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ABSTRACT: The larger size gold nanoparticles typically
adopt a face-centered cubic (fcc) atomic packing, while in
the ultrasmall nanoclusters the packing styles of Au atoms
are diverse, including fcc, hexagonal close packing (hcp),
and body-centered cubic (bcc), depending on the ligand
protection. The possible conversion between these packing
structures is largely unknown. Herein, we report the
growth of a new Au,;(S-Adm),s nanocluster (S-Adm =
adamantanethiolate) from Au;4(SR)4 (SR = cyclohexylth-
iol), with the total structure determined by X-ray
crystallography. It is discovered that the hcp Aug-core in
Aug(SR),, is transformed to a fcc Aujy-core in Auy,(S-
Adm) ;. Combining with density functional theory (DFT)
calculations, we provide critical information about the
growth mechanism (geometrical and electronic structure)
and the origin of fcc-structure formation for the thiolate-
protected gold nanoclusters.

Atomically precise ligand-protected gold nanoclusters (<2
nm) have attracted great research interest' * because of
their peculiar properties, such as intrinsic chirality,” ™"
catalysis,lz_15 biomedicine,16 magnetism,”’18 and photolumi-
nescence.’” > Recently, advances in synthesis and structure
determination of thiolated gold nanoclusters™ 2337 #b434 4
well as theoretical research’’™>* have been achieved. The
ultrasmall gold nanoclusters demonstrated diverse Au atom
packing structures in contrast to Au(I)—SR complexes and
larger gold nanoparticles (>2 nm). For example, (i) gold
nanoclusters can form different crystallographic structures, such
as hexagonal closed packed (hcp),””™” body-centered cubic
(bee),®® and face-centered cubic (fcc) structures.”’ ™' In
contrast, the large gold nanoparticles and bulk gold adopt the
fce-structure. (ii) The HOMO—LUMO transition in larger gold
nanoclusters involves sp « sp intraband excitation,”>"* while
small gold nanoclusters (e.g, Au;5(SR)y,) and the Au(I)
complexes mainly involve sp « d interband excitation for the
HOMO-LUMO transition.””**

Despite great experimental and theoretical research efforts,
some fundamental issues about the geometrical and electronic
structure evolution of thiolate-stabilized gold nanclusters
remain to be addressed. The first issue is about the origin of
fcc kernel formation. Recently, a series of fcc-structured gold
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nanoclusters has been reported, e.g. Au,3(SR);s7,
Au,ys(TBBT),g, AusoS(SR)is, Auzs(SR)ys Augg(SR),s,
Auy,(SR),s and Aug,(SR);,.>"~*' These reported nanoclusters
show an interesting tendency, ie., the growth of the fcc-
structure via assembly of cuboctahedral units. However, the
formation mechanism of the cuboctahedral unit as well as the
edge size of the thiolated gold cluster which forms the first
cuboctahedral unit is not clear. Second, the smaller gold
nanoclusters (e.g., Au;s(SR);4) and the Au(I) complexes
typically show sp < d interband excitation in the HOMO—
LUMO transition.**** In contrast, the HOMO-LUMO
transition of the larger nanoclusters (ie., 8e or more free
valence electrons) mainly involves sp « sp excitation.””** Is
the transition of the electronic excitation mode from sp « d to
sp < sp caused by the increase of cluster size/Au-kernels or
other factors, such as the increased number of free metal
electrons? Research on these questions will help to obtain a
deeper level of understanding of the geometrical and electronic
structure evolution of thiolate-stabilized gold nanoclusters.

Herein, we use HS-Adm (adamantanethiol) as ligand to
convert the Au;3(SR);, nanocluster into a new nanocluster
formulated as Au,;(S-Adm); with its structure solved by X-ray
crystallography (Figure 1). Note that we have tried many
ligands such as 4-tert-butylbenzenethiolate and tert-butyl
mercaptan, etc,, as shown in Figure SI1; however, only HS-
Adm can induce the growth of hcp-structured Au;g nano-
clusters to fcc-structured Au,; nanoclusters. Interestingly, the
HOMO-LUMO transition in Au,;(S-Adm); exhibits an sp «
sp intraband transition, in contrast with the sp < d interband
transition in the Au;3(SR),4, and more importantly, the hcp-
structured Au, core in Au;(SR),4 grows to a fcc-structured
Au,, core in the Au,;(SR);s nanocluster. This new nanocluster
is also the first report of a thiolated gold nanocluster which has
six free valence electrons. Together with the density functional
theory (DFT) calculation, the critical information about the
origin of the fcc-structure, the growth mechanism of thiolated
gold nanoclusters, and the electronic structure evolution (from
sp < d to sp < sp) of gold nanoclusters are studied.

The Au,;(SR);5 nanocluster is composed of two octahedrons
sharing one edge (Figure 2a and 2b) instead of sharing one face
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Figure 1. Total structure of the Au,,(S-Adm),s nanocluster. Labels:
yellow = Au, red = S, gray = C, white = H. The carbon tails are in
wireframe mode.

Au2

Figure 2. (a,b) Au,, kernel structure in the Au,,(S-Adm);
nanocluster. (c—f) Thiolate binding modes in the Au,(S-Adm);
nanocluster: (c) bridge thiolate; (d) with Au(SR), staples; (e) with
Au,(SR); unit; (f) further capped by Aug(SR), motifs (green and
yellow = Au; red = S).

as in the Au;g(SR),, nanocluster. The radial Au—Au bond
lengths in Au,, give an average of 2.86 A (close to the distance
in bulk gold, 2.88 A), which is 1.45% shorter than the average
distance of the Au, kernel in the Au,g nanocluster. This kernel
is protected by four different motif structures: (i) a bridging
thiolate that binds two kernel gold atoms (Figure 2c); (ii) a
Au(SR), monomeric staple (Figure 2d); (iii) a Au,(SR),
dimeric staple (Figure 2e); and (iv) a very long Aug(SR),
staple motif (Figure 2f). Note that the longest motif before this
work was the Aug(SR); ring in the Au,, nanocluster.” In the
Auy, core, we found two gold atoms (Figure 2b, labeled by Aul
and Au2, respectively) that have an unusual coordinating
structure. From Figure 2f, the Aul atom is coordinated with the
Au(I) atom in a monomeric motif and the Au2 is protected by
a —SAdm group in the [Aug(SR),] motif. The distance between
the Au2 and S atoms is 2.462 A, which is longer than the
regular bond length of Au(I)—S (~2.3 A).

DFT calculation was performed to reveal the possible growth
mechanism from a Au;g to a Au,; nanocluster. As shown in

Figure 3a, starting from the Au;5(SR),, cluster, we considered
an exterior Au atom (Figure 3a and 3b, labeled by 3) is inserted
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Figure 3. (a) Proposed intermediate structures for the step-by-step
conversion of Au;5(SCH;),4 to Au,;(SCH3);s. (b) Computed reaction
energies for each conversion step described in part a. (Pink, yellow,
and green = Gold; red = S; atoms labeled with numbers are Au; atoms
labeled with numbers and * are S.)

into an Au-SR bond (C2 in Figure 3a). After that, a structural
isomerization is considered, where an Au-SR bond in the
monomeric staple motif is broken and a new trimeric motif is
formed. As shown in step C2 — C4, this process includes the
collapse of a motif Au(I) atom (labeled by 4) into the Au-core
and the migration of a gold atom (labeled by 3) to the position
between two thiolate groups to form a trimeric motif. The
transition state for this rearrangement process is determined
(TS1). The energy barrier is 0.52 eV. After this rearrangement
process, the cluster energy is slightly decreased by 0.03 eV.
Following the rearrangement step, another exterior Au atom is
further introduced, which binds two thiolate groups and forms
a longer staple motif containing eight Au(I) atoms (C4 in
Figure 3). An isomerization process is further considered by
rotating a triangular Au; unit at the bottom of the cluster (step
C4 — CS5). As shown in Figure 3a and 3b, in this isomerization
process, a tetrahedron Au, and a new triangular Auj; unit are
formed. The energy barrier for the isomerization step is 0.72
eV. Finally, a thiolate and an exterior Au atom are added to
finish the growth of cluster to Au,;(SR);s. The energy change
during this growth path way is given in Figure 3b.

The proposed growth processes suggested a simple growth
principle of gold nanoclusters, which includes three key steps:
(i) Core-growth triggered by an exterior Au atom; that is, an Au
atom is first inserted into an Au—S bond. (ii) Collapse and
growth; that is, the motif gold atom collapsed into the core to
finish the core-growth. (iii) The exposed thiolate ligand and/or
core gold atom in this step provides active sites to the growth of
new ligand motifs.
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The significant change of the Au-core structure from hcp to
fcc caused by addition of an extra gold atom provides a clue for
understanding the cuboctahedral unit formation in the thiolate-
stabilized gold clusters. As shown in Figure 4a, in the Auy

c)

Collapse
[——————
Transfer

Figure 4. Proposed fcc formation process. (a) Auy hcp core in a
Aug(SR)y, nanocluster; (b) adding one gold to the Au-core; (c)
collapse of the gold(I) atom; (d) structure distortion; (e) with four
gold atoms in the motif structure; (f) complete cuboctahedron unit in
the Au,3(SR);s~ nanocluster. (green = Au in the kernel; pink =
additional Au; yellow = Au in the motif structure).

nanocluster, two octahedrons share one triangular face. When
the additional Au atom is added to the kernel (Figure 4b), a
motif gold(I) atom will collapse into the core and the
previously added Au atom migrates into the ligand shell.
These two steps do not change the arrangement of gold atoms
in the metal core. After that, this center and the bottom trigonal
Au; undergo distortions (Figure 4d). This Auy, core, together
with four motif gold atoms (Figure 4e, labeled in pink color),
become an fec-structured cuboctahedron (note, one gold atom
is missing). The {111} planes are indexed as a, b, and c. With
the growth of the nanocluster, the complete fcc cuboctahedron
unit could be found in the Auy; nanocluster by filling up the
missing gold and further growth to lar%er fce-structured gold
nanoclusters, such as Au,5(SR),0,°"" AuypS(SR) g 0 *
Auge(SR),,,** and Ausi(SR)5,* and finally to large gold
nanoparticles.

Previous work revealed that thiolated gold nanoclusters of no
more than 4e (e.g, 2e Auys(SR)3, 4e Aujg(SR) 4, Atyy(SR) 6
and Au,,(SR);4) are dominated by sp « d excita-
tions, 33444 (Figure S, Figure S2 and Table SI).
Meanwhile, the HOMO—-LUMO peak of gold nanoclusters
with 8e or more (e.g, 8¢ Auy3(SR) 7, Auys(SR)(57, and 12e
Aus(SR),, etc.) is dominated by sp « d excitations. The
Au,, (SR);s nanocluster in the current work has 6e, which
bridges up the previous 4e and 8e gold nanoclusters. As shown
in Figure 5, the HOMO—LUMO transition is due to the Au sp
« sp excitation. In view of the excitation mode change from
the 4e to 6e gold clusters, we suggest that the emergence of sp
« sp excitation in the thiolate-stabilized gold clusters is most
likely caused by the increase of the cluster free valence electron.
The 6e Au,;(SR);s cluster is at this transition edge.

Finally, the adaptive natural density partitioning (AdNDP)
analysis”’ is carried out to figure out the interesting question
about the 2e increase during the cluster growth. Considering
each ligand motif can bind one free metal valence electron of
the Au-core, the Aug-core in Au;4(SR),4 and the Aujo-core in
Au,(SR);5 can be considered as Auy" or Au,,** species,
respectively. From Figure 6, it is seen that during the
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Figure 5. (a) UV/vis spectra of Au,;(SR);s and Auj3(SR),
nanoclusters. (b and ¢) Kohn—Sham orbitals of Au,;(SCH;);s and
Au5(SCH;) 4 nanoclusters, respectively. The orbital is drawn to
indicate the relative contributions (line length with color labels) of the
atomic orbitals of Au(6sp) (red), Au(5d) (green), and S(3p) (blue),
and other orbital contributions from C and H atoms (cyan).

a) b)

Figure 6. (a) Visualization of the 4e valence electron distribution in
the Aug®". (b) Visualization of the 6e valence electron distribution in
the Au,,**. The AANDP analysis is applied for free valence electron
distribution analysis.

transformation of the Au-core from the face-sharing bioctahe-
dron (in Aujg(SR),4) to the edge-sharing bioctahedron Au-core
(in Auy;(SR),4), the valence electrons distribution corresponds
to a transition from localization in two Aug-octahedrons to
distribution in a tetrahedron Au, unit and two Auj-units,
respectively. It is known that the Au,-tetrahedron is the basic
unit in the fce-structure. Upon changing the Au-core from hcp
to fcc configuration, 2e are localized on the Au,-unit. The
remaining 4e are distributed evenly on two symmetric Aus-
units, respectively. The evolution of the superatom-like
electronic structures from the Au;g to Au,; nanoclusters is
investigated as well. As displayed in Figure S3, the superatomic
electronic configurations of 1S*1P? and 1S*1P* are found in
the Auy®* or Au,,** species. The partially 1P shell corresponds
to the nonspherical shape of the clusters.

In conclusion, a new nanocluster formulated as Au,;(S-
Adm); is obtained via a strategy of ligand-induced conversion
of Au;g to Au,;, and the total structure is determined. The
determined atomic structure of Au,(S-Adm),s shows trans-
formation of the Au-kernel from hcp to fcc-structure, which
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provides an intermediate for further growth of the cuboctahe-
dral unit. DFT simulations of the conversion reveal a collapse
of the surrounding gold atoms and then structural distortion.
Accompanied by the Au-core transformation, the HOMO—
LUMO transition undergoes a transition from sp <« d
interband excitation to sp < sp intraband transition. The
nature of the cluster free valence electron increase from 4e to
6e is correlated with the Au-core growth from face-sharing
bioctahedron Auy to edge-sharing Au,,, where the free valence
electrons take different distribution manners in the Au-cores.
Our work will benefit fundamental understanding of the
geometrical structure and electronic structure of gold nanoma-
terial at the atomic level.
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