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1. Experimental methods
The details of the experimental setup can be found in previous studies (unpublished results),*®
and only a brief outline of the experiments is given below. The heteronuclear AuFe,O, and pure
Fe,Oy oxide cluster anions are generated by laser ablation of an Au/Fe mixed metal disk (1:1
Au:Fe molar ratio) in the presence of O, (1%) seeded in a He carrier gas (7 atm). The AuFeOs
and AuFe,O, oxide cluster anions are mass-selected using a quadrupole mass filter and then
entered into an ion trap reactor or a hexapole collision cell to react with reactant molecules.
Note that slightly before the cluster ions entering into the ion trap, a pulse of helium gas is
delivered into the trap so that the clusters can be cooled and confined in the ion trap. After
confining the cluster ions in the ion trap for about 0.7 ms, the reactant gas molecules
(10%CO/N; or N,) are delivered to interact with the clusters for a period of time (= 2.3 ms)
(unpublished results). The mass-selected FeO; and Fe,O, cluster anions are confined and
reacted with pure CO in the ion trap for about 52.3 and 2.3 ms, respectively. In the collision cell
experiment, the mass-selected AuFeO; and AuFe,O, clusters enter into a 50 mm long
hexapole collision cell and interact with pure CO or N, directly for about 19 us. Before the
prepared gases (CO, N2, CO/N,, and O,/He) are pulsed into the vacuum system, it is useful to
pass them through copper tube coils at low temperature (~200 K, dry ice in ethanol) in order to
remove a trace amount of water from the gas handling system. The intracluster vibrations in the

ion trap are likely equilibrated to room-temperature before reacting with CO. The reactant and
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product ions exiting from the reactor are detected by a reflection time-of-flight mass

spectrometer (TOF-MS).?
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2. Theoretical methods

Density functional theory (DFT) calculations with the hybrid B3LYP*? functional and the Gaussian
09° program are performed to study the reaction mechanisms of AuFeO; oxide cluster anions with
CO. The AuFeOs; cluster is optimized by employing SDD basis sets* for Au and 6-311+g* basis
sets>® for other atoms. This level of calculation has been tested to give reasonably good results for
the mechanism study of FeO;.; and FeOys clusters with CO.” Test calculations for AuFeOs  with
employing LANL2DZ? basis sets for gold and 6-311+g* basis sets for other atoms (Figure S10)
give very similar ground state structure of AuFeOs as that using SDD. In the reaction mechanism
calculations, the relaxed potential energy surface scan is used extensively to obtain good guess
structures for the intermediates and the transition states (TS) along the reaction pathways. The TSs
are optimized by using the Berny algorithm method.? Intrinsic reaction coordinate calculations'®*
are also performed so that each TS connects two appropriate local minima. Vibrational frequency
calculations are carried out to check that reaction intermediates and TSs have zero and only one
imaginary frequency, respectively. The meta-generalized gradient approximation functionals (such
as TPSS) have been suggested necessary for systems containing gold.’>*®> Thus, the most stable
isomers of AuFeO,3 and the reaction mechanism of AuFeO3; + CO are re-calculated using TPSS
functional.'® It turns out that both TPSS and B3LYP functionals predict similar ground state

structures for AuFeO3; . However, the TPSS functional predicts the binding energy of the neutral

gold atom in AuFeOs; is 1.355 eV, which is not in the range of experimental estimated center-of-
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mass collisional energy (0.14 < E; < 0.9 eV). The Basis set superposition error (BSSE) is calculated

for the binding energies of a few CO-AuFeOs; complexes employing the counterpoise method.*’

The results indicate that the BSSE is negligible. The zero-point vibration corrected energies and the

Gibbs free energies at 298 K (AHok/AG2gsk) are reported.
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3. Additional experimental results
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Figure S1. The TOF mass spectra for reactions of mass-selected AuFe,O, (a-e) in an ion trap
reactor (b,c/CO) for about 2.3 ms and in a hexapole collision cell (d/CO and e/N;) for about 19 us.
The reaction of mass-selected Fe,O, with CO in an ion trap reactor for about 2.3 ms is given in (f).

The maximal reactant gas pressures are given in Pa.
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3. Additional theoretical results
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Figure S2. DFT calculated isomers for cluster AuFeO3 . The symmetries, electronic states, and the
zero-point vibration corrected energies (AHok in V) with respect to the most stable isomer are
given below each structure. The italics in the parenthesis are the results calculated using TPSS
functional. Bond lengths are given in pm. For isomer 12, the gold atoms are negatively charged

(M1: -0.290 |e|; M3: -0.143 |e|; M5: -0.417 |e|; M7: —0.547 |e|), and the larger binding energies for

spin multiplicities M3 (CAuFeO3; —?Au + “FeO3” AHok = 1.228 eV), M5 (PAuFeOs —?Au + ‘FeOs3”

AHok = 1.427 eV), and M7 ("AuFeO; —?Au + “FeO3; AHo = 1.356 eV) result from the strong

polarization interaction between the gold atom and the iron atom. In these cases, the gold atoms are

not loosely attached. The structure of “FeO; can be found in Figure S7 (12).
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Figure S3. DFT calculated isomers for cluster AuFeO, . The symmetries, electronic states, and the
zero-point vibration corrected energies (AHok in V) with respect to the most stable isomer are

given below each structure. The italics in the parenthesis are the results calculated using TPSS

functional. Bond lengths are given in pm.

S9



2%

)y
167 210 196
162 2 @
&
° 9 {\6
R(0.00/0.00)

F]
TS1(-0.29/0.14)

°
229

'\ 3
248 258
g

v o
TS2(-1.47/-1.06)

188 97 12(-1.58/-1.17)  P(-1.56/-1.55)
9
202 & 11(-1.75/-1.32)
o 2210 245
270! AOva.
"\122 .o 198 '/‘ -
¢ PS +CO,

Figure S4. DFT (TPSS) calculated potential-energy profile for reaction AuFeO; + CO — AuFeO,
+ CO,. The zero-point vibration corrected energies and Gibbs free energies at 298 K (AHok/AG2gsk

in eV) with respect to the separated reactants are given. Bond lengths are given in pm.
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Figure S5. DFT (B3LYP) calculated potential-energy profile for reaction >AuFeO; + CO —
*AuFeO, + CO, at the quintet state. The zero-point vibration corrected energies and Gibbs free

energies at 298 K (AHok/AGgsk in €V) with respect to the separated reactants are given. Bond

lengths are given in pm.
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Figure S6. (a) DFT (B3LYP) calculated triplet potential energy profiles for reaction AuFeO; + CO
— AuFeO, + CO, without the direct participation of Au atom at the beginning of the reaction. (b)
The structures of the reaction intermediates, transition states, and products. The zero-point vibration
corrected energies and Gibbs free energies at 298 K (AHok/AG29sk in eV) with respect to the

separate reactants are given. Bond lengths are given in pm.
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Figure S7. DFT (B3LYP) calculated isomers for clusters FeO3; . The symmetries, electronic states,
and the zero-point vibration corrected energies (AHok in eV) with respect to the most stable isomer

are given below each structure. Bond lengths are given in pm.
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Figure S8. DFT (B3LYP) calculated potential-energy profile for reaction *FeO;™ + CO — “FeO, +
CO,. The zero-point vibration corrected energies and Gibbs free energies at 298 K (AHok/AG2ggk 1N

eV) with respect to the separated reactants are given. Bond lengths are given in pm.
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Figure S9. DFT (B3LYP) calculated CO adsorption on isomer 12 at the quintet state (see Figure
S2). The zero-point vibration corrected energies and Gibbs free energies at 298 K (AHok/AG2ggk 1N
eV) with respect to the separated reactants are given. Bond lengths are given in pm. The CO
adsorption energy on 12 is small (AHok = 0.22 eV), so that dissociation into the reactants (AuFeOs
+ CO) will be dominant and the reaction efficiency will be low. The gold atom in this case cannot
function as the effective trapping site for CO due to its negative charge (—0.417 |e[). Thus, the gold

atom bonded with the iron atom does not play the same roles as that bonded with the oxygen atom.
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Figure S10. DFT (B3LYP) calculated geometrical structures of low-lying isomers of cluster
AuFeO3 in the case that LANL2DZ and 6-311+g* basis sets are used for Au and other atoms,

respectively.
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Table S1. The calculated Gibbs free energies (eV) for intermediate (I1) and transition state (TS1)
(see details in Figure 2) at different temperatures. The rates of back dissociation kq (I1—AuFeO3 +

CO) and internal conversion ki. (I1—-TS1—12) are given.

T/IK [AG/I1 | AG/TS1 |[kg(I1—AuFeO; +CO) |kic(I1>TS1—12) | ky/kic
298 | -1.16 0.16 23x10%s ™ 8.9x10°s ™ 2.6
200 |-1.30 -0.002 | 7.1<10°s" 5.2x10°s 1.4
150 | -1.38 -0.08 4.0x10°s ! 41x10°s! 1.0
100 | -1.45 -0.16 1.7x10°s! 2.8x10°s ™ 0.6
50 |-1.52 -0.24 1.7x10°s " 2.9x10°s™ 0.6
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