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Fig. S1 The time-of-flight (TOF) mass spectra for the reactions of mass-selected Rh,” (n = 3—11)
clusters (a) with CO, (b) at 298 K. The reactant pressures are given in mPa (= 1073 Pa). The reaction
times are 1.8 ms for Rh,” (n = 3-7, 9—-11) + CO; and 3.8 ms for Rhg™ + CO,. The Rh, X~ (X = CO,
and 2CO,) species are labeled as +X. The signals marked with asterisks are ORh,CO,™ (n = 3-5)

(Rh,CO;™ + CO; — ORMK,CO,™ + CO).

Note that in the temperature-variable experiments, molecule density of reactants (CO, and H,) was

used, while for the reactions performed under the same temperature, reactant pressure (in Pa or mPa)

was used in this paper.
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Fig. S2 The TOF mass spectra for the reactions of mass-selected Rhs~ clusters with He at 298 K (a)
and CO, at 298 K (b), 343 K (c), 393 K (d), 443 K (e), 493 K (), 543 K (g), 593 K (h), 643 K (i), 693
K (j), 738 K (k), and 783 K (1). The maximum molecule density of CO, is about 1.8 x 102 (b), 1.4 x
1012 (), 1.9 x 1012 (d), 2.4 x 1012 (¢), 3.5 x 1012 (f), 8.7 x 1012 (g), 16 x 1012 (h), 15 x 1012 (i), 23 x
102 (j), 22 x 10" (k), and 50 x 10'> molecules cm™3 (1). The RhyX~ (X = O, CO,, etc) species are
labeled as +X.
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Fig. S3 The TOF mass spectra for the reactions of mass-selected Rh,” (n = 3, 5—11) clusters with He
(a) and CO; (b) at 443 K. The reactant pressures are given in mPa (= 1073 Pa) or Pa. The Rh, X~ (X =
0O, CO,, etc) species are labeled as +X. The signals marked with asterisks are ORh,CO,™ (n = 3, 5)
(Rh,CO, + CO, = ORA,CO,~ + CO).
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Fig. S4 The TOF mass spectra for the reactions of mass-selected Rh,” (n = 3, 5—11) clusters with He
(a) and CO; (b) at 593 K. The reactant pressures are given in Pa. The Rh, X~ (X = O, CO,, etc) species
are labeled as +X. The signals marked with asterisks are ORh,CO,™ (n = 3, 5, and 10) (Rh,CO,™ +
CO; - ORh,CO;,™ + CO).
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Fig. S5 The TOF mass spectra for the reactions of mass-selected Rh,” (n = 3, 5—11) clusters with He
(a) and CO; (b) at 693 K. The reactant pressures are given in Pa. The Rh, X~ (X = O, CO,, etc) species
are labeled as +X. The signals marked with asterisks are ORh,CO,™ (n =3, 5-8, 10-11) (Rh,CO,” +
CO,; - ORh,CO,™ + CO).
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Fig. S6 The TOF mass spectra for the reactions of mass-selected Rh,” (n = 3, 5—11) clusters with He
(a) and CO; (b) at 738 K. The reactant pressures are given in Pa. The Rh, X~ (X = O, CO,, etc) species
are labeled as +X. The signals marked with asterisks are ORh,CO,™ (n =3, 5, 7-8, 10—11) (Rh,CO,~
+ CO,; —» ORh,CO,™ + CO).
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Fig. S7 The TOF mass spectra for the reactions of mass-selected Rh,” (n =3, 5—11) clusters with He
(a) and CO; (b) at 783 K. The reactant pressures are given in Pa. The Rh, X~ (X = O, CO,, etc) species

are labeled as +X.
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Fig. S8 The TOF mass spectra for the reactions of mass-selected Rh, O~ (n = 3—11) clusters with He
(a) and H; (b) at 298 K. The reactant pressures are given in mPa (= 10~ Pa). The Rh,0X~ (X =0 and
H,0) species are labeled as +X.
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Fig. S9 The TOF mass spectra for the reactions of mass-selected Rh,O~ with He at 298 K (a), H, at
298 K (b), 343 K (¢), 393 K (d), 443 K (e), 493 K (f), 543 K (g), 593 K (h), 643 K (i), 693 K (j), 738
K (k), and 783 K (1). The maximum molecule density of H, is about 3.5 x 10'? (b), 3.8 x 10'2 (¢), 8.5

x 10'2 (d), 10 x 1012 (e), 11 x 102 (f), 18 x 1012 (g), 19 x 1012 (h), 17 x 10'2 (i), 23 x 10'2 (j), 19 x

1012 (k), and 30 x 10'2 molecules cm™ (1). Peaks marked with asterisk is RhyOH™. The Rh,OX~ (X =

O and H,0) species are labeled as +X.
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Fig. S10 The TOF mass spectra for the reactions of mass-selected Rh, O~ (n = 3, 5-11) clusters with
He (a) and H, (b) at 443 K. The reactant pressures are given in mPa (= 10~ Pa).
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Fig. S11 The TOF mass spectra for the reactions of mass-selected Rh, O~ (n = 3, 5-11) clusters with
He (a) and H, (b) at 543 K. The reactant pressures are given in mPa (= 1073 Pa) or Pa. Peaks marked
with asterisks are Rh,,OH™.
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Fig. S12 The TOF mass spectra for the reactions of mass-selected Rh, O~ (n = 5-11) clusters with He

(a) and H; (b) at 643 K. The reactant pressures are given in Pa. Peaks marked with asterisks are

Rh,OH".
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Fig. S13 The TOF mass spectra for the reactions of mass-selected Rh,O™ (n = 5—11) clusters with He

(a) and H, (b) at 693 K. The reactant pressures are given in mPa (= 10~ Pa) or Pa. Peaks marked with
asterisks are Rh,OH".
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Fig. S14 The TOF mass spectra for the reactions of mass-selected Rh,,0™ (n = 3, 5—11) clusters with
He (a) and H; (b) at 783 K. The reactant pressures are given in mPa (= 1073 Pa). Peaks marked with
asterisks are Rh,OH™.
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Fig. S15 The TOF mass spectra for the reactions of mass-selected Rh;™ clusters with CO, at 298 K
(a), 373 K (c), 473 K (e) and 783 K (g), with CO, + H; at 298 K (b), 373 K (d), 473 K (f) and 783 K
(h) in the single ion trap experiment in which CO, and H; are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 3.0 x 10'% (a), 1.9 x 10'2 (¢), 3.1 x 102 (e), 13

x 1012 (g) for CO, and 104 x 10'2 (b), 70 x 10! (d), 78 x 10'2 (f), 6.7 x 10'?> molecules cm= (h) for

H,. The Rh3 X~ (X = O, CO,, etc) species are labeled as +X.
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Fig. S16 The TOF mass spectra for the reactions of mass-selected Rh,~ clusters with CO, at 298 K
(a), 473 K (c), 783 K (e) and with C'80, at 773 K (g), with CO, + H, at 298 K (b), 473 K (d), 783 K
(f), and with C'80, + H, at 773 K (h) in the single ion trap experiment in which CO, and H, are
delivered into the same ion trap. The maximum molecule density of reactant gases is about 1.4 x 10!2
(a), 1.5 x 102 (¢), 1.7 x 102 (e) for CO,, 19 x 10!% (g) for C'80,, and 45 x 10'2 (b), 14 x 10'2 (d), 17
x 1012 (f), 36 x 10'> molecules cm= (h) for H,. The RhyX~ (X = O, CO,, etc) species are labeled as

+X.
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Fig. S17 The TOF mass spectra for the reactions of mass-selected Rhs~ clusters with CO, at 298 K
(a), 373 K (c), 473 K (e) and 783 K (g), with CO, + H, at 298 K (b), 373 K (d), 473 K (f) and 783 K
(h) in the single ion trap experiment in which CO, and H; are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 2.0 x 10'? (a), 2.4 x 10'2 (¢), 2.4 x 10'? (e), 12
x 1012 (g) for CO; and 21 x 10'? (b), 9.5 x 10! (d), 12 x 10'2 (), 55 x 10'?> molecules cm™ (h) for
H;. The RhsX~ (X = O, CO,, etc) species are labeled as +X.
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Fig. S18 The TOF mass spectra for the reactions of mass-selected Rhs~ clusters with CO, at 298 K

(a), 373 K (c), 473 K () and 783 K (g), with CO, + H, at 298 K (b), 373 K (d), 473 K (f) and 783 K

(h) in the single ion trap experiment in which CO, and H; are delivered into the same ion trap. The

maximum molecule density of reactant gases is about 2.0 x 10!% (a), 2.3 x 10'2 (¢), 3.3 x 102 (¢), 35

x 1012 (g) for CO, and 28 x 10!2 (b), 27 x 10'% (d), 12 x 10'2 (), 77 x 10'> molecules cm~3 (h) for H..

The RheX™ (X = O, CO,, etc) species are labeled as +X.
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Fig. S19 The TOF mass spectra for the reactions of mass-selected Rh;™ clusters with CO, at 298 K
(a), 373 K (c), 473 K (e) and 783 K (g), with CO, + H, at 298 K (b), 373 K (d), 473 K (f) and 783 K
(h) in the single ion trap experiment in which CO, and H; are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 3.7 x 10'? (a), 5.3 x 10'2 (¢), 5.5 x 10'? (e), 49
x 10'2 (g) for CO, and 14 x 10'? (b), 127 x 10'2 (d), 9.4 x 102 (f), 66 x 10'?> molecules cm= (h) for
H,. The Rh;X~ (X = O, CO,, etc) species are labeled as +X.
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Fig. S20 The TOF mass spectra for the reactions of mass-selected Rhg™ clusters with CO, at 783 K
(a), with CO, + H; at 783 K (b), Rhy™ clusters with CO, at 783 K (c), with CO, + H, at 783 K (d),
and Rh,(~ clusters with CO, at 783 K (e), with CO, + H; at 783 K (f) in the single ion trap experiment
in which CO, and H, are delivered into the same ion trap. The maximum molecule density of reactant
gases is about 50 x 10'2 (a), 9.7 x 10'2 (¢), 49 x 10'? (e) for CO;, and 71 x 10'2 (b), 49 x 10!2 (d), 82

x 1012 molecules cm™ (f) for H,. The Rh, X~ (X = O, CO,, etc) species are labeled as +X.
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Fig. S21 The TOF mass spectra for the reactions of mass-selected Rh;~ clusters with H; at 298 K (a),
373 K (¢), 473 K (e) and 773 K (g), with H, + CO, at 298 K (b), 373 K (d), 473 K (f) and 773 K (h)
in the single ion trap experiment in which H, and CO, are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 16 x 10'Z (a), 74 x 102 (¢), 65 x 10'2 (e), 26 x
1012 (g) for Hy and 2.5 x 10'? (b), 0.7 x 10'2 (d), 0.9 x 10! (f), 29 x 10'> molecules cm™ (h) for CO,.
The Rh; X~ (X = H,, CO,, etc) species are labeled as +X.
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(a) 298 KH,

Rh4' +H2
(b) +CO, 298 KH, + CO,
RhACO_ +C)+(:O2 +2002
(c) ; 373KH,
(d) j 373 K H2 + CO2
(e) 473KH,
(f) i 473 KH, + CO,
(@) ‘ 773 K H2
(h) ‘ 7T73KH, +CO,
+0O :

+20

380 400 420 440 460 480 500 520
m/z
Fig. S22 The TOF mass spectra for the reactions of mass-selected Rhy~ clusters with H, at 298 K (a),
373 K (¢), 473 K (e) and 773 K (g), with H, + CO, at 298 K (b), 373 K (d), 473 K (f) and 773 K (h)
in the single ion trap experiment in which H, and CO, are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 28 x 10'Z (a), 33 x 102 (¢), 39 x 10'2 (e), 10 x
1012 (g) for Hy and 1.2 x 102 (b), 1.1 x 10'2 (d), 0.7 x 10! (f), 20 x 10'> molecules cm™ (h) for CO,.
The Rhy X~ (X = H,, CO,, etc) species are labeled as +X.
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@ 298 KH,

(b) +C0, 298 K H, + CO,
Fi—|2+co2
RhCO || L ouco,
() 373KH,
(d) | 373K H, + CO,
@) 473K H,
(f) } 473 KH, + CO,
(9) 773KH,
(h) 5 : 773K H, + CO,
+0
+20

480 500 520 540 560 580 600 620 640
miz
Fig. S23 The TOF mass spectra for the reactions of mass-selected Rhs™ clusters with H; at 298 K (a),
373 K (¢), 473 K (e) and 773 K (g), with H, + CO, at 298 K (b), 373 K (d), 473 K (f) and 773 K (h)
in the single ion trap experiment in which H, and CO, are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 24 x 10'Z (a), 33 x 102 (¢), 68 x 10'2 (e), 19 x
1012 (g) for Hy and 0.2 x 10'? (b), 0.4 x 10'2 (d), 0.7 x 10! (f), 19 x 10'> molecules cm™ (h) for CO,.
The RhsX~ (X = H,, CO,, etc) species are labeled as +X.
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(a) Rh_~ 298 K H,

(b) +CO,  298KH,*CO,
Rh,.CO
T +H,+CO, +2C0,
(c) 373K H,
(d) | 373K H, + CO,
©) 473KH,
() 473K H, + CO,
(@ 773K H,
(h) +0 773KH, + CO,
+20

580 600 620 640 660 680 700 720 740
mlz
Fig. S24 The TOF mass spectra for the reactions of mass-selected Rhg~ clusters with H, at 298 K (a),
373 K (¢), 473 K (e) and 773 K (g), with H, + CO, at 298 K (b), 373 K (d), 473 K (f) and 773 K (h)
in the single ion trap experiment in which H, and CO, are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 16 x 10'Z (a), 24 x 102 (¢), 44 x 10'2 (e), 20 x

1012 (g) for Hy and 0.8 x 102 (b), 0.9 x 10!2 (d), 2.2 x 10! (f), 33 x 10'> molecules cm™ (h) for CO,.
The RheX™ (X = H,, CO,, etc) species are labeled as +X.

S25



Rh~ 298 K H,

+H,
(®) 298 K H, + CO,
+CO,

RO, Laco,
(c) 373KH,
(d) 373KH, +CO,
(e) 473 KH,
(f) 473 KH, +CO,
) 773KH,

773K H, +CO,
(h)
+0 %20 +o+co,

680 700 720 740 760 780 800 820 840
mlz
Fig. S25 The TOF mass spectra for the reactions of mass-selected Rh;™ clusters with H; at 298 K (a),
373 K (¢), 473 K (e) and 773 K (g), with H, + CO, at 298 K (b), 373 K (d), 473 K (f) and 773 K (h)
in the single ion trap experiment in which H, and CO, are delivered into the same ion trap. The
maximum molecule density of reactant gases is about 16 x 10'Z (a), 24 x 102 (¢), 36 x 10'2 (e), 33 x

102 (g) for Hy and 1.3 x 10'2 (b), 1.2 x 10'2(d), 5.6 x 10'2 (f), 34 x 10?2 molecules cm=3 (h) for CO..
The Rh; X~ (X = H,, CO,, etc) species are labeled as +X.

S26



208 K H,

(b) 298 KH, + CO,

+CO, +2C0,

T T

780 800 820 840 860 880 900 920 940

(C) Rhg* 298 K H2
+H2
(d) 298 KH, + CO,
o, O,
880 900 920 940 960 980 1000 1020 1040
() Rh, | +H, 298 KH,
(@) 208 KH, +CO,
+H,+CO,

980 1000 1020 1040 1060 1080 1100 1120 1140
m/z
Fig. S26 The TOF mass spectra for the reactions of mass-selected Rhg™ clusters with H; at 298 K (a),
with H, + CO, at 298 K (b), Rhy~ clusters with H, at 298 K (¢), with H, + CO, at 298 K (d), Rh;,~
clusters with H, at 298 K (e), with H, + CO, at 298 K (f) in the single ion trap experiment in which
H; and CO, are delivered into the same ion trap. The maximum molecule density of reactant gases is
about 37 x 1012 (a), 26 x 10'2 (¢), 24 x 10'? (e) for H, and 19 x 10'? (b), 9.9 x 102 (d), 4.3 x 102

molecules cm™ (f) for CO,. The Rh, X~ (X = H,, CO,, etc) species are labeled as +X.
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13Rh,” (1S1) 13Rh,~ (IS2) 14Rhg- (IS3) 14Rhg (1S4)
0.00 0.45 0.00 0.13

Fig. S27 The DFT-calculated lowest-lying isomers of Rh,~ (n = 3-9) at the PBE level. The higher
energy isomers of Rh;~ and Rhg™ could have also been produced in the experiment! and calculated,

and their relative energies (in eV, zero-point vibrational corrected) are listed below each isomer.
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5Rh,0 + CO/0.72
(@) 5Rh,~ + CO,/0.00

5TS9/-0.47
\ 5TS7/-1.453 5TS8/-1.445
519/-1.47 5110/-1.452 5[11/-1.63 5112/=1.70

59 —> STS7 —> 5110 —> 5TS8 —> 5111 —» 5TSQ —> 512

(b) 6Rh,O- + CO/0.77
6Rh,~ + CO,/0.10 8Rh,0 + C0O/0.72
8Rh,~ + C0O,/0.00

6TS3/-0.48

6TS2/-1.54

/=119 612/-1.60 613/-1.70 814/-1.36
11/-1.55 .
14/-1.73

1 —> 6TS1 —> 6812 —> 6TS2 —> 6|3 — 6TS3 —> S|4

c) 7RhsO- + CO/0.61
7Rhs~ + CO,/0.00 TS 1/0.44

TS10/-1.13
7113/-1.27 7114/-1 .41

’115/-1.65

8 R A

M3 —> 'TS10 — 7114 — 7TS11 —> 7I15

8 _
(d) 8Rhe- + CO,/0.00 RhsO- + CO/0.38
8TS13/-0.48
\ 8TS12/-1.14
8116/-1.21 8]117/—1.38

8118/-1.74

o T B PR

816 —> 8TS12 — 817 —> 8TS13 —> 8l18

Fig. S28 The DFT calculated potential energy profiles for reactions Rh;~ + CO, (a), Rhy~ + CO; (b),
Rhs=+ CO; (¢), and Rhg™ + CO; (d). The zero-point vibration corrected energies (AH,, eV) are given.

The superscripts represent the spin multiplicities.
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(@) "Rh, (IS1) + CO,/0.40 "Rh,0- + CO/1.17
13Rh,~ (IS1) + CO,/0.00
"TS15/-0.07

17514/-0.72
- T \\ - -
13119/-0.64 b >
1120/ 121/-0.95
1119/-0.73 120/-1.07

g Py

119 — 1TS14 — MI20 — "TS15 — 1121

(b) IRh,O- + CO/1.07

13 -
""Rh; (1S2) + CO,/0.08 Rh,0- + CO/1.05
"*Rh,~ (182) + C0O,/0.00

—\ 11TS18/-0.32
1TS16/-0.94 11TS17/-0.95 / ‘

P122/0.96  M123/-096 w54/ 100  3125/-0.94
1122/-1.01 1125/-1.08

22 — "T7S16 — 123 — "TS17 — "24 — ""TS18 — |25

©) 12RhgO- + CO/1.34
14TS20/-0.02
"“Rhg~ (183) + CO,/0.00 127$20/-0.04
14TS19/-0.76 /:\
14126/-0.80 12]127/-0.99 12128/-0.99
14127/-1.06

‘w w W -

14126 —> 14TS19 —> 14|27 — 12TS20 — 12128

Fig. S29 The DFT calculated potential energy profiles for reactions Rh;~ (IS1) + CO; (a), Rh;~ (IS2)
+ CO; (b), and Rhg™ (IS3) + CO; (c). The zero-point vibration corrected energies (AH,, eV) are given.

The superscripts represent the spin multiplicities.
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(a) 12Rh807 + CO/119
14RhgO- + CO/1.14
14T7822/-0.19

“Rhg~ (1S4) + CO,/0.00 12T7S22/—0.31
141821/—0.81 / S
14129/-0.92 12130/-1.08 14131/-0.78

14130/-1.11 12131/-0.90

%

14129 — 14T7S21 — 430 — 127822 — 12|31

(b)
17Rhg~ + C0,/0.00

15Rhy- + CO,/~0.20 1°1524/0.20 /
: - 15 _
T '9T523/-0.60 / N

17132/-0.59 15133/_0.89 15134/-0.70

19132/-0.78

15RhyO~ + CO/1.09

1BI32 — 197823 — I33 — 157524 — 15[34
Fig. S30 The DFT calculated potential energy profiles for reactions Rhg™ (IS4) + CO,; (a) and Rhy™ +

CO, (b). The zero-point vibration corrected energies (AH,, eV) are given. The superscripts represent

the spin multiplicities.
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() 5Rhy- + H,0/0.26
5Rh,0- + H,/0.00

5TS29/-0.19

5TS27/-0.39

5T$25/-0.793 5140/-0.35
5135/-0.788 5TS26/-1.09

%136/-1.10

5TS28/-1.04

°187/-1.25 5139/-1.40

5138/-1.56

N A AN .

5135 = 5TS25 =—> 5|36 =—> 5TS26 =—> 5137 =—> 5TS27

A, A S g A

— 5138 — 5TS28 — 5139 — 5TS29 —b 5I40

(b) 8Rh, + H,0/0.35
8TS6/0.08  8Rh, + H,0/0.25
8Rh,O- + H,/0.00 8TS5/0.07  °TS6/-0.18
8TS4/-0.543
. 818/-0.29
85/-0.535 16/-0.528 18/_0.30
817/-1.02
817/-1.20

' By
85 —> STS4 —> 86 —> OTS5 — 87 —> 6TS6 —> 618

(c) ’Rhy- + H,0/0.37

"RhsO- + H,/0.00 7TS32/-0.09 'TS34/0.05

7 -
TS30/-0.807 7TS31/-0.82 146/-0.24

7141/-0.765

7TS33/-1.144
7 _
T144/-1.32 145/-1.133

A A A B A A

141 = TTS30 =+ 7142 =—» 7TS31 =—>» 7143 —» 7TS32

A A A A LA

—> 144 — 7TS33 — 7145 — 'TS34 —> 7146

7142/-0.95 7143/-1.02

Fig. S31 The DFT calculated potential energy profiles for reactions Rh;O~ + H, (a), RhsO~ + H; (b)
and RhsO~ + H; (¢). The zero-point vibration corrected energies (AH,, eV) are given. The superscripts

represent the spin multiplicities.
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(@) 8Rh~ + H,0/0.60

8TS35/0.30 8TS36/0.31

8RhsO- + H,/0.00
£149/0.04

8147/-0.55
8148/-0.93

59 %99

8147 —> 8TS35 —> 848 — 8TS36 — 8149

b
) 13TS39/-0.01

"Rh;0O- + H,/0.00 1TS38/-0.04  ''TS39/-0.22
BRh;~ + H,0/-0.19

"TS37/-0.67

1150/-0.66 11153/-0.31

"151/-0.76 13153/-0.67

1152/-1.04
M50 — "TS37 — 51 — "TS38 — |52 — "1TS39 —> 13|53

Fig. S32 The DFT calculated potential energy profiles for reactions Rh¢O~ + H, (a) and Rh;O~ + H,
(b). The zero-point vibration corrected energies (AH,, eV) are given. The superscripts represent the

spin multiplicities.
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Fig. S33 The DFT calculated thermodynamics for reactions Rh,H,™ (n = 3-9) + CO, — Rh,CO™ +
H,O and Rh,H,~ + CO, — Rh,,” + CO + H,O at 0 K.
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