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Abstract: Investigations of the intrinsic properties of gas-phase
transition metal nitride (TMN) ions represent one approach to
gain a fundamental understanding of the active sites of TMN
catalysts, the activities and electronic structures of which are
known to be comparable to those of noble metal catalysts.
Herein, we investigate the structures and reactivities of the
triatomic anions HNbN¢ by means of mass spectrometry and
photoelectron imaging spectroscopy, in conjunction with
density functional theory calculations. The HNbN¢ anions
are capable of activating CH4 and C2H6 through oxidative
addition, exhibiting similar reactivities to free Pt atoms. The
similar electronic structures of HNbN¢ and Pt, especially the
active orbitals, are responsible for this resemblance. Compared
to the inert NbN¢ , the coordination of the H atom in HNbN¢ is
indispensable. New insights into how to replace noble metals
with TMNs may be derived from this combined experimental/
computational study.

Since the pioneering work of Volpe and Boudart,[1] who
developed a way to prepare Mo2N powders with a high
surface area, transition metal nitrides (TMNs) are often
applied as heterogeneous catalysts in hydroprocessing and
numerous other reactions.[2] Because the activities of TMNs
resemble those of noble metals (NMs), such as Pt, they are
reported as one of most promising replacements for costly
NMs. Minimizing the use of NM catalysts and maximizing
atom utilization while retaining the desired catalytic activities
have been the focus of significant research topic for a long
time. To achieve this goal, the establishment of structure–
property relationships, the characterization of the active sites,
and detailed knowledge about the reaction mechanisms are
required. However, it is still quite challenging to obtain this
insight directly and clearly from “real-life” experiments. A
useful approach to investigate important details of related
condensed-phase reactions takes advantage of state-of-the-

art gas-phase experiments in conjunction with computational
studies.[3]

Alkane, especially methane, C¢H bonds are chemically
very inert. Platinum (5d96s1)-related condensed-phase cata-
lysts[4] and gas-phase clusters[5] show high reactivity in the
context of thermal methane activation. As the simplest Pt-
related systems, atomic species, Pt+ and Pt¢ ions, and Pt
atoms, exhibit different reactivities toward CH4.

[5a,d,f,j] It is
known that Pt+ and Pt are reactive with CH4, while Pt¢ is not
reactive. Understanding the electronic level similarity
between Ptq (q = 0, � 1) and TMN systems serves as the
first step to interpret how to replace NMs by TMNs. It is also
noteworthy that, in reactions with alkanes, anions are usually
much less reactive than their cationic counterparts.[6] A
literature survey shows that very few NM free anions can
activate the C¢H bond of methane, namely (La2O3)3,4O

¢ ,[6b]

Fe(CO)2
¢ ,[7] and FeC6

¢ .[8]

In gas-phase studies, little attention has been paid to the
reactivities of NM-free nitride ions toward alkanes. Recently,
Schwarz et al. reported the thermal reaction of the amido-
nickel cation, Ni(NH2)

+, with C2H4,
[9] and Bernstein and co-

workers investigated the reactivity of CoxNy toward H2.
[10]

Herein, we report the smallest nitride anions HNbN¢ , which
activates CH4 and C2H6 at room temperature.

The HNbN¢ anions were generated, mass-selected, con-
fined and cooled, and then interacted with CH4 and C2H6 in
a linear ion trap (LIT) reactor. As shown in Figure 1a, in
addition to HNbN¢ , a weak signal of HNbNO¢ was gener-
ated, which can be produced from the reaction of HNbN¢

with water impurities in the LIT, according to: HNbN¢+

H2O!HNbNO¢+ H2. Upon reacting with CH4 at 1.19 Pa
for about 7 ms (Figure 1b), the adsorption product
HNbNCH4

¢ was observed (Reaction 1); a weak signal
corresponding to HNbN(CH4)2

¢ also shows up due to
secondary reactions.

HNbN¢ þCH4 ! HNbNCH4
¢ ð1Þ

When C2H6 at a pressure of 0.77 Pa was introduced and
interacted with HNbN¢ for 2 ms (Figure 1d), two new signals
were generated, indicating that ethene and H2 molecules are
produced and liberated:

HNbN¢ þC2H6 ! H3NbN¢ þ C2H4 16 % ð2aÞ

HNbN¢ þC2H6 ! HNbNC2H4
¢ þH2 84 % ð2bÞ

These reactions were confirmed by performing isotopic
labelling experiments with CD4 and CH3CD3 (Figure 1c and
e, respectively). Notably, NbN¢ anions were inert toward
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alkanes (Supporting Information, Figure S1). The pseudo-
first-order rate constants (k1) of Reactions 1 and 2 were
estimated to be 5.3 × 10¢13 cm3 molecule¢1 s¢1 and 2.7 ×
10¢12 cm3 molecule¢1 s¢1, corresponding to efficiencies (1)[11]

of 0.05% and 0.3 %, respectively. The kinetic isotope effects
(KIEs), defined as k1(HNbN¢+ CH4)/k1(HNbN¢+ CD4) and
k1(HNbN¢+ C2H6)/k1(HNbN¢+ CH3CD3), amounted to 2.0
and 1.2, respectively. The signal dependence of product ions
on CH4, CD4, C2H6, and CH3CD3 pressures were derived and
fitted with the experimental data (Figure S2). The single-
exponential decays of the HNbN¢ intensities with respect to
the alkane pressures imply that most (> 85%) of the
generated HNbN¢ anions have a uniform structure.

Density functional theory (DFT) calculations were per-
formed to study the structures of HNbN¢ , and two isomers
were determined for this triatomic anion. As predicted by
BMK,[12] which was the one of the few functionals giving good
results among the 20 tested methods (Table S1),[13] a bent
structure with a triplet spin multiplicity (3IS1, 3A’’) is 0.11 eV
more stable than its singlet electromer 1IS1 (1A’), and linear
structures are higher (> 0.3 eV) in energy (IS2 ; Figure S3a).
Photoelectron imaging (PEI) spectroscopy is an important
and powerful technique to probe electronic structures, and
a wealth of unambiguous information can be provided. The
experimental and simulated PEI spectra of HNbN¢ are shown
in Figure 2. The values of the anisotropy parameter b,[14]

indicate that the first band (b = 1.3� 0.1) and the other
three bands (b = 0.5� 0.1) correspond to the electron detach-
ments from two different types of atomic orbitals; thus, two
different electronic transitions should be involved (Fig-
ure 2a2). In addition, the a band corresponds to an adiabatic
detachment energy (ADE) of 1.342 eV, and the X1 band is
located at a slightly higher binding energy (ADE = 1.402 eV).
The simulated PEI spectra (Figure 2b2-d), based on IS1 with
multiplicities 1 and 3 (Figure 2b1), suggest that there are two

isomers present in the ion source: the low binding energy
feature (a band) comes from excitation of the Nb 5s-type
orbital in 1IS1, and the features above 1.40 eV (bands X1-X3)
correspond to detachment from a Nb 4d-type orbital in 3IS1
(Figure 2c1). When these two simulated spectra are combined
by a suitable ratio (1:7), the spectrum shown in Figure 2d fits
well with the experimental spectrum given in Figure 2a2. In
conclusion, the ground state of HNbN¢ corresponds to a high-
spin state 3IS1 and the low-spin 1IS1 forms the excited state.
The energy of 3IS1 is 0.06 eV lower than that of 1IS1,
indicating that the BMK-calculated triplet–singlet energy gap
is overestimated by 0.05 eV relative to the experimental data.
Natural bond orbital analysis demonstrated that in 1IS1 and
3IS1, the Nb¢N and Nb¢H bond orders amount to � 3 and
� 1, respectively, and the triplet-bond character of the Nb¢N
bond in HNbN¢ is similar to those of terminal metal nitrides
(M�N) in transition metal complexes.[15]

In this context, it is quite interesting and necessary to
distinguish which spin state, 1IS1 or 3IS1, acts as the active
species. Surprisingly, the open-shell species 3IS1 is not capable
of activating alkanes owing to substantial barriers (panels
a and b in Figure S5). In contrast, the closed-shell species 1IS1
reacts, at least according to the DFT calculations. The lowest
energy reaction pathways for Reactions 1 and 2 are shown in
Figures 3 and S6, respectively (see Figures S7–S10 for alter-
natives considered). The electrostatic potential (Figure S3b)
indicates that the CH4 molecule prefers to be weakly

Figure 1. Time-of flight mass spectra for the reactions of mass-selected
HNbN¢ (a), with CH4 (b), CD4 (c) for 7 ms, and with C2H6 (d) and
CH3CD3 (e) for 2 ms. The effective reactant gas pressures are shown.
The label + X denotes HNbNX¢ (X = CH4, C2H4).

Figure 2. a1) Photoelectron image and a2) photoelectron spectrum of
HNbN¢ at laser wavelength of 800 nm (see Figure S4). An arrow in a1
indicates the polarization of the laser. b1) The DFT calculated struc-
tures of 1IS1 (black) as well as 3IS1 (blue), respectively. Bond lengths
and angles (]N-Nb-H) are in pm and degrees, respectively. c1) Dia-
gram showing electronic transitions between 1IS1/3IS1 and corre-
sponding neutral species 2HNbN (see Figure S4g). b2 and c2) Franck–
Condon simulations of the transitions for 1IS1 and 3IS1, respectively.
The peaks in panels b2 and c2 are blue shifted by 0.206 and 0.158 eV,
respectively, compared to the a and X bands in panel a2. d) The
simulated photoelectron spectrum. The simulated coefficients were
obtained by fitting the peak ratio of a:X in panel a2. The unshifted
spectra are shown in Figure S4d–4f.
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adsorbed over the Nb-side because it is less negatively
charged than the other sides of the anion. As shown in
Figure 3, C¢H bond activation of CH4 by the niobium atom
proceeds through oxidative addition (OA), leading to the
formation of an oxidative adsorption complex of H2NbNCH3

¢

(P), and in a rather exothermic process (¢2.11 eV, with
respect to the separated reactants). The bond orders of Nb¢N
and Nb¢H in HNbN¢ are almost unchanged during the
process. Both the dissociation rate (kd) of 11!1IS1 + CH4

(> 2.1 × 1011 s¢1, the lower limit of kd) and the rate constant
of 11!1TS1!1P (about 3.6 × 1011 s¢1) are much larger than the
collision rate of 11 with the cooling gas He (kcollision� 1.1 ×
106 s¢1; see the Supporting Information for details), suggesting
11 is not stable. In addition, the C¢H bond activation product
H2 is liberated when higher center-of-mass collisional energy
(� 0.3 eV) is added to the HNbN¢/CH4 system under single-
collision conditions (Figure S11). Thus, the observed
HNbNCH4

¢ in Figure 1 is the dissociative adsorption product.
A small overall positive barrier (0.02 eV, Figure 3) is involved
in the reaction with CD4, and its rate constant k1(HNbN¢+

CD4) is 2.6 × 10¢13 cm3 molecule¢1 s¢1. For the reactions of
transition metal cations, such as Ir+, with CH4, H2 elimination
is also observed.[3b] However, DFT calculations predict that
this channel is not favorable in the thermal reaction of
HNbN¢ with CH4 (Figure S12), which is in line with the mass
spectrometry data (Figure 1b and c). As shown in Figure S6,
an OA/reductive elimination mechanism is operative for the
HNbN¢/C2H6 system, and the DFT results are in good
agreement with the MS results. For a detailed description of
the pathways, see the Supporting Information. As mentioned
above, the ground state 3IS1 is inert toward alkanes; however,
most of the generated HNbN¢ anions do react with alkanes.
Consequently, a two-state reactivity (TSR) scenario[16] is
expected to prevail. As predicted by DFT calculations, the
crossing point (CP) occurs along 3IS1 + CH4!1IS1 (Fig-
ure S13b), indicating that the facile spin flip triplet!singlet
takes place at the entrance channel when methane
approaches to HNbN¢ . In doing so, the prohibitively high-
energy triplet barrier is bypassed. The scenario of a TSR
pattern holds true also for the HNbN¢/C2H6 (Figure S14)
similar to that of HNbN¢/CH4. The spin flip can be
responsible for the low reaction efficiencies of Reactions 1

(0.05 %) and 2 (0.3%). Although the spin flips could happen
from a thermodynamic point of view, the efficiencies are
unknown.

It is noteable that NbN¢ does not react with alkanes
(Figure S1). Although the hydrogen atom of HNbN¢ is not
directly involved in the reaction processes and thus seems like
a spectator ligand, its very presence is crucial to achieve the
activation of alkanes. To investigate the special role of the H
ligand, DFT calculations were carried out on reactions of Nb¢

and NbN¢ with CH4 and C2H6 (Figures S15 and S16,
respectively). In NbN¢ , the Nb¢N bond length is 169 pm[17]

and the bond order corresponds to 3.5. One additional H
atom forms a covalent bond with the niobium atom, and the
Nb¢H bond formation involves one electron from the hydro-
gen 1s orbital and one from an sd hybrid on the Nb atom. The
coordination with open-shell ligands, for example, N and H
atoms, helps to stabilize the low-spin states of HNbN¢ species
and to render the Nb-side less negatively charged. Both of
these features are favorable factors for C¢H bond of
activation alkanes by OA. Such a ligand effect crucially
affects the reactivity of bond activation processes.[18]

If TMN species function as viable substitutes of NM
atoms, Pt for instance, their chemistry should be similar. To
achieve this goal, designing gas-phase TMN species, with
similar electronic structure to Pt,[3e, 19] is one promising way.
HNbN¢ has the valence electron count (VEC) of 12, but due
to the formation of one Nb¢H bond, its effective VEC is
reduced to 10, which is the same value as that of Pt. A more
careful comparison between methane (and ethane) activation
over HNbN¢ and Pt atom reveals other similarities in both
electronic structures and reactivities. From an electronic
structural point of view, the ground states of both HNbN¢ and
Pt atom are triplet, and singlet states lie 0.06 eV and
0.76 eV[20] above the ground states, respectively. Moreover,
HNbN¢ and Pt[5f,j] can bring about insertion into C¢H bond of
CH4. Elimination of H2 and C2H4, observed in the HNbN¢/
C2H6 system, also exists in the reaction of Pt with C2H6, as
predicted theoretically.[5i] The similar reactivities of singlet
HNbN¢ (1IS1) and singlet Pt atom can be attributed to the
similar nature of their highest occupied molecular orbitals
(HOMOs). The highest five orbitals of 1Pt atom are degen-
erate (Figure 4). The OA of the C¢H bond in CH4 mediated

Figure 3. DFT-calculated potential energy surface (PES) for the reac-
tion of HNbN¢ with CH4. Selected bond lengths are given in pm. The
zero-point vibration corrected energies (DH0K in eV) of the reaction
intermediates, transition states, and products with respect to the
separated reactants are given. The relative DH0K energies for the
reaction with CD4 are given in brackets. All structures given refer to
the singlet surface. The superscripts indicate the spin states of
species.

Figure 4. Parts of electronic structures of the singlet HNbN¢ (1IS1),
the singlet Pt atom, and the doublet NbN¢ . The superscripts indicate
the spin states of species.
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by 1Pt atom is barrierless.[5a,e,j] The orbital analysis along the
relaxed potential energy curve formed by decreasing the
distance between the C and H atom in the singlet HPtCH3

insertion intermediate indicates that the Pt dz2 orbital is the
essential one for the reaction; 5d/6s hybridization may also
happen (Figure S17). It is known that the relativistic effect
influences the ordering of the 5d and 6s orbitals of Pt with
respect to each other, thus favoring 5d/6s hybridization and
formation of new bonds with reactant molecules.[21] For
HNbN¢ , the HOMO is mainly composed of the Nb 5s (58%)
and 4dz2 (25 %), that is the 4d/5s hybrid orbital, and exhibits
the similar shape with dz2 orbital (Figure 4). In the PEI
experiments of HNbN¢ , the nature of the 5s orbital of the Nb
atom dominates, corresponding to the a band with large b in
Figure 2a2, while dz2 has the primary contribution to the CH4

activation reaction, reflected by the composition analysis of
the HOMO of TS1. As shown in Figure S17, Nb 4dz2 (42 %) is
the main composition in the HOMO of TS1. In sharp contrast,
in the NbN¢/CH4 system, the HOMO of TS10 is with high
percentage (62%) of Nb 5s orbital rather than 4dz2 , and this
pathway is kinetically restricted. When compared with the
inert NbN¢ and the reactive HNbN¢ , we can draw the
conclusion that by forming the Nb¢H bond in HNbN¢ , the
active 4d/5s hybrid orbital of the Nb atom is formed.
Therefore, designing TMN species having similar electronic
structures to NMs, especially similar active orbitals, may
contribute one important way to replace NMs with TMNs;
coordination of H atoms (or other open-shell ligands) some-
times is indispensable to achieve this goal.

In conclusion, the triatomic anion HNbN¢ corresponds to
a noble-metal free system, and to the best of our knowledge,
this is among the first to report alkane activation by transition
metal nitride ions. Synthesizing transition metal nitrides with
similar electronic structures, especially active orbitals, to
noble metals coupled with the regulation of open-shell
ligands, such as H atoms, may be one valid way to tailor the
design of new and cheap catalysts through partial or full
substitution of noble metals.
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