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Nanoparticles experience increasing research interest regarding
their fundamental properties and industrial applicatith§he
former includes particular attention to gold nanoparticles with
properties intermediate between molecular and Btlknoparticles
with 25 gold atoms (Ags) have been intensively studiégc?
Understanding the properties of this (and other) gold nanoparticles
has been hindered by a lack of detailed information about how the
gold atoms are actually arranged, suggestive research giving various
Auys conformations including extended interlocked rihgsr
interlinked-platonic solid8.Important steps forward were recently
taken with the reportéctrystal structure of ApAp-SPhCOOH),.

We report here the crystal structure of the thiolate protected gold
nanoparticle [TOA][Au,5(SCH.CH,Ph)s ], where TOA" =
N(CgH17)4". The crystals were synthesized following Whetten’s
modificatior?® of the Brust reactioh(see Supporting Information).
The crystal structure revealed an ionic system with triclinic space
groupP1 and a unit cell containing [TOA[AU 25(SCHCH,Ph)s]
with Z =1, as shown in Figure 1 (Figure S-1). The crystal structure
reveals three types of gold atoms: (a) one central gold atom whose
coordination number is 12 (12 bonds to gold atoms, Figure 1a);
(b) 12 gold atoms that form the vertices of an icosahedron around

°

Figure1. BreakdownofX-ray crystalstructure of [TONAU 25(SCHCHPh)s]

. . ) as seen from [001]. (a) Arrangement of the;Acore with 12 atoms on the
the central atom, whose coordination number is 6 (five bonds t0 yeriices of an icosahedron and one in the center. (b) Depiction of gold and

gold atoms and one to a sulfur atom), and (c) 12 gold atoms that sulfur atoms, showing six orthogonatAux(SCHCH,Phx— “staples”
are stellated on 12 of the 20 faces of the;Aicosahedron. The  surrounding the A core (two examples of possible aurophilic bonding

: shown as dashed lines). (c) [TOBAU 25(SCH.CH,Ph)g] structure with
arrangement of the latter gold atoms may be influenced by the ligands and TOA cation (depicted in blue) (Legend: Gotdyellow;

aurophilic bonding as exemplified by the dotted bond lines in g s,y = orange; Carbon= gray; Hydrogen= off-white; the TOA"

Figure 1b (also Figure S-2). Together they form six orthogonal counterion is over two positions with one removed for clarity).

semirings of CAuy(SCH,CH,Ph)—) around the Ay core (Figure

1b). coverage. At closest approach, the nitrogen cation is situated in a
The positions of the sulfur atoms (orange) of the;Awanopar- bowl-shaped cleft of the Ay nanoparticle surface made up of three

ticle are shown in Figure 1b. Each sulfur atom on the centrabAu  of the stellated gold atoms and a triangle ofiAcore atoms, with

core is connected to two gold atoms. Two sulfur environments are an average ionic distance 5.9 A between the nitrogen and Au

observed in the structure (Figure S-3, S-6): 6 sulfur atoms that are core edge. The overall diameter of the gold core as measured by

connected to the stellated gold atoms only, with,—s-a, 101.2 the outermost gold atoms is 9.820.04 A or 13.01 A using gold

=+ 0.6’ and 12 sulfur atoms that are connected to one stellated goldvan der Waals radii (Table S-1). Taken from the outermost carbon

atom and to a vertex gold atom on the ;Aucosahedron, with atoms, the overall nanoparticle diameter (in the solid state) is 23.9

Oau-s-au 86.7 &+ 0.8 (see Supporting Information). A at its widest. The solid state asymmetry caused by the splaying
Figure 1c depicts the crystal structure of the entire nanoparticle out of the thiolate ligands by the TOAmplies that, in solution,

revealing the interplay between the core anion and T@Ation. the overall nanoparticle diameter may be smaller.

While other stable core charge states have been repbitdte The Au—Au distance from the central gold atom to the shell of

presence of the TOAcation confirms the + charge of the native gold surrounding it in the icosahedral core is 279.01 A, while

Augs nanoparticle, initially revealed in its mass spectrométifhe other Au-Au distances of the core are 2.930.06 A. The Au-S

nanoparticle has a-1 core charge state given the reducing distance between the icosahedral core gold atoms bonded to sulfur
environment of its synthesis and the tendency toward two electron atoms is 2.38 0.01 A, while the distance between stellated gold
occupancy of its low-lying HOMO molecular orbital, revealed in  and sulfur atoms is 2.32 0.01 A (Figure S-4). These bond lengths
its voltammetry2® Thus it is reasonable to assume that Figure 1 are generally typical for A#Au atom bonding, although there is
reveals the initially formed Ag nanoparticle, as opposed to one variation in one case. The AtAu distances of the pair of core
assembled from smaller nanopartictes. atoms directly below the AYUSCH,CH,Ph); semirings are slightly

The thiolate ligand attachment sites are symmetrically distributed squeezed (avg. 2.81 A) relative to other core-4w bonds (avg
on the surface to ensure complete passivation of the nanoparticle.2.96 A). This slight distortion of icosahedral cluster symmetry may
However, the ethylphenyl substituents are oriented to accommodatebe due to favorable energetics of the arrangement and formation
the TOA" counterion, creating an apparent disorder in the ligand of the semiring “staples” on the Agicore or may be a response to
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electrostatic effects caused by the TO®&ounterion. The Ay becomes an issue. Second, only 12 faces of the icosahedron become
icosahedral core of Aighas important analogies among icosahedral Au—S thiolate-bonded. If all were stellated, maximum coverage
mixed metal and ligand clustets. would produce a Agg nanoparticle, which is not seen. The stability

The ionic interactions between the Awnanoparticle and the  rules under which the “staple” motif forms would seem to be crucial
TOAT cation produce two zones within adjacent unit cells (Figure to understanding the eventual overall Au atom counts in nanopar-
S-5). In one direction (along the [100] line), alternating cation  ticles. These small building blocks may be an important driving
anion interactions produce lipophobic areas, that are surroundedforce for forming nanoparticles of a particular size during Au
by a sheath of lypophilic ethylphenyl thiolate substituents, clumping nanoparticle synthesis, acting as “monolayer protecting (poly)-
together in four distinct bundles. Of course these zones are notligands” as opposed to single protecting thiolate ligands.
isolated but, through extensive—cation bonding with adjacent In summary, by revealing the crystal structure of the gold
nanoparticles in the extended structure, produce a ring of lypophi- nanoparticle [TOA][Au,s(SCHCH,Ph)g], the door has been
licity around the ionic portion of the molecular system that likely opened to further interpretation of past and future analysis of the
is revealed in the macro structure by the isolated crystals being common one-pot procedure for production of gold nanoparticles
long needled? that are links between molecular and bulk gold.

Intramolecularly and due to symmetry, the ligand shell is divided
into two groups, of four and five lipophilic ethylphenyl groups
(Figure S-6). The group of four ligands consists of a central phenyl
group which acts as an anchor to the other three ligands and
provides both ther cloud in one case and the proton for the cation
bonding for the other two ligands. The group of five ligands is
almost identical except that the fifth ligand interacts with the proton ~ Supporting Information Available: Au nanoparticle synthesis and
of one of the external phenyl groups, not the central phenyl of the detailed structural information. This material is available free of charge
group. via the Internet at http:/pubs.acs.org.

While the icosahedral core as a stable entity in gold clusters had
been predictéd and seehearlier, the structure here has important References
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