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In heterogeneous catalysis, a catalytic process takes place at finite

temperature and at finite pressure of the atmosphere of the reac-

tant gases. By applying ab initio atomistic thermodynamics to the

model case of free Au2 and Au2
2 clusters in an atmosphere of O2

and CO, we derive all the thermodynamically possible reaction

paths for the oxidation of CO to CO2. This analysis lets us explain

how gold clusters enable oxidation reactions without breaking

the spin-conservation rule. Furthermore, we identify special clus-

ter 1 ligands compositions such as reaction intermediates and

poisoned species. In particular, a thermodynamically driven poi-

soning is identified for the catalytic system containing free Au2,

and the experimental (p, T) conditions that avoid its formation are

suggested. This implies that for some systems a catalytic cycle can

be established, on thermodynamics grounds, only in a defined

range of temperatures and pressures. In addition, our predictions

for Au2
2 provide the so far most complete interpretation of the

available experimental data (Socaciu et al, J. Am. Chem. Soc. 2003,

125, 10437). VC 2013 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24503

Introduction

Catalysis is exploited by modern technology for the efficient

production of everyday products, such as fuels, fertilizers,

plastics, and pharmaceuticals. When studying a catalytic pro-

cess, the information provided by ab initio calculations can

be very useful to understand and potentially optimize the

process. From the theory point of view, the usual way to pro-

ceed consists in determining the chemical compositions and

structures of both the catalyst and the reaction intermediates,

and later using this information in a kinetic study to propose

a reaction mechanism. Although the study of the effect of

environmental conditions (e.g., temperature and—in the case

of heterogeneous catalysis—pressure of the reactant gases)

to attachment, reaction, and desorption rates is as old as

Evan and Polanyi’s transition state theory,[1] much rarer is the

study of the influence of such environmental conditions on

the catalyst itself. In fact, these conditions can affect the cata-

lyst’s performance, possibly modifying the operating reaction

mechanism, and can ultimately have drastic consequences

such as poisoning,[2] namely the generation of a nonactive

form of the catalyst that causes the reaction to stop; in other

words, the deactivation of the catalyst itself. A meaningful

theoretical modeling of an operating catalytic system will

thus take into account the environmental conditions, as nec-

essary ingredients in determining the structure and the oper-

ating mechanism of the catalyst. The consideration of the

environmental effects in theoretical modeling of materials has

been previously achieved by means of ab initio atomistic

thermodynamics (aiAT), which has successfully predicted the

relative stabilities of different phases in bulk semiconductors

and surface oxides.[3–6] We present here how the application

of aiAT to a catalytic system can provide temperature- and

pressure-dependent information, for example, identifying the

most relevant reaction intermediates and the possible

reaction cycles and mechanisms. To illustrate this, we have

chosen gas-phase gold clusters as our study system, for

which several important questions remain unsolved.

Gold clusters, either supported on an oxide surface or in the

gas phase, act as active catalysts in a variety of oxidation reac-

tions.[7–11] These reactions, for which oxidation of CO to CO2

serves as a paradigm, imply a transition in the total spin

moment and therefore do not happen spontaneously in the

gas phase at moderate temperature (i.e., for temperatures at

which the probability of spontaneous breaking of the O2 mol-

ecule is negligible). In the presence of a support, the unpaired

electrons belonging to the O2 molecule are delocalized

through charge transfer processes from the support to the

adsorbed clusters, and the reaction can proceed in an environ-

ment where the spin is locally conserved.[12] Such a mecha-

nism cannot operate in the case of unsupported clusters, for

which a different explanation is needed.

In the particular case of the gas-phase Au2
2 cluster, Socaciu

et al.[9] detected experimentally several species participating in

the reaction. With the aid of density functional theory (DFT)

calculations (but disregarding the issue of spin conservation),

they suggested a reaction mechanism, via an Au2O2
2 interme-

diate in which the gold cluster donates an electron to the

adsorbed O2 molecule, which then achieves an activated

superoxo O2
2 state. The formation of this superoxo species has

been recently determined experimentally for anionic even-

E. C. Beret, M. M. van Wijk* and L. M. Ghiringhelli†

Fritz Haber Institute of the Max Planck Society, Theory Department,

Faradayweg 4–6, D-14195, Berlin-Dahlem, Germany
E-mail: ghiringhelli@fhi-berlin.mpg.de

*Present address: Radboud University, Theory of Condensed Matter,

Heyendaalseweg 135, 6525 AJ Nijmegen, The Netherlands

Contract grant sponsor: Humboldt Research Fellowship for Postdoctoral

Researchers of the Alexander von Humboldt foundation (E.C.B.).

Contract grant sponsor: Deutsche Forschungsgemeinschaft (Cluster of

Excellence UNICAT hosted by the Technical University Berlin).

VC 2013 Wiley Periodicals, Inc.

International Journal of Quantum Chemistry 2013, DOI: 10.1002/qua.24503 1

FULL PAPERWWW.Q-CHEM.ORG

http://q-chem.org/
http://onlinelibrary.wiley.com/


numbered gold clusters in the gas phase by means of infrared

multiple-photon dissociation spectroscopy.[13] However, this

mechanism does not apply to the case of other unsupported

gold clusters when they are cations, neutral, or anions with an

odd number of gold atoms. In fact, in those cases, the electron

affinity of the gold cluster is much higher, preventing a charge

transfer to the O2 molecule. Therefore, the general question of

how the oxidation of CO to CO2 can proceed as catalyzed by

unsupported gold clusters and without breaking the spin-

conservation rule remains open.

We show here how the application of aiAT, together with

the introduction of few general assumptions, leads naturally

and without ad hoc hypotheses to a reaction mechanism that

solves these issues. In addition, we complement our study

with a parallel examination of neutral gas-phase Au2 clusters,

which sheds light onto the different behaviors when the

charge status changes.

Theory and Computational Details

Ab initio atomistic thermodynamics applied to unsupported

clusters

When gold clusters are immersed in an atmosphere composed

of gas-phase O2 and CO, these ligands may adsorb onto the

clusters:

Auqm
2 1

x

2
O21yCO� Au2Ox COð Þy

h iqm0

(1)

where q is the electric charge and m;m0 are the spin multiplic-

ities of the cluster. Because the ligands, O2 and CO, are both

neutral, the charge q cannot change during the reaction. In

contrast, due to the fact that the ground state of O2 in the

gas phase is a triplet, the spin multiplicity of the cluster may

change across the reaction. The range of [Au2Ox(CO)y]qm com-

positions that are actually present depends on the particular

conditions under which the experiment is performed, namely

the temperature and the chemical potentials of the gas reac-

tants, which in turn are related to their partial pressures. From

the point of view of thermodynamics, we can estimate which

[Au2Ox(CO)y]qm structures will form preferentially by computing

the Gibbs free energy of formation of each structure as a func-

tion of T ; pO2
; pCOð Þ:

DGf T; pO2
; pCOð Þ5F

Au2Ox COð Þy½ �qm Tð Þ2FAuqm
2

Tð Þ2xlO T; pO2
ð Þ2ylCO T ; pCOð Þ

(2)

where F
Au2Ox COð Þy½ �qm Tð Þ and FAuqm

2
Tð Þ are the Helmholtz free

energy of the cluster 1 ligands and pristine cluster, respec-

tively. The term lO is the chemical potential of an O atom,

equal to one half the chemical potential of one O2 molecule

(lO5 1
2
lO2

). Similarly, lCO is the chemical potential of one CO

molecule. In the above expression, the term pDV has been

omitted. Due to the extreme dilution of Au clusters in the sys-

tem, the change in volume on adsorption of the reactant mol-

ecules is negligible. In fact, in our modeling, we consider the

concentration of clusters as very small because this is the

usual realistic condition,[9] and also with the purpose of

excluding collisions between clusters. Such collisions would

lead to products that are disregarded in our model.

Structures that minimize Eq. (2) at given T ; pO2
; pCOð Þ will be

the preferred ones at those experimental conditions. We

assume hereby that the pristine Auqm
2 clusters can achieve

thermodynamical equilibrium with the gas-phase ligands,

whereas gas-phase CO and O2 are not in equilibrium with

each other. In this way, the noncatalytic CO 1 1
2 O2� CO2 reac-

tion, which is forbidden by a spin selection rule, is neglected

in our model of the system.

Equation (2) identifies which structures are thermodynami-

cally favored for a given set of experimental conditions

T ; pO2
; pCOð Þ. For this, one only needs to know the free ener-

gies of the pristine cluster Auqm
2 and of each cluster 1 ligands

[Au2Ox(CO)y]qm. The validity of the prediction of the stoichiom-

etry—that is, the particular pair x; yð Þ—and the structure that

minimize Eq. (2) relies on the fact that all low free-energy stoi-

chiometries and the low free-energy isomers for each stoichi-

ometry are known. The free energies of the pristine cluster

and of each cluster 1 ligands can be obtained from the corre-

sponding partition functions,[14] which in turn can be com-

puted from DFT data, as will be explained in the following. To

represent the results in an intuitively understandable way, it is

helpful to define a single temperature and a range of chemical

potentials (at constant temperature, this corresponds to a

range of partial pressures) for O2 and CO and build a phase

diagram. This is constructed by assigning a color code to each

composition and structure. Thus, at each lO;lCOð Þ, the color

of the structure whose free energy minimizes Eq. (2) is

reported on the diagram. Such phase diagrams are shown in

Figure 1 for Au2 and Au2
2 .

Partition functions for O2, CO, and [Au2Ox(CO)y]qm

molecules

The partition function of a single molecule can be factorized

into the translational, rotational, configurational, vibrational,

electronic, and nuclear contributions[14,15]:

q5qtrqrotqconf qvibqelqnuc (3)

and the chemical potential can be obtained by taking the

logarithm:

l52kBT ln q5ltr1lrot1lconf1lvib1lel1lnuc (4)

The chemical potentials of the O2 and CO molecules can be

written as a function of temperature and partial pressure T ; pð Þ:

l T ; pð Þ52kBT ln
2pm

h2

� �3=2

kBTð Þ5=2

" #
1kBT ln p2kBT ln

8p2IAkBT

h2

� �

1kBT ln r1
P

i

hmi

2
1kBT ln 12e

2
hmi

kBT

 !" #
1EDFT2kBT ln v0

(5)

within the ideal gas, rigid rotor, and harmonic vibrator approxi-

mations, and assuming that the first excited electronic state is
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energetically well-separated from the ground state. The

nuclear component is neglected, as it is rarely altered in chem-

ical processes and therefore does not contribute to the ther-

modynamical changes

discussed here. In Eq. (5), m is

the mass of the molecule, IA its

moment of inertia, and r is the

number of equivalent orienta-

tions of the molecule (the num-

ber of symmetry operations as

given by the molecule’s symme-

try point group). In the case of

diatomic molecules, r51 for

heteroatomics and r52 for

homoatomics. Furthermore, mi

are the harmonic vibrational fre-

quencies of the molecule, EDFT

is the energy of the ground

electronic state, and v0 is the

spin multiplicity. It is worth

noticing that, according to Eq.

(5), all the information needed

to compute the chemical

potentials can be obtained from

DFT calculations.

In the case of the Aun and

AunOx(CO)y clusters, the transla-

tional contribution to the free

energy can be written as:

Ftr Tð Þ52
3

2
kBT ln

2pmkBT

h2

� �
2kBT ln V (6)

The choice of the reference

volume V is immaterial,

because we are considering dif-

ferences in free energy

between the cluster 1 ligand

and pristine cluster [Eq. (2)]. As

aforementioned, the change in

volume on adsorption of one

or more ligands is negligible.

For polyatomic molecules,

the rotational component

includes the three molecular

moments of inertia IA, IB, IC and

distinguishes between linear

and nonlinear molecules. In

addition, in the case of com-

pletely asymmetric molecules

(those belonging to the C1

point group), the calculation of

the symmetry number r takes

into account the presence of

enantiomers (nonsuperimpos-

able mirror images) and takes

the value r52.

The free energy of Aun and AunOx(CO)y is thus obtained

as:

Figure 1. Phase diagrams obtained for neutral and anionic [Au2Ox(CO)y]qm clusters at 300 K. Each region shows

the most stable composition under the corresponding experimental conditions. The pCO 2
in these phase dia-

grams is: (a,c) infinite; (b) 1028 atm; d) between 1028 and 1023 atm. For Au2
2 the phase diagram in a) does not

change significantly in the pCO 2
interval between infinite and 1023 atm. The red-dashed squares encompass

experimentally accessible regions. Note that in (c) and (d) Au2O(CO)s
2 appear as two different isomers. Referring

to Table 2, in (c) the high pCO 2
appears and in (d) the low pCO 2

is found. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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FðlinearÞ Tð Þ52
3

2
kBT ln

2pmkBT

h2

� �
2kBT ln

8p2IAkBT

h2

� �
1kBT ln r

1
X

i

hmi

2
1kBT ln 12e

2
hmi

kBT

 !" #
1EDFT2kBT ln v0

Fðnon-linearÞ Tð Þ52
3

2
kBT ln

2pmkBT

h2

� �
2kBT ln 8p2 2pkBT

h2

� �3

2

2
64

3
75

2
1

2
kBT ln IAIBICð Þ1kBT ln r1

X
i

hmi

2
1kBT ln 12e

2
hmi

kBT

 !" #

1EDFT2kBT ln v0

(7)

for linear and nonlinear molecules, respectively. The volume

term, 2kBT ln V , has been omitted from both expressions

because it always cancels out at low concentrations of clusters,

as aforementioned.

Computational details

We consider [Au2Ox(CO)y]qm clusters in different spin states

and containing up to eight O atoms and/or four CO molecules,

which covers a wide range of situations from the pristine clus-

ters to a high degree of coverage by the reacting ligands. The

index q takes the value 21 for anionic clusters and 0 for neu-

tral. In the following, we use the mark “2” for anionic clusters

and no mark for neutral clusters. The index m marks the spin

state of the cluster (doublet or quadruplet—d; q—for anionic,

and singlet, triplet, or quintuplet—s; t; q—for neutral).

The structures of these [Au2Ox(CO)y]qm clusters have been

thoroughly sampled using basin hopping[16] on the basis of

DFT total energies and forces. For the small cluster sizes con-

sidered in this work, the basin hopping algorithm was checked

to produce the same set of sampled structures when run from

different initial structures. In any case, the maximum number

of atoms here considered (10) is so small that also starting

each local optimization from a random structure yields the

same results (although by far less efficiently than using basin

hopping), as it was checked for few cases. Therefore, we are

confident that the sampling of [Au2Ox(CO)y]qm compositions is

complete. For larger numbers of atoms, more refined sampling

techniques are needed.

DFT calculations have been performed with the full-

potential, all-electron, numerical-atomic-orbitals-based compu-

tational package FHI-aims.[17] The van-der-Waals (vdW)-cor-

rected[18] PBE exchange and correlation functional was used.

In fact, inclusion of dispersion interactions is important for an

accurate description of the structure of gold clusters[19] as well

as their interaction with CO ligands.[20] Scalar-relativistic correc-

tions have been applied.[17,21]

The accuracy of our calculation level (PBE 1 vdW) is

assessed by comparison to CCSD(T) energies. CCSD(T) calcu-

lations have been performed within the g03 code.[22] The

inner 60 core electrons of Au are represented by the

ECP60MDF effective core pseudopotential of the Stuttgart

group,[23] whereas the optimized aug-cc-pVTZ-PP basis sets

of Peterson and Puzzarini[24] have been used for the valence

electrons. For C and O, the aug-cc-pVTZ basis sets of Dun-

ning[25] have been used.

We have selected several neutral [Au2Ox(CO)y]qm clusters and

compared their formation energies

DEf5E Au2Ox COð Þy
h iqm� �

2E Auqm
n

� �
2

x

2
E O2ð Þ2yE COð Þ

obtained at the PBE 1 vdW and CCSD(T) levels. Their structures

have been optimized at the PBE 1 vdW level and later kept

fixed for the CCSD(T) calculations. The results are shown in

Table 1.

The PBE 1 vdW binding energies of Au2 clusters to O/O2/CO

ligands are about 0:3060:17 eV too strong, in comparison to

CCSD(T) energies. Because this error affects all clusters system-

atically, the conclusions derived from comparison of different

clusters will not be affected. The uncertainty of 6 0.17 eV in

the binding energies will cause the regions in the phase dia-

grams to be actually wider or thinner than predicted from our

calculations, and very thin regions might even disappear (vide

infra).

Results and Discussion

The application of aiAT proceeds along the following steps:

a. Build a complete set of structural arrangements for the

system,

b. Compare the relative thermodynamical stability of those

structures, as a function of T ; pð Þ, that is, construct phase

diagrams,

c. Identify the most relevant structures, and

d. Find the chemical connections (vide infra) between them.

The results obtained in the case of Au2
2 and Au2 clusters are

detailed and discussed in the following subsections.

Table 1. Formation energies of selected molecules (in eV) at the

PBE 1 vdW and CCSD(T) levels. [Color table can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Molecule CCSD(T) PBE 1 vdW

D(PBE 1 vdW 2

CCSD(T))

Au2Ot 11.91 11.47 20.44

Au2Ot
2 10.19 20.05 20.24

Au2Ot
2 20.11 20.46 20.35

Au2COs 21.56 21.78 20.22

Au2OCOs 21.95 22.09 20.14

Au2COs
2 23.24 23.47 20.23
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Structural sampling

Different [Au2Ox(CO)y]qm compositions have been thoroughly

searched for configurational minima by means of basin hop-

ping.[16] Within this method, the search is unbiased and a

complete reorganization of the cluster is allowed. As a result,

hundreds of stable isomers are found for each sampled com-

position. These isomers include structures proposed previously

by other groups[9],[26–28] and many additional ones. The struc-

tural motifs contain, among others, molecular and dissociative

adsorption of O2 and adsorbed CO2 and CO3 moieties. The

most relevant structures (i.e., those which appear later in the

phase diagrams of Fig. 1) are gathered in Table 2.

Thermodynamical stabilities of the [Au2Ox(CO)y]qm isomers

Adsorption of O2 and CO. The effect of temperature and par-

tial pressures of the reactants pO2
; pCO on the relative stabilities

of the isomers is taken into account in the aiAT method by

calculation of their formation free energies with respect to the

pristine cluster and the reaction gases. Using Eq. (2) for a

given temperature (300 K) and a wide range of partial pres-

sures of O2 and CO, we build the phase diagrams labeled (a)

and (c) in Figure 1. These diagrams show, for each pO2
; pCOð Þ

pair, which is the preferred [Au2Ox(CO)y]qm composition pro-

duced by adsorption of O2 and CO onto the Au2, Au2
2 clusters.

The corresponding molecular structures are shown in Table 2.

In the region of very low pO2
; pCO (bottom-left corner), the

preferred structure is the pristine cluster for both Au2 and

Au2
2 . Ligand adsorption takes place when the partial pressures

of the reactive gases increase. It is remarkable how coadsorp-

tion of O2 and CO is energetically preferred to adsorption of

only one type of ligands. This is due to the formation of

adsorbed CO2 and CO3 moieties, which provides an additional

energetical stabilization to these structures. We note that here

we have not studied the kinetic feasibility of such process,

which might be small, in particular at very low pressures of

the reactants.

CO2 desorption. The structures containing CO2 or CO3 moi-

eties can be considered as intermediates from which the reac-

tion product CO2 may desorb. Clusters containing CO3

structures have been suggested as possible reaction intermedi-

ates in the catalysis by Au,[7] Au2
2 ,[9] and Au1

3 , u3, Au2
3 clus-

ters.[28] In the following, we assess the thermodynamical

tendency for these structures to desorb CO2. To this aim, we

consider the following equilibrium:

R2CO2�R1CO2 (8)

that is, in the left-hand side the CO2 moiety is adsorbed on

the cluster, whereas on the right-hand side the CO2 molecule

is desorbed. For this reaction, we can write at equilibrium:

DGf5FR1lCO2
2FR2CO2

50 (9)

By remembering that, using Eq. (7), the chemical potential

of CO2 can be obtained from the molecular partition function,

Eq. (9) allows for the calculation of peq
CO2

, that is, the partial

pressure of CO2 in equilibrium with the R-CO2 cluster. For each

isomer, CO2 desorption will be thermodynamically favorable if

in the experimental setup the pressure of CO2 is below peq
CO2

.

The values of peq
CO2

obtained for the CO2- or CO3-containing

structures are gathered in Table 3.

Table 2. Preferred isomers and spin multiplicities for all the compositions

appearing in the phase diagrams of Figure 1. [Color table can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Composition Isomer Composition Isomer

Aus
2 Au2d

2

Au2Ot
2 Au2OCO-d

Au2Oq
5 Au2O2CO-d

Au2COs Au2O2(CO)2d
2

Au2(CO)s
2 Au2(CO)2d

4

Au2OCOs Au2O4CO-d

Au2O(CO)s
2

(pCO 2
� 103 atm)

Au2O4(CO)2d
2

Au2O(CO)s
2

(pCO 2
� 103 atm)

Au2O5CO-d

Au2O2(CO)s
3

Au2O4(CO)s
2

Au2O5COt

Table 3. Values of (in atm) for the lowest-free-energy [Au2Ox(CO)y]qm

structures in different spin states, found in the sampling peq
co2

Composition peq
co 2

(atm) Composition peq
co 2

(atm)

Au2OCO2d 1 3 1025 Au2OCOs 7 3 101

Au2OCO2q 9 3 10235 Au2O2COs 8 3 1023

Au2O2CO2d 3 3 10218 Au2O2COt 2 3 102

Au2O2CO2q 7 3 1025 Au2O3COs 2 3 102

Au2O3CO2d 2 3 1024 Au2O3COt 2 3 102

Au2O3CO2q 3 3 1026 Au2O4COs 7 3 100

Au2O4CO2d 4 3 10228 Au2O4COt 3 3 1022

Au2O4CO2q 6 3 1027 Au2O4COq 2 3 1012

Au2O5CO2d 7 3 10215 Au2O5COs 2 3 101

Au2O5CO2q 2 3 1022 Au2O5COt 5 3 1023

Au2O6CO2d 2 3 103 Au2O5COq 1 3 101

Au2O6CO2q 3 3 1021 Au2O6COs 9 3 104

Au2O(CO)2d
2 4 3 1023 Au2O6COt 2 3 1022

Au2O(CO)2q
2 2 3 1023 Au2O6COq 5 3 109

Au2O2(CO)2d
2 1 3 102 Au2O(CO)s

2 1 3 103

Au2O2(CO)2q
2 2 3 1025 Au2O2(CO)s

2 5 3 1021

Au2O3(CO)2d
2 3 3 1016 Au2O2(CO)t

2 3 3 103

Au2O3(CO)2q
2 1 3 1024 Au2O3(CO)s

2 7 3 1022

Au2O4(CO)2d
2 3 3 1026 Au2O3(CO)t

2 1 3 1011

Au2O4(CO)2q
2 2 3 1025 Au2O4(CO)s

2 1 3 10210

Au2O(CO)2d
3 4 3 104 Au2O4(CO)t

2 3 3 1010

Au2O(CO)2q
3 1 3 1027 Au2O(CO)s

3 2 3 1030

Au2O2(CO)2d
3 5 3 1022 Au2O(CO)t

3 9 3 1018

Au2O2(CO)2q
3 8 3 103 Au2O2(CO)s

3 4 3 1018

Au2O2(CO)t
3 8 3 1024

Au2OCOt and Au2O(CO)t
2 do not contain CO2 or CO3 arrangements and

are therefore not included in this table.
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Two possible experimental setups with two values for the

CO2 pressure are considered here: a first one in which the

reaction gases contain as much CO2 as Earth’s atmosphere

(pCO2
ffi 1023 atm) and a second one mimicking the conditions

in Socaciu et al’s experiment[9] (taking into account the partial

pressures for O2 and CO in their experiment, pCO2
can be

inferred to be ffi 1028 atm). Phase diagrams in Figures 1a and

1c can be regarded as referred to infinite pressure of CO2, or,

at least a pressure higher than any equilibrium pressure for

CO2 desorption for all structures appearing in the diagrams. To

construct the phase diagrams at pCO2
51023 atm (1028 atm),

as appearing in Figures 1b and 1d, we first eliminate from the

list of candidate structures all those having equilibrium pres-

sure for CO2 desorption higher than 1023 atm (1028 atm).

Using the remaining list, we construct the diagram as before.

Identification of important reaction intermediates and

poisoned species

Focusing in the pO2
; pCO region of interest for experiments at

300 K in Figure 1 (red-dashed squares, between 10210 and

1010 atm, top-right corner) several relevant structures can be

identified. When Au2, Au2
2 are in equilibrium with an atmos-

phere of O2 and CO gases at 300 K, these reactants adsorb on

the clusters to form preferably the structures shown in Figures

1a and 1c, namely Au2O4(CO)2d
2 in the case of the anions, and

Au2O2(CO)s
3 and Au2O5COt for the neutrals. These structures

are the stablest ones with respect to O2 and CO adsorption,

but they are metastable with respect to CO2 desorption and

degrade into the structures shown in Figures 1b and 1d.

Therefore, they are important reaction intermediates.

In Figures 1b and 1d, the most relevant structures are

Au2O4CO2d and Au2O5CO2d for the anions, and Au2O4(CO)s
2

for the neutrals. These latter structures are the energetically

most favorite ones with respect to both adsorption of O2 and

CO and desorption of CO2, that is, at 300 K they do not desorb

CO2 even though they contain CO2 and CO3 moieties. Here,

two types of structures can be distinguished. On one hand,

Au2O4CO2d can further adsorb a CO ligand and regenerate the

Au2O4(CO)2d
2 cluster (Fig. 1a), so that these two structures are

interconnected and can establish a catalytic cycle mediated by

gold clusters. Thus, Au2O4CO2d is an important reaction inter-

mediate. On the other hand, in Au2O5CO2d and Au2O4(CO)s
2,

the clusters have already achieved the maximum degree of

coverage and therefore they cannot adsorb further O2 or CO

ligands. Because CO2 desorption is thermodynamically pre-

vented from these structures, they constitute poisoned species

for the catalytic cycle and the reaction stops once they are

formed. We note, however, that the extension of the region of

stability of Au2O5CO2d is comparable with the accuracy of our

computational level, so that this region might not exist in the

real-phase diagram.

Using Eq. (9), we can compute the temperature at which

CO2 desorption from the poisoned clusters is thermodynami-

cally favorable, as a function of the value of pCO2
in the experi-

mental setup. We find that Au2O5CO2d decomposes at

T � 590 K if pCO2
51023 atm, and T � 410 K if pCO2

51028 atm.

Au2O4(CO)s
2 decomposes at T � 450 K if pCO2

51023 atm, and

T � 330 K if pCO2
51028 atm. This suggests two ways to avoid

the poisoning of the catalyst, namely raising the temperature

or lowering the CO2 partial pressure in the experimental setup.

Listing chemical connections: The reaction cycles

Taking into account the relative thermodynamical stabilities of

all the structures considered for each catalytic system, and

using an algorithm based on graph theory,* we build all possi-

ble reaction cycles connecting them, according to the follow-

ing restrictions:

a. Only three types of reactions are considered: adsorption

of O2, adsorption of CO, and CO2 desorption. These reac-

tions involve a change in stoichiometry. Internal reac-

tions, such as O2 dissociation are not considered

explicitly. At each step, only the lowest free-energy iso-

mer for a particular stoichiometry is considered. Thus, if

the lowest free-energy isomer contains one or more dis-

sociated O2, it is assumed that the dissociation will occur,

that is, the cluster will always relax to its ground state.

b. The total spin is conserved in every reaction step. In

practice, this means that in those steps in which CO is

adsorbed or CO2 is produced the cluster’s spin does not

change, whereas the adsorption of an O2 molecule drives

a singlet to a triplet (and vice versa), a doublet to a dou-

blet or a quadruplet, and a quadruplet to a doublet.

c. CO2 production is only allowed from those structures

that contain CO2 and from which CO2 release is thermo-

dynamically favorable [DF < 0 in Eq. (9)].

d. Those structures for which CO2 release is thermodynami-

cally favorable are not allowed to adsorb further ligands.†

e. Only steps for which the change in total energy is

smaller than a given threshold (DE) are considered. In

this way, largely endothermic steps are excluded.

Under these restrictions, a catalytic cycle for CO oxidation

necessarily implies a minimum of five (or 10) reaction steps:

After adsorption of one O2 and two CO, two CO2 molecules

can be produced (five reaction steps). In the case of Au2 neu-

tral, the cluster’s spin state has changed on O2 adsorption, and

a second sequence of O2, CO adsorption plus CO2 production

(five more reaction steps) is needed to recover the initial clus-

ter and close the cycle. Because anionic Au2
2 clusters in a dou-

blet spin state do not necessarily change spin on O2

*For each catalytic system Au2
2 and Au2 and each [Au2Ox(CO)y]qm

composition, the structure with the lowest free energy at 300 K is selected

for each spin state. These structures are considered as nodes and the pos-

sible reactions connecting them (see main text) as arrows in a directed

graph. The algorithm finds all the possible closed paths starting from

each of the nodes, as well as all the linear paths ending in a selected node.

†Note that the uncertainty of 60:17 eV in the binding energies derived

from our calculation level translates into an uncertainty of 6102 atm in

the values of peq
CO2

. For the structures whose peq
CO2

lie within 6102 atm of

the reference pCO2
a competition between the processes of ligand adsorp-

tion and CO2 desorption is established. In these cases both possibilities

(ligand adsorption and CO2 desorption) are considered.
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adsorption, five reaction steps are sufficient to describe a com-

plete catalytic cycle for this system.

Figure 2 shows the reaction cycles found at pCO2
51028 atm

for Au2
2 and Au2 (black arrows). They include a large number

of reaction intermediates connected by several branches.

In the case of Au2
2 , we find that a reaction cycle (i.e., a

closed loop) can be established only if steps with DE > 0:5 eV

are considered (marked as dashed lines in Fig. 2a). Further-

more, the preferred reaction intermediate Au2O4(CO)2d
2 only

takes part in the catalytic cycle if steps with DE > 0:6 eV are

included. These energy differences may be overcome thanks

to large amounts of energy that are released by ligand

adsorption.

In contrast, for Au2 several catalytic cycles are found already

when only steps with DE > 0:3 eV are included in the analysis.

Of the two preferred reaction intermediates, Au2O2(CO)s
3 par-

ticipates in these catalytic cycles, whereas Au2O5COt needs

steps with DE > 0:6 eV to take part in the reaction. This points

out that, from the thermodynamics point of view, Au2 is more

reactive than Au2
2 . On the other hand, our analysis of reaction

paths shows that the poisoned species Au2O4(CO)s
2 is only

formed in the reaction medium if

pCO2
is high enough (and/or pCO is

low enough) to allow for a com-

petition between further CO

adsorption on and CO2 desorption

from Au2O4COs (this would hap-

pen at around 1 atm of CO2).

Therefore, Au2 catalytic cycle will

not be poisoned if it is operated

at low pressures.

For both the anionic and neu-

tral clusters, if pCO2
is raised to

1023 atm the number of possible

reactive branches increases signifi-

cantly (not shown in Fig. 2). This

can be understood in the follow-

ing terms: At a higher pCO2
, the

process of CO2 desorption is ther-

modynamically less favorable. A

competition between CO2 desorp-

tion and further adsorption of

ligands is established, allowing the

appearance of a larger number of

intermediates in the reaction

medium, which in turn leads to a

higher number of possible reac-

tion branches. We stress that

these reaction cycles are derived

on the basis of the constrained

thermodynamic, and thus they

indicate the thermodynamic driv-

ing force of the catalytic reaction.

More in detail, restrictions a, b,

and c have to be regarded as

hard constraints, involving solely

thermodynamical arguments.

Restrictions d and e clearly include kinetic considerations and

may thus vary with the environmental conditions. We note

however that including competing adsorption/desorption

branches (i.e., by bending constraint d) and changing the

threshold energy (i.e., perturbing constraint e) will remove or

add new reaction pathways, but there will always be an

unambiguously-identified finite set of possible reaction cycles.

A study of energy barriers would allow for the assessment of

the relative contributions of each reaction branch to the global

catalytic process. This will be the subject of a subsequent con-

tribution from our group. In this regard, we note that with

constraint a, only Langmuir–Hinshelwood mechanisms are

explicitly accounted for. In Eley–Rideal mechanisms, product

desorption occurs before full relaxation after ligand adsorption

(the interaction of a reactant molecule with an adsorbed

ligand will anyhow lead to the formation of a—transiently—

adsorbed species). Such intermediate structures are not free-

energy global minima and not included in our reaction-path

search algorithm. However, all isomers found in the global

structural search are stored in our database. In our kinetic

study, each node of the directed graph will be substituted by

Figure 2. Reaction mechanisms obtained for (a) Au2
2 and (b) Au2 at T 5 300 K. Black arrows refer to chemical

connections that are possible at pCO 2
51028 atm. In (b) blue arrows refer to connections that become possi-

ble at pCO 2
51023 atm, while in (a) we do not show the new connections at pCO 2

51023 atm (because these

will be too many and the graph would become hardly readable). Interesting compositions such as the bare

cluster and relevant reaction intermediates are highlighted inside a rectangle, with the same filling color as

used in the phase diagrams (Fig. 1) for the corresponding structures. In a) the dashed lines denote reaction

steps with DE > 0:3 eV In (b) all reaction steps imply changes in total energy below 0.3 eV; the dotted arrow

signals the connection to the poisoned species. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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an adsorption/restructuring/desorption process according to

the change of stoichiometry represented at that node. In this

way, also Eley–Rideal mechanisms will be included. This fact

does not limit our present analysis, as the knowledge of the

state towards which the system is thermodynamically driven

at each reaction step makes the subsequent kinetic study

more detailed.

In summary, our analysis of reaction cycles shows that oxi-

dation of CO to CO2 within the spin-conservation rule is possi-

ble thanks to the ability of gold clusters (pristine and with

adsorbed ligands) to accommodate different spin states within

an accessible range of energies.

Here, we note that an approach based on the listing of pos-

sible reaction paths in a directed graph has been recently pre-

sented in Ref. [29], where the catalytic process is modeled by

means of a self-learning kinetic Monte Carlo approach. In that

model, the environmental conditions (namely, pressure, and

temperature of the reactant species in the gas phase) are

invoked only for the determination of the collision frequency

of reactants with the catalyst, so the approach is fully kinetic.

In principle, once our model is completed by the kinetic study

as outlined above, both our and Ref. [29]’s models should give

consistent findings for the same system; it will be then inter-

esting to assess the relative efficiency of both, in particular as

a function of the involved number of degrees of freedom.

Comparison to experiments

Socaciu et al.[9] measured the catalytic activity of gas-phase

Au2
2 clusters with O2 and CO in an octopole ion trap chamber,

detecting several species participating in the reaction: Au2
2

and Au2O2
2 at 300 K, and Au2O2CO2 at 100 K. On the basis of

these measurements and with the aid of DFT calculations,

they propose a reaction mechanism connecting the species

detected in the experiment. No discussion concerning the

issue of spin conservation is reported in Ref. [9].

A comparison of our results with the work of Socaciu et al

shows that constrained aiAT is a useful method providing valu-

able hints on possible mechanisms of catalytic reactions. First

of all, by means of a complete and unbiased search of struc-

tures and taking into account the requirement of conserving

the total spin moment in each reaction step, our methodology

is able to explain the presence of the species previously

detected in Socaciu’s experiment (Au2
2 , Au2O2

2 , and Au2O2CO2)

in the reaction medium. In addition, a number of other inter-

mediates are predicted to take part in the reaction. These spe-

cies may be too short-lived to be detected experimentally, and

therefore their participation may be overlooked by a theoreti-

cal modeling that does not include an unbiased search of

structures and a robust assessment of their thermodynamical

stabilities. Furthermore, according to our results, the Au2O2
2

and Au2O2CO2 species participate in the reaction both in the

doublet and quadruplet spin states, although this was not

determined in Socaciu’s experiment.

In conclusion, even though at the present time our analysis

of Au2
2 includes no kinetic data, the application of aiAT yields

results in good agreement with the work of Socaciu et al and

is able to go beyond and provide a more detailed explanation

of the experimental measurements.

Conclusions

The application of aiAT to the study of a catalytic system can

provide useful information such as the identification of impor-

tant species (reaction intermediates and poisoned species) and

their environmental regions of stability, and the recognition of

the thermodynamical driving force of the catalytic reaction.

Such thermodynamic study is preliminary to a kinetic study,

which will proceed by evaluating energy barriers for all found

reactions paths.

In the particular case of gas-phase gold clusters, we find

signs of Au2 being more reactive than Au2
2 , in the sense that

catalytic cycles in a system containing Au2 involve reaction

steps less endothermic than in the case of Au2
2 . For Au2, a

thermodynamically driven poisoning of the catalytic cycle has

been identified, but the formation of the poisoned species in

the experiment can be avoided by increasing the temperature

or lowering the partial pressure of the product gas.

In the case of Au2
2 , our results compare satisfactorily with

the experimental data available and offer a more complete

view of the nature of the species experimentally determined.

In addition, we find that the catalytic activity of gold clus-

ters in spin-forbidden reactions is explained in terms of the

cluster’s ability to accommodate different spin states within an

accessible energy range.
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