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ABSTRACT: Ligand-stabilized ultrasmall gold clusters
offer a library of diverse geometrical and electronic
structures. Among them, clusters with four valence
electrons form an exceptional but interesting family
because of their unique geometrical structures and optical
properties. Here, we report a novel diphosphine-ligated
four-electron Au, cluster (2). In good agreement with
previous theoretical predictions, 2 has a “core+one”
structure to exhibit a prolate shape. The absorption
spectrum showed an isolated band, similar to the spectra of
Aug and Aug clusters with “core+two” structures. TD-DFT
studies demonstrated that the attachment of only one gold
atom to a polyhedral core is sufficient to generate unique
electronic structures and characteristic absorptions. The
present result fills the missing link between Aug and Aug in
the four-electron cluster family, showing that the
HOMO-LUMO gap increases with increasing nuclearity
in the case of the tetrahedron-based “core+exo” clusters.

Ligand—protected gold nanoclusters with defined nuclearity
and geometrical structures have been a topic of
considerable interest because of their structure-dependent
optical /electronic properties.’ The electron counting rule,
which was originally introduced by Mingos™ and has been
developed as the superatom concept,* is useful for elucidating
the inherent stability, geometrical structures, and chemical
nature of cluster compounds. For cluster compounds
formulated as [AuyL¢X,]® (L: neutral ligand, X: anionic
ligand), the count of 6s electrons in the metallic moiety (n* =
N — M — z) is correlated with the closed-shell requirements,
and its validity has been actually demonstrated for various
phosphine->* and thiolate-ligated clusters.® For the phosphine-
coordinated family, numerous examples of structurally
characterized cationic clusters have been reported in the
literature.” Most clusters have n* = 6 (e.g, [Au9]3+)8 orn* =38
(e.g, [Au;]%")? electron systems, which match the criteria of
the electron counting concept. However, some lower-nuclearity
clusters are known to have exceptional four-electron systems
(n* = 4). These clusters have unusual tetrahedron-based
geometries and are characterized by unique optical properties;
however, the examples have been limited for [Aug]** '*'" and
[Aug]**.'* Herein, we present the first experimental observation
of intermediate [Au,]*" species in the dppp-ligated cluster
family ([Au,(dppp),]**, 2) (dppp: Ph,P(CH,);PPh,) and
show its tetrahedron-based prolate geometry. We also discuss
the relationship between the optical properties and nuclearity
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for a series of four-electron clusters with “core+exo”-type
structures.

Amonf; phosphine-coordinated %old clusters, Aug,'""'
Aug, > Auy,"® Auy,'® and Au, '™ are reported to take
multiple geometrical forms. In contrast, only pentagonal
bipyramid geometry has been observed for the Au, cluster,
which has a monovalent six-electron system ([Au,]*).!*"®
Mingos et al. predicted the two-electron oxidation of [Au,]* to
[Au,]** (n* = 4) accompanying a change in cluster geometry;
however, the synthesis and structural characterization of
[Au,]** species have not yet been achieved. Alternatively, we
observed that the four-electron [Au,]*" is efficiently generated
from isoelectronic [Aug(dppp),]*" (1) by treatment with silver
ion. Typically, when a methanol solution of 1-(BF,), was
treated with AgBF, or AgNO; (5 molar equiv) at room
temperature, the color of the solution immediately changed
from deep-blue to reddish-violet, and the absorption spectra
showed a significant blue shift (584 — 556 nm). The ESI-MS
spectrum of the main cluster product isolated by reprecipitation
showed a set of ESI-MS signals at ~1009, which we
unambiguously assigned to the trivalent cluster cation
([Au,(dppp),]**, 2) through comparison with the simulated
isotope pattern (Figure 1). Although 2 can be formed by simple
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Figure 1. ESI mass spectrum of 2. The inset shows a comparison of
the experimental data with the calculated isotope pattern of

(Au,(dppp).]*".

attachment of a Au’ ion to 1, the absorption and ESI-MS
spectra of the product of the direct reaction of 1 with
Au(PPh;)NO; or Au(PPh)Cl gave no indication of the
formation of 2. Therefore, the interaction/reaction of 1 with
Ag" may result in the formation of an intermediate that serves
as a “naked” Au® donor leading to the formation of 2 by the
reaction with residual 1. Although ESI-MS signals associated
with the silver-containing cluster species were not detected in
the reaction mixture, the aforementioned results imply that the
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silver ion exhibits unique activity toward mediation of the
growth/etching of gold clusters.'®

The structure of 2-(BF,); was determined by single-crystal
X-ray crystallography (Figure 2a). The heptanuclear skeleton
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Figure 2. (a) Crystal structure of 2 and (b) schematic of the
transformation of a capped octahedron into a bridged bitetrahedron
(“core+one” geometry).

had an edge-bridged bitetrahedral geometry, which can be
depicted as a “single-exo” version of a [Aug]*" cluster with a
bitetrahedral Aug core and two exo gold atoms

([Aug(dppp).X,]** (3, X = ClI or alkynyl))"* (Figure 3). In
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Figure 3. Schematic of the geometrical structures of the gold moieties
of 1-3; 2 and 3 are formally formed by a growth reaction from 1 by
successive addition of gold(I) ions.

addition, the structure can be described as a derivative of 1,
where one of the two terminal triangles of 1 forms a
tetrahedron by accommodating an additional gold atom. The
Au—Au bond distances involving the exo gold atoms of 2 are
2.899 and 2.948 A, which fall between those of 1 (2.798 A) and
3 (X = Cl) (2.970—3.072 A). As commonly observed in the
“core+two”-type clusters (1, 3,"* and [Aull(dppe)6]3+),18 the
exo gold atom of 2 is bonded to two ligands, whereas the other
six gold atoms comprising the bitetrahedron accommodate a
single phosphine ligand. Consequently, the cluster units of 1—
3, though having different nuclearity, are coordinated by the
same number (8) of phosphorus atoms (Figure 3).

As shown in Figures 2a and 3, the gold framework of the
[Au,]** cluster (2) exhibits a prolate shape similar to those of
known four-electron clusters (n* = 4) such as [Aug(PPh;)s]**
(bitetrahedron),’® 1 (tetrahedron + exo X 2),'' and 3
(bitetrahedron + exo X 2)." Mingos rationalized the cluster
geometry on the basis of the structural jellium model and
claimed that four valence electrons have ground- state
configurations of [1S°]*[1P°]* to favor prolate geometry In
this respect, the structure of 2 agrees with the mode],
supporting the hypothesis that a prolate shape is a common
teature of n* = 4 clusters. Mingos also suggested a capped
octahedron as the prolate geometry of the [Au,]** cluster,®
which is apparently different from the bridged bitetrahedral
geometry we observed for the Au, skeleton of 2. However, a

capped octahedron can be transformed into a bridged
bitetrahedron via some modifications (Figure 2b), indicating
that the chelating effect of the diphosphine ligand plays a
critical factor role in determining the cluster geometry.

In previous papers, we reported that the absorption spectra
of “core+two”-type gold clusters bearing two exo-attached gold
atoms (1, 3, and [Auy;(dppe)s]**) commonly exhibit single
isolated absorption bands in the visible region.*® This feature is
characteristic of these clusters because such optical profiles are
not observed for conventional polyhedral clusters. TD-DFT
studies of the “core+two” clusters have indicated that their
HOMO and LUMO are localized around the bridged
polyhedral edge and exo gold atoms and that the HOMO—
LUMO transitions critically contribute to the appearance of the
isolated visible bands. However, it is not certain whether two
exo atoms are required to generate these unique optical
properties. DFT calculations of the “core+one’-type [Au,]**
cluster were examined for the nonphenyl derivative of 2
([Au,(H,P(CH,),PH,),]**, 2’), which revealed that the overall
orbital distribution pattern is similar to that of the “core+two”-
type clusters. The energies of the HOMO and LUMO, both of
which are mostly composed of the 6sp atomic orbitals of gold,
were appreciably different from those of the closest orbitals
(Figure 4a). Furthermore, TD-DFT calculations indicated that
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Figure 4. (a) Kohn—Sham (KS) orbital energy level diagram and (b)
theoretical absorption spectrum of [Au,(H,P(CH,);PH,),]** (2').
Each KS orbital energy is relative to the HOMO energy and is drawn
to indicate the relative contributions (line lengths with color labels) of
the atomic orbitals of Au (6sp) in green, Au (5d) in blue, P (3p) in
red, and miscellaneous in gray. H — X and L + Y represent HOMO —
X and LUMO + Y, respectively. The asterisk indicates the HOMO—
LUMO transition. (c) The LUMO (left) and HOMO (right) of 2.
The z-axis was chosen along the longitudinal direction of the Au, core.

the HOMO—-LUMO transition exhibited dominant oscillator
strength, resulting in an isolated absorptlon band at ~500 nm
in the simulated spectrum (Figure 4b).”* This spectral profile
was well reproduced in the experimental spectrum. As shown in
Figure Sa, 2-(BF,); in methanol exhibited an isolated visible
band at 556 nm. These results clearly indicate that the
attachment of only one gold atom to the polyhedral core leads
to the generation of unique electronic structures and optical
properties.
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Figure S. Absorption spectra (solid lines) of (a) 1-(NOs), (b) 2-
(BE,);, and (c) 3:(PF), (X = Cl) and photoluminescence (4., = 555
nm) (dashed line) and excitation (4., = 642 nm) (dotted line) spectra
of 2:(BF,); in MeOH at 25 °C.

Frontier orbital analyses of 2’ (Figure 4c) revealed that an s-
like orbital exists at the exo-bridged polyhedral edge in the
HOMO, whereas the contribution of p,-like orbitals directed to
the exo atom from the polyhedron was distinctly observed in
the LUMO. Thus, the valence electrons at the ground state
appear dominantly localized on the polyhedral core, which was
supported by DFT-based charge analyses (Table SS).
Consequently, the attachment of only one gold atom leads to
the generation of a HOMO and a LUMO that allow the
effective core — exo intermetal transition. Although the
HOMO and LUMO observed around the opposite terminal
edge are also notable, the core — exo transition is likely to be
preferentially responsible for the appearance of the intense
visible absorption band. The molar coefficient (¢) of the visible
absorption band of 2 was estimated to be 1.9 X 10* M~ cm™,
which is appreciably smaller than that of the “core+two”-type
Aug cluster (3, X = Cl) (2.7 x 10* M~} em™).2°

Figure 3 also shows a formal scheme illustrating the growth
of the core+exo-type four-electron clusters by successive
addition of a gold(I) ion to the [Aug]** cluster (1). As
mentioned above, the electronic structures of these clusters are
similar to each other; thus, a comparison of their first-excitation
energies in terms of their nuclearity should be interesting. As
shown in Table 1 and Figures S and S2, the HOMO—-LUMO

Table 1. Lowest-Energy Optical Absorption and
Photoluminescence Data of core+exo-type Clusters (1—3)¢

wavelength (nm)/energy (eV)

cluster nuclearity absorption photoluminescence®
1-(NO;), 6 587/2.11° —
2-(BE,); 7 556/2.23 642/1.93 (0.1%)
3-(PFy), 8 508/2.44° 597/2.07 (0.1%)

“In MeOH at 25 °C. “Reproduced with permission from ref 20.
Copyright (2013) American Chemical Society. “Excited at the
absorption band. In parentheses, quantum efficiency relative to
anthracene is given. 4Only negligible photoluminescence was observed
in the standard measurement region (600—750 nm).

transition energy of [Au,]** (2) fell between those of [Aug]**
(1) and [Aug]* (3, X = Cl) clusters, revealing a clear blue shift
on the increase of the nuclearity. The lowest optical transition
of colloidal metal nanoparticles generally exhibits, as a
consequence of the quantum size effect, a blue shift as the
size of object (i.e., the nuclearity) is reduced. Thus, the core
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+exo cluster family exhibits a trend opposite to that of the
conventional nanoparticles, which can be interpreted in terms
of the jellium model. The increase in positive charge in the
cluster jellium with the number of effective valence electrons
kept constant (n* = 4) can result in the more efficient
stabilization of the HOMO electrons, leading to a wider gap
between the HOMO/LUMO energies. Based on this model,
the Au—Au distances of 1—3 would be affected by the
nuclearity since electrons of the same number (4) are shared by
the gold atoms in the cluster skeletons. The crystal structures
showed that the core-to-exo distances were increased in the
order 1 < 2 < 3, whereas those in the cores were comparable to
each other (Table S2).

Finally, we investigate the photoluminescence properties of
2. We have previously reported that “core+two” Aug clusters
(3) exhibit a photoluminescence band at ~600 nm on
excitation of the visible absorption band (~510 nm)."
Likewise, “core+one” Au, cluster (2-(BF,);) with the same
bitetrahedral Aug core showed a photoluminescence band at
642 nm (¢ =~ 0.1%) when excited at 555 nm (Figure 5b); the
excitation spectrum (c) almost coincides with the absorption
spectrum (a). The comparable Stokes shifts of 2 and 3 (~0.3
eV) imply that their excited-state dynamics behaviors are
virtually similar to each other and not dependent on the
number of the exo gold atoms.

In conclusion, we have demonstrated the first example of a
trivalent Au, cluster, thereby providing a missing link between
Aug and Aug in the four-electron cluster family. Crystallographic
structure determination showed that the “core+exo”-type
geometry (exo-attached polyhedron) is a common structural
feature of dppp-coordinated four-electron clusters. The
structure of the Au; cluster is distinct from those of the Aug
and Aug clusters in that it bears only one exo gold atom;
however, the prolate shape was consistent with the theroretical
prediction, thus supporting the validity of the structural jellium
model. The tetrahedron-based core geometries of the four-
electorn cluster family may have some relevance to the
structure of a thiolate-capped Au,, cluster reported recently.”!
Absorption spectral profiles of Aug, Au,, and Aug clusters with
“core+exo” structures provided a clear correlation between the
cluster nuclearity and the first excitation energy. TD-DFT
calculations revealed that the attachment of only one gold atom
to a polyhedral core is sufficient to general unique electronic
structure and optical features. This principle should be
applicable to larger systems such as colloidal particles, which
will benefit the rational design of functional nanometal

modules.

B ASSOCIATED CONTENT

© Supporting Information

Details of synthesis, crystal data (cif file), computational results,
and summary of the Au—Au bond distances of 2-(BF,),, and
geometric structures of 1—3. This material is available free of
charge via the Internet at http://pubs.acs.org.
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