Science Highlight — December 2007

Structure of a Thiol Monolayer-Protected Gold Nanoparticle at 1.1
A Resolution

Nanometer-size metal particles are of fundamental interest for their chemical and quantum
electronic properties, and of practical interest for many potential applications [1, 2].
Historically gold nanoparticles are the best studied, dating back to ancient Rome where
colloidal gold was thought to have medicinal properties due to its blood red color. Gold has
proven to have applications in medicine with some modern arthritis drugs using gold
compounds. With all this interest in gold parti-
cles the structure of a thiol-protected gold
nanoparticle had yet to be unambiguously
determined. Electron microscopy [3,4], powder
x-ray diffraction [5] and theoretical studies [6]
had led to the idea that gold nanoparticles
would adopt closed geometric shells with crys-
talline packing. This would lead to defined core
sizes such that the gold clusters would have a
discrete number of atoms representing closed
geometric shells [7]. For example icosahedrally
packed gold clusters were predicated to have
"magic nhumber" sizes corresponding to 55, 147,
309. An alternative to the closed geometric
model was the jellium model, which predicted
closed electronic shells instead of geometric
shells (reviewed in Rev. Mod. Phys 65, 611-
676). Testing of these theories requires the
unambiguous structural determination of a  Fig.1. X-ray crystal structure determination

series of gold nanopartlcles of AU102(p—MBA)44 nanoparticle. Electron
density map (red mesh) and atomic

structure (gold atoms depicted as yellow
spheres, p-MBA shown as framework and
small spheres sulfur in cyan, carbon in gray
and oxygen in red).

Structural determination of thiol protected gold
nanoparticles has been complicated by the
problem that particles are typically heteroge-
nous as synthesized. Through systematic
variation of solution conditions for gold nanoparticle synthesis, the Kornberg lab obtained
particles sufficiently uniform in size for the growth of large single crystals opened the way to
X-ray structure determination. SSRL beamlines 11-1 and 11-3 were utilized to perform X-
ray analysis of these crystals resulting in the first unambigous determination of a thiol pro-
tected gold nanoparticle. The resulting electron density map revealed a particle of 102 gold
atoms and 44 p-mercaptobenzoic acids (p-MBAs) (Figure 1). The structure was refined at
a resolution of 1.15 A to Ry« and Ryee Of 8.8% and 9.5%.

The Aujo2(p-MBA)44 structure revealed a metallic gold nucleus of 79 atoms packed with
decahedral symmetry protected by a Auyz(p-MBA)4, layer of gold-thiol oligomers. Gold
atoms up to 5.5 A from the center of the particle do not contact sulfur, those in a shell of
radius 6.0 to 6.3 A bind one sulfur, and those in a shell of radius 7.5 to 8.0 A bind two
sulfurs (Fig. 2A). All sulfur atoms lie in a shell of radius 8.3 + 0.4 A and bind in a bridge
conformation [8] to two gold atoms, at least one of which binds two sulfurs, forming a
“staple” motif (Fig. 2B, C). The gold-sulfur distance ranges from 2.2 to 2.6 A. Gold-sulfur-
gold angles are 80 to 115° and sulfur-gold-sulfur angles are 155 to 175°. If the surface is
taken as all gold atoms interacting with sulfur, then the coverage by p-MBA (thiol:gold
ratio) is 70%, much higher than the values of 31% and 33% for benzenethiol [9] and
alkanethiols [10] on Au(111) surfaces, reflecting the curvature of the nanoparticle surface.




The very existence of a discrete Auip(p-MBA)4a
nanoparticle is a notable finding from this work.
Discrete sizes have been explained in the past by
geometrical or electronic shell closing. The
arrangement of gold atoms, with polar caps and an
equatorial band, argues against geometrical shell
closing. If, however, each gold atom (5d'° 6s%)
contributes one valence electron, and 44 are
engaged in bonding to sulfur, then 58 electrons
remain, corresponding to a well-known filled shell.
Indeed, a naked cluster in the gas phase containing
58 gold atoms shows exceptional stability [11, 12].

There are a number of connections of the Auig
nanoparticle structure with previous work. First,
structures of small gold, silver, and platinum clus-
ters, and of large platinum-palladium clusters,
include five-fold symmetry elements and also, in
one case, thiols bridging between pairs of gold
atoms [13-16]. Second, electron microscopy, X-ray
powder diffraction and theoretical studies of large
gold clusters have given results consistent with a
decahedron [3-13]. Third, theoretical studies have
raised the possibility of distinct gold-sulfur units
capping a central gold core [17]. Fourth, the Face
centered cubic (fcc) packing in the core, with a
gold-gold distance of 2.8-3.1 A, corresponds with
the fcc packing in bulk metallic gold, with a gold-
gold distance of 2.9 A. Fifth, the staple motif, con-
taining alternating gold and sulfur atoms, resembles
the gold-thiol polymers believed to represent inter-
mediates in the process of nanoparticle formation
[18]. Finally, circular dichroism measurements on
gold nanoparticle preparations have shown chiro-
optical activity [19].

We have screened fifteen crystals derived from
multiple gold nanoparticle preparations and
obtained the same gold-102 structure. Other
nanoparticle preparations, however, which have
also given rise to large single crystals, will
doubtless reveal other core structures, from which
rules or principles of core assembly may ultimately
be derived. It remains to investigate the chemical
and physical properties of the Au,o, nanoparticle, as
well as to explore the theoretical basis of the gold
packing and gold-thiol interactions we have
observed.

Fig. 2. Sulfur-gold interactions in the

surface of the nanoparticle. A)
Successive shells of gold atoms,
interacting with zero (yellow), one
(blue), or two (magenta) sulfur atoms.
Sulfur atoms are cyan. (B) Example of
two p-MBAs interacting with three gold
atoms in a bridge conformation, here
termed a “staple motif.” Gold atoms
are yellow, sulfur cyan, oxygen red.
(C) Distribution of staple motifs in the
surface of the nanoparticle. Staple
motifs are depicted symbolically, with
gold in yellow and sulfur in cyan. Only
the gold atoms on the axis of the MD
are shown, in red.
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