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ABSTRACT: The single-crystal X-ray structure of
Au,(SC,H,Ph),((pBBT), is presented. The crystallized
compound resulted from ligand exchange of
Au,s(SC,H,Ph);s with pBBT as the incoming ligand,
and for the first time, ligand exchange is structurally
resolved on the widely studied Au,s(SR);3 compound. A
single ligand in the asymmetric unit is observed to
exchange, corresponding to two ligands in the molecule
because of the crystallographic symmetry. The ligand-
exchanged Au,; is bonded to the most solvent-exposed Au
atom in the structure, making the exchange event
consistent with an associative mechanism. The apparent
nonexchange of other ligands is rationalized through
possible selective crystallization of the observed product
and differential bond lengths.

Ligand-exchange reactions on metal nanoparticles' ™ are
widely used to integrate nanoparticles into devices or enable
applications.*> Such reactions are also of fundamental interest
because mixed-ligand shells arising after ligand exchange exert a
profound influence on the optical,® electronic,” and assembly
properties® of gold nanoparticles.

The Au,s(SR);g cluster is a widely studied and accessible
model system for understanding the broad class of thiolate-
protected gold nanoparticles and clusters.” The compound is
isolable in 1—/0/1+ charge states,lo and the X-ray structures of

1,1

the anion'""> and neutral'*'* compounds are solved. Most
Au,5(SR) g clusters crystallize in PT, meaning that there is only i
symmetry. The crystal structures universally show an icosahedral
core of 13 atoms, with the remaining 12 Au atoms held in
“semirings” of SR—Au'—SR—Au'—SR construction. Herein we
refer to the central SR ligand in the semiring as the apex ligand
and the terminal ligands as core ligands (Figure S1 in the
Supporting Information, SI).

Previous studies on the relative chemical reactivity of core and
apex ligands are ambiguous. One study shows that apex ligands
are more prone to oxidation and suggested as thus being less
stable.'> However, bond lengths are shorter for Au'—SR than for
Au(core)—SR, suggesting that core ligands may be less stable. It
is unclear which type of ligand may be more reactive in a ligand-
exchange reaction.

Previous work on ligand exchange for all thiolate-protected
gold clusters generally suggests an associative mechanism">'¢"”
and was mostly completed prior to structural knowledge of the
cluster. Interpretations of this kinetic data assumed a structural
model in which ligands bond to clear edge, vertex, and face sites.
Because the structural nature of the gold—sulfur interface'® does
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not include such sites, it is unclear how to explain the multiple
kinetic environments.

Recently, it was shown that each of the 18 possible ligand-
exchange products can be isolated by column chromatography.'”
Despite the intensive study of this compound for structural,
chemical, and catalytic purposes, there are no prior structures of
ligand-exchanged Au,; to our knowledge.

Here we present the first crystal structure of partially
exchanged Au,5(SR) 5. The ligand-exchange reaction was done
on a short time scale, isolating ligand sites corresponding to
previously identified kinetic “fast exchange”. In our crystal
structure, we observe the exchange of 1 of the 9 symmetry unique
ligands (Figure S2 in the SI), in a position that is consistent with
an associative mechanism.

Ligand exchange was accomplished by the reaction shown in
Scheme 1. Briefly, Au,s(SC,H,Ph),s°, hereafter Au,s(PET);s,

Scheme 1. Ligand Exchange of Au,;(PET),; with pBBT

—

AUzs(PET)w + ZPBBT «— AU25(PET)1s(pBBT)2 + 2PET

was exposed to a S-fold molar excess of p-bromobenzenethiol
(pBBT) for 7 min in CH,Cl,, resulting in products
corresponding to the fast ligand-exchange environment for this
cluster. A full description of the experimental details is in the SI.
Single crystals of the crude product were grown by slow cooling
from a saturated toluene/ethanol solution.

Diffraction patterns were recorded at the Advanced Light
Source (ALS) as described in the methods. The diffraction
patterns were indexed to PT in XDS** and XPREP (version 6.12;
Bruker AXS: Madison, WI, 1999). Refinement of the structure of
the ligand-exchanged Au,; was done in SHELX.*

Static substitutional refinement in SHELX was used to
determine the occupancy of both original (PET) and incoming
(pBBT) ligands in each of the nine symmetry-unique ligand
positions. We number each symmetry-unique ligand from 1 to 9
according to the observed or expected reactivity for ligand
exchange (vide infra), and we numbered each Au atom according
to the same convention. In the coordinate file, the numbering of
each S headgroup identifies the ligand number.

The occupancy by the pBBT ligand was refined to 74.6% for
ligand 1. Static substitutional refinement in each of the other
eight ligand positions either failed to refine or refined to zero
pBBT occupancy. Figure 1 shows a rendering of the crystal
structure, highlighting the exchanged ligand.

The exchange of this unique ligand site can be explained by a
combination of the solvent accessibility of Au atoms bonded to
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Figure 1. Single-crystal X-ray structure of Au,s(PET),;(pBBT),. Color code: orange, Au; yellow, S; gray, C; red, Br. Red arrows point to the S

headgroup of ligand 1 and blue arrows to Aul.

the ligands and noncovalent interactions of ligands within the
ligand shell. Solvent exposure of Au atoms bonded to S ligand
headgroups is a requisite for the expected associative ligand
exchange because the solvent-exposed area represents a surface
capable of bonding to an incoming ligand.*' Noncovalent ligand
interactions in the ligand shell may stabilize certain ligands
against exchange, even if they are bonded to solvent-exposed Au
atoms.

The solvent-accessible surface area was calculated with
PyMOL* (Schrédinger, LLC). A total of 3 of the 13 Au atoms
in the asymmetric unit have some degree of solvent exposure.
Each of these Au atoms is in a semiring; each of the six semirings
of the Au,g cluster contains one solvent-exposed Au' atom.
According to our numbering convention, the solvent-exposed
Au' atoms in the asymmetric unit are Aul, Au2, and Au3 (Figure
2). The calculated solvent exposure (assuming a solvent probe

Figure 2. Solvent-exposed surface area of Au,s(PET)4(pBBT),. The
orientation of the molecules and color schemes are identical with those
in Figure 1. The probe radius used is 1.76 nm. Red arrows point to the S
headgroup of ligand 1 and blue arrows to Aul.

radius of 1.76 A corresponding to CH,Cl, to approximate the
effective size of the CH,Cl, molecule) of Aul is 3.53 A followed
by Au2 and Au3 with 1.8 A% and 1.94 A% respectively. In the
present crystal structure, ligand exchange occurs only for the
ligand bonded to Aul, the most solvent-exposed Au atom. This is
structurally consistent with an associative mechanism. It is also
consistent with our results for structural ligand exchange on
Auloz(SR)M-ZI

There are five other ligands attached to solvent-accessible Au
atoms in the asymmetric unit: ligands 2—6. Ligand 4 is the apex
ligand of Aul. Ligands 2 and $ are core and apex ligands of Au2.
Ligands 3 and 6 are core and apex ligands of Au3.

Ligand 4, like ligand 1, is bonded to Aul. We rationalize the
nonexchange of the apex-positioned ligand 4, in part, by
comparing the bond lengths as a proxy for bond strength.
Ligand 4 Au—SR—Au bond lengths are 2.284 and 2.309 A, while
ligand 1 bond lengths are 2.280 and 2.390 A. These bond lengths
suggest that the ligand we observed to exchange is more weakly

bonded.
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The nonexchange of ligands 2—6, despite their bonding to
solvent-accessible Au atoms, is puzzling, especially in the cases of
ligands 2 and 3. That nearly 80% of ligand 1 is exchanged and
there is no evidence of exchange of ligands 2 or 3 is inconsistent
with the typical observation of ligand exchange, resulting in a
distribution of products."

To rationalize the exchange of only 1 of the 9 symmetry unique
ligands, we analyzed the crystal contacts of the ligands in
Mercury24 (CCDC). This analysis reveals the interactions
summarized in Table 1 and discussed in greater detail in the

Table 1. List of Inter- and Intramolecular Interactions
Observed in the Crystal Structure

contacts
Au atom ligand intramolecular intermolecular
1 1 (core) ligand 3 ligand 8 (substantial)
1 4 (apex) toluene
2 2 (core) ligand 2
2 S (apex)
3 6 (apex) ligand 9—phenyl—phenyl
3 3 (core) ligand 1

SI. We do note, however, that the exchange of pBBT into ligand
position 1 generates several favorable crystal contacts, possibly
reinforced by 7 interactions, compared to the native PET ligand.
This substantial set of contacts is shown in Figure S3 in the SL
Thus, it is possible that the ligand exchange that we solved
crystallographically results from selective crystallization of one of
several products of the ligand-exchange reaction.

In conclusion, we present the first structure of Au,s(SR); after
ligand exchange. We observe ligand exchange for ligands bonded
to only the most solvent-accessible Au atoms in the structure.
Crystal contact analysis suggests that we may have crystallized a
subset of the possible ligand-exchange products. The exchange
occurring only for ligands bonded to solvent-exposed Au atoms is
consistent with previous kinetic and structural studies of ligand
exchange on Au,(SR),, nanoclusters.
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X-ray crystallographic data in CIF format, experimental details,
data collection, structures, and coordinates of the crystal
structure. This material is available free of charge via the Internet
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