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Bonding of strongly electronegative halogen atoms on metal density between the two atoms participating in the b&ndyereas
surfaces is of fundamental importance in understanding surfaceionic character is assigned to a bond involving a transfer of electrons
adsorption and has been studied extensively with experintehtal  without localization between the atoms. We will employ electron
and theoretical® tools. A particularly interesting case is the density plots to examine the bonding between Au and Cl on the
interaction of chlorine on the Au(111) surfaté? which has Au(111) surface.
advantages for various applications: Gold(lll) chloride is used as  To isolate the interaction between the Au surface and the
a homogeneous catalyst for several important organic reactionsadsorbed Cl atom, we calculate the difference in electronic density
including intramolecular cyclizations and cross-cycloisomerization between the combined system (Cl adsorbed on the Au(111) surface)
reactions4In heterogeneous chemistry, chlorinating reagents with and the separate isolated components (free surface and free Cl atom)
gold can be used, for instance, to remove mercury emissions fromyith atomic positions frozen at the optimized surface geometry with
coal-fired boilers?® chlorine also increases the selectivity of styrene  the adsorbate. This charge density difference for the two positions
epoxidation on Au(11%j and acts as a poison for CO oxidation  of the adsorbate is shown in Figure 1: there is an accumulation of
on supported gold particlés'® electronic density in the region between the chlorine atom and its

In this letter, we report theoretical evidence from first-principles pearest neighbor Au atom in both cases. Since Cl is a highly
density functional theory (DFT) calculations that the bonding glectronegative atom, we can expect it to attract electrons from the
between Cl and the Au(111) surface is primarily covalent in Ay substrate. A purely ionic interaction would result in an increase
character. This is in contrast to the generally held view that the of the electronic density of chlorine in a symmetric fashion around

bonding of halogens to metal surfaces is ionic: Doll ef al. the chiorine atom. Figure 1, in contrast, shows that electron density
concluded from their theoretical studies that the interaction of Cl 5 removed from the region around the Cl atom and is added in the

on Ag(111) is mainly ionic based on the finding that there is only yegion between the chlorine and nearest neighbor Au atom. The
a small overlap population between Cl and Ag and the chiorine yeqree of electron density accumulation between the chlorine and
charge is larger in the orb.ltals that are the most sepgrated fromgo|d is more pronounced when Cl is bound on top of the gold atom
silver. Bagus et é.and Rubio et at.used cluster calculations and  (£igure 14). When the coordination of chlorine decreases, the bond
found that a halogen atom on silver and mercury surfaces has agigiance decreases (from 2.69 A at the 3-fold hollow fec site to
net charge of one electron. However, Quattrucci €f akported 5 39 & ot the top site), and the electron density between Cl and the

thedlt tht()eyd“do Xotlcilis?rvEe S|gn|f|cant||chahrge htransfe_r t?] the CI:(l nearest Au neighbor increases (see the Supporting Information).
[adsorbed on Au(111))". Experimentally, the change in the wor Electron density is removed from the spherical region located

fT”r?Ct'ort‘. celm bekuseddtogémeasure_t_the chakrg;a oft_an a(:]séPbate. around both the chlorine and the gold atom to contribute to the
('n(?'((): I:t'lncaa\;nvgrat'p(rj Iccharaeg(;?jls:\cfb;:g)r forléﬂlcoqurr\]e ; dzrc])?et'on bond. This effect is reduced when Cl is situated at the hollow fcc
indicating gatively 9 ! PUON Gjte because of the higher coordination in this case. Figure 1 also

on the (001) surfaces of Cu, Ag, and Au and a negative change S ) . o
e I ~~shows a significant perturbation of the electronic density in the
(indicating a positively charged adsorbate) on Rh, Pt, and Pd. While _.

first layer of the gold substrate.

the general conclusion is chlorine ionically bonds on all of these - .
. . The degree of mixing between Au and Cl electronic states serves
metal surfaces, these theoretical results show that the experimental

. ; o - _"as another piece of evidence for covalent bonding between the Au
work function changes should be treated with caution in interpreting .
substrate and the adsorbed Cl atom. Figure 2 shows the p electron
the adsorbate charge.

In the present work we use periodic slabs and GGA-PW91 to partial density of states (p-PDQS) of Cl'and Au as a function of
model the surface and electron exchange and correlation in theENEr9Y for Cl at the hollow fcc site. The presence of common peaks

context of DFT calculations and examine the nature of Cl bonding in the Cl and Au p-PDOS suggests strong mixing of the two sets
on Au(11l). Our choice of surface supercell is a/':%( X

of electronic states characteristic of covalent bonding. The most
«/§)R30’ structure relative to the ideal bulk-terminated plane, pronounced feature in the Cl p-I?DOS IS a peak a8 eV, which

. : . does not correspond to a major peak in the Au p-PDOS. To
with one adsorbed Cl atom per unit cell, which corresponds to ClI . . .
coverage of 0.33 monolayer (ML). The Cl atom is placed either understand the nature of this peak, the electronic density of states
on top %f a su.rface AU atzm or at .the 3-fold hollow ?CC site" in a around this energy value is shown in Figure 3. A significant covalent
previous repoff we showed that the latter is the preferred binding

interaction between Au and Cl is evident, with electronic density
site of Cl on this surface. Calculations were done at higher chlorine extending over both the chlorine site and the top layer of the gold
coverages, with similar results. One of the most important

surface. The Cl orbital is a symmetric, ring shaped orbital parallel
characteristics of a covalent bond is the localization of electronic to the surface. The surface gold atoms participate in this bond

through ¢ atomic orbitals pointing toward the CI position at the

T Department of Chemistry and Chemical Biology. = : . . . . .
* School of Engineering and Applied Sciences. 3 _fold hollow fcc site, in a different Q|regtlon from t_helr usual
§ Department of Physics, Harvard University. orientation on the clean surface, which is perpendicular to the
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Figure 3. Electron density at the energy indicated by the asterisk in Figure

2 for Cl adsorbed at the hollow fcc site on Au(111). The inset shows a side
view of the surface and the adsorbed Cl atom, with the area of the larger
figure indicated by the red dotted line.

with the surfaces of other noble metals, such as silver and mercury.
For example, the electronegativity difference between chlorine and
silver or mercury is 1.23, considerably larger than that for the ClI
Au pair, justifying the more ionic character of the-A\g and CH

Hg interactions. Our results are particularly interesting in the context
of olefin oxidation reactions, suggesting that the bonding and

Figure 1. Charge density difference between the adsorbate system and functionality of Cl fJfSGd as a promoter is different on Ag_ anq on
the isolated components (gold surface and Cl atom), for Cl at (a) the top Au surfaces; specifically, the degree of charge separation in the
position and (b) the hollow fcc site (shown in the geometries on the right, two cases may lead to a smaller perturbation in the bonding of

with a red line indicating the plane of the charge difference plot). Positive
values indicate accumulation of electronic charge; negative values cor-
respond to depletion of charge. Each plot is 100 A

*
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Figure 2. Density of states as a function of energy for p-electrons of Cl

and Au for Cl adsorbed at the hollow fcc site on the Au(111) surface. The
zero energy is the Fermi level, and filled states have shading below curve.
The electron density corresponding to the states in the largest peak of the (13) Hashmi, A. S. K.; Schwarz, L.; Choi, J. H.; Frost, T. Ahgew. Chem.,

Cl p-PDOS (identified by the asterisk) is shown in Figure 3.

surface plane. The directionality of these orbitals and the mixing

of Au and ClI states at this energy is strong evidence of the covalent

nature of the CFAu interaction. Our results are at variance with

the generally accepted view concerning the adsorption of halogens

on metal surfaces. In general, the interaction of chlorine with metals

is indeed ionic in nature, but the Au/Cl system appears to be an
exception. The adsorption of chlorine on gold is unusual because

gold has the highest Pauling electronegat®ityf all transition
metals, making it the most likely to form a covalent bond with the
highly electronegative halogens. The difference in electronegativity
between Au and Cl is 0.76, apparently small enough to lead to
formation of covalent bonds. Our results do not contradict previous
theoretical studie%,® which concerned the interaction of chlorine

oxygen on the Au surface vs on the Ag surface.
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