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1. Methods

1.1 Experimental Details

Mass spectrometry. A schematic diagram of the experimental apparatus used in this study is shown in
Figure S1. The niobium hydride clusters (Nb,O,H.") were generated by laser ablation of a niobium foil
with the surface slightly oxidized in the presence of 1% H; seeded in a He carrier gas with the backing
pressure of 6 standard atmospheres. A 532 nm (second harmonic Nd**:Y AG) laser with energy of 15-20
mlJ/pulse and repetition rate of 10 Hz was used. A newly developed double ion trap system, including
two quadrupole mass filters (QMFs) and two linear ion trap (LIT) reactors that enable the injection of
different reactants spatially separated, was employed to investigate the sequential reactions of cluster
ions with dinitrogen and carbon dioxide.! The clusters of interest Nb,OH4~ were mass-selected by QMF1
and then entered LIT1, where they were confined and cooled by collisions with a pulse of buffer gas (He)
and then interacted with another pulse of N,. After the Nb,OH,~ ions reacting with N,, the resulting
Nb,OH;,N;™ and Nb,ON,™ product ions were mass selected by the QMF2 and then injected into LIT2 for
reacting with diluted CO,. The temperature of the cooling gas (He), reactant gases (N, and CO,), and the
LIT reactors was around 298 K. After the reaction took place in the reactor, the reactant and product ions
were ejected from the trap and entered into a reflectron time-of-flight mass spectrometer (TOF-MS) to
be detected with the measurement of the masses and abundances. The details to run the TOF-MS, QMF,
and LIT can be found in our previous works.!#

In the ion trap experiments, the cluster ions undergo multiple collisions with the He buffer gas prior
to reaction, resulting in efficient thermalization of both their internal and translational energies. The
reaction time (#g) is chosen to be shorter than or comparable to the decay time (zg), ensuring that the
reactant gas pressure remains nearly constant during the reaction process. Under these conditions, the
reaction proceeds from well-defined thermalized ion populations. Variations in reaction time within the
experimental time window mainly influence the extent of reaction, while the dominant reaction pathways

and product selectivity remain unchanged.
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Figure S1. A schematic diagram of the experimental apparatus with a laser-ablation cluster source, a
double ion trap system, and a reflectron time-of-flight mass spectrometer.

The collision-induced dissociation (CID) experiments were performed by introducing xenon (Xe) into
the LIT2, which was run in the collision-cell mode (rather than the trap mode) for collisions with
Nb,OH,N,CO;~ clusters of which the translation energies could be fixed at different values. Note that
Nb,OH,;N,CO," clusters were prepared by laser ablation-generated Nb,OH,N,~ reacting with CO,; in
LITI. The time period for collision of parent clusters with Xe in the LIT2 was short (< 20 ps), and the
pressure of Xe in the LIT2 was low (~ 50 mPa). The number of collisions experienced for
Nb,OH,N,CO,~ with Xe was estimated to be 0.1. This means that multiple collisions could be negligible.
The daughter and parent ions were detected by the TOF-MS. Note that the daughter ions, such as NC~
and NCO™ from the CID can have very different mass-to-charge ratios (and quite different velocities to
enter the TOF-MS) from the parent ions. In this case, the electric potentials on the defection plates in the
TOF-MS have to be optimized to get the best signals for the daughter and parent ions separately.
Cryogenic photoelectron imaging spectroscopy. The photoelectron imaging spectroscopy (PEIS)
experiments were carried out with a separate TOF-MS equipped with a laser ablation cluster source, a
fast flow tube reactor, a cryogenic ion trap, and a photoelectron imaging spectrometer. The metal hydride
cluster anions were generated according to the procedure described in the reactivity experiment. After
reacting with N, in the ion trap reactor for about 10 ms at room temperature, the reactant and product
anions were extracted from the trap into the TOF-MS. After mass selection by a mass gate, the cluster

anions (Nb,OH4~ or Nb,OH,N,") were photo-detached with a wavelength-tunable laser beam (pulse
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width of ~5 ns) delivered from an OPO (optical parametric oscillator) laser source. The kinetic energies
(or velocities) of the photo-detached electrons were measured by the photoelectron imaging

spectrometer. The details to perform the experiment can be found in a previous study.’

1.2 Theoretical Methods.
Density functional theory (DFT) calculations using the Gaussian 16 program package’ were carried out
to investigate the structures of reactant and product ions as well as the reaction mechanisms of
corresponding reaction systems Nb,OH;/N,, Nb,OH,;N,7/CO,, and Nb,ON,/CO,. The TPSS
functional® was adopted in this work. The polarized split-valence basis set (6-311+G*)%10 for C, N, O,
and H atoms and a polarized triple-zeta basis set!! for valence electrons with an effective core potential'?
for inner shell electrons (Def2-TZVP) for Nb atoms were adopted. The reaction mechanism calculations
by the DFT method involved geometry optimization of reaction intermediates and transition states. The
relaxed potential energy surface scan was used extensively to obtain good guess structures for
intermediates and transition states along the pathways. Vibrational frequency calculations were
performed to check that intermediates (IMs) and transition states (TSs) have zero and only one imaginary
frequency, respectively. The intrinsic reaction coordinate (IRC) calculations were carried out so that each
transition state actually connects two appropriate local minima.'3-'* Natural bond orbital (NBO) analysis
was performed with NBO 5.9'5 and the program Multiwfn!® was employed to analyze orbital
compositions by natural atomic orbital methods. The zero-point corrected energies (AH,, enthalpies at 0
K) in unit of eV are reported under the DFT level.

For selected potential energy profiles, the single point energy calculations at the DFT optimized
structures were performed by the high-level partially spin-adapted open-shell coupled-cluster method
with single, double, and perturbative triple excitations CCSD(T)!7-?° using the Molpro program
package.?! In these CCSD(T) calculations, all the valence electrons were correlated. The reference
orbitals for the CCSD(T) calculations were based on the corresponding TPSS Kohn-Sham (KS) orbital
rather than the usual Hartree-Fock (HF) orbital because (a) KS orbital has included the electron
correlation effect while the HF orbital does not, and (b) using DFT method can avoid the convergence
problem of the HF method for transition metals.?>?* Two augmented double- and triple- correlation

consistent basis sets, aug-cc-pVDZ and aug-cc-
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pVTZ (denoted as ADZ and ATZ),>>-?” were used for all atoms, and the two-point complete basis set
(CBS) limit extrapolations for the total correlation energy were obtained by ADZ-ATZ pair of basis sets
based on equation 1,”® which has been recently found to be superior to alternative extrapolation

schemes.?’

A

Etotaln = Etotal CBS t—
(n+1/2)* (1)

For the species along the reaction pathway, the electronic energies were from the coupled-cluster method
and the zero-point energy (ZPE) corrections were from the frequency calculations by the DFT method.

The ZPE corrected energies (AH,, enthalpies at 0 K) in unit of eV are reported in this work.
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2. Additional Experimental Results
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Figure S2. Mass spectra for the reactions of mass-selected Nb,OD,~ cluster with He (a), '“N, (b), and
I5N; (¢), as well as mass selected Nb,OD, N, cluster with He (d), C'°O, (e and f), and C'30, (g and h)
at 298 K. The reactant gas pressures are shown. The reaction time is about 1.8 ms. The branching ratios

of Nb,ON,CO,™ and Nb,OD,N,CO," are given in parentheses.
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Figure S3. The signal variation of the reactant and product ions with respect to the reactant gas pressures
for the reaction systems of Nb,OH, /N, (a) and Nb,OH,N,7/CO, (b). The reaction time is around 1.8 ms
for both systems. The dash lines are fitted to the experimental data points by using the equations derived

with the approximation of the pseudo-first-order reaction mechanism for the reactive species.

The pseudo-first-order rate constants (k) of the reactions for Nb,OH, /N, and Nb,OH,N,/CO, was
determined by equation (2), in which /Iy is the intensity of the reactant cluster ions after the reaction, It
is the total ion intensity including product ion contribution, P is the effective pressure of the reactant gas,
kg 1s the Boltzmann constant, 7 is the temperature (298 + 3 K) of the reactant gas, and #y is the reaction
time.

wleo_p P

I, Tl

The systematic deviations of #g (£3%), T (+£2%) and P (£20%) were considered to estimate the uncertainty

2)

of the k| parameter.

The pressure of the reactant gases (CO, or N,, mPa range) is orders of magnitude lower than that of
the He buffer gas (Pa range), so the internal energy distribution of the ions is dominated by buffer-gas
cooling rather than by the reactant gas. As a result, variations in reactant pressure mainly affect the overall
extent of reaction (i.e., product yield), while the observed product distributions and selectivity are

governed by intrinsic reaction kinetics and potential energy surfaces.
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Figure S4. Mass spectra for the reactions of mass-selected Nb,ON, ™ cluster with He (a), 1 mPa CO, (b),

and 5 mPa CO, (c). The reaction time is about 1.8 ms.
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Figure S5. Mass spectra for the reactions of mass-selected Nb,OH,™ cluster with He (a) and CO, (b), as
well as the mass-selected Nb,O(CO,)™ cluster with He (c) and N, (d) at 298 K. The reaction times are 2

ms for (b) and 13 ms for (d). The reactant gas pressures are shown.
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3. Additional Theoretical Results
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Figure S6. Isomeric structures of Nb,OH,~ (a), Nb,OH,;N,™ (b), and Nb,ON,™ (c) optimized by DFT at
TPSS level. The zero-point vibration corrected relative energies (AH,, eV) at the RCCSD(T)/CBS level

are given. The superscripts represent spin multiplicities.
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Figure S7. The most favorable potential energy profile for the reaction of Nb,OH4~ with N, calculated
by DFT at TPSS level. The relative energies (AH,, eV) with respect to the separated reactants are given
at the RCCSD(T)/CBS level. The structures of reaction intermediates, transition states, and products are

shown. The superscripts represent spin multiplicities.
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Figure S8. The potential energy profiles for the reaction of Nb,OH,N,~ with CO, calculated by DFT at
TPSS level. The relative energies (AH,, eV) with respect to the separated reactants are given at the
RCCSD(T)/CBS level. The structures of reaction intermediates, transition states, and products are shown.

The superscripts represent spin multiplicities.
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Figure S9. The potential energy profile for the reaction of Nb,ON,~ with CO, calculated by DFT at TPSS
level. The relative energies (AH,, eV) with respect to the separated reactants are given at the
RCCSD(T)/CBS level. The structures of reaction intermediates, transition states, and products are shown.

The superscripts represent spin multiplicities.
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H ligation
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Figure S10. Molecular orbital (MO) analysis for Nb,ON,™ and Nb,OH,;N,". The MOs marked with a
blue border denote the newly formed orbitals upon the ligation of H atoms. The MOs marked with a

red border denote the active orbitals that interact strongly with CO; in the reactions.
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Table S1. Relative energies of key intermediates and transition states for C—N coupling and O—CO
cleavage in the Nb,OH,;N,/CO, and Nb,ON,/CO, systems using different DFT functionals. The high-

level CCSD(T)/CBS energies are given in brackets.

Relative energies/eV

TPSS B3LYP PBEO
Nb,OH,N, + CO, 0.00 0.00 0.00

18 ~1.04[-0.97] ~0.83 [-0.95] ~0.89 [-0.94]
TS9 ~0.16 [0.01] 0.11[0.01] 0.12 [0.00]
19 ~1.23[-1.32] ~1.18 [-1.29] ~1.46 [-1.29]
TSY’ 0.23 [0.73] 0.66 [0.52] 0.89 [0.05]
19’ ~0.38 [0.58] ~0.04 [0.05] 0.26 [-0.15]
Nb,ON; + CO, 0.00 0.00 0.00

115 ~2.03 [-0.92] ~1.40 [-0.90] ~1.82 [-0.98]
TS15 ~1.94 [-0.70] ~1.24 [-0.68] ~1.53[-0.61]
116 ~2.57 [-2.14] ~1.87 [-2.13] ~2.06 [-2.13]
TS15' ~0.09 [0.11] 0.07 [-0.12] 0.07 [0.12]
116’ ~1.15 [-1.05] ~0.90 [-0.68] ~0.90 [-0.91]

Table S2. Wiberg bond order analysis for the C—N coupling process in the reaction systems of

Nb,OH,N,/CO, and Nb,ON, /CO,.

Wiberg bond order Nb,OH,;N,™+ CO, Nb,ON, + CO,

218 — 2TS9 — 219 15 — 2TS15" — 2116’
Nb1-C 04— 0.1 —-0.0 0.8 —0.2—0.0
C-N1 0.0—-02—-1.0 0.0—-03—-1.1
Nb1-N1 1.8 —15—-0.7 1.8 > 1.6 - 0.7
C—Ooz 14—-13-1.1 1.1-15—-1.1
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