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Abstract: We report on cluster-mediated C�N bond formation
in the gas phase using N2 as a nitrogen source. The V3C+ +N2

reaction is studied by a combination of ion-trap mass
spectrometry with infrared photodissociation (IRPD) spectro-
scopy and complemented by electronic structure calculations.
The proposed reaction mechanism is spectroscopically vali-
dated by identifying the structures of the reactant and
product ions. V3C+ exhibits a pyramidal structure of

C1-symmetry. N2 activation is initiated by adsorption in an
end-on fashion at a vanadium site, followed by spontaneous
cleavage of the N⌘N triple bond and subsequent C�N
coupling. The IRPD spectrum of the metal nitride product
[NV3(C=N)]+ exhibits characteristic C=N double bond
(1530 cm�1) and V�N single bond (770, 541 and 522 cm�1)
stretching bands.

Introduction

The controlled formation of carbon-nitrogen (C�N) bonds is of
great importance as it opens up opportunities for the
incorporation of nitrogen into organic molecules. Such N-
containing compounds serve as essential building blocks for
natural products, pharmaceuticals, and multifunctional
materials.[1] Dinitrogen (N2) is the most abundant nitrogen

source on Earth. Its apolar nature, high ionization potential,
negative electron affinity, and strong N⌘N triple bond lead to
significant challenges in activating dinitrogen and directly
assembling C�N bonds.[2] Therefore, the common route to C�N
bond formation typically involves nitrogen-containing species
derived from ammonia (NH3). However, there exist several
problems in industrial-scale NH3 production (Haber-Bosch
process) such as harsh reaction conditions (350–550 °C and
150–350 atm), high energy consumption (2% of the global
annual supply), and substantial global greenhouse gas
emission.[3] Therefore, identifying active species that enable
C�N bond formation directly from N2 under mild conditions
remains one of the central challenges in heterogenous catalysis.

Gas-phase clusters represent ideal, computationally tract-
able model systems for highly reactive species. Experiments on
these allow for valuable insights into structure-reactivity
correlations as well as into fundamental reaction mechanisms
that would be hard to obtain from condensed phase studies.[4]

The formation of C�N bonds in gas phase reactions has
attracted considerable attention in the past decades. Previous
studies can be classified into three categories based on the
nitrogen sources used, namely, metal nitride species,[5] NH3,[6]

and N2.[7] The diatomic metal nitride cations ReN+ and TaN+

can react with CH4 to form C�N bonds.[5] Extensive investiga-
tions have focused on assembling C�N bonds from the thermal
reactions of metal-methyl, methylene, and methylidyne com-
plexes with NH3.[6] In addition, C�N bond formation has also
been reported for reactions of metal carbide anions with N2.[7]

Recently, the coupling of N2 with CO2 mediated by NbH2
� and

AuNbBO�,[8] and the coupling of N2 with CH4 mediated by
CoTaC2

� have been proposed.[9] Most of these studies rely on a
combination of mass spectrometry and quantum chemical
calculations to elucidate the nature of electronic structures of
the active species and the underlying reaction mechanism. In
some cases, collision-induced dissociation or photoelectron
spectroscopic experiments have been employed to gain
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structural information, but the unambiguous identification of
C�N bond formation in the gas phase using spectroscopic
means has not been achieved so far.

Vibrational action spectroscopy has proven particularly
useful to characterize the N2 – metal cluster interaction.[10]

Monitoring the red shift of the N2 stretching frequency
(unbound: 2330 cm�1) allows to differentiate between weaker-
bound N2 in an end-on coordination (2330–2100 cm�1)[10a–f] and
a more strongly interacting side-on coordinated μ2-N2 (1500–
1400 cm�1).[10g] Cleavage of the N⌘N triple bond leads to the
formation of metal nitride species, whose presence has been
inferred indirectly by spectroscopic identification of an acti-
vated N�N intermediate along a computed reaction path that
elucidated a stepwise across edge above surface (AEAS)
mechanism.[10g] Metal nitride stretching bands are predicted
below 800 cm�1 and therefore challenging to detect using
commercially available tabletop lasers.

Herein, we report on the spectroscopic characterization of
the V3C+ +N2 reaction. This particular vanadium carbide cation
was chosen, because vanadium in the direct vicinity of a carbon
atom is useful for dinitrogen fixation. Moreover, it has been
indicated that a multinuclear metal center is more effective for
dinitrogen activation.[11] We complement the mass spectromet-
ric investigation of the V3C+/N2 reaction couple by vibrational
action spectroscopy using the intense and widely wavelength-
tunable IR radiation from an IR free electron laser in order to
unambiguously identify the structures of the reactant and the
product ions. We find that dinitrogen is adsorbed dissociatively,
forming predominantly [NV3(C=N)]+, identified by the observa-
tion of the IR-active C=N double bond and N V�N�V single
bond stretching fundamentals in the fingerprint region of the
vibrational action spectrum.

Results and Discussion

V3C+ cations are formed by laser ablation and their reactivity
toward N2 is studied in a linear ion-trap reactor.[12] A typical
time-of-flight (TOF) mass spectrum for the interaction of mass-
selected and subsequently thermalized V3C+ cations with N2 (70
mPa) for ~1 ms at room temperature is shown in Figure 1b.
Under these conditions, the adsorption of only a single N2

molecule is observed [Eq. (1)]:

V3Cá á N2 ! âV3C,N2äá (1)

On the basis of a least-squares fitting procedure (Figure S1),
the rate constant (k1) of the pseudo-first-order reaction of V3C+

with N2 is estimated to be (8.8⌃1.8)×10�11 cm3molecule�1 s�1,
corresponding to a reaction efficiency (Φ) of (14.2⌃2.8)%.[13]

Ion-trap mass spectrometry yields mass-to-charge ratios of
the reactant and product ions and hence information on
reactivity and stability, but typically no information on geo-
metric and electronic structure. Such information can be
obtained from cryogenic ion trap vibrational spectroscopy,[14]

which we employ here in combination with messenger-
tagging[15] to obtain infrared photodissociation (IRPD) spectra.

The IRPD experiments were performed with the Berlin cryogenic
ion-trap triple mass spectrometer[16] and using the widely
tuneable, intense IR radiation from the Fritz-Haber-Institute
Free-Electron-Laser (FHI FEL).[17] As the reactant cation V3C+

does not bind He efficiently at 10 K and most likely reacts with
H2 due to the cluster’s high reactivity, we chose the more
polarizable Ar atom as a messenger for characterization of the
reactant ion (Figure 1c). Additional mass spectra are shown in
Figures S2 (Supporting Information). For the product ion
[V3C,N2]+, we exploit an alternative strategy,18 namely photo-
dissociation of larger [V3C,nN2]+ (n>1) complexes. Here, we
assume that for n>1 all additional N2 molecules are molecularly
adsorbed, hence weakly bound and therefore can be used as
“innocent” messengers for photodissociation. The correspond-
ing mass spectra are shown in Figure 1d–f. The spectrum in
Figure 1e was recorded after irradiating all ions extracted from
the ion trap on-resonance (1520 cm�1), and the difference
spectrum (Figure 1f) is obtained by subtracting an off-reso-
nance spectrum (1470 cm�1) from this on-resonance spectrum.
Using sufficiently attenuated laser-pulse energies, multiple
photon absorption is avoided and photodissociation is only
observed for the n>1 adducts, i. e., peaks associated with n>1
are depleted in the on-resonance spectrum (i. e., downward

Figure 1. TOF mass spectra for the reactions of mass-selected V3C+ with He
(a) and 77 mPa N2 (b) in a linear ion-trap reactor at room temperature for
about 1 ms and for the storage of mass-selected V3C+ for 200 ms in a
cryogenic ring-electrode ion-trap filled with 5% Ar/He at 62 K (c), and
0.004% N2/He at 50 K (d). Upon resonant excitation of [V3C,nN2]+ at
wavenumber (υ) of 1520 cm�1 (see text below), fragmentation of the weakly
bonded adducts (n>1) occurs (e). The difference spectrum obtained by
subtracting the on-resonance (υ=1520 cm�1) from an off-resonance
(υ=1470 cm�1) mass spectrum is shown in (f).
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peaks in Figure 1f), while the n=1 peak increases in intensity
(i. e., upward peak in Figure 1f).

Figure 2 compares the experimental IRPD spectra of Ar-
tagged V3C+ at 62 K in the spectral region from 900 to
400 cm�1 with IR spectra of bare and Ar-tagged low-energy
isomers calculated with density functional theory (DFT) and
using the TPSS/TZVP/VPT2 method[19] (see Methods in Support-
ing Information). The IRPD spectra were measured under
different experimental conditions that allow probing photo-
depletion of V3C+ tagged either with one or four Ar-atoms. The
IRPD spectrum of [V3C,Ar]+ (Figure 2a) reveals four bands at
~750 (A), 696 (B), 641 (C) and 618 cm�1 (D). In contrast, the
relative intensities of these bands are different in the IRPD
spectrum of [V3C,4Ar]+ (Figure 2b) and band D is nearly absent.
This confirms, as already noted in previous studies on metal-
containing clusters,[20] Ar is not an innocent messenger, but
needs to be included in the DFT calculations. Furthermore, a
dependence of the IRPD spectrum on the number of (weakly-
bound) tags could also indicate the presence of multiple
isomers with substantially different sequential Ar binding
energies.[20a]

The DFT calculations predict two types of isomers for bare
V3C+, the energetically lower lying pyramidal structure R1 with
the carbon atom located above the V3 plane and the higher
lying planar structure R2 (see Figures 2 and S3). For both type
of isomers three different spin states (singlet, triplet and
quintet) are found rather close in energy with substantially
different bond lengths. 3R1 exhibits C1 symmetry and is
predicted as the most stable isomer, followed by 5R1

(+8 kJ/mol) and 1R1 (+37 kJ/mol), both with Cs symmetry. The
planar isomer (3R2) is found much higher in energy (+69 kJ/
mol) and thus is not considered in the following calculations.

To obtain more reliable relative energies of the pyramidal
isomers in different spin states, a multiconfigurational method
based on density matrix renormalization group strongly con-
tract n-electron valence perturbation theory (DMRG-SC-
NEVPT2)[21] is employed. The results in the complete basis set
(CBS) limit are given in Table 1. The multiconfigurational
method yields a different energy ordering with 1R1 as the
global ground state structure. 3R1 and 5R1 are +7 kJ/mol and
+55 kJ/mol higher in energy, respectively. When the corre-
sponding Ar complexes are considered, the energy difference
(relative to 1R1 ·Ar) is reduced to +3 kJ/mol (3R1 ·Ar) and
+50 kJ/mol (5R1 ·Ar). Taking the accuracy of ab initio methods
for transition metal species into consideration (12 kJ/mol),[22] the
formation of 5R1 can be ruled out. However, which of the two
lower spin isomers, 1R1 or 3R1, is present in the experiment
cannot be conclusively determined based on the results in
Table 1.

Based on the comparison of the experimental to the
predicted IR spectra, the spectrum of 3R1 (Figure 2c) is the best
match. In contrast to the spectra of 1R1 (Figure 2f), 5R1
(Figure 2g), and 3R2 (Figure 2h), the spectrum of 3R1 reproduces
the three highest energy bands (A�C in Figures 2a and 2b)
reasonably. Bands B and C then correspond to the fundamen-
tals of C�V3 stretching and V�C�V bending modes, respectively.
Band A is attributed to an overtone of V�V�C bending mode.
None of the predicted spectra reproduce band D and therefore
it is unlikely that it is due to the presence of a second isomer.
Interestingly, band D is absent from the IRPD spectrum of
[V3C,4Ar]+ (Figure 2b), suggesting that the additional Ar tags
may lead to a blue shift of this feature into the spectral region
of band C. The predicted IR spectra of 3R1 · Ar and 3R1 · 4Ar show
a satisfactory agreement with the corresponding experimental
spectra and provide evidence that band D probably can be
attributed to a combination band involving excitation of V�V
stretching and V�V�C bending modes. This combination band
is predicted 5 cm�1 below the V�C�V bending modes (band C)
for 3R1 · Ar, while for 3R1 · 4Ar the energetic order is reversed
and it is predicted 9 cm�1 above the V�C�V bending modes
(Table S2). This does not only rationalize the absence of band D
in IRPD spectrum of 3R1 · 4Ar, but also the appearance of a
shoulder at 659 cm�1, i. e. on the higher energy side of band C
in Figure 2b.

Figure 2. Experimental IRPD spectra (red) of [V3C,Ar]+ and [V3C,4Ar]+ at 62 K
(a & b) and DFT calculated IR spectra (green) of untagged and Ar-tagged
isomers of V3C+(c–h). Geometric structures of the low-lying isomers (i). The
symmetries, electronic states, and selected bond lengths in pm are given.
The superscript denotes the spin multiplicity. See Table S1 for peak assign-
ments.

Table 1. Relative electronic energies (ΔE), zero-point-energy-corrected
relative energies (ΔE0) and Ar-binding energies (BE0) of low-energy V3C+

Isomers calculated using DFT[a] and multiconfigurational method.[b] All
energies are given in kJ/mol.

Isomer ΔEDFT ΔE0,DFT[d] ΔENEVPT2[c] ΔE0,NEVPT2/DFT[c,d] BE0,DFT
1R1 34 37 0 0 12
3R1 0 0 9 7 16
5R1 9 8 58 55 15
3R2 66 69 – – –

[a] TPSS/TZVP. [b] NEVPT2/CBS. [c] At the DFT minimum-energy geometry.
[d] ZPE-correction determined from harmonic DFT vibrational frequencies.
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After identifying the structure of the reactant ion, we turn
our focus to the product of the V3C+ +N2 reaction. Figure 3a
shows the experimental IRPD spectrum of [V3C,2 N2]+. It exhibits
four features in the spectral region from 1700 to 400 cm�1, an
intense band at 1524 cm�1 (labeled E in Figure 3a) as well as
three less intense features at 770 (F), 541 (G), and 520 cm�1 (H).
Genetic algorithm based global optimization is employed to
search the global minimum-energy structure. The results and
the corresponding IR spectra of these isomers are shown in
Figures 3 and S5.

Two energetically competitive isomers, P1 and P2, are
predicted by DFT. The metal nitride structure P1 (see Figure 3),
formed by dissociative adsorption of dinitrogen, is predicted as
the global ground state. Its structure can be written as
[NV3(C=N)]+. It contains a 3-fold coordinated nitrogen atom (μ3-
N) and a C=N unit binding to the V3 core in the end-on/side-on/
side-on configuration (μ3-η1:η2:η2). P2 has two 2-fold coordi-
nated N atoms (μ2-N) and one 3-fold coordinated C atom (μ3-C)
and its structure can be written as [(μ2-N)2V3(μ3-C)]+. DFT
calculations predict 3P1 as the energetically lowest lying isomer
of [V3C,N2]+, followed by 3P2 (+1 kJ/mol), 1P1 (+18 kJ/mol) and
1P2 (+41 kJ/mol), see Table S3. Furthermore, the RCCSD(T)
method (partially spin-adapted open-shell coupled cluster
method with single, double, and perturbative triple
excitations)[23] is adopted to calculate the single point energies
of the DFT-optimized structures to obtain more reliable relative
energy because no obvious multireference characters are
observed for product isomers (see Supporting Information). A
different energy ordering is given by RCCSD(T) calculations with
the singlet state 1P1 as the global ground state. The other
isomers are found much higher in energy (+20 kJ/mol for 3P1,

+45 kJ/mol for 1P2 and +74 kJ/mol for 3P2) and are not
considered any further.

The predicted IR spectrum of 1P1 (Figure 3c) is in good
agreement with the experimental IRPD spectrum with respect
to band positions and relative intensities. Consideration of the
second, weakly bound N2 molecule in the calculations (Fig-
ure 3b, see Table S1 for band assignments) improves this
agreement. The four observed characteristic bands E�H prove
to be particularly diagnostic for the formation of the C=N bond
(and hence rupture of the N⌘N bond). Bands E, F, and H are
assigned to excitation of the C=N stretching as well as the
symmetric and the antisymmetric V�N�V stretching fundamen-
tals, respectively. Band G is attributed to the V�NC stretching
mode. The predicted IR spectra of the higher energy isomers
3P1 and 1P2 show worse agreement with the experimental IRPD
spectrum and we therefore conclude that dinitrogen is
adsorbed dissociatively forming 1P1.

To obtain mechanistic insights into the V3C+ +N2 reaction,
the reaction mechanism was interrogated by electronic struc-
ture calculations. The RCCSD(T)/CBS potential-energy surface
(PES) of the most favorable reaction pathway as well as the
relevant structures are shown in Figure 4. We find that the
reaction can be initiated either from 1R1 or 3R1 (Figure S8).
However, it proceeds barrierless (with respect to the energy of
entrance channel) only on the singlet PES and we therefore
consider only this pathway in the following discussion.

As shown in Figure 4, the highly exothermic reaction
commences with N2 coordinated to one V atom in an end-on
fashion to form intermediate 11 (�54 kJ/mol), in which the N⌘N
triple bond is only slightly activated (110 pm in free N2 vs.
115 pm in 11). The second V atom then interacts with the
terminal N atom (labeled as N2) and intermediate 12 (�117 kJ/
mol) is formed via transition structure 11/2 (�33 kJ/mol). In
12 N2 is anchored by two V atoms in the known side-on/end-on

Figure 3. Experimental IRPD spectrum (red) of [V3C,2 N2]+ at 50 K (a), and IR
spectra calculated with DFT of 1P1 ·N2 (b), 1P1 (c), 3P1 (d), and 1P2 (e). The
zero-point corrected energies (ΔE0) at the RCCSD(T) level of theory with
respect to 1P1 are given in kJ/mol. Some bond lengths are given in pm. See
Table S1 for peak assignments. The superscript denotes the spin multiplicity.

Figure 4. RCCSD(T) energy profile for the reaction of V3C+ with N2. The zero-
point corrected relative energies (ΔE0) with respect to the separate reactants
1R1+N2 are given in kJ/mol. Some bond lengths are listed in pm. The
superscript denotes the spin multiplicity.
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mode and the N2 bond distance increases to 120 pm. Through a
structural rearrangement, the N2 unit is bound to three metal
atoms in the end-on/side-on/side-on configuration to form a
more stable intermediate 13 (�127 kJ/mol) where the N�N
bond is further elongated to 129 pm. Subsequently, by over-
coming the transition structure 13/4 (�10 kJ/mol), the complete
rupture of the N�N bond occurs, readily forming intermediate
14 (�239 kJ/mol) containing two bridging N atoms. Note, that
the computed pathway up to 14 shown in Figure 4 corresponds
to the AEAS mechanism predicted in the case of Ta4+ +N2.[10g]

C�N coupling then proceeds via transition structure 14/5
(�153 kJ/mol), finally leading to the formation of the product
ion 1P1 (�314 kJ/mol). The overall reaction is exothermic by
more than 300 kJ/mol. The possibility of subsequent dissocia-
tive adsorption of a second N2 molecule was also considered
(Figure S9), but is unlikely, as it involves a substantial positive
energy barrier (+45 kJ/mol).

If the reaction involves the formation of 1P1 from 3R1, as the
previous analysis of the experimental data suggest, spin cross-
over from the high spin state to low spin state needs to take
place along the reaction pathway.[24] A likely spin crossing point
between the triplet and singlet PESs is along the process of 31/
2!12 (Figure S10). The relative energy of the crossing point is
much lower than the separate reactants, suggesting that the
spin crossover from triplet to singlet PES is feasible, which
supports the observation of product ions in singlet spin-state
(1P1) in the IRPD experiment.

Conclusions

In summary, the gas-phase reaction of V3C+ with N2 has been
studied using ion-trap mass spectrometry combined with IRPD
spectroscopy and DFT calculations. The structures of both
reactant and product ions have been spectroscopically charac-
terized. The IR signatures of the adsorption products consisting
of the C=N stretching and V�N�V stretching modes spectro-
scopically confirm the cleavage of the N⌘N triple bond and the
subsequent C�N coupling. The computed reaction path follows
a mechanism that corresponds to the previously suggested
AEAS mechanism, but proceeds further towards C�N coupling.

Experimental Section
Cluster reactivity: The reactivity of vanadium carbide cluster
cations (VxCy

+) was investigated on a time-of-flight (TOF) mass
spectrometer coupled with a laser ablation source, a quadrupole
mass filter, and a linear ion trap.[12] The vanadium carbide cluster
cations were generated by laser ablation of a vanadium disk target
in the presence of 0.5% CH4 seeded in a He carrier gas with a
backing pressure of 6 standard atmospheres. The clusters of
interest were mass-selected using a quadrupole mass-filter and
entered into a linear ion-trap reactor, where they were confined
and cooled by multiple collisions with a pulse of He gas for about
1.0 ms and then interacted with a pulse of N2 for about 1.0 ms. The
temperature of the cooling gas (He), the reactant gas (N2), and the
ion trap was around 298 K.[25] The reactant and product cluster ions
then were ejected from the ion trap and focused into the extraction

region of a reflectron TOF mass spectrometer to obtain mass (to
charge ratio) and abundance information.

Structural characterization: The infrared photodissociation (IRPD)
experiments were performed employing a cryogenic ion trap
tandem mass spectrometer[16] using the widely tunable, intense IR
radiation from the Fritz-Haber-Institute Free-Electron-Laser (FHI
FEL).[17] In brief, VxCy

+ ions were generated in a pulsed laser
vaporization source by focusing a frequency-doubled Nd:YAG laser
(50 Hz, 10–15 mJ) onto a rotating vanadium metal rod. The
resulting plasma was quenched with a gas pulse of 0.5% CH4

seeded in He. Cluster ions were formed during expansion through a
clustering channel downstream from the rod and passed through a
skimmer. The beam of ions was then collimated and thermalized
close to room temperature in a He-gas filled radio frequency (RF)
ion guide, mass-selected using a quadrupole mass-filter, and
focused into a cryogenically cooled RF ring-electron ion-trap. The
trap was continuously filled with a gas mix of 5% Ar in He gas or a
reactant gas/buffer gas mix of 0.004% N2 in He gas at an ion-trap
temperature of 62 K and 50 K, respectively. Many collisions of the
trapped ions with the gas particles provided gentle cooling of the
internal degrees of freedom close to the ambient temperature.
Under these conditions, the Ar-tagged V3C+ or the N2-tagged
[V3C,N2]+ were formed. For the IRPD experiments of the [V3C,nAr]+

complex we used the Ar atoms as a messenger tag at 62 K. By
varying the delay time of the electric field pulse that extracts ions
from the trap and accelerates them towards the TOF mass
spectrometer, we could irradiate [V3C,nAr]+ ions with n1 and n
4 with the radiation from the free electron laser to obtain the
experimental spectra of [V3C,Ar]+ and [V3C,4Ar]+, respectively. For
the IRPD experiments of the [V3C,2 N2]+ complex, the second N2

molecule served as a messenger tag at 50 K. All ions were extracted
from the ion trap at 5 Hz and focused both temporally and spatially
into the center of the extraction region of an orthogonally mounted
reflection TOF tandem photofragmentation mass-spectrometer.
Here, the ions were irradiated with a counter-propagating IR laser
pulse produced by the FHI FEL (400–1600 cm�1, bandwidth: ~0.5%
fwhm, pulse energy: 3.5~8 mJ). All parent and photofragment ions
were then accelerated towards a microchannel plate detector and
monitored simultaneously. The IRPD spectrum was obtained by
recording the photofragmentation yield as a function of the laser
wavelength. The scans were recorded by averaging 100 TOF mass
spectra per wavelength step (3 cm�1) and scanning the wavelength
of the laser. Typically, at least three scans were summed. The
photodissociation cross section σIRPD was determined as described
previously.[14]
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