, group
(from 0 to —0.157) in PtC3N, . These results demonstrated that
N, binding to metal atoms at a certain angle in the end-on
configuration was more beneficial for the cleavage of the
N=N bond and that the activation of N, by MC;~ decreased
gradually for OsC;, IrC;~ and PtC; ™.

Fig. S6 and 5 show the highest occupied molecular orbitals
(HOMOs) of the breaking and end-on configurations of MC3N, ™
(M = Os, Ir, Pt), extending down to the sixth valence molecular
orbital (MO) below the HOMO. The orbital compositions
determined using the natural atomic orbital (NAO) method
using the frontier Kohn-Sham (KS) MOs of these species are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The bond lengths and bond angles of the two low-energy isomers of MC3N,™ (M = Os, Ir, Pt) were calculated at the B3LYP level.

Table 2 NPA charges of MC3N,™ (M = Os, Ir, Pt) species calculated at
the B3LYP level of theory

NPA charges

N (close N (far from
Cluster Isomer M to M) M) 3C
OsC3N, 3A —0.035 —0.332 —0.410 —0.222
3B —0.180 —0.128 —0.056 —0.663
IrC;N, 3a —0.004 —0.367 —0.399 —0.230
3b —0.272 —0.106 —0.075 —0.547
PtC3N, 3l —0.189 —0.095 —0.062 —0.653
311 —0.122 —0.482 —0.394 —0.247

shown in Tables S2-S7. In the breaking configuration, the
HOMOs of OsC;N, ™~ and PtC;N, "~ were singly occupied orbitals,
whereas that of IrC3N,~ was a doubly occupied MO. According

e ogh By
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to the distribution and proportion of orbitals, it was determined
that many of the orbitals were consistent: the HOMOs of
OsC;N,~ (Os: 25% 5d + 25% 6s + 15% 6p; N: 27% 2p) and
IrC3;N, ™ (Ir: 27% 5d + 25% 65 + 6% 6p; N: 35% 2p), the HOMO-1
of OsC;N, ™ (Os: 70% 5d + 21% 6s), and the HOMO-2 of IrC3N, ™~
(Ir: 74% 5d + 15% 6s), etc. OsC3N,~ and IrC;N,~ were found to
be extremely similar, while PtC;N, ~ exhibited slight differences
compared to MC3N,~ (M = Os, Ir), indicating the specificity of
nitrogen activation by MC;~ (M = Os, Ir).

Previous investigations have demonstrated that 7 back-
donation weakens N=N bonds, which is crucial for the subse-
quent activation of N,.*** Overall, the majority of the 7 back-
donation to N, originated from the 5d orbitals of the M
atoms. In the intermediate, the N-N bond contributed to the
HOMO, HOMO-1, HOMO-3, and HOMO-4 7 antibonding (7*)
orbitals of OsC3;N, ™, and the contributions from these 5d Os
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Fig. 5 Molecular orbital pictures of the end-on configuration of MC3N,™ (M = Os, Ir, Pt) calculated at the B3LYP level of theory, showing the
highest occupied molecular orbitals (HOMO) down to the sixth valence molecular orbital from the HOMO.
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orbitals to the nitrogen antibonding orbitals were 94%, 43%,
92%, and 51%, respectively. The N-N bond contributed to the
HOMO-1, HOMO-2, and HOMO-4 7* orbitals of IrC;N,, and
the contributions from these 5d Ir orbitals were 64%, 91%, and
50%, respectively. The N-N bond contributed to the HOMO,
HOMO-4, and HOMO-5 =* orbitals of PtC;N, , and the
contributions from these 5d Ir orbitals were 7%, 54%, and 52%,
respectively. These results indicated that the contribution from
the 5d orbitals decreased from OsC;™ to IrC;~ and PtC;, thus
demonstrating that 7 back-donation decreased as the energy of
the 5d orbitals decreased.

Conclusion

MC;N, ™ (M = Os, Ir, Pt) was prepared via a laser vaporization
supersonic cluster source and was structurally characterized by
photoelectron velocity-map imaging spectroscopy and quantum
chemical calculations. The experimental results indicated the
existence of two competing modes of nitrogen activation by the
metal tricarbon clusters MC;~ (M = Os, Ir, Pt): breaking and
end-on modes. In this system, OsC;~ cleaves the N=N triple
bond, IrC; ™ exhibits dual nitrogen activation mechanisms, and
PtC; fixes nitrogen in the end-on mode. The breaking mode
generated stable C-N bonds, providing guidance for the appli-
cation of C-N compounds, and the end-on mode involved
nitrogen activation through chemisorption. Further calcula-
tions and analysis demonstrated that nitrogen activation by
MC;™ (M = Os, Ir, Pt) decreased as the 5d orbital energy of the
metal atoms decreased, while the predominance of the end-on
mode increased. These findings are promising for nitrogen
activation and provide a basis for single-atom catalysis.
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