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Experimental and Theoretical methods

The VB, clusters were generated by laser ablation of a rotating and translating V/B mixed
disk (V/B molar ratio of 1:10) in the presence of pure He carrier gas (99.999%) with the backing
pressure of 6.5 atm. The clusters of interest [VB," (n = 3-6)] were mass-selected by a quadrupole
mass filter and entered into a linear ion trap (LIT) reactor, where they were thermalized by
collisions with a pulse of He gas and then interacted with a pulse of Ar, CHy4, or CD4 for around
1.9 ms. The ions ejected from the LIT were detected by a reflectron time-of-flight mass
spectrometer. The details of running the time-of-flight mass spectrometer,3! quadrupole mass

filter,5? and the LITS3 can be found in our previous works.

Density functional theory (DFT) calculations using Gaussian 09 packageS* were carried out to
investigate the structures of VB;* and the reaction mechanism of VB;* with CH4. The reaction
mechanism of B; + CHy was also studied for comparison. In order to find an appropriate
functional, the bond dissociation energies (BDEs) of V-C, V-H, B-C, B-H, C-H and H-H were
computed by various functionals with TZVP basis sets’® and compared with available
experimental dataS® (Table S1). It turns out that MO6L functional®’ was the overall best functional,
thus the MO6L results were given throughout this work. A Fortran codeS® based on the genetic
algorithm was used to search the global minimum structures of VB;*, VB3;CH," and B;CH; with
different spin multiplicities. The reaction mechanism calculations involved geometry optimization
of reaction intermediates and transition states (TSs). The initial guess structures of the TS species
were obtained through relaxed potential energy surface scans using a single or multiple internal
coordinates.® The TSs were optimized with Berny algorithm.3!® Vibrational frequency
calculations were performed to check that reaction intermediates and TSs have zero and one
imaginary frequencies, respectively. The intrinsic reaction coordinate (IRC)S'! calculations were
carried out to make sure that each TS connects two appropriate minima. The zero-point vibration
corrected energies (AH,) were reported in this work. The NBO 3.1 program$'? was used to

calculate the natural atomic charges.
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Table S1. Experimental and DFT calculated bond dissociation energies (BDEs) of V-C, V-H, B—

C, B-H, C-H, and H-H. The values are given in unit of eV.

BDEs /eV Average deviation / eV

V-B vV-C V-H B-C B-H C-H H-H All species

Expt.[s¢l - 4.43 2.16 4.64 3.52 3.51 4.52
MO6L 2.31 4.41 2.53 4.81 3.39 3.36 4.22 -0.01 £ 0.24
B3LYP 2.12 3.26 2.79 437 3.48 3.49 4.50 -0.15+£0.58
BP86 2.79 4.82 2.84 4.82 3.51 3.60 4.56 0.23+0.26
BILYP 1.98 3.44 2.77 4.23 3.42 3.42 4.44 -0.18 £0.52
BPW91 2.55 4.53 2.57 4.80 3.35 3.42 4.31 0.03+£0.24
X3LYP 2.11 3.22 2.80 437 3.47 3.48 4.47 -0.16 = 0.60
B3P86 222 3.91 2.74 4.64 3.54 3.58 4.58 0.04 +£0.35
B3PW91 2.08 3.62 2.55 4.56 3.39 3.41 4.37 -0.15+£0.38
B1B95 1.90 3.51 2.53 4.47 3.40 3.35 438 -0.19£0.41
PBEIPBE  2.08 3.50 2.51 4.59 3.34 3.38 4.25 -0.20 £ 0.42
BPBE 2.55 4.54 2.56 4.80 3.34 3.41 4.29 0.03+£0.24
MO6 2.13 3.69 2.60 4.48 3.53 3.42 438 -0.11£0.38
M062X 1.39 2.89 2.36 4.58 3.50 3.38 4.41 -0.28 £0.63
BLYP 2.67 4.69 2.87 4.55 3.45 3.50 4.47 0.13+0.31
TPSS 2.69 4.52 2.92 4.61 3.51 3.57 4.62 0.16 £ 0.30
PBE 2.89 4.86 2.73 4.94 3.37 3.46 4.27 0.14+0.34
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Figure S1. Variations of relative ion intensities with respect to the CH,4 pressure in the reaction of
\/]33+ with CH4

The relative intensities of the reactant ions (/z, VB;") and product ions (/p, VB;CH,* and VHY)
can be fitted by using the following equations:
I P
n R ki—tn
Ip+1p kgT

where k; is the pseudo first-order rate constant, P is the pressure of the reactant molecules (CHy),

1

kg is the Boltzmann constant, 7 is the temperature (~300 K), and # is the interaction time (~ 1.9
ms).
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Figure S2. The time-of-flight (TOF) mass spectra for reactions of mass-selected VB,* (n = 4—06)
with Ar (al and bl) and CHy4 (a2, b2 and c2) in an ion trap reactor for about 1.9 ms. The peaks
marked with +X (X = CH4, CH,CH,4, and CH,CH4CH,) in c2 denote VB¢X". The reactant gas

pressurces are given.
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Figure S3. Low-lying isomers of (a) VB;*, (b) VB;CH,", (¢) B;CH; and (d) VH* at MO6L/TZVP
level. The symmetry, electronic state, and the zero-point vibration corrected energies (AH,, in eV)

with respect to the most stable isomer are given. The superscript denotes spin multiplicity
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Figure S4. DFT calculated potential energy profiles for the reaction of VB;* with CH, starting
from the B3 moiety. The superscript denotes spin multiplicity. The structures of the intermediates
((I1-212 and “13—4111), transition states (*TS1—>TS2 and “TS3—4TS10), and products (“P1 and “P2)
are shown. The crossing point (CP1) appearing in the spin conversion is shown in Figure S6. The
zero-point vibration corrected energies (AHy) with respect to the separated reactants and the bond

lengths are given in eV and pm, respectively.
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Figure S5. DFT calculated potential energy profiles for the reaction of VB;* with CH, starting
from the V side. The superscript denotes spin multiplicity. The structures of the intermediates
(?I1'-%16") and transition states (*TS1'-2TS5' and “TS6') are shown. The structures of intermediates
(*I8—*111), transition states (“TS7—*TS10), and products (*P1 and “P2) can be found in Figure S5.
The crossing point (CP2) appearing in the spin conversion is shown in Figure S6. The zero-point

vibration corrected energies (AHy) with respect to the separated reactants and the bond lengths are
given in eV and pm, respectively.
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Figure S6. DFT-calculated potential-energy curves (PECs) for spin conversions in Figures S4 and
S5. The filled square lines in (a-b) are the relaxed PECs obtained by IRC calculations starting
from 2TS2 to 2I3 and 2TS6' to 216', respectively. The optimized geometries from the filled square
line (doublet) in (a-b) were used for single-point energy calculations of the quartet (filled circle
line), respectively. The energies of the crossing points (CP1 and CP2) relative to the separated
reactants (*VB3*™ + CHy) are given.
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Figure S7. DFT calculated potential energy profile for the reaction of neutral B; cluster with CHy.
The superscript denotes spin multiplicity. The zero-point vibration corrected energies (AH,) with
respect to the separated reactants and the bond lengths are given in eV and pm, respectively.
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