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Abstract: Unravelling the atomic structures of small gold
clusters is the key to understanding the origin of metallic bonds
and the nucleation of clusters from organometallic precursors.
Herein we report the X-ray crystal structure of a charge-neutral
[Au,s(SCsH ;) ,4] cluster. This structure exhibits an unprece-
dented bi-octahedral (or hexagonal close packing) Au, kernel
protected by staple-like motifs including one tetramer, one
dimer, and three monomers. Until the present, the [Aus
(SCsH ;) 14] cluster is the smallest crystallographically charac-
terized gold cluster protected by thiolates and provides
important insight into the structural evolution with size.
Theoretical calculations indicate charge transfer from surface
to kernel for the HOMO-LUMO transition.

Ligand-protected gold nanoclusters lie at the interface
between organo-gold complexes (e.g. [Au'(SR)]) and plas-
monic gold nanoparticles."™ The distinct valence state of the
metal atoms give a “metalloid” nature to such nanoclusters.['"]
Understanding the nucleation of [Au'(SR)] complexes into
clusters (i.e. [Au,(SR),,], where n>m) is of critical impor-
tance for mapping out the growth pattern. To achieve that,
discrete-sized clusters should be made and their structures
solved by X-ray crystallography. In the case of thiolate-
protected [Au,(SR),,] nanoclusters, following the initial
efforts of structural elucidation of [Au,s(SC,H,Ph)5], [Auss-
(SC,H,Ph),,], and [Auy,(SPh-p-COOH),] (see Review
Ref. [1]), several new crystal structures toward the smaller
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end (n<25) have been attained recently ™' including
[Au,,(SCH,Ph-rBu),| featuring a Aug kernel protected by
four tetrameric Au,(SR);s staples, [Au,;(SCsHy;)6] With a Auys
kernel protected by various surface motifs, and [Au,,(SPh-
fBu),s] exhibiting a Au, kernel and an unprecedented
Aug(SR)g macrocyclic ring as one of the surface-protecting
motifs.

Crystallization of even smaller clusters (e.g. n<20),
however, has not been successful, although small
[Au,(SR), ] clusters were reported a decade ago.!'*!* Negishi
et al. first isolated [Auy 1,(SG)yg1,] complexes and clusters
including [Au;5(SG);3], [Au5(SG)y4], where SG is deproton-
ated glutathione.™ In recent work, Hamouda et al. also
observed similar sizes together with charge-neutral
[Aus(SG)i] and [Auy(SG)yq] clusters.™ Pradeep and co-
workers reported a one-step, slow reduction route for the
synthesis of [Au,5(SG),,] and further studied the photolumi-
nescence.['! Yao et al. recently devised a pH value-controlled
method for one-pot synthesis of [Au;5(SG),5] and [Au;5(SG) 4]
without the need of isolation.'"” The catalytic application of
[Au;5(SG);5] and [Aug(SG),,] has been reported.’® In
theoretical work, Tlahuice and Garzon predicted the
[Aug(SR)y,] structure to be a prolate bitetrahedral Aug core
capped by two dimers (-SR-Au-SR-Au-SR-) and two trimers
(-SR-Au-SR-Au-SR-Au-SR-).! Despite the identification of
[Au;5(SG),y] a decade ago and subsequent extensive work,
crystallization of [Au(SG),,] has not been successful thus far.
After years of trials, we realized that the barrier could be the
SG ligand, since structure determinations on [Au,(SR),,] with
organic soluble thiolates have been quite successful.l:2*2!
This motivated us to devise a new synthetic strategy to
obtain thiolate-protected Au,g clusters that are soluble in
organic solvents for the realization of crystallization.

In this work, we have successfully devised a facile syn-
thesis for a cyclohexanethiolate-protected Aug cluster and
determined its structure by X-ray crystallography. This
charge-neutral cluster features a face-fused Au, bi-octahedral
(or hexagonal close packing) kernel, and the surface protect-
ing motifs include one Au,(SR)s tetramer, one Au,(SR),
dimer, and three Au(SR), monomers.

The [Au;z(SC¢Hy,),4] nanoclusters were synthesized in
a one-pot reaction at room temperature by a kinetically
controlled approach!®! (see Experimental Section for details).
This synthetic route yielded pure [Au;s(SC¢H;;)i4] nano-
clusters with the optical absorption spectrum closely resem-
bling that of [Auy(SG),,].'*¥ Recrystallization and single
crystal growth of the nanoclusters were performed by vapor
diffusion of pentane into a concentrated solution of the
nanoclusters in CH,Cl, for 1-2 days.

The structure (Figure 1) of [Au(SCeH;).4]° was solved
by single-crystal X-ray crystallography. The structure is
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Figure 1. X-ray structure of the [Au;5(SCgHs1)14]° nanocluster. The Au
atoms are dark gray, sulfur atoms light gray, cyclohexyl in wireframe,
all H atoms are omitted for clarity.!
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Figure 2. The Au, bi-octahedral kernel of the [Au;5(SCsHs1)14]° nano-
cluster with the shared Au; face highlighted in dark gray. The Au,
kernel can also be viewed as three Au, layers (ABA) arranged in a hcp
fashion. The right panel shows the Aug kernel in space-filling model.®”

composed of a face-fused bi-octahedral Au, kernel (Fig-
ure 2a), where two Au, octahedra are fused together by
sharing a common Au; face. The Au—Au bonds in the Au,
kernel range from 2.67 to 3.00 A (average: 2.82 A), which is
comparable to the Au-Au distance (2.88 A) in bulk gold.
Alternatively, the face-fused bi-octahedral Auy kernel may be
viewed as three layers of Au; planes arranged in a hexagonal
close-packing (hcp) fashion (Figure 2, labeled ABA layers).
Of note, the Au—Au bonds within each of the three Au; planes
range from 2.67 to 2.81 A and are considerably shorter than
the Au—Au bonds between the layers (ranging from 2.78 to
3.00 A). It is worth comparing with the [Al,,{N(SiMe;),}s]”
structure.'”™ While Al and Au clusters bear some similar-
ities!!®! (e.g. both being face-centered cubic (fcc) and having
similar metal-metal distances, Al-Al: 2.86 A and Au-Au:
2.88 A), the [Al,,{N(SiMe;),}s]” cluster exhibits a central Al,
unit of fcc structure, whereas [Au;3(SR),] has a hep Au,
kernel.

The hcp-layered Au, kernel is encapsulated by one
Au,(SR); tetramer, one Au,(SR); dimer, and three Au(SR),
monomers. Specifically, the two sulfur ends of the Auy(SR);s
tetrameric staple are bonded with two Au atoms of the middle
Au; layer of the Auy kernel and the tetramer spans across the
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Figure 3. Anatomy of the [Au,5(SCsH11)14]° nanocluster, starting with
the bi-octahedral Aug kernel (A), to which one tetrameric staple motif
is added giving (B), followed by addition of three monomeric staples
to give (C), and finally addition of a dimeric staple motif yields the
complete structure [Au,g(SCsH11)14] (D). (large spheres=Au in the
kernel; dark small spheres=Au in the staples; light gray spheres=S;
carbon tails of thiolates are omitted for clarity).
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front Au; face (Figure 3B). The three Au(SR), monomers
bridge Au atoms of the front and back Auj; layers (Figure 3 C)
and are symmetrically distributed. Finally, a dimeric staple
extends from the middle Au; layer to the back Au; face
(rotated 180° to the front, Figure 3D). Interestingly, the
Au,(SR);s staple is skewed, unlike the tetramer found in the
[Au,,(SCH,Ph-1Bu),|” structure (Supporting Information,
Figure S1),"% and it appears to be caused by the relatively
stronger interaction (3.16 A) between the two Au atoms of
the tetramer (see Figure S1(A)), as opposed to commonly
seen Au—Au distances in staple motifs of gold clusters (over
33 A, see Table S1). In addition, the Au atoms in all three
types of staple motifs residing on the Aug kernel have strong
contacts with the Au atoms of the kernel (Au—Au distances
ranging from 2.88-3.58 A, average 3.23 A), giving rise to
a compact cluster structure. The cluster is non-chiral, as there
is a symmetry plane in the [AuS,,] framework, along the
plane of the dimeric staple (Figure 3D); this symmetry plane
also cuts the tetrameric staple into left and right symmetric
halves (Figure 3C). Note that Tlahuice and Garzon theoret-
ically predicted the structure of [Au,5(SR),4] to be composed
of a bi-tetrahedral Aug kernel protected by two dimers and
two trimers."® This predicted structure does not match with
our experimental one.

No counterion was found in the unit cell of [Au-
(SC¢Hj))14] crystals, and the charge neutrality of the cluster
was further confirmed by electrospray ionization mass
spectrometric (ESI-MS) analysis; no signals was observed in
both positive and negative mode analyses prior to the
addition of cesium acetate (CsOAc). With CsOAc, the
clusters formed a positively charged mono-Cs* adduct
which was detected in positive mode ESI-MS (Figure S2).
An intense peak was observed at m/z 5291.12, which corre-
sponds to [Au(SCsHyy)14-Cs|" adduct. The isotope pattern
further revealed the isotope peak spacing to be unity,
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confirming the ionized cluster to be +1 charged. After
subtracting one Cs*, the cluster mass is determined to be
5158.22, which is in excellent agreement with the theoretical
mass (5158.42, deviation 0.2 Da).

With regard to the optical properties of [Au;g(SCsHj1)14],
the UV/Vis spectrum exhibits prominent bands at 450, 570,
and 630 nm (Figure 4), and the optical energy gap (E,) is

ex
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300 450 600 750 900
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Figure 4. UV/Vis absorption spectrum of the [Aus5(SCeHs1)14]° nano-
cluster. Inset: excitation, emission, and UV/Vis absorption profiles.

determined to be 1.7 eV by extrapolating the absorbance to
zero. Electrochemical measurements gave the first reduction
peak at —0.95V (vs. Ag/AgCl) and the first oxidation at
+0.87 V (Figure S3). By extrapolating the peaks to the
baseline we obtain the electrochemical gap energy of
approximately 1.66 eV, in agreement with the optically
measured gap of 1.7 eV. The absorption spectrum closely
matches with that of water-soluble [Au(SG)y,] reported by
Negishi et al.,' indicating that both [Au;s(SC¢H,;).,] and
[Au5(SG),4] clusters share the same structure. Photolumi-
nescence measurements revealed that the [Au;s(SC¢Hyy) )
cluster gives rise to red emission centered at around 735 nm
(excitation: 450 nm). The corresponding excitation spectrum
exhibits multiple bands resembling the absorption spectrum
(Figure 4, inset). The quantum yield (QY) of [Au;g(SCeHi1)14]
was measured to be approximately 0.05% using the well-

HOMO—LUMO

300 450 600 750
Wavelength (nm)

studied [Au,s(SG)5]~ as the reference (QY: 0.2% ). We
note that the quantum yield of the SG-protected clusters is
typically 10-100 times higher than that of the organic-
thiolate-protected counterpart owing to the surface ligand
effect.”” The origin of the luminescence is largely ascribed to
the surface effect,?*?! while the inner metal core plays a less-
important role.

To gain insight into the electronic and optical absorption
properties of the cluster, we carried out density functional
theory (DFT) calculations. The simulated optical absorption
spectrum is shown in Figure 5 A, in which the lowest energy
peak arises from the HOMO-LUMO electronic transition.
Unlike other nanoclusters,"! an interesting feature of [Auyg-
(SC¢H;y)14] lies in that the HOMO extends over to the
Au,(SR); staple (Figure SB), and indeed all the four gold
atoms and five sulfur atoms of this extended staple are
involved in the HOMO. The LUMO, on the other hand, is
over the three layers of the Auy kernel. Thus, the HOMO-
LUMO transition manifests charge transfer from the
Au,(SR)s staple to the Au, kernel, a feature not found in
other nanoclusters.'! The simulated optical absorption spec-
trum reproduces well the experimental observation, except
for a small redshift (ca. 0.22 eV) of the computed result. The
DFT results also verify the tetrameric gold-thiolate motif
assigned in the above structural anatomy.

It is worth commenting on the structures of the clusters
close in size.'121%2631 Previous studies (both experiment and
theory) have predicted a reduction in gold-kernel size with
decreasing size of the cluster (Table 1), and a small kernel
encapsulated by extended staple motifs is believed to stabilize
the cluster structure.l'”?**! However, upon careful analysis of
the gold cores in experimentally determined crystal structures

Table 1: Small [Au,(SR),,] clusters (n<25) and their Au kernels.
[Au,(SR) ]

Au kernel (experiment) Au kernel (theory)

[Auy5(SR)1s] - Auy
[Auyg(SR)14] Aug Aug
[Auzo(SR)1e] Au; Aug
[Auy; (SR)q4] - Aug
[Auys(SR)1¢] Aus -

[Au24(SR) 0] Aug (different configuration Aug

from theory)

Figure 5. A) Simulated absorption spectrum of the [Au5(SCgH11)14]° nanocluster; B) HOMO distribution; C) LUMO distribution. The stick pattern
under the absorption curve in (A) indicates the individual electronic transitions.
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Figure 6. Experimentally determined gold kernels of A) [Auyg-
(SCeHn)rdl, B) [Auso(SPh-tBu)1q], C) [Auss(SCsHi)ve] (the labels 1 and 2
indicate the two capping Au atoms on the Au,; cuboctahedron), and
D) [Au,s(SCH,Ph-tBu),¢).

of small [Au,(SR),,] clusters (where, n < 25),112 we find that
the predicted trend does not hold (Table 1 and Figure 6). This
indicates that the structures of clusters at the smaller end are
much more diverse than previously thought.

The successful determination of the [Au4(SR),4] structure
leaves that of the smallest, [Au;s(SR)5], to be solved in future
efforts. Between [Au'(SR)],,, complexes and [Au;5(SR);5],
no cluster sizes have been found. In contrast, phosphine-
protected gold clusters ranging continuously from Au, to Au,,
have been identified.?**3>! The four-electron (4e) family of
[Au,(SR),,] nanoclusters include [Au5(SR)14], [Aus(SR)y6],
and [Au,(SR),],M¥ as well as the SePh protected counter-
parts.”?*3 From Au,, to Au,, a decrease in Au-kernel size is
seen from the face-joined bi-tetrahedral Aug*" in [Au,,(SR),]
to vertex-shared bi-tetrahedral Au,** in [Au,(SR),q].[1*12
However, [Auig(SR),y] does not follow the shrinking trend
and, instead, a larger Au,”* kernel is observed in [Aus(SR),,].
This Auy’* kernel comprises three layers of gold atoms and
can be viewed as two Au, octahedral units sharing a common
face, in contrast with the linking of Au, tetrahedra in the
larger 4e clusters."'>'2212l With respect to the phosphine-
protected Au,, and Au,, clusters, the gold kernels are based
on icosahedral or incomplete icosahedral units.>*”! A phos-
phine-protected 4e [Au;]** cluster has also been reported,
which exhibits a structure of octahedral Aug core plus one
atom and fills the gap between the [Aug]*" and [Aug]*" clusters
with “core 4 two” structures.”! The striking differences
between [Au,(SR),,] and the gold-phosphine system reflects
the Au—SR and Au—PR; bonding differences.

In summary, we have devised a facile one-pot synthesis for
obtaining molecularly pure [Au,5(SCsH;;),4] and successfully
solved its structure. This cluster constitutes the hitherto
smallest crystallographically characterized [Au,(SR),,] clus-
ter. Theoretical simulations reveal that the HOMO-LUMO
electronic transition exhibits charge transfer from the surface
to the kernel, a feature not found in other reported nano-
clusters. The observation of a face-fused Au, bi-octahedral (or
hexagonal close packing) kernel in a small [Aug(SCsHyy) 4]
cluster is remarkable and it offers insights into nucleation and
size evolution of gold clusters.*”
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Experimental Section

[Aus(SCsH,;),,]: In a typical reaction, HAuCl,-:3H,0 (0.2 mmol,
78.8 mg, dissolved in 0.5 mL ethanol) was added to a CH,Cl, (10 mL)
solution of tetraoctylammonium bromide (TOAB, 0.232 mmol,
127 mg). After vigorously stirring for 15 min, the solution changed
from yellow to dark reddish orange. Then, excess 1-cyclohexanethiol
(125 pL, neat) was added to the mixture at room temperature. The
reddish orange solution turned colorless in 15-20 min indicating the
conversion of Au™ into Au' complexes. Then, NaBH, (0.5 mmol,
19 mg dissolved freshly in 1.5 mL of ethanol) was added drop-wise to
the solution under vigorous stirring. The solution slowly turned green,
indicating the formation of clusters (identified to be [Aug-
(SC¢Hy))1])- The mixture was further allowed to react for 4-5h
under stirring, after which it was centrifuged to remove insoluble Au'-
polymers. The supernatant solution was evaporated to dryness under
rotary evaporation and the product was washed several times with
methanol to remove excess reactants. The purified nanocluster
product was then extracted with CH,Cl, and recrystallized by vapor
diffusion of pentane into the CH,Cl, solution of the cluster for 1-
2 days. This step was repeated 2-3 times to obtain high quality single
crystals of the nanocluster for X-ray crystallography. Details of the X-
ray analysis, electrochemical and mass spectrometric analyses, optical
spectroscopic measurements, and density functional theory (DFT)
calculations are provided in the Supporting Information.
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