JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Communication

Doping the Golden Cage Au with Si, Ge, and Sn
Lei-Ming Wang, Satya Bulusu, Wei Huang, Rhitankar Pal, Lai-Sheng Wang, and Xiao Cheng Zeng
J. Am. Chem. Soc., 2007, 129 (49), 15136-15137 « DOI: 10.1021/ja077465a
Downloaded from http://pubs.acs.org on February 9, 2009

& 5

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja077465a

JIAIC

S

COMMUNICA

TIONS

Published on Web 11/16/2007

Doping the Golden Cage Au
Lei-Ming Wang," Satya Bulusu,* Wei Huang,’

16~ with Si, Ge, and Sn
Rhitankar Pal,* Lai-Sheng Wang,*T and

Xiao Cheng Zeng**

Department of Physics, Washington State dgnsity, 2710 Uniersity Drive, Richland, Washington 99354 and
Chemical & Materials Sciences Bsion, Pacific Northwest National Laboratory, MS K8-88, P.O. Box 999,
Richland, Washington 99352, and Department of Chemistryyéisity of NebraskaLincoln,
Lincoln, Nebraska 68588

Received September 27, 2007; E-mail: Is.wang@pnl.gov; xczeng@phase2.unl.edu

The discovery of catalytic effects in gold nanoparti¢less

accelerated efforts on the characterization and understanding of the

structures and properties of bare gold clustéiBoped gold clusters

have received increasing attention because of their potential tunable

catalytic properties versus dopant. The first highly stable doped
gold cluster was a closed-shell icosahedral W@Apredicted
using density functional theory (DFT) by Pyyklkemd Runebery
and confirmed using photoelectron spectroscopy (PES) by Li et
al> Subsequent PES studies showed that V-, Nb-, and Ta-doped
Aup, clusters also possess thesymmetry® Mass spectra of a
number of Au alloy clusters have been observed by Lievens and
co-workers'

Our recent studies of pure gold clusters have shown thas Au
exhibits a novel hollow-cage structure with a large diameté.%
A),8 suggesting possibilities of endohedral doping in analogy to
the endohedral fullerenes. A following theoretical study by Walter
et al. suggests that Si can be doped inside the neutral dage
and the Si-doped Ay exhibits very different reactivities toward
0..92 Another theoretical study by Gao et al. shows that Au clusters
doped with a foreign metal atom tend to form core/shell structures
when the number of Au atoms is greater than dfiéery recently,
we have provided the first experimental evidence of endohedral
doping of the golden cages by Cu in Cu@éuand Cu@Ay; .10
Our PES spectra reveal striking similarities between the Cu-doped

clusters and the parents, suggesting the Cu dopant does not distor,

the cages significantly, which is borne out by theoretical calcula-
tions. However, what other types of atoms can be doped into the
golden cages still remains an open question.

In this communication, we report a joint PES and theoretical
study of doping a group IV atom into the Ag1 cage cluster. We
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Figure 1. The experimental (left panel) and simulated PES (right panel)
f SiAuig~, GeAus, and SnAus . The inset shows the global minimum
nd a low-lying isomer (for SiAls~ and SnAudes~). The dopant atoms are
shown in color (Si in gray, Ge in red, and Sn in brown).

Table 1. Relative Energies, Experimental ADE, VDE, and
Calculated VDE of the Lowest-Energy Isomers of MAuis—: All
Calculations were at the PBEPBE/LAN2DZ Level of Theory and

All Energies are in Electronvolts

find surprisingly that the lowest-energy structures of M&u(M
= Si, Ge, Sn) are no longer in the form of endohedral structures.

relative

Instead, the dopant atom is found to be exohedral (Ge, Sn) or
becomes a part of the gold cage (Si).

PES spectra of MAl~ (M = Si, Ge, Sn) have been obtairi&ép
at two detachment photon energies, 193 nm (Figurec)and 266
nm (Figure S1). The PES spectra are somewhat similar to eac
other, each revealing a fairly large HOMQUMO gap (X—A gap).
The spectrum of SiAis~ (Figure 1a) shows a weak feature' ¥
the HOMO-LUMO gap region, suggesting the presence of an
isomer. The first feature in the spectrum of Spdu(Figure 1c)
displays a doublet feature (also see Figure S1), which is also an
indication of another isomer (see below). The X band represents
the ground state transition, yielding adiabatic and vertical detach-
ment energies (ADE/VDE) of 3.20/3.23, 3.21/3.26, and 3.30/3.37
eV, respectively, for M= Si, Ge, and Sn (Table 1).
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isomer energies ADE (exptl)? VDE (exptl)? VDE (theor)
SiAuie™ (1) (Co) 0.00 3.20 (5) 3.23(3) 3.11
SiAuge(3) (Cy) 0.12 3.63(3) 3.58
GeAus (1) (Cy) 0.00 3.21(4) 3.26 (3) 3.31
SnAus (1) (Ca) 0.00 3.21 (4) 3.26 (3) 3.28
SnAue(3) (Cy) 0.05 3.30 (6) 3.37(3) 3.37

a2 The number in the parentheses denotes the uncertainty in the last digit.

To affirm if the group IV atoms can be doped into the &u
cage, we carried out an unbiased search for the global minimum
structures of MAys~ (M = Si, Ge, Sn), using the basin-hopping
optimization technique coupled with the DFT metHédeveral
randomly constructed initial structures were used, and all yielded
consistently similar sets of low-lying isomers (Figures 1 and S2
and Tables 1 and S1S5) after 206-300 Monte Carlo moves. These
isomers were reoptimized using the PBEPBE functitnaith the
scalar relativistic effective core potential and LANL2DZ basis'&et.

10.1021/ja077465a CCC: $37.00 © 2007 American Chemical Society
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Harmonic vibrational frequencies were calculated to confirm that rather be considered as 16-electron systems because four electrons
the lowest-energy isomers are true minima (Table S6). The PBEPBEare needed for the local MAu bonding. This is consistent with
calculations were performed using the Gaussian03 progtam. the fact that group IV elements tend to form covalent bonds,
Single-point energies of the corresponding neutral isomers in the particularly for Si and Ge.
anion geometries were calculated to evaluate the first VDEs of the  In summary, we have studied a series of doped gold anion
anion isomers. The binding energies of deeper orbitals were addedclusters, MAus~ (M = Si, Ge, Sn), and found that their global
to the first VDE to give the VDEs of the excited states. Finally, minima do not possess the endohedral structures. The global minima
each calculated VDE was fitted with a Gaussian of width 0.04 eV are dominated by the strong-MAu local interactions reminiscent
to yield the simulated PES spectra (Figure 1, right panel). of the MA, clusters. In particular, a dangling Au atom is observed
Surprisingly, our global minimum search shows that thgsAu in the low-lying isomers of SiAw~, which confirms the Au/H
clusters doped with a group IV atom are exohedral in nature with analogy found earlier in SiAu mixed clusterg® Thus, the nature
significant distortions to the parent cage (Figure 1). The structures of the dopant-Au local interactions is the key factor in determining
with endohedral doping are all higher-lying isomers (Figure S2). if a given atom can be used to dope the golden cages. Just like
The VDEs of all the lowest-energy isomers are in very good Cul%we expect that many transition metals can be doped into the
agreement with the experiment (Table 1). The simulated spectrumgolden cages. This research is being actively pursued in our

for the global minimum of GeAis~ agrees well with the experi-

mental spectrum. For the Si- and Sn-doped clusters, there is
evidence of an additional isomer present in the PES spectra (Figure

la,c), as borne out in the simulated spectra (Figure 1d,f). The
similarities in the structures of the lowest-energy isomer with the

Ge and Sn dopants are reflected in their similar PES patterns (Figure,

1b,c). For SnAys, isomers 1 and 3 give nearly identical simulated
spectra; isomer 3 seems to contribute significantly to the experi-
mental spectra and is competing for the global minimum. For
SiAuzg, the two low-lying isomers are quite different from those
of GeAus  and SnAuys in that the Si dopant is capped by an
extra Au atom that is not a part of the cage but dangling over the
Si atom. Isomer 1 for SiAi~ is the main species, while isomer 3
gives rise to the minor feature (XFigure 1a and Table 1).

The dangling Au atom atop Si in SiA¢r is reminiscent of the
Au/H analogy® first discovered in the SiAy cluster, which
possesses B geometry similar to Siii%2We find recently that
this Au/H analogy does not exist in GeAand SnAy since the
latter have a square-planar structtiré. closer look at the structures
of GeAue~ and SnAys~ shows that the local geometry around
the Ge/Sn atom is nearly square-planar (Figure 1), just as in GeAu
and SnAy. On the other hand, the dangling Au atom atop Si in
SiAus~ reflects the strong SiAu covalent bonding, similar to that
in SiAu, or other Si-Au mixed clusterg? Interestingly, the local
structure of Si in SiAws~ is also very similar to that of the SiAu
cluster!®

Molecular orbital analyses give rise to further insight into the
local interactions between the dopant and Au in M&u The
dangling Au atom in SiAgs~, besides giving a unique geometry
to the doped cluster, has a significant contribution to the HOMO
of the doped cluster, resulting in strong bonding with the Si atom
(Figure S3). The HOMO pictures of the Ge- and Sn-doped clusters
show significant contribution from the dopant atom to the cage;
the local electron density distribution around the group IV atom

laboratories.
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