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A theoretical study on the nature of AXO©~%+1) (X = C, N, O) interaction is carried out in order to
provide a better understanding on the adsorption process of XO molecules on Au surfaces or Au-supported
surfaces. The effect of the total charge as well as the presence of an external electric field on the formation
processes of the AuXO complex are analyzed and discussed using DFT (B3LYP) and high-dévigiitio
(CCSD(T)//IMP2) methods employing a 6-3tG(3df) basis set for X and O atoms and Stuttgart
pseudopotentials for Au atom. The presence of an electric field can increase the bindipgnofeBule to

Au while weakening the formation of the AtCO complex. These behaviors are discussed in the context of
adsorption or deadsorption of these molecules on Au clusters. The formation of thé@gomplex, the

effect of addition/removal of one electron, and the role of the electric field are rationalized by studying the
nature of the bonding interactions by means of the electron localization function (ELF) analysis. The net
interaction between Au and XO fragments is governed by the interplay of three factors: (i) the amount of
charge transfer from Au to XO, (ii) the sharing of the lone pair from X atom by the Au core (V(X, Au)
basin), and (iii) the role of the lone pair of Au (V(Au) basin) mainly formed by 6s electrons. The total charge
of the system and the applied electric field determine the population and orientation of the V(Au) basin and,
subsequently, the degree of repulsion with the V(X, Au) basin.

1. Introduction also to calculate theoretically due to their open-shell nature. In
. . . spite of these difficulties, the cationic and neutral species have
Gold is the most noble of all metals in the periodic table, been studied usingb initio methodsi®.25 Very recently, their

and o!ue o the known chemical inertness of go'ld as bulk catalytic effect supported on metal oxides has been anaf§yz&d,
material, it presents low values of adsorption energies of gases

as well as large values of dissociation barriers, which are key as well as the CO adsorption on pure and binary gold clusters.

factors for most catalytic processedhe detection of gold Despite the importance in recent catalytic disgoveries of gold_
carbonyls by Mongin 1890 and the oxidation of hydrogen on nanocluster_s, very feyv studies have been_ dedlca_ted to atomic
gold gauze by Borfein 1906 can be considered the first 9old mononitrosyls. Din§ presented a density functional study
discoveries of catalytic activity of gold. More than a century ©n the effect of Ay (n = 1-6) cluster size with different charge
later, the interest in gold as a catalyst has never been so modernstates in the adsorption process of NO on Au small clusters.
day; in particular, gold nanoparticles present unique physical Citra et al*! pointed out that laser-ablated gold clusters react
and chemical properties being responsible for their remarkable With the NO molecule, in excess of argon and neon, yielding
catalytic activity*"® One of the first breakthroughs was the the neutral nitrosyl complexes AUNO and (AuN@} the main

discovery of catalyzed hydrogenation of olefihesd low- produpts. Howevgr, there .is a lack of both theoretical and
temperature CO combustidh!! followed by other catalyzed  experimental studies on anionic ANO complexes. From our
reactions such as propylene epoxidation, \N€duction/dis- concern, there is only one theoretical study on the—Au

sociation, methanol synthesis, Sdissociation, selective oxida- ~ systemt?

tion, and water gas shift (see ref 12 and refs therein). The study ~ On the other hand, numerous studies have been published

of the adsorption of small molecules on gold atoms has beenon Au—0, systems. The earliest experimental works on these

recently summarized in the reviews of Pyykkd* while systems were published in the 1970s when Mclntbekamined

Hashmi® has presented a review on gold-catalyzed organic reactions of gold atoms with oxygen, forming the green-colored

reactions, pointing out the speed at which this research field is oAuO molecule. Co¥ investigated the adsorption of,@n

expanding nowadays. gold clusters in the 1990s. Andrews and co-workéf§ via
Cationic gold carbonyls have been obtained and characterizedthe FTIR matrix technique, observed the neutral-/&+0O

from the early 1920%° Neutral gold carbonyl$~2! and gold- molecule in 1999 and characterized it by infrared and ESR

carbon systeni$24 have also been studied, and these com- spectroscopy, concluding that®inds to gold in a side-on

pounds are known to have a very weak binding enetg¥.25  fashion35-38 However, in one of these studies, W&hgoted

eV). Moreover, they are difficult to detect experimentally and some uncertainties on the attachment efo@ gold due to the

broad isotopic bands observed in the IR spectrum, although DFT
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molecule. Nevertheless, shortly after a thoroughly investigition molecular orbital theory. Recently, previous studies on the
on the quality of the DFT calculations on the gold oxygen Au—O interaction using density-of-state diagrams and Mulliken
complexes, Suf reconfirmed the existence of AyG@heoreti- charge® show features from both covalent and ionic bonding
cally. Moreover, Yooft stated that adsorption will take place types, pointing out the complexity of these systems. The electron
on neutral clusters, although weaker than for the anionic one, localization function (ELF;(r))>” applied to investigate the

in line with the odd-even electron number interaction rule nature of chemical bondifghas emerged as a useful tool for
discussed by Milld? Concerning the anion, we know from the understanding of the nature of many different bonding
Whetten’s postulate that an,@olecule can only be adsorbed situations, such as metaigand complexes for first-rof#¢°and

on Au,~ anions with an unpaired number of electrons;;Au  second-rot62metals. Hence, a detailed analysis on the effect
should not be able to induce a charge transference to form aof the X atom, the charge, and the electric field on the formation
AuO,~ complex?® Nevertheless, Sun detected A¢gtOusing of the Au—XO complexes will be carried out in order to
UPS?” and their results about the dissociative adsorption processrationalize the trends observed along the previous sections.
of O, on Au™ are in line with other experimental observa-

tions#445 Although Cox* did not observe any £adsorption 2. Theoretical Methods and Computational Details

on positively charged Au clusters, the AgfOcomplex was The calculations were carried out using the standard proce-
detected_ experimentally dur_lng sputtering of a gold targetin an j4,res implemented iGaussian0% program (G03). Structural
Ar—0, discharge by glow discharge mass spectroscépyd and thermochemical properties associated with the-X@
in our recent pulsed field desorption mass spectroscopy (PFDMS)interactions are very dependent on the calculation level due to
experiments” Information is lacking on the affinity of atomic e gptle interplay between orbital and electrostatic interactions.
and molecular oxygen toward positively charged gold at- \jethods based on density functional theory (DFT) calculations
oms:%4%49To our knowledge, only a few studies deal with this  p4ye proven to yield reliable calculations in the case of oxygen
special case; Dir§ predicted a stable complex on the basis of 45| interactiong® After some preliminary tests on the available
DFT calculations using hybrid functionals and argued that these fnctionals within the G03 program, we ended up with the
complexes were not detected experimentally or they are notgyccessful B3LYP exchange correlation functidialhe choice
competitive compared with the anionic species, due to their Iow of the basis set is another important issue for the accurate
adsorption energyfind < 0.5 eV). Very recently, theoretical  cgjculation of Au-CO complexes. Hence, the large 6-3H1G-
studies predict the adsorption ok, ®n gold nanopyramid$ (3df,3pd) basis sétwas used for C, N, and O atoms, while for
and on binary-alloy clusters of gold® Experimentally, it has Ay, the effective core potentials (ECP) of Stuttgart RSC 1993
been shown that {ioes not adsorb with enough binding energy  ECpss taking into account relativistic corrections, was chosen
to be detected on a positively charged4ign contrast with  for gl calculations carried out (B3LYP, MP2, and CCSD(T)).
negatively charged tip%. Other ECP approaches were tested but only the results obtained
These studies demonstrate that highly valuable information with the Stuttgart ECP are presented (the results for the other
about the initial steps of Au-catalyzed reactions involving CO, ECP can be found in the Supporting Information). In order to
NO, and Q molecules can be obtained from experimental and detect possible shortcomings of the B3LYP approach for some
theoretical studies of neutral and charged AuXO=XC, N, complexesab initio high-level CCSD(T) calculations at MP2
and O) complexes. Two main aspects were found to play a key optimized geometries have been carried out to validate the
role in the Au adsorption process: (i) Catalytically active Au B3LYP results. The basis set superposition error (BSSE) on
particles were suggested to be negatively charged through thethe DFT complexation energies was calculated using the
charge transfer from defect sites of the oxide suppottwas counterpoise methdd.
recently shown that Au cluster anions in the gas phase show The binding energies are calculated using eq 1, corresponding
comparable catalytic activity to those on metal oxide supports, positive energies to stable bounded systems.
confirming the importance of negative charge on the clus-
ters394345(jj) It is well-known that the presence of an external D, = Eyo t Eay — Eauxo (1)
electric field can cause dramatic changes in reactivity, which
can be different from the gas phase. As a result, the complexes |5 order to gain insight into the nature of the electron pairs
become more or less stable dependent on the electric f'eldforming the Au-XO complexes and their variation with X (X
properties, and can be used as a probe for studying catalytic— C, N, O), the total charge, or the electric field applied, the
effects?”52 calculated structures were analyzed by means of the ELF using
In order to provide a better understanding on the nature of the TopMod package®® An exploration of ELF mathematical
the interaction between Au and three of the most frequently properties enables a partition of the molecular position space
absorbed molecules (CO, NOp)Xand to elucidate the role of  in basins of attractors, which present a one-to-one cor-
the total charge, as well as the presence of the electric field, arespondence with chemical local objects such as bonds and lone
systematic study based on theoretical calculations is carried outpairs. These basins are either core basins, C(X), or valence
in this work. First, the equilibrium geometry and stabilities of basins, V(X, ...), belonging to the outermost shell and character-
nine Au—XO (X = C, N, O) complexes in neutral and charged ized by their coordination number with core basins, which is
forms are calculated at B3LYP and CCSD(T)//MP2 computa- called the synaptic order. From a quantitative point of view,
tional levels using the same basis set. Next, the effect of the method allows the integration of the electron density over
homogeneous electrostatic fields on the complexation energiesthe basins to provide the basin populatioNsand integrated
for the neutral species is investigated. The inclusion of an spin densities&[] Moreover, increasing(r) enables the repre-
external electric field is a powerful maneuver to simulate sentation of tree diagrams reflecting the hierarchy of the basins.
conditions taking place in heterogeneous catalysis involving  The effect of an external electric field has been employed to
nanoclusters. Another important issue stands on the nature ofsimulate supported gold nanoclusters employed in heterogeneous
the adsorbatemetal bonding, which has been extensively catalyzed reactions, both experimentally and theoreti¢afi§7°
studied for decad&55using models and concepts derived from In order to investigate field effects on the energetics and
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-F, B3LYP.”2On the other hand, the removal of one electron from
TR o the neutral specie leads to a (ACO)* complex remarkably
stronger than the neutral one; the binding energy increases up
to 2.08 eV, while theR(Au—C) distance becomes 0.1 A shorter

X A(AU-X-0)
7 R(X-0) and the angléA(Au—C—0) is opened up to 180 adopting a
. o
R(Au-X)

linear arrangement.

y 3.1.2. Au-NOO~1+1), The nitrosyl complex presents stronger
Figure 1. Geometrical parameter definition and orientation of the binding energies than the carbonyl one. Hence, B3LYP results
electric field (-F2) for Au—XO (X = C, N, and O) complexes. predicts aD. value of 0.67 eV, while post-Hartred=ock
methods give values of 0.71 and 0.97 eV for MP2 and CCSD-
geometry of XO adsorption, which occur, e.g., on field emitter (T) results, correspondingly. The distarR@u—N) is similar
tips or in general on metal, metal-supported, or metal oxide tg that of the carbonyl complex-@ A), but the angleA(Au—
surfaces, the AuXO complexes are placed in a uniform N—Q) is considerably smaller118). These results are in
electrostatic fieldF, (z-axis along AuX axis, see Figure 1). Since  agreement with the former DFT studies (see Table 2). Upon
perpendicular fields and fields along the XO axis yield smaller aqdition of one electron, B3LYP results show similar changes
effects on binding energies and geometry changes, we limit theq those described for the carbonyl complex: lowering of the
discussion to the formerdirection. Using the B3LYP calcula-  pinding energy, increment of tHR(Au—N) distance, and small
tion level, an external homogeneous electric field up to 1.25 yaqyction of theA(Au—N—0) angle. Conversely, MP2 binding
VIA was introduced using the keyword Field implemented in - energy is 0.66 eV, and the geometrical parameters are nearly

the GO3 program. identical to the neutral complex, while CCSD(T) calculations
_ _ decrease the binding energy to 0.44 eV, pointing toward an
3. Results and Discussion overestimation of the complex formation by MP2 methodology.

The case of the positively charged complex presents larger
difficulties for the MP2 description; while B3LYP gives results
consistent with the trend observed in the carbonyl complex, MP2
calculations do not predict a minimum for the AuN®©onfig-

Although some of the systems studied in this section have
been previously analyzed in numerous experimental and theo-
retical works published in the literature, other systems have
attracted less attention. Therefore, we carry out a systematic~~__. X

i ; s . . uration, but reorganizes to a AuONtructure.
theoretical investigation on the stability and geometrical pa- . . )
rameters for the three complexes, considering neutral, positive, 3-1-3- Au-OZ0~1. The interaction of the peroxo with gold
and negative charged species. The performance of B3LYP cal-IS Weaker than the carbonyl and the nitrosyl ones and presents
culations will be validated against much more expensive CCSD- difficulties for its theoretical calculation due to the small energy

(T) calculations using the same basis set. In the second sectiong@P between high- and low-spin states of. ®ience, the
the effect of the electric field on the formation of AXO interaction of the unpaired electron of Au with, @an yield a

complexes will be analyzed and discussed, pointing out the doublet state or a quartet state depending on the coupling
implications into adsorption processes of heterogeneous cataly-2€tween the three unpaired electrons of both monomers. At large
sis. Finally, the nature of the AtXO interaction will be studied ~ R(Au—O) distances, the weak through-space exchange coupling
using the ELF in order to rationalize the factors underlying the interaction between both monomers yields a high-spin state,
interaction between the monomers and their changes uponWhereas at short distances, there is some degree of bond
addition/removal of one electron and the effect of an electric formation between both monomers, and the low-spin state is
field. preferred.

3.1. Binding Energies and Optimized Geometries for At Calculations of the doublet state using unrestricted methodol-
XO©-1+1) Complexes.3.1.1. Au-COO~1+1), Our results on 00y Yields values of "= 1.48 and 1.79 at B3LYP and MP2

the Au—CO Complex (See Table 1) show a very good agreement |eVe|S, I'espec'[lve|y, Vel’y far from the theoretical value of 075,
among the values of b|nd|ng energy calculated by means of and indicating severe miXing of the doublet with h|gher Sta.tes.
the three methods (B3LYP, MP2, and CCSD(T)) and also with A more adequate treatment of a doublet state can be achieved
previous theoretical and experimental results, predicting the Py using the restricted-open-shell (RO) formalism. Hence,
formation of a stable complex with an experimentally measured ROB3LYP and ROMP2 calculations have been performed for
dissociation energy of 0.25 e\ The best result is found using  the ?A” state of the Au-O, complex. Both ROB3LYP and
the B3LYP method, while the other methodologies give a slight ROMP2 methods predict shdR/Au—O) distances (2.137 and
overestimation oDe. Correspondingly, the equilibriufR(Au— 2.063 A, respectively) but are unstable with respect to dissocia-
C) distance is slightly larger for the B3LYP method compared tion, De = —0.06 eV,—0.85 eV, and—0.25 eV for B3LYP,

to the MP2 optimized one, 2.083 A and 1.921 A, respectively. MP2, and CCSD(T), respectively. For the quartet state, the
The calculated angl&(Au—C—0O) is more sensitive to the ~ complex is dissociated, yielding a very weakly bound complex.
method employed, yielding values of 139&hd 155.4 for the The calculation of the negatively charged complex presents
B3LYP and MP2 Computing |eve|sy respective|y_ The anionic divergent results for DFT andb initio methOdO'OgieS in the
Au—CO complex has not been detected experimentally, and calculation of the triplet state. Hence, B3LYP yields #¢’

only one DFT stud{* has been published on this system. The State with a very larg&(Au—O) distance of 3.046 A, while
theoretical calculations predict that it is substantially less stable MP2 predict @A’ state with a shorteR(Au—O) distance (2.146
than the neutral one, with the binding energy reduced to valuesA) but very small binding energy (0.04 eV). The ground singlet
of 0.10, 0.18, and 0.03 eV for B3LYP, MP2, and CCSD(T) States aréA’ for BSLYP and MP2 methods, but the former
methods, respectively. Large discrepancies are found in thegives a very unstable binding energ.58 eV, while the latter
calculatedR(Au—C) distance; while the B3LYP optimized Presents a medium stability (0.26 eV); addition of higher-order
values are enlarged to 2.971 A, MP2 gives 2.062 A. The anionic correlation effects destabilizes the complex0(06 eV).

complex presents very weak long-range dispersion forces which In contrast to the former two cases (anion and neutral), the
are known to be underestimated by hybrid DFT methods like cationic complex has been left aside by the literature, concerning
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TABLE 1: Binding Energies (D, in eV, BSSE-corrected in parentheses) and Geometrical ParameterRy( distances in A; angles
in deg) for the Au...CO Complexes Calculated Using B3LYP, MP2, and CCSD(T)//MP2 Methods

literature
B3LYP MP2 CCSD(T) exp B3LYP® MP2 CCSD(TY

(Au...CO) DJ/BSSE 0.31(0.28) 0.49 0.43 0.25 0.35 0.27 0.49(0.28)
A’ R(C-0) 1.137 1.145 1.148 1.152 1.141

R(Au—C) 2.083 1.921 2.081 1.975 2.007

A(Au—C-0) 139.2 155.4 139.2 152.9 157
(Au...COy DJ/BSSE 0.10(0.09) 0.18 0.03
A R(C-0) 1.138 1.185

R(Au—C) 2.971 2.062

A(Au—C—0) 110.5 120.5
(Au...CO)" DJ/BSSE 1.92(1.90) 1.82 1.74 2.880.15 2.04 1.66
>+ R(C-0) 1.114 1.127 1.127 1.142

R(Au—C) 1.953 1.906 1.948 1.976

A(Au—C-0) 180 180 180 180

aRef 14 for Au—CO and ref 67 for At-CO*. ® Ref 87.¢ Ref 89.9 Ref 44 for Au-CO and ref 88 for As-CO.

TABLE 2: Binding Energies (D, in eV, BSSE-corrected in parentheses) and Geometrical ParameterRy( distances in A; angles
in deg) for the Au...NO Complexes Calculated Using B3LYP, MP2, and CCSD(T)//MP2 Methods

B3LYP MP2 CCSD(T) exp litP
(Au...NO) De 0.67(0.65) 0.71 0.97 0.76
A R(N—0) 1.148 1.153 1.15
R(Au—N) 2.093 2.018 2.08
A(Au—N-0) 118.3 118.6 146 10 118.4
(Au...NO) De 0.37(0.36) 0.64 0.44 0.44
2A" R(N—-0O) 1.192 1.235 1.20
R(Au—N) 2.376 2.010 2.32
A(Au—N-0) 116.9 118.4 116.9
(Au...NO)" De 1.45(1.43) interaction via oxygen 1.54
(no minimum for AUNO')
27! R(N—0) 1.116 1.12
R(Au—N) 2.161 211
A(Au—N—0) 125.6 125.5

2 Ref 23.P Ref 54.

. . . -, -TABLE 3: Binding Energies (D in eV, BSSE-corrected in
theoretical calculations, because it is expected that the negativ arentheses), and Geometrical Parameters distances in

Aun clusters are more catalytically active. Our calculations A angles in deg) for the Au...Q» Complexes Calculated
predict an exothermic binding energy of 0.49 eV (B3LYP) and Using B3LYP, MP2, and CCSD(T)//MP2 Methods

0.30 eV (MP2). The CCSD(T) result is 0.38 eV, which confirms B3LYP MP2 CCSD(T) it
the stability of the complex.

(Au...0) De —0.06(-0.09) —0.85 —0.23 0.01

3.2. Effect of Electric Field on Au—XO Complexes.The a0 R(O—0) 1.048 1.259 1.22
presence of an electrostatic field improves the charge-transfer R(Au—0) 2.137 2.063 2.30
process from the XO molecule to the gold atom or vice versa, A(Au—0-0) 1182 118.6 118.9
increasing the binding between both species independent of theflAE{---Oz) De 0.00(-0.02) —0.03 0.06
field direction, due to orbital reorganizatioffs>2 However, as A EE/?JP())) i'ggg éié?
has been shown in our former works°this is not a guarantee A(Au—0-0) 99.8 1200
that the complex can be detected experimentally. (Au..0p)~  De 0.17(0.16) 0.04 0.08 0.22

The effect of the field can be understood by adding a potential A" (OFT)  R(O—0) 1.235 1.297 1.24
energy.eF.z to the energy of the electrofi&This will modify A’ (ab initio) 2%23:8)_0) 123'346 1126';46 123;'%5
the electronic orbitals and raise the (adjusted) atomic energy (au..0)~  D. ~0.58(-0.60) 0.26 —0.06 '
levels of Au relative to X and O by approximatedf,(za, — oy R(O-0) 1.300 1.311
zx) and eF(zay — 20) and the orbitals of O relative to X by R(Au—0) 2.197 2.063
eF(zo — zx). The alignment of Aa-XO in a uniform electro- N A(Au—0-0) 119.0 118.6

- . g . S ! (Au...0p) De 0.49(0.47) 0.30 0.38  0.49
static field with the Au-X axis in the field direction results in =~ 35 R(O-0) 1.200 1.204 1.20
a more negative charge being transferred into the antibonding R(Au—0) 2.342 2.391 2.28
27* molecular orbital of the XO moiet§’52 This strengthens A(Au—0-0) 125.2 133.7 122.6

the Au—X interaction and, in addition, may establish an  aRef 43

electrostatic interaction between the two ends of the complex,

due to an increase of its polarization. The -AXO binding the XO bond. This situation corresponds to the case of a
energy increases with the field strength until the limit of one positively charged gold atom, and it is especially interesting
electron is removed from the XO moiety by field ionization. In  for the AuG, complex, as will be discussed later on.

most cases, the molecules will dissociate into neutral or ionic  The geometrical changes of the complex evolve in a similar
fragments before the field ionization of the complex is readfied. way (see Table 4). ThR(X—0) distance increases while the
In the case where the field is pointing in the opposite direction, R(Au—X) distance decreases in negative fields, and in the
the electronic charge will be taken away from the gold atom, opposite way for positive electrostatic fields. For strong electric
which has the effect of weakening the AuX bond and stabilizing fields, the electronic structure will resemble more and more the
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TABLE 4: B3LYP Results of Binding Energies (D in eV), Geometrical Parameters R: distances in A; angles in deg), Mulliken
Atomic Charges (q), and Dipole Moments { in debyes), for the Au...XO Complexes Calculated at Different Levels and Methods
in an External Electrostatic Field of 1V/A along the AuX Axis

De RX-0)  R(Au—X) A(Au—X—0) X q0 gAu u

Au..CO  2A' -Fz 0.63 1.166 2.030 133.1 0.185 —0.525 0.341  0.455
25+ +Fz 0.68 1.117 2.104 180.0 0.410 —0.266  —0.144

Au.NO A’ -Fz 0.94 1.183 2.048 118.8 -0.086  —0.325 0.411  0.400
Y +Fz 1.14 1.110 2.280 119.7 0570 —0.073  —0.497

Au...0; 2A" -Fz 0.86 1.287 2.158 119.3 -0.212  —0.271 0.482  0.436
A" +Fz 0.20 1.198 2.584 125.4 0.131 0.078 —0.210

corresponding ion or fragment molecules, and the linear critical value F¢). The Au—C and Au-N binding energies never
relationship of the distortion disappears, as can be seen inbecome higher than the AtCO (more than 2 eV difference),
Figures 2 and 3. This effect is particularly notorious for the with the dissociative adsorption being a strongly disfavored
Au—X distance in Au@, where a change in the behavior at process. Moreover, it should be noted that the field is probably
higher negative and positive fields can be observed. Another enhanced by the cluster size, as the (intrinsic) electric field is
example is the AuC distance that reaches its minimum quite as strong on small clusters as it is at the surface of bulk nfetal.

rapidly for positive fields . = 0.25 V/A). The interaction angle One can interpret these results in the context of the reactivity
is not affected dramatically in AuOand AuNO complexes.  of metal oxide supported gold clusters. Since thea®d the
However, the angle of AUCO can have values betweerf 130 CO molecules are activated in opposite ways, they will not be
and 180, before ionization or dissociation takes place (see adsorbed on the same substrate. This result supports the findings
Figure 3). of Vittadini and Sellonf5 who found in the case of supported
The NO complex has the highest interaction energy (see TableAu clusters on TiQ that, in contrast to @ the CO molecule
4), independent from the applied field. This could be expected, prefers cationic gold clusters to anionic gold clusters. Another
since NO is the molecule having the largest dipole moment and important finding are the DFT calculations of Landnmf&mhich
polarizability compared to CO and,OOn the other hand, CO  revealed that both the presence of F center defect sites and a
presents the largest impact of the electric field on its binding charge transfer from an oxide support are essential factors in
energy, which can be associated with the possibility of adapting the activation of gold in catalytic systems. Therefore, the fact
its geometry to the field. In particular, the flexibility (relatively  that the support is implicated, as can be seen from the different
flat potential energy surface) of the A(AAC—O) angle (Figure experimental results, as well as the importance of the cluster
3) supports this assumption. Concerning thenilecule, an size, supports the suggestion that the oxidation catalysis of CO
opposite trend is found: there is an increase of the binding occurs at the interface between metal and oxide. In other words,
energy when a more negative electric field is applied. the interplay between the right charge transfer of the oxide to
In agreement with former results on the Aluster’’ .0 a CO, and from gold to @ is decisive for catalysis of the reaction.
positive electrostatic field increases the binding energy between 3.3. ELF Analysis of the Nature of Au—XO Interactions:
O, and Au; however, they would not be found because of the Effect of Electric Field and Charge. Considering the discus-
detection limit ¢-0.4 eV) in PFDMS, and the activation energy sion of the previous sections, the strength of the interaction of
for ionic dissociation (At + O,) becomes more favorable with  Au—XO and the equilibrium geometry depends on the nature
increasing field strength. This result is in line with FEM studies, of the ligand (X= C, N, O), the total charge of the system,
which have shown that, on a positively charged gold nanotip, and the electric field applied. In order to rationalize these effects,
CO adsorbs to form mono- and dicarbonyls, although oxygen a systematic analysis of the electronic structure using the
neither adsorbs nor dissociates. Then, the field direction andtopology of the ELF is presented here. As was discussed by
their magnitude are important factors in the oxygen adsorption Silvi,58 the density arising from the d subshell of Au belongs
process. It is interesting to point out that for the same field more to the metal core basin C(Au) than to the valence V(Au).
direction there is an opposite effect on the binding energies of The presence of a V(X, Au) disynaptic basin located near the
CO and Q to Au, which can play an important role in possible X atom suggests the classification of the -AXO interaction
reactions between both molecules absorbed in the same Auas a dative bond. However, contrary to other typical dative bonds
surface. Hence, the (relative) activation of therblecule only characterized by the ELF, the attractor of V(X, Au) is not always
occurs in negative fields, as was shown by McEWw&whereas located on the line connecting X and Au centers. In some cases,
the opposite effect is found for CO. Although an activation of the V(X, Au) basin presents a very low population, and the
CO is also seen in negative fields, it is less important than in separation between C(Au) and V(Au) is difficult to characterize

positive fields. in some cases due to the interplay of 5d and 6s electrons on
Besides the effect of the electric field on the AXMO both basins. In Table 5, the topological population analysis data

complexes, it is interesting to consider also the same effect onare presented, namely, the basin populatinsitegrated spin

the two possible fragments separately, namely;-Xwand XO densitiesi$[) and net charge transfed@) from the Au atom

(see Figure 5). Hence, dissociation energies calculated at thetoward the ligand XO as the differend® = N[C(Au)] +
same level for CO, NO, andnolecules yield 5.55, 3.37, and ~ N[V(Au)] — Z*(Au) + q.

2.96 eV, respectively. The AuX complexes were optimized in  In agreement with previous work35277there is a transfer
their low-spin states, and the results show an increment in theof charge density from the metal to the XO moiety for the
binding energy for more negative electric fields. Interestingly, neutral compounds. In the case of negatively charged complexes,
at fields more negative than1.25 V/A (critical field magnitude the amount obQ is the same as (CO) or larger than (NGQ) O

for dissociative adsorption of f) the Au—O bond becomes in the neutral case. For positively charge complexesg@és
more stable than the ond. This result is in agreement with  reduced in comparison to the neutral species, even becoming
McEwen?? who showed that dissociative adsorption only positive for NO and @systems. Therefore, the analysiso@
happens for negative fields with a magnitude lower than a indicates that the addition or removal of one electron takes place



13260 J. Phys. Chem. A, Vol. 111, No. 50, 2007

27 T T T T T T
1 A”'\ Au-O. 1
2.64 / \A 2A 4
2.5 4z Au-CO *
g 2.4+ -
© ]
g
.t_gg 2.3 A & —
[a] 1 / /
2.2 Y -
' \A———A/A /
_ Au-NO
214 W—-‘—Q\’ 4
20 T T T T T T T T T

-1.5

Figure 2. Dependence of thR(Au—X) bond distance in the AuXO
complex with respect to the electrostatic field strength calculated

-1.0

-0.5 0.0 0.5 1.0 1.5

E-Field (V/A)

between—1.5 V/A and 1.5 V/A.

T T T T T T T T T T
180 » ]
Au-CO
170 .
| |
160+ / .
o
150 - /' g
©
o
X 140 e -
< . .———././l
130 Au-0,
/A/‘ A
120 $==—y 4 4 p A4 4 e |
Au-NO
T T T T T T T T T T T
45 40 05 00 05 10 15

Figure 3. Dependence of thé&(Au—X—0) angle in the Au-XO
complex versus the electrostatic field strength calculated betwéesn

V/A and 1.5 V/A.

E-Field (V/A)

2.0 4 T T T T T T
1.54 B
Au-CO _m

3 ‘o :\ ./
.8 .0 . / /0_

g ] 0\ \. /I .

c 4 " Au-NO
Llél’ 0.54 \ // a
é ’\’ A/—
B ol A\A A—  AO, |
-0.5 T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Figure 4. Dependence of the interaction (binding) energies in the Au
XO complex versus the electrostatic field calculated betwedss V/A

and 1.5 V/A.

preferentially on the Au atom. The effect of the electric field
also seems to play a role; for CO, there is no noticedkde

but for NO and @, a negative field moves the electronic charge
toward NO and @whereas a positive field acts in the opposite

direction.
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Au—X and X—O species versus the electrostatic field calculated
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which only consider 18 electrons for core electrons. ELF
calculations using an all-electron basis set (WTE9 have

also been carried out for all CO complexes yielding the correct
integration for core electrons while showing only small varia-
tions with respect to the basins obtained using the pseudopo-
tential approach (see Supporting Information). Due to the cost
of carrying out ELF analysis with such a high number of
primitive functions, we continue the study with the Stuttgart
ECP results. The C(Au) is not an inert basin, as can be seen
from theN[C(Au)] values of Table 5, and it has to be considered
together with the V(Au) basin. Hence, neutral molecules have
a C(Au) and V(Au) added population of around 18.70 e, but
depending on the X atom and the electric field, a transfer of
electronic charge between Au basins can take place. The
reduction of localization diagrams displayed in Figure 6 shows
the hierarchical order between ELF basifislience, two types

of diagrams regarding the AuXO interacting basins are
obtained, depending whether the separation between C(Au) and
V(Au) occurs for lower (higher)(r) value than the separation
between V(X) and C(Au). The populations of basins associated
with the XO are consistent with previous ELF investigations.
Hence, Lewis mesomeric forms for CO have been studied in
detail®! and the replacement of C by a more electronegative
atom leads to a more covalently depleted bonding type, reducing
the N[V(X, O)] population and increasiniy[V(X)], which can

be associated with the presence of more than one lone pair at
the X atom.

In all cases, there is a V(X, Au) basin whose population can
be very small (0.40 e) or large (3.62 €), and for a comprehensive
analysis of these data, they have to be analyzed together with
the orientation of the basin and the interaction with the Au atom.
A more detailed topological investigation shows that the V(Au)
basins can change their number (0, 1, or 2), position, shape,
and population depending on the total charge and the field
applied, whereas the other basins remain substantially unaltered.
In Figure 7, the three-dimensional plot and contour line diagram
of the #(r) for Au—CO complexes are displayed at the
corresponding optimized B3LYP/Stuttgart ECP geometries. For
the neutral species, Figure 7a, the V(Au) is located surrounding
the Au atom and minimizing the repulsion with the CO basins,
integration of the V(Au) electronic charge yields 0.33 e, and it
is composed mainly of the 6s orbital. Addition of one electron
(Figure 7b) leads to an increment in the volume for the V(Au)
basin, and its population rises to 1.89 e. Consequently, the

The populations of the core basin of Au integrates to a much repulsion between the V(Au) and the electron pairs of CO
smaller number as expected, due to the use of pseudopotentialancreases, leading to a weakening of the-ALO interaction.
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Figure 7. Contour line diagrams and three-dimensional view of the ELF on the plane defined by the atoms for-tB® Aamplex (a), negatively
(b), and positively charged (c), and with the effect of an electric field in negative) (d) and positive{Fz) (e) orientation.

TABLE 5: ELF Basin Populations N, Integrated Spin Densities($,[] and Charge Transference §Q) from Au to XO, Calculated
at the Corresponding B3LYP/Stuttgart Optimized Geometry

C(Au) V(Au) V(X,Au) V(X) V(X,0) V(0)
X q field(V/A) N B0 N B0 N B0 N B0 N N B0 0Q
cC o0 0 1840 026 033 010 273  0.10— - 2.96  4.36 002 —0.27
-1 0 17.84 - 189 - 265 - - - 2.94  4.40 - -0.27
1 0 17.86 - - - 244 - - - 298 454 - —0.14
0 —Fz 1898 002 — - 296 015 - - 242 443 0.03 —0.02
0 +Fz 1803 017 082 024 254  0.05-— - 3.33  4.03 —0.01 -0.15
N 0 0 17.65 - 121 - 117 - 267 — 220  2.89/253 - -0.14
-1 0 1785 -001 164 -0.02 204 016 =212 016 181  286/2.68  0.09-0.51

1 0 1820 018 - - 362 016 - 016 246 249261 007  0.20
0 ~Fz 1851 - - - 154 - 256 — 1.99 294279 - —0.49
0 +Fz 17.82 - 142 - 348 - - - 249 248267 - 0.24
o o 0 1819 008 060 — 040 -001 498 018 117 255235  013-021
-1 0 1788 005 175 006 232 018 313 024 108 258268  0.200.37

1 0 18.06  0.05 — - 256 018 278 019 127 215233 025  0.06
0 ~Fz 18.38 —0.06 — -~ 157 004 415 019 093  2.66/253  0.15-0.62

0 +Fz 18.32 -024 069 -017 256 019 274 020 128 256198 024 001

On the other hand, removal of one electron leads to the completenegative field polarizes the V(Au) basin toward the region near
disappearance of the V(Au) basin (see Figure 7c), allowing a the CO, merging the V(Au) basin into the core region as is

better interaction between V(C) and C(Au) basins by means of observed by the increment BfC(Au)] to 18.98 e. The change

a linear orientation for the maximization of the contact region. of the orientation of the electric field leads to the opposite

The effect of the electric field is also neatly reflected by the behavior, and the V(Au) is how polarized toward the backside,

polarization of the V(Au) basin (see Figure 7d,e). Hence, the reducing the repulsion with the CO and adopting the same linear
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geometry as in the case of the ACO" complex. These (3) Bone, W. A.; Wheeler, R. VPhilos. Trans.1906 206A 1.
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(12) Stephen, A.; Hashmi, K.; Hutchings, G.Angew. Chem2006
4. Conclusions 45, 7896.
. o (13) PyykKq P.Inorg. Chem. Act&2005 358 4113.
Using DFT (B3LYP) andab initio (CCSD(T)//MP2) calcula- (14) PyykKq P.Angew. Chem., Int. EQ004 43, 4412.
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librium geometries, electronic structure, and bonding nature of ~ (16) Manchot, W.; Gall, HChem. Ber1925 58, 2175.
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