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metal particles, thereby allowing studies of how capping agents

ABSTRACT: Demonstrated herein are the preparation control the shape evolution process of metal nanocrystals.

and crystallographic characterization of the family of fcc We report herein the synthesis and single-crystal structures
silver nanoclusters from Nichol’s cube to Rubik’s cube and of two new face-center-cubic (fcc) silver nanoclusters, namely,
beyond via ligand-control (thiolates and phosphines in this [Ags5(SPhE,),(P"Bus)s] (2%) and [Age;(SPhF,)4(P"Buy)s]*
case). The basic building block is our previously reported (23). The metal frameworks can be likened to Nichol’s half (2%)
fce cluster [Ag,,(SPhF,);,(PPhs)s] (1). The metal frame- and full (2%) cubes, respectively, as depicted in Figure 1. The

works of [Agys(SPhF,),s(PR’;)s] (22) and
[Age;(SPhF,)5(PR’y)s]* (2%), where HSPhF, = 34-
difluorothiophenol and R’ = alkyl/aryl, are composed of
2X2=4and 2 X2 X2 =8 metal cubes of 1, respectively.
All serial clusters share similar surface structural features.
The thiolate ligands cap the six faces and the 12 edges of
the cube (or half cube) while the phosphine ligands are
terminally bonded to its eight corners. On the basis of the
analysis of the crystal structures of 1, 2% and 2, we predict
the next “cube of cubes” to be Ag,;,(SR),,(PR’;)s] (3%), in
the evolution of growth of this cluster sequence.

A- tomically precise metal nanoclusters have been the sought-
after nanoparticles of critical importance in the develop-
ment of nanoscience and nanotechnology.' ™' In the field of

3
metal nanomaterials, controlling the shapes and structures of 1(ix) 2 (2x2xt)  2° (2x2x2) 3 (3x3x3) n" (nxnxn)
metal crystals has proved to be a powerful means for tailoring Figure 1. Crystallographic structures of Ag cubes and their
their properties for a wide of applications, including, but not corresponding models: (a) [Ag;4,(SPhF,),,(PPh;)s] (1); (b)
limited to, plasmonics, catalysis, surface enhanced Raman [Agss(SPhF,),6(P"Bus)s] (2%); (c) [Ages(SPhF,)s(P"Buy)s]* (2%)
scattering (SERS), sensing and imaging.zz_27 To achieve clusters. (d—g) are the idealized fcc close-packing growth sequence of
desirable shapes of metal nanocrystals, significant efforts have corresponding cubes. Color codes: blue and light blue sphere, Ag; red
been made in developing new strategies for their shape- sphere, P; yellow sphere, S; green, F; gray, C. All hydrogen atoms are

controlled synthesis.”*™’ Among these approaches, the use of omitted for clarity.

specific capping ligands to control the exposed surface of metal
nanocrystals is an effective strategy.”’~*' Though a wide variety
of capping agents have been used in controlling the shapes of
metal nanocrystals, it is still unclear how these capping agents
work in terms of their binding capabilities and selectivities
toward a specific metal surface and their effects on the size and
shape of the resulting nanocrystals. Due to their nature of 100%
monodispersity at the molecular level, atomically precise metal
nanoclusters are readily crystallized into single crystals for
resolving their total structures, including the detailed binding
modes of surface ligands.'~'® Systematic investigations of the
structures of metal nanoclusters can thus shed light on the Received: September 30, 2016
atomic details of the early, or embryonic stages of the growth of Published: December 19, 2016

basic building block is our previously reported fcc cluster
[Agi4(SPhE,),,(PPhy)s] (1, Figure 1a).*> Thus, the metal
frameworks of 2> and 2* are composed of 2 X 2 =4 and 2 X 2
X 2 = 8 metal cubes of 1, respectively. It occurs to us that these
atomically precise molecular nanosized metal clusters are early
members of a growth sequence, from 1 to 2> to 2° to 3° to n°,
based on fcc metal cubes (cf. Figure 1d—g). Cluster 3° is the
renowned Rubik’s cube composed of 3 X 3 X 3 = 27 basic
cubes that mesmerized the world in the 1980s. (Hereafter, the
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formular designators 1, 22,23, and 33 will be used to represent
the corresponding metal frameworks as well.) The key in the
synthetic strategy is to recognize that the size, morphology and
structure of the resulting clusters are controlled by the surface
ligands (thiolates and phosphines in this case) as we shall
describe herein.

The molecular structures of 1, 22, and 22 are shown in Figure
1, respectively. The eight fcc units in 2* are arranged in a cube
of frequency two (n = 2) whereas 2% is simply half of 23, with
four fcc units arranged in a square pattern. Interestingly, the
surface ligands share the following common binding features
among 1, 2% and 23: the thiolate ligands cap the six faces and
the 12 edges of the cube (or half cube) while the phosphine
ligands are terminally bonded to the cube’s (or half-cube’s)
eight corners.

The cluster 2> was synthesized by chemical reduction of
silver tetrafluoroborate (AgBF,) with an aqueous solution of
NaBH, in the presence of thiol and phosphine in a mixed
solvent of dichloromethane and methanol at 0 °C in an ice
bath. In the synthesis of 23, tetrabutylammonium tetraphe-
nylborate ("Bu,N-BPh,) was introduced as counterion (see
Supporting Information for more details). Introducing large
counterions in the synthesis helped to stabilize charged
nanoclusters, thereby facilitating the crystallization process as
well as enhancing the yields (Figure S1). Single crystals of 2”
and 2® suitable for X-ray single-crystal diffraction studies
(Tables S1—S4) were obtained by layering hexane onto the
CH,CI, solutions and freezing crystallization at 4 °C,
respectively.

As depicted in Figures 2a and S2, the metal framework of 1
has a simple fcc structure. The structure can be described as an

Figure 2. Metal frameworks of different cube-like Ag nanoclusters: (a)
[Ag14(SPhE,) 1, (PPhy)s] (1), (b) [Agss(SPhE,)y(P"Buy)s] (2%), and
(c) [Age;(SPhF,)34(P"Buy)s]* (2°). Color codes: blue sphere, Ag. All
phosphorus, sulfur, carbon, fluorine, and hydrogen atoms are omitted

for clarify.

octacapped octahedron of an Ag¢@Ag, cluster with the 12
bridging thiolate ligands situated at the midpoints of the 12
edges of the outer Agg cube and the eight phosphines ligated to
the Ag atoms at the corners of the cube. Alternatively, it can be
described as an octahedral Ags*" kernel encapsulated by eight
cubically arranged [Ag(SPhF,);PPh,] tetrahedra sharing S
atoms (from SPhF,).

As shown in Figures 2b and S3, the metal framework of 2% is
formed by four fcc units arranged in a square fashion by sharing

32

faces. The long and short edge lengths of the metal framework
are 9.633 and 5.017 A, respectively. The Ag—Ag distances in 2*
range from 2.747 to 4.069 A (Table S5) with an average of
3.151 A, which is shorter than the average Ag—Ag distance of
3.333 A in 1. As illustrated in Figures 2c and S4, the metal
framework of 2* is formed by eight fcc units arranged to form a
cube of frequency two by sharing faces. It can also be
considered as two 2 fused together by sharing the large square
(of frequency two). The edge length of the cubic 23 framework
is 9.583 A, somewhat shorter than the long edge (9.633 A) of
the framework of 22. The Ag—Ag distances in 2* range from
2.880 to 3.996 A with an average of 3.048 A. The average Ag—
Ag distance of 2? is also slightly shorter than the average Ag—
Ag distance of 2% which is the reason for the shorter edge of
the Agy; framework.

In addition to the nearly identical fcc packing of Ag atoms in
their metal frameworks, as shown as in Figures 3 and S3—S5, all

18A

23 A

Figure 3. Ligand shell and space-filling structures of
[Ag3s(SPhF2)26(P"Bu3)8] (a¢) and [A863(SPhF2)36(P"Bu3)s]+ (b,d).
Color codes: blue sphere, Ag; yellow sphere, S; red sphere, P; green, F;
gray sphere, C. All hydrogen atoms are omitted for clarify.

three clusters share similar surface structural features. The
thiolate ligands on surfaces can be classified into two groups.
On the (100) faces, each thiolate is four-coordinated to the four
Ag atoms of thombic Ag, face. On the edges, the thiolates are
three-coordinated to three Ag atoms, one each from the nearest
corner, edge, and face. For 2* and 27, the average Ag—S bonds
are 2.583 and 2.587 respectively, which are slightly longer than
the Ag—S bonds in [M,Ag;,(SR);30]*” (M = Au or Ag) clusters
(2.54—2.57 A).° There are eight phosphine ligands bonded to
the eight Ag atoms situated at the corners of the half cube of 2*
or the full cube of 2°. The average Ag—P bonds are 2.416 and
2.392 for 2% and 27, respectively. Each of the corner Ag atoms is
further coordinated by three bridging thiolate ligands, making
them four-coordinated. The Ag atoms on the edges are three-
coordinated by three thiolates, and the Ag atoms on the faces
are coordinated by two thiolate ligands. It should be noted that,
in the case of 2% clusters with either PPh; or P"Bu, coordinated
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to their eight corner Ag atoms had been synthesized (Figures
S3 and SS).

It is interesting to predict the next “cube of cubes” in this
series. Based on the above analysis of the crystal structures of 1,
2% and 2 the next member is predicted to be of frequency
three, designated as 3% with 3 X 3 X 3 = 27 basic fcc units. The
generating functions for this particular sequence of fcc metal
clusters, of the general formulas [M,(SR),(PR’;)s]* clusters
with face-centered cubes of frequency n are x = (n+1)(4n*+2n
+1); y = 6n(n+1); and z = +1 for n = even and z = 0 for n =
odd. Based on these equations, the formula of 3* (Rubik’s cube
cluster) is predicted to be [Ag;,»(SR);,(PRy)s]. The yet-
unknown Rubik’s cube structure is shown in Figure S6.

As shown in Figure 4, UV—vis spectra of 2* and 2* in CH,Cl,
exhibit multi-band broad optical absorptions: for 2% three peaks
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Figure 4. Comparison of experimental and theoretically calculated

UV—vis absorption spectra of 2% (a) and 2% (b).

at 413, 507, 563 nm (with four shoulders at 351, 468, 609, and
767 nm). And for 23, four peaks at 325, 415, 470, and 840 nm
(with one shoulder at S80 nm). In contrast, 1 displays only two
shoulder bands at 368 and 530 nm."* According to the wide-
spread rule to count the free metal electrons in ligand-protected
metal clusters,* clusters 1, 2% and (cationic) 2% are 2, 12, and
26 free-electron systems. Cluster 1 is a two-electron superatom,
and its optical absorption has been analyzed previously in terms
of superatom 1S to 1P and ligand-to-ligand transitions.**
Here, the ground state electronic structure and excited-state
absorption of 2% and 2* were studied by using linear-response
time-dependent density functional theory (LR-TDDFT) (see
Supporting Information for computational details). The full
ligand shell was treated with experimentally used ligands in the
calculations. The cluster structures were relaxed to the
theoretical energy minimum starting from the crystal structure
without any symmetry constraints. The theoretical minimum
energy structure for both clusters follows very closely to the
experimental structure. The ground state calculations reveal
that 2% is electronically a rather stable cluster with an energy
gap of 0.67 eV between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
(see Figure S7). It is not immediately obvious why such a clear
energy gap is stabilized for 12 free electrons of the cluster,
although 12 can be an electronic magic number for a circularly
symmetric, square-box-symmetric or triangular-symmetric,
strictly 2D or quasi-2D system.*’ Here we note that the flat
box-shape of 2* bears some similarity to oblate symmetric 2D
systems. On the contrary, calculations reveal that 2* has a tiny
(0.07 V) HOMO—-LUMO energy gap in the cationic state of
the cluster (Figure S8). The anionic state would have a larger
gap of about 0.3 eV. In that system, the stabilization is not of
electronic origin and must then primarily come from the steric
protection of the ligand layer and atom-packing in the near-
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perfect cube. In this regard, 2* exhibits a better stability than 2”
in 1,2-dichloroethane at S0 °C in air (Figure S9).

In conclusion, two face-center-cubic (fcc) silver nanoclusters,
[Ag38(SPhF2)26(P"Bu3)8] (2°) and [Ag@(SPth)ss(P"Bus)sT
(2%) were synthesized via ligand-control. These two nano-
clusters are composed of the basic fcc Ag;, unit found in
[Ag.4(SPhE,),,(PPhy)g] (1).** Thus, 2% is a 2 X 2 half cube
whereas 2® is a 2 X 2 X 2 full cube. It has been well-
documented that ligands play important roles in the shape-
controlled synthesis of metal nanocrystals. Together with the
recent work by Bakr,*® this work sheds light on how ligands
influence the nucleation and growth process of the metal
nanocrystals. For the formation of a [Ag,(SR),(PR’;)s]* cube-
shaped nanocluster, it is essential to have the selective binding
of thiolate ligands on its six faces and 12 edges, and
monodendate phosphine ligands on its eight corners. The
ratio of ligands to Ag helps to control the size of the resulting
nanoclusters. Decreasing the ratio would lead to the formation
of nanocubes of increasing size. The structures reported in this
work also provide well-defined structure models for specific
surface modification of faceted fcc metal nanocrystals.
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