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1. Methods

1.1 Experimental methods

The experiments performed in this study were conducted with a reflectron time-of-flight mass 

spectrometer (TOF-MS) coupled with a laser ablation and supersonic expansion cluster source, a 

quadrupole mass filter, and a high-temperature linear ion trap (LIT) reactor. Detailed design of these 

apparatus can be found in our previous studies.1-6 A brief outline of the experiments is given below. 

The RhnVO3,4
− (n = 3−7) cluster anions were generated by laser ablation (Nd3+: YAG, λ = 532 nm, 

15−20 mJ pulse−1, 10 Hz; Continuum Minilite laser system) of a rotating and translating mixed-metal 

disk compressed with Rh and V powders (molar ratio Rh/V = 5/1) in the presence of 0.05% O2 seeded 

in the He carrier gas (99.999%) with a backing pressure of about 5.0 standard atmosphere. The 

considered RhnVO3
− and RhnVO4

− clusters were mass-selected using a quadrupole mass filter5 and 

then entered into a high-temperature LIT reactor6,7 where they were confined and heated to a 

controlled temperature by collisions with a pulse of buffer gas (He) and then interacted with another 

pulse of pure (or diluted) CO2 and H2, respectively. The high-temperature LIT reactor was formed by 

a set of hexapole rods and two cap electrodes that were heated using a resistive heater. The 

temperature was monitored using a thermocouple positioned in the LIT holder. The cluster ions 

ejected from the LIT were detected using a reflectron TOF-MS,2 which was used to measure the 

masses and the abundance of the reactant and product ions. 
1.2 Theoretical methods

The density functional theory (DFT) calculations at the Tao–Perdew–Staroverov–Scuseria (TPSS)8 

level using the Gaussian 09 program package9 were carried out to investigate the structures of the 

RhnVO3,4
− (n = 3−7) clusters as well as the mechanism for the reaction of Rh6VO3

− with CO2. The 

TZVP10
 basis sets for H, C, and O atoms and the Stuttgart/Dresden relativistic effective core 

potentials11 (denoted as SDD in Gaussian software) for Rh atom were used. A Fortran code based 

genetic algorithm12 was used to search global minimum structure of RhnVO3,4
− (n = 3−7). The relaxed 

potential energy surface scans were used extensively to obtain the initial structures of reaction 

intermediates (Is) and transition states (TSs) along the pathways. Vibrational frequency calculations 

were carried out to check that the Is and TSs have zero and only one imaginary frequency, 

respectively. The TSs were optimized by using the Berny algorithm method13 and then verified to 

connect two appropriate local minima by performing intrinsic reaction coordinate calculations.14 The 
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zero-point vibration-corrected energies (ΔH0) in units of eV were reported in this work. A natural 

bond orbital (NBO) analysis was performed by using NBO 5.9.15
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2. Additional studies on cluster reactivity

2.1 Mass spectra for the reactions of mass-selected RhnVO3
– (n = 3–7) clusters with CO2 at 

variable temperatures (298 – 773K)

Fig. S1 The time-of-flight (TOF) mass spectra for the reactions of mass-selected RhnVO3
– (n = 3–7) 

clusters (a) with CO2 (b) at 298K. The average molecule density of reactant gas is about 3 × 1012 (b1), 

13× 1012 (b2), 13 × 1012 (b3), 129 × 1012 (b4), and 5 × 1012 molecule per cm3 (b5). The reaction times 

are about 1.8 ms for Rh3VO3
– + CO2, 1.9 ms for Rh4,5VO3

– + CO2, and 2.1ms for Rh6,7VO3
– + CO2. 

The RhxVyOz
– and RhxVyOzX– species (X = CO2 and 2CO2) are labeled as x,y,z and +X, respectively.
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Fig. S2 The TOF mass spectra for the reactions mass-selected RhnVO3
– (n = 3–7) clusters (a) with 

CO2 (b) at 373 K. The average molecule density of reactant gas is about 8 × 1012 (b1), 75× 1012 (b2), 

39 × 1012 (b3), 154 × 1012 (b4), and 8 × 1012 molecule per cm3 (b5). The reaction times are about 1.7 

ms for Rh3,4VO3
– + CO2 and 2.1 ms for Rh5-7VO3

– + CO2. The RhxVyOz
– and RhxVyOzX– species (X 

= CO2 and 2CO2) are labeled as x,y,z and +X, respectively.
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Fig. S3 The TOF mass spectra for the reactions of mass-selected RhnVO3
– (n = 3–7) clusters (a) with 

CO2 (b) at 473 K. The average molecule density of reactant gas is about 12 × 1012 (b1), 110× 1012 

(b2), 67 × 1012 (b3), 48 × 1012 (b4), and 22 × 1012 molecule per cm3 (b5). The reaction times are about 

2.1 ms for Rh3,4VO3
– + CO2 and 22 ms for Rh5-7VO3

– + CO2. The RhxVyOz
– and RhxVyOzX– species 

(X = CO2 and 2CO2) are labeled as x,y,z and +X, respectively.  
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Fig. S4 The TOF mass spectra for the reactions of mass-selected RhnVO3
– (n = 3–7) clusters (a) with 

CO2 (b) at 573 K. The average molecule density of reactant gas is about 18 × 1012 (b1), 92× 1012 (b2), 

326 × 1012 (b3), 114 × 1012 (b4), and 17 × 1012 molecule per cm3 (b5). The reaction times are about 

1.7 ms for Rh3-5VO3
– + CO2, 22.0 ms for Rh6VO3

– + CO2 and 1.8 ms for Rh7VO3
– + CO2. The 

RhxVyOz
– and RhxVyOzX– species (X = CO2 and 2CO2) are labeled as x,y,z and +X, respectively.  The 

peaks marked as asterisks are Rh3VO4
– (b1), Rh6VO4

– (b4) and Rh7VO5
– (b5), respectively. 
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Fig. S5 The TOF mass spectra for the reactions of mass-selected RhnVO3
– (n = 3–7) clusters (a) with 

CO2 (b) at 673 K. The average molecule density of reactant gas is about 17 × 1012 (b1), 7× 1012 (b2), 

18 × 1012 (b3), 153 × 1012 (b4), and 74 × 1012 molecule per cm3 (b5). The reaction times are about 2.0 

ms for Rh3,7VO3
– + CO2, 12.0 ms for Rh4,5VO3

– + CO2, and 42.0 ms for Rh6VO3
– + CO2. The 

RhxVyOz
– and RhxVyOzX– species (X = CO2 and 2CO2) are labeled as x,y,z and +X, respectively. The 

peaks marked as asterisks are Rh3VO5
– (b1) and Rh4VO5

– (b2) respectively.
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Fig. S6 The TOF mass spectra for the reactions of mass-selected RhnVO3
– (n = 3–7) clusters (a) with 

CO2 (b) at 773 K. The average molecule density of reactant gas is about 22 × 1012 (b1), 130× 1012 

(b2), 129 × 1012 (b3), 78 × 1012 (b4), and 65 × 1012 molecule per cm3 (b5). The reaction times are 

about 2.0 ms for Rh3VO3
– + CO2, 9.0 ms for Rh4VO3

– + CO2, 7.0 ms for Rh5VO3
– + CO2, 18.0 ms 

for Rh6VO3
– + CO2, 12.0 ms for Rh7VO3

– + CO2. The RhxVyOz
– and RhxVyOzX– species (X = CO2 

and 2CO2) are labeled as x,y,z and +X, respectively. The peak marked as asterisks are Rh5VO3CO2
– 

(b3) Rh7VO5
– (b5).
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2.2 Mass spectra for the reactions of mass-selected RhnVO4
– (n = 3–7) clusters with H2 at 

variable temperatures (298 – 673K)

Fig. S7 The TOF mass spectra for the reactions of mass-selected RhnVO4
– (n = 3–7) clusters (a) with 

H2 (b) at 298 K. The average molecule density of reactant gas is about 11 × 1012 (b1), 8× 1012 (b2), 5 

× 1012 (b3), 21 × 1012 (b4), and 8 × 1012 molecule per cm3 (b5). The reaction times are about 1.0 ms 

for Rh3,4VO4
– + H2, 2.0 ms for Rh5-7VO4

– + H2. The RhxVyOz
– and RhxVyOzX– species (X = H2 and 

2H2) are labeled as x,y,z and +X, respectively. The peaks marked as asterisks are Rh3VO3H2
– (b1) 

and Rh6VO4H2
– (b4), respectively.
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Fig. S8 The TOF mass spectra for the reactions of mass-selected RhnVO4
– (n = 3–7) clusters (a) with 

H2 (b) at 373 K. The average molecule density of reactant gas is about 4 × 1012 (b1), 4× 1012 (b2), 17 

× 1012 (b3), 56× 1012 (b4), and 7 × 1012 molecule per cm3 (b5). The reaction times are about 1.7 ms 

for Rh3,5VO4
– + H2, 1.8 ms for Rh4VO4

– + H2, 2.1 ms for Rh6VO4
– + H2, 1.9 ms for Rh7VO4

– + H2. 

The RhxVyOz
– and RhxVyOzX– species (X = H2 and 2H2) are labeled as x,y,z and +X, respectively. 

The peak marked as asterisk is Rh6VO4H2
– (b4).
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Fig. S9 The TOF mass spectra for the reactions of mass-selected RhnVO4
– (n = 3–7) clusters (a) with 

H2 (b) at 473 K. The average molecule density of reactant gas is about 5 × 1012 (b1), 15× 1012 (b2), 

18 × 1012 (b3), 53× 1012 (b4), and 44 × 1012 molecule per cm3 (b5). The reaction times are about 1.7 

ms for Rh3VO4
– + H2, 2.0 ms for Rh4,5VO4

– + H2, 12.0 ms for Rh6VO4
– + H2, 1.9 ms for Rh7VO4

－+ 

H2. The RhxVyOz
– and RhxVyOzX– species (X = H2 and 2H2) are labeled as x,y,z and +X, respectively. 

The peaks marked as asterisks are Rh3VO3H2
– (b1) Rh6VO4H2

– (b4) and Rh7VO4H2
– (b5), 

respectively.
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Fig. S10 The TOF mass spectra for the reactions of mass-selected RhnVO4
– (n = 3–7) clusters (a) with 

H2 (b) at 573 K. The average molecule density of reactant gas is about 4 × 1012 (b1), 16× 1012 (b2), 

67 × 1012 (b3), 1193 × 1012 (b4), and 197 × 1012 molecule per cm3 (b5). The reaction times are about 

1.7 ms for Rh3-5VO4
– + H2, 2.0 ms for Rh6VO4

– + H2, 1.8 ms for Rh7VO4
– + H2. The RhxVyOz

– and 

RhxVyOzX– species (X = H2 and 2H2) are labeled as x,y,z and +X, respectively. The peaks marked as 

asterisks are Rh6VO4H2
– (b4) and Rh7VO4H2

– (b5) respectively. The peak marked as a triangle is 

Rh7VO3(H2)2
–.
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Fig. S11 The TOF mass spectra for the reactions of mass-selected RhnVO4
– (n = 3–7) clusters (a) with 

H2 (b) at 673 K. The average molecule density of reactant gas is about 7 × 1012 (b1), 31 × 1012 (b2), 

24 × 1012 (b3), 88 × 1012 (b4), and 53 × 1012 molecule per cm3 (b5). The reaction times are about 1.9 

ms for Rh3,4VO4
– + H2, 12.0 ms for Rh5-7VO4

– + H2. The RhxVyOz
– and RhxVyOzX– species (X = H2 

and 2H2) are labeled as x,y,z and +X, respectively.
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2.3 The branching ratio of products Rhn for reactions RhnO (n = 3–7) + H2 and RhnVO3
– for 

reactions RhnVO4
– + H2 under variable temperatures (298 – 673K)

Fig. S12 The branching ratio of products Rhn
 for reactions RhnO (n = 3–7) + H2 and RhnVO3

– for 

reactions RhnVO4
– + H2 under variable temperatures (AE). Temperatures required when the 

abundance of products Rhn
 and RhnVO3

 reach the conversion of 50% (F).
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3. Additional theoretical calculation results
3.1 Low-lying isomers of RhnVO3

– (n = 3–7)

Fig. S13 The DFT-calculated isomers for Rh3,4VO3
– at the TPSS level. The relative energies with 

respect to the lowest-lying isomer are given in eV. Superscripts represent different spin multiplicities.
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Fig. S14 The DFT-calculated isomers for Rh5,6VO3
– at the TPSS level. The relative energies with 

respect to the lowest-lying isomer are given in eV. Superscripts represent different spin multiplicities.
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Fig. S15 The DFT-calculated isomers for Rh7VO3
– at the TPSS level. The relative energies with 

respect to the lowest-lying isomer are given in eV. Superscripts represent different spin multiplicities.
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3.2 Low-lying isomers of RhnVO4
– (n = 3–7)

Fig. S16 The DFT-calculated isomers for Rh3,4VO4
– at the TPSS level. The relative energies with 

respect to the lowest-lying isomer are given in eV. Superscripts represent different spin multiplicities.
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Fig. S17 The DFT-calculated isomers for Rh5,6VO4
– at the TPSS level. The relative energies with 

respect to the lowest-lying isomer are given in eV. Superscripts represent different spin multiplicities.



 22 / 24

Fig. S18 The DFT-calculated isomers for Rh7VO4
– at the TPSS level. The relative energies with 

respect to the lowest-lying isomer are given in eV. Superscripts represent different spin multiplicities.



 23 / 24

3.3 The DFT-calculated potential profile for 5Rh6VO3
– + CO2

Fig. S19 The DFT-calculated potential profile for 5Rh6VO3
– + CO2. The zero-point-vibration-

corrected energies (ΔH0, eV) with respect to the separated reactants are given in eV. The superscripts 

represent the spin multiplicities. 
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