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Gold nanoparticles protected by thiolates, including thiol-
terminated DNA and simple thiols," possess extraordinary
stability and constitute perhaps the most widely studied
system in nanotechnology. Understanding and control of how
the thiolate ligands protect the underlying gold core and of
the atomic structures that the gold cores adopt with decreas-
ing size, are issues of fundamental, and potentially practical,
importance.’! For relatively large gold nanoparticles (i.e.,
greater than two nanometers), electron microscopy can map
out the core structure, but the surface structure (e.g. the ways
that thiolates bind to gold) cannot be determined. Obtaining
the total structure (i.e. the core and surface atoms) neces-
sitates single-crystal growth of atomically precise gold nano-
particles. Recently, significant progress has been made in the
chemical synthesis of ultra-small gold nanoparticles (often
called nanoclusters, typically less than two nanometers)
protected by thiolates, but the total structure determination
of such Au,(SR),, nanoparticles by X-ray crystallography
remains a major challenge.*” The reported crystal structures
thus far include Au,p(p-MBA)4, Au,s(SCH,CH,Ph),s, and
Aus(SCH,CH,Ph),,, which are all composed of non-FCC
(face-centered cubic) kernels,®™ such as the Au,, decahe-
dron in Auyu(p-MBA),® the Auy; icosahedron in
Au,5(SCH,CH,Ph) 5, and the Au,; face-sharing bi-icosa-
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hedron in Aus(SCH,CH,Ph),,.""! These experimental exam-
ples, as well as theoretical work,'>¥ indicate a size-depen-
dent general trend that starts from icosahedral atomic
arrangements at smaller sizes to decahedral structures at
larger ones, and culminate with large clusters of FCC
structure (for FCC metals).’"”) Pertaining to the surface
structures of Au,(SR),, nanoclusters, unique “staple”-like
motifs have been found, including the dimeric staple (i.e.
—SR—Au—SR—Au—SR—) and the monomeric staple (i.e. —
SR—Au—SR-).[11

Herein, we report the discovery of an FCC-type core
structure in Auss(SR),4, where SR refers to 4-tert-butylbenze-
nethiolate (denoted as SPh-fBu). The emergence of FCC
structure in Auss(SR),, is surprising, given the small size of the
cluster. The Aus5(SR),, particle consists of a Au,g kernel with
a truncated FCC tetrahedron exposing (111) and (100) facets.
Unlike the previously reported Au,(SR),, nanocluster struc-
tures (n=25, 38, 102),*" a new type of thiolate binding
mode for all-thiolate-capped nanoclusters has been discov-
ered, that is, 12 of the 24 ligands bind to the underlying Au
atoms in a simple bridging mode, with the remaining 12
thiolates forming the known dimeric staple motifs. First-
principle calculations reveal a large energy gap between the
highest-occupied and the lowest-unoccupied energy levels
(approximately 1.7 eV), which is in agreement with the value
measured by optical absorption spectroscopy. The high
stability of the nanocluster originates from the geometric
structure and organization of the electronic states into
superatom shells. The new FCC tetrahedral Au,; kernel and
the thiolate-bridging mode (as opposed to staple motifs) offer
important implications for other possible FCC-structured
gold nanocrystals, as well as for thiol binding on extended
gold surfaces in self-assembled-monolayer (SAM) systems.

The synthesis of Auss nanoclusters protected by SPh-rBu
thiolate starts with pure Aus(SCH,CH,Ph),, nanoclusters.
We previously reported a size-focusing method for the
synthesis of Aus(SCH,CH,Ph),, nanoclusters.” The
Au;(SCH,CH,Ph),,; nanocluster exhibits high thermal as
well as chemical stability (i.e., resistant to reduction and
oxidation by common reagents).”” Interestingly, we found
that this highly stable Ausy(SCH,CH,Ph),, nanocluster, when
reacting with HSPh-/Bu at 80°C for more than 12 hours, can
be transformed to a new cluster (see Supporting Information
for experimental details). To determine the mass of the as-
synthesized cluster, we used electrospray ionization mass
spectrometry (ESI-MS). The nanocluster was found to be
charge neutral; hence, CsOAc was added to the cluster
solution to form a mono-Cs* adduct of the cluster. The
positively charged adducts were then examined by ESI-MS

SWILEY i

ONLINE LIBRARY

Chemie

13201


http://dx.doi.org/10.1002/anie.201207098

Angewandte

13292

Zuschriften

(in positive mode). A clean peak at 11189.8 m/z was observed
(Figure 1a). By analysis of the isotope pattern, we determined
the ionized nanocluster to be mono-charged because the
isotope peak spacing is unity (i.e. + 1 charge state by taking

(Figure 2e, labeled 2) form S—Au bonds that are not co-planar
with the staple plane itself, thus making this protecting unit
different from the standard dimeric staple one (Figure 2e,
labeled 1). Second, the Au—Au distances between a gold atom
in the ostensible dimeric staple and the
closest atoms of the gold kernel are rather

N 1b00_ ,,,,,,,,,,,,,,,,,,,,,,, short (ranging from 2.875 A to 3.220 A,
11189.8 95 average 3.061 A), indicating quite strong

£ o] bonding, which is in contrast Witl}) the large

2 . distances (approximately 3.670 A) in the

El ] 35.9% case of the standard staple motifs. Conse-

o 801 quently, the aforementioned remaining

% 751 twelve S atoms (i.e., thiolate ligands) are

R 704 configured in a simple bridging bonding

65- L ,,,,,,,,,,,,, mode. This finding is rather surprising, as all

“‘f’“‘l et , 60—, : : . . the previously reported Au,(SR),, structures
000 o Mf::?m/;;ooo b e o Tef:seratur:o(BC) . (like AulOZ(p_MBA)M’ AuZS(SCH2CH2Ph)24’

Figure 1. Characterization of Auss(SPh-tBu),, nanoclusters. a) ESI-MS spectrum (CsOAc was
added to form Cs*-adducts with nanoclusters, b) thermogravimetric analysis (N, atmos-

phere, 10°Cmin™").

the reciprocal of peak spacing); hence, the cluster mass is
11056.9 Da (after subtracting one Cs™ =132.9 Da). We next
determined the Au/thiolate ratio by thermogravimetric anal-
ysis (TGA). A weight loss of 35.9% was observed (Fig-
ure 1b), which converts to a molar ratio of Au/SR =1.5:1. By
combing the cluster mass and the Au/SR ratio, the formula of
the nanocluster was readily determined to be Auss(SR)y
(FW=11057.1, deviation: 0.2 Da). It is worth noting that in
previous work using a benzene-thiolate (SPh), gold clusters in
this size range were identified,”! and recently the composi-
tion of a Aus(SPh),; cluster has been reported,”” but in
neither case could the structure be determined. It remains to
be seen whether the previous Auss(SPh),; formula® needs to
be corrected.

Crystallization of Auss(SPh-rBu),, was performed in
CH,Cl,/ethanol (3:2, v/v). Rhombic single crystals were
formed after two days. The crystal structure was solved by
X-ray crystallography (see Supporting Information). Fig-
ure 2a shows the entire structure of Au;(SPh-rBu),,. The
number of gold atoms in the metal core and the number of
ligands agree perfectly with the ESI-MS determined formula.
All carbon atoms were identified. No extra atoms (e.g.,
counterions) were found, indicating that the particle is indeed
charge neutral, which is consistent with the ESI-MS and TGA
results. Removal of the Ph-rBu groups revealed a D,, atomic
arrangement of the AuyS,, framework (Figure 2b). Four
dimeric staple motifs (—SR—Au—SR—Au—SR—) can be readily
identified (Figure 2c¢, green), evidenced by the planar geom-
etry and the large Al Al distances (i.e., between the
gold atom in the staple motif and the closest gold atom of the
metal kernel, ranging from 3.019 A to 4.072 A, average
3.670 A). After removing the four staple motifs, the remain-
ing structure contained 12 sulfur atoms and 28 gold atoms
(Figure 2d). At this stage, following the prevailing experience
additional dimeric staples could be identified. However,
careful analysis guides us to take a different course because:
first, the terminal S atoms of the ostensible dimeric staple

www.angewandte.de

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and Au;(SCH,CH,Ph),s) are exclusively
protected by monomeric and/or dimeric
staple motifs.

The appearance of a simple bridging
mode in the AuyS,, substructure seems to

Figure 2. Total structure of [Auss(SPh-tBu),,]°. a) The entire particle
(Ph-tBu=gray atoms), b) the AusS,, framework, c) the four dimeric
staples shown in green, d) the AuyS,, framework, e) comparison of
the ostensible dimeric staple (labeled 2) and the standard dimeric
staple (labeled 1).
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be closely related to the Auyg kernel structure. Removal of the
12 sulfur atoms reveals a layer-by-layer structure consisting of
6:8:8:6 gold atoms (Figure 3, from top to bottom), which is
reminiscent of the FCC structure of bulk (or nanocrystalline)

Figure 3. The Au,s FCC kernel structure of [Aus(SPh-tBu),,]°

gold. Indeed, the close-packed atomic planes register in an
A:B:C:A stacking sequence (Figure 3), where A—C denote
the cubic-close-packed (ccp) planes. Furthermore, the Auyg
kernel is comprised of four interpenetrating cuboctahedra
(Supporting Information, Figure S1). The cuboctahedron is
a fragment of the FCC structure and can be readily
constructed from it.!! This arrangement of atoms in the 28-
atom kernel is indeed the first observation of an FCC
structure in Au,(SR),, nanoclusters of discrete size. The
emergence of an FCC structure of such small size is
unexpected, especially in light of the icosahedral structures
found in clusters of neighboring sizes, that is Au,s(SR),5 and
Augg(SR),4

Alternatively, the Auss(SPh-rBu),, cluster may be viewed
as a concentric two-shell tetrahedral structure, with the first
(inner) tetrahedron containing four atoms corresponding to
the centers of the four cuboctahedra shown in Figure 4a. The
Au, tetrahedron is enclosed by a second shell comprised of 24
gold atoms (Figure 4a). Overall, the morphology of the two-
shell Auy, kernel is that of a truncated tetrahedron (¢-T},) (see
Figure 4b). By incorporating the four dimeric staples and 12
simple bridging thiolates, the four dimeric staples span the
four (111) faces along the bissecting line, while each of the six
(100) faces is protected by two simple bridging thiolates

Figure 4. Tetrahedral structure of the Auyg kernel and surface protection by thiolate
ligands. a) The inner Au, tetrahedron is shown in space-filled fashion, b) the two-shell
Auyg kernel exhibits bulk-like (111) and (100) faces, c) the surface protection of the
Au,g tetrahedron by four dimeric staples (containing 12 thiolates) and 12 bridging
thiolates.
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(Figure 4c¢). In this way each of the 24 surface gold atoms of
the tetrahedral Au,@Au,, kernel is bonded to thiolate. Only
the inner Au, atoms are not bonded to any ligands. The
average Au—Au distance in the FCC-structured Au,g kernel is
2911 A, slightly longer (approximately 1%) than the bulk
Au—Au distance of 2.883 A.>

As mentioned before, prior to our discovery of an FCC 28-
atom gold kernel, the size-dependent structures of Au,(SR),,
nanoclusters were thought to evolve from icosahedral to
decahedral and finally to FCC structures, as reflected in the
structures of Au,s(SCH,CH,Ph),5, Aus(SCH,CH,Ph),,,
Auy(p-MBA) and FCC-structured
Au35(SCH,CH,Ph),,.5 19 Our work suggests a re-examina-
tion of the size-dependent structure-evolution pattern and the
factors governing structural size-dependent transitions. Our
results indicate that the type of thiolate ligand plays a key role
in determining the structure adopted; in other words,
structural stability appears to be intimately related to the
identity of the thiolate ligand. Indeed, it is rather remarkable
that reaction with the conjugated SPh-fBu ligand drastically
transforms the Aus; metal-core structure stabilized by the
non-conjugated SCH,CH,Ph ligand.'! To account for the
extreme robustness of Aus(SPh-rBu),,, we suggest that one
should view the ligands and the metal core as a non-divisible
joint entity. The critical role of ligands is commonly over-
looked. The core geometry (or structural stability) is likely to
be governed, at least to some extent, by electronic effects
owing to the conjugated thiolate ligands.

It might instead be argued that the ligand-induced
conversion from Aus(SCH,CH,Ph),, to Aus(SPh-tBu),,
might be a consequence of the “bulkiness” of the ligands,
rather than having its origins in an electronic effect as
discussed above. However, the observation that even very
bulky thiolate ligands, such as glutathione (SG, a tripeptide
with -SH), readily yield a Auy(SG),, nanocluster, rather than
a Auzs(SG),, nanocluster, serve to refute such a view. More-
over, previous work”?! also demonstrated that various
ligands (all without the conjugation effect) give rise to
Ausg(SR),, nanoclusters. Similarly, no effect of ligand bulki-
ness on inducing a change in cluster size was observed in the
case of Au,s(SR);s either.”® Therefore, instead of the
(thermal) transformation from Aus(SCH,CH,Ph),, to Aus-
(SPh-fBu),, being caused by ligand bulkiness, we conclude
that the conjugation effect of the SPh-rBu ligand is more
likely responsible for the above transformation.

To obtain further insight into the bonding
and electronic structure of the Aus(SR),,
cluster, we performed extensive first-principles
calculations.’ Figure 5 displays (in the range
—3.5eV<E—Eg<1.5¢eV) the projected densi-
ties of states (PDOS, see Supporting Informa-
tion for details) calculated for the experimen-
tally determined atomic coordinates (Fig-
ure Sa), for the energy-optimized structure
(Figure 5b), obtained using density-functional-
theory (DFT)-based relaxation of the experi-
mental configuration), as well as for the (opti-
mized) structure but with R=H (Figure 5c¢).
The first outstanding feature observed is the
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Figure 5. Electronic structure of Auss(SR),,. Projected densities of
states (PDOS) for Aus6(SR),4 in (a—c,€) and Auy(SR)q, in (d), with
different colors corresponding to the various angular momentum
contributions S, P, D, F, G, H, and I. The PDOS in (a—e) were
calculated for the atomic positions of the Aus¢(SR),4 (and Au,s(SR)q,)
cluster as noted. The Fermi energy E; is the energy in the middle of
the HOMO-LUMO gap. The structure of the fully protected optimized
cluster is shown in the inset to (a). Au orange, S yellow, C gray, H blue.
The inset in (b) is an image of one of the three unoccupied superatom
1D orbitals (different signs of the wave function are depicted in blue
and pink, allowing visualization of the nodal pattern). The inset in (c)
shows the optimized structure of the Auss(SH), cluster, and the inset
in (d) depicts the 28-atom core of Au,(SR);, with the adsorbed

S atoms (the organic part was omitted for clarity), obtained from the
optimized Auss(SR),4 structure by removing the four dimeric staples.
The insets in (e), show the lower energy 1S and 1P orbitals calculated
for the optimized cluster structure, completing the 15| 1P®| 1D* shell.

exceptionally large HOMO-LUMO energy gap (A=
1.7 eV, 1.5 eV, and 1.8 eV, respectively, in Figure 5a—c). This
large gap agrees well with the optically measured one
(approximately 1.7 eV), thus the optical gap represents
a true HOMO-LUMO gap. This energy gap exceeds, by
a large margin, those measured for other thiolate-protected
gold nanoclusters in this size range, that is, 1.3eV for
Au,5(SR);5 and 0.9 eV for Auss(SR),,. As previously noted,
the large Ay gap confers high stability to the cluster,
endowing it with resistance to chemical attack. Inspection of
the electronic structure of the cluster and the orbitals’ angular
momentum symmetries shows that, following an early pro-
posal,”® for a wide range of energies (located at the middle of
the energy spectrum) the electronic wavefunctions exhibit
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localized character (associated with Au atomic 5d electrons),
but the orbitals of states with energies near the top and
bottom of the electronic spectra are of delocalized character,
derived from the Au atomic 6s electrons (see representative
orbital images in Figure Sb,e). The delocalized states can be
assigned particular symmetries following the electronic
cluster-shell-model (CSM), with a (superatom) aufbau rule:
1S*| 1P| 1D | 28* | 1F"*| 2P| 1G"| ... where S, P, D, F, and G
correspond, respectively, to angular momenta, /=0, 1, 2, 3,
4...; note that the restriction of quantum number /=0, ... n—1
in atoms is not applicable in superatoms. We note herein
certain possible alterations in level ordering, as well as
possible splitting of the 2/ + 1 fold level degeneracy by crystal-
field effects (see below). In the above CSM scheme, the
vertical lines denote shell-closures (magic numbers), with
each closure accompanied by the opening of a stabilizing
energy gap. For the Aus;5(SR),, cluster, with the number of
electrons not engaged in bonding to sulfur being 36—24 =12,
the aufbau rule leads to a 1S*| 1P%| 1D* (superatom) config-
uration, which is not a closed shell. The stability of this
configuration derives instead from the splitting of the fivefold
degeneracy of the 1D shell owing to the non-spherical atomic
arrangement in the gold cluster and the organization of the
protecting ligands. Indeed, this crystal-field-like splitting is
mirrored in the observation of three LUMO orbitals of 1D
character in the PDOS shown in Figure 5b and its inset.

For a globular Au,g cluster the aforementioned aufbau
rule predicts 18*|1P°|1D"|2S?| 1F®, exhibiting (4/7)-occu-
pancy of the 1F superatom shell. Examination of the PDOS of
the X-ray-determined 28-atom core leads us to conclude that
the electronic structure of the tetrahedral core agrees well
with the predictions of the CSM. Bonding of the twelve
bridging thiolates to the cluster (see Figure 5d) leaves four
electrons in the HOMO orbitals separated by a gap of close to
0.9 eV from the rest of the manifold of occupied states. The
(superatom) electronic configuration of this cluster may be
written as 1S?|1P%|1D* Attachment of the four dimeric
staples restores the spectrum of the completly protected
Auss(SPh-1Bu),, cluster (Figure Sa,e), exhibiting the afore-
mentioned remarkably large HOMO-LUMO gap, 4y =
1.7 eV.

The total structure determination of the Au;,(SPh-7Bu),,
cluster presented herein and the theoretical insights into its
bonding and electronic structure that we gained, have certain
valuable implications for future investigations. First, our
findings show that the structures and stability of nanoclusters
are determined by a balance between maximization of the
metal (gold) cohesive energy and the electronic effect of the
conjugated thiolate. Along with this is our experimental
(Supporting Information, Figure S2) and theoretical findings
of a large (approximately 1.7 eV) HOMO-LUMO energy
gap conferring to the cluster extreme stability, and originating
from the (superatom) shell-structure organization of the
electronic energy levels of the cluster; the occupancies of the
shells and their degeneracies are both determined by the
metal component of the cluster as well as by its interactions
with the protecting thiolates. Second, the finding that a cluster
as small as Auss(SPh-rBu),, can have a nanocrystalline FCC
core,”” provides a strong impetus for reexamination of the
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ordering and transitions between various structural motifs
appearing along the size-dependent evolution of nanocluster
structures.®! Third, this work shows that the bridge-bonding
motif of thiolates on gold particles is an important addition to
the previously observed monomeric and dimeric (and the
recently theoretically proposed trimeric)®” staple motifs, as
surface protectors for Au,(SR),, nanoclusters. This finding
may have implications for the still controversial case of self-
assembled monolayers (SAM) on bulk gold surfaces.”!
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