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Abstract

Exploring the versatility of atomically precise clusters is a relevant issue in the design
of functional nanostructures. Superatomic clusters offer an ideal framework to gain
further understanding of the different distinctive size-dependent physical and chemical
properties. Here, we propose [Aui2(SR)s]* as a minimal 8-electron superatom related to
the prototypical [Auys(SR)1s]™ cluster, depicting half of its core-mass (2.3 kDa vs 5.0
kDa).

The [Aui2(SMe)g]* cluster fulfills a 1S% 1P° electronic configuration, with a distorted
tetrahedral Aug core further viewed as an SP*-hybridized superatom. The distinctive
optical properties show a blue-shift for the first relevant 1P—1D transition, in
comparison to [Aus(SR)1g]”. In addition, chiroptical activity is observed, denoting
intrinsic core chirality. We expect that our results can shed light into the variation of the
molecular properties according to the size-dependent properties, and serve as guidelines

for further experimental exploration of minimal or ultrasmall nanoclusters.

*alvaro.munoz@uautonoma.cl

* jean-yves.saillard@univ-rennesl.fr



ChemPhysChem 10.1002/cphc.201800088

Introduction

gold nanostructures have attracted great interest as fundamental building blocks in
nanoscience, driven by the fact that these aggregates with variable sizes, can serve as
building blocks in functional nanomaterials,i* %! with applications in catalysis, sensing
biomedicine,®**** 8 as well as nanoelectronic devices.**?” Since the last decade,
efforts on the understanding of stable gold clusters, have been paid to the rationalization
of their structural and electronic properties,™ 2"} where ligand-protected (LP) gold
clusters has led to a plethora of new structures,'?*?”) reaching atomically precise sizes
with particular stability against degradation.>*®*3 Small nanosized gold clusters (< 2
nm) exhibit a molecule-like behavior featuring a frontier level bandgap,®** 3" where
well-defined structures are relevant to study the evolution from small aggregates to
nanocrystals (>2 nm), as has been observed for example for the tetrahedral
[(‘Bu)sPAU],*" 23 Recently, an ultrasmall gold nanoclusters protected by diphosphine
ligands has been reported by Sun.’®! Such nanoparticles exhibit properties that differ
from those of the bulk and molecular states and exhibit a strong size-dependent
behavior. Thus, it is necessary for practical applications to know and understand how
their inherent properties vary according to their size.

The [Augs(SR)1g]” anionic cluster, is one of the most prominent member of LP gold
clusters which can be viewed as a centered icosahedral Auiz core surrounded by a
protecting layer composed by six dimeric Aus(SR), staple units.”! The inner core,
formally [Auss]®*, possesses 8 cluster electrons (ce), according to the electron counting
rules given by Hakkinen and coworkers,®? fulfilling a 15® 1P® closed-shell electronic
configuration in analogy to noble gas atoms® and thus coined as a

superatom.[7'12’32’42'43]

It is noteworthy that the “magic" 8-ce count is also favored for a smaller pseudo-
spherical structure, namely the tetracapped tetrahedron. CusZn,(CN'Bu)4Cp* is a typical
example of such an octanuclear LP closed-shell species.*!! In the case of gold, the 8-ce
count is achieved for a neutral tetracapped tetrahedron and indeed this architecture is a
closed-shell energy minimum for Aug.!*®! However, the Aug structure of lowest energy is
known to be planar.’) Nevertheless, it could be possible to stabilize a tetracapped
tetrahedral Aug core by decorating it with a protecting shell similar to that existing in
[Auzs(SR)1s]”. Herein we explore the possibility of existence of an 8-ce LP cluster

exhibiting a tricapped tetrahedral core, analogous to [Auzs(SR)ig]’ but of lower
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nuclerarity, namely [Aui2(SR)s]*. which can be a potential addition to libraries of
ultrasmall gold nanoclusters.*® We analyze both its structure and electronic structure,
besides of its optical properties, in order to provide useful information of size-dependent

behavior for further explorative synthesis and characterization.!?”!

Computational Details

Relativistic density functional theory (DFT) calculationst®’

were carried out by using
the ADF code!*”), incorporating scalar (SR) corrections via the one and two-component
ZORA Hamiltonian™®, respectively. We employed the triple-& Slater basis set, plus two
polarization functions (STO-TZ2P) for valence electrons, within the generalized
gradient approximation (GGA) according to the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional®*” because of its improved performance on long-
range interactions and relatively low computational cost employed in similar clusters,
allowing a direct comparisons with other computational studies of gold
nanoclusterst*#2%°:-%3 | ondon dispersion corrections were included through the pair-
wise Grimme approach (Grimme-D3).’***! The frozen core approximation was applied
to the [1s°-4f] shells for Au, [1s,-2p°] for S, and [1s°] for C, leaving the remaining
electrons to be treated variationally. Geometry optimizations were performed without
any symmetry restrain, via the analytical energy gradient method implemented by
Versluis and Ziegler.®® The nature of each optimized stationary point on the potential
energy surface (PES) was determined by examining the second derivative of the energy
with respect to the coordinates (Hessian).®"*® An energy convergence criterion of 10-*
Hartree, gradient convergence criteria of 10-> Hartree/A and radial convergence criteria
of 10° A were employed for the evaluation of the relaxed structures. Solvent and
counterion effects were considered by using the conductor-like screening model™¢%
(COSMO) with acetonitrile as solvent. Time-dependent DFT (TD-DFT) calculations
were employed at the same level, but using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional allowing further comparison with other computational

studies of superatomic nanoclusters.[°2°36%-6%
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Results and Discussion

The relaxed structure of [Au(SR)s]*, with R=Me (1), is given in Figure 1. It can be
depicted as a quasi tetrahedral Aug core protected by two Auz(SR); motifs giving a
[Aus@(Auz(SR)3);]* architecture. With a Dyy pseudo-symmetry, the Aug core deviates
from the ideal Ty symmetry of a tetracapped tetrahedron, owing to the ligand shell
distribution. This generates an overall C, (chiral) symmetry for 1, with a C, passing
between the two Au,(SR)s motifs, which is related to 2-ce [Aui(SR)e]" . Averaged
Au-Au bond lengths are 2.805 A within the inner Aug core and 2.851 A between the
core and the protecting layer. This structure is favored over [Aus@(Au(SR)2)s]* by
about 76.9 kcal'mol™ (supporting information). The Au-S distance for 1 amounts to
2.479 A. A structural comparison with the isoelectronic superatom [Auys(SR)1s]” reveals
similar Au-Au separations (Table 1) where the Au(core)-Au(outer shell) distances are
shorter in 1. Thus, both 8-ce superatoms depict related structural features, despite of the
different inner core architectures (Figure 1). Further possible dimerization and
decomposition were evaluated through the energy difference between reactants and
products in the respective, 2x[Aui(SMe)s]> — [Auzi(SMe)1o]* and [Aui(SMe)s]* —
2xX[Aug(SMe)s]” processess. The resulting energy difference suggest that both
dimerization and decomposition are disfavored in relation to 1, by 42.8 and 172.6

kcal-mol™ (supporting information).

[Au,,(SMe),]” [Au,s(SMe),s]

Figure 1. The structures for [Au;2(SMe)e]* and [Auzs(SMe)ss] "

The charge distribution in [Aui(SMe)s]® and [Auas(SMe)1s]’, obtained by using the
Hirshfeld charge analysis method, " is employed to estimate the charge at the ligand
(including gold staple atoms) protecting shell, in order to evaluate the effect of the
different inner cluster cores. For the former, the ligand shell exhibits a charge of -1.10
a.u, which is similar to the [Auzs(SMe)1g]” case, with a value of -1.22 a.u. This indicates

that in both cases the negative charge is mostly distributed in the staple motif layer.
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Thus, the new 8-ce thiolate-protected cluster exhibits an overall valence electron
distribution which closely resembles its experimentally known 8-ce isoelectronic
counterpart. In addition, three types of different gold atoms were found in
[Au12(SMe)s]® carrying an increasing negative charge in the order Au(stapple) <
Au(capping) < Au(central tetrahedron), denoting that the central tetrahedron is able to
retrain more charge in comparison to the [Auys(SMe)1g]” cluster, with similar three types

of gold atoms Au(staples) < Au(ico) < Au(center).

eV D —— ———
81 p o4

3
124 18 b

[Aulz(SMe)s]zi [Auys(SMe) |

Figure 2. Kohn-Sham orbital diagrams of [Aui,(SMe)s]* and [Auzs(SMe)ss]’, denoting
their 15 1P° 1D° superatomic configuration. Grey boxes depict the “5d-Au block™.

The electronic structure for [Aui2(SMe)s]* and [Auas(SMe) ] are depicted in Figure 2.
The 8-ce’s are distributed on S and P superatomic shells, whereas the 1D shell remains
unoccupied.?%¢"1 The corresponding orbitals are plotted in Figure 3. The HOMO-
LUMO separation in 1 (1.50 eV) is larger than in [Au,s(SMe)1g]™ (1.20 eV), suggesting
substantial stability. Due to the low C, symmetry of 1, the 1P and 1D shells are more
split than in the more spherical [Auzs(SMe)ig]. In particular, the 1D shell splits in a
three below two patterns. Nevertheless, the two below one splitting of the 1P shell (0.23
eV) remains small in comparison with a spherical structure. It is much smaller than in
the oblate 6-ce [PdAug(PPhs)s]** superatom in which the 1P splitting is found to be of
1.66 eV by voltammetry®® and 1.87 eV by our DFT calculations. In the case of
[Auz2(SMe)s]?, the calculated 1P splitting lies in the 0.3 eV range of the more spherical
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6-ce superatoms [M@Auy(SR)1g] (M=Pd,Pt).® " The later species exhibit an
interesting 6-ce<>8-ce interconversion upon cluster charge change (from 0 to -2)f& 7!
This suggests that 1 can also exhibit a valence electron count variation between 8-
ce<—6-ce, where optimized structures are given in Supporting Information. The 6-ce

[Au2(SMe)s]® exhibits a 1S? 1P* superatomic electronic configuration, similar to

[M@AU24(SR)15] (M=Pd,Pt).168 70
o a®
1D -
-3
13
1P ; Py
e

[Au,(SMe),]”

Figure 3. Isosurfaces of relevant superatomic orbitals of [Aui(SMe)s]* (isovalue at
+0.01 a.u).

In Figure 3, isosurface of superatomic shells are given for [Au(SMe)s]* supporting the
1S% 1P° electronic configuration. Thus, the proposed cluster 1 exhibits a similar
electronic structure to the experimentally known 8-ce [Auzs(SMe)1g]” superatoms and
can be viewed as its smallest analog in size, with a core mass of a half. In addition, 1
appears as the next magic electron count in relation to the tetrahedral 2-ce
[(‘Bu)sPAu]s** obtained by Schmidbaur and coworkers, and theoretically described by
Pyykko and Runeberg.®®*% In 1, the contribution of London dispersion corrections
amounts to 5% of the cohesion energy denoting a more covalent character in the current
8-ce structure, in comparison to the half-covalent/half-metallophilic discussed for
[(‘Bu)sPAu],** Y

Moreover, the quasi-tetrahedral structure of the Aug core implies that the superatomic

atomic orbitals are able to hybridize during the formation of the overall structure
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analogous to a sp*-hybridized element as central structural component. The formation of
hybridized metallic cores has been described by combining 1S and 1P shells leading to
a set of hybrid orbitals.™ Such approach points out that concepts from VSEPR
theory!”™ can be employed within the superatom approach to rationalize molecular
shape and bonding in non spherical clusters metal clusters. In this sense, localized
molecular orbitals (LMOs) were obtained using the Boys-Foster localization schemel™
as implemented in the ADF code, which can be related to Lewis-like bonds, including
two-center two-electron (2c-2e) and multicenter bonds (nc-2e). The computed LMO’s
of 1 consist of a set of four equivalent orbitals (Figure 4) resulting from the combination
of the 1S and 1P orbitals (related to atomic sp®-hybrids) distributing the 8-ce in four
localized 8c-2e orbital involving the Aug core. They are oriented in a quasi tetrahedral
disposition denoting the hybridized SP3-Aug core in the [Au(SMe)s]* cluster, which

can be viewed as a superatomic analogue of classical molecules such as CH4.l™*"™

4xSP’

-8

[Au12(SMe)6]2—

Figure 4. Isosurfaces for localized molecular orbitals of 1, denoting a set of four SP*
superatomic hybrid orbitals (isovalue at £0.01 a.u).

Moreover, 1 can be viewed as another addition to the examples of clusters based on
Au, networks, ¥ 76" with four Aus motifs fused together. Hence, additionally to the
SP3-Au8 view, 1 can also be considered as a network of four 2e-Au, fused motifs
contributing to the libraries of predicted Aus(AuL)n nanoclusters by Cheng® and
Jang.['"

The optical properties of gold nanoclusters in the low-energy region, provide useful
fingerprints to assist further experimental characterization.!””! In this sense, the optical
absorption spectra up to 3.0 eV was simulated and compared to the prototypical 8-ce
[Auxs(SMe)s]” cluster (Figure 5). As previously shown experimentally,?”618182

[Auzs(SMe)1g]” exhibits a first low-energy electronic HOMO—LUMO transition,
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ascribed to a 1P —1D transition. The corresponding peak is found at 1.41 eV, in
agreement with recent theoretical analysis.>®! The second peak observed at 2.19 depicts
a combined 1P-> 1D and “5d-Au” block — 1D transition, and a third peak at 2.49 eV is
attributed to a main “5d-Au” block — 1D character.

The simulated UV-vis absorption spectrum of 1, obtained from TD-DFT calculations, is
shown in Figure 6. It exhibits two main peaks, one featuring a 1P —1D transition at
1.79 eV, and the other one corresponding to a mixed band of 1P —1D and “5d-Au”
block — 1D character at 2.33 eV. These results illustrate the similar optical behavior in
both clusters, suggesting that related properties can be preserved in the smaller
isoelectronic 8-ce counterpart. Interestingly, the first 1P —1D transition is blue-shifted

in 1, owing to its larger HOMO-LUMO gap, denoting a size-dependent property.

1P—1D
"Sd-Au"—1D
f:n 1P—1D
2 |[Au,(SMe), ]
= "5d-Au"—1D
=
E P1D 1P—1D
[Au,s(SMe) ]
| | | |
0.5 1.0 1.5 2.0 2.5 3.0

Photon Energy (eV)
Figure 6. Simulated optical absorption spectrum for [Aui2(SMe)s]* and [Auzs(SMe)s] .

Lastly, it is noteworthy that the existence of a chirality C, axis in the overall 1 cluster
provides the possibility to generate intrinsic chiroptical properties®®! for the two
enantiomers such a structure. This prompted us to evaluate the shape and strenght of the
circular dichroism (CD) spectra for the left-handed enantiomer, which can be compared
to the intrinsically and strongly chiral [Ausg(SMe)24] cluster.®8 The calculated CD
spectra (Figure 7) reveals the optical activity of 1, owing to the chiral disposition of the
staple motifs over the Aug core (see above). Both right- and left-handed enantiomers
and their CD spectrum are given on supporting information. The obtained rotatory
strenght for [Au2(SMe)e]* exhibits a chiral pattern showing peaks between ~ 100 and -
75 10*%su?cm?, which shows a weaker chiroptical strenght in comparison to the

respective [Auss(SMe)24] cluster, with signals between 350 and -422 10™*°esu?cm?, in
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the calculated low-energy range. Most of the pattern is given by the second relevant
peak found in the optical absorption spectra (see above).

These results indicate that 1 bears an intrinsic core chirality, which contrast to the
achiral [Auzs(SMe)ig]” cluster. However, the evaluated optical activity remains small in
comparison to [Auzg(SMe),4]. This indicates, that 1 can be a useful low-nuclearity chiral
nanocluster, for chiral sensing or catalysis among other applications,® " which can be

employed as a seed for the formation of chiral assemblies.

1.5%102

75+10%

5

2 2
esucm’)

-.75*10%

-1.5+10? T T - T T 1
5.0+10?

L apN
V

-2.5%10%—

Rotatory strength ( 107

-5.0+10° T | T T T
0.0 1.0 2.0 3.0
Photon Energy (eV)
Figure 7. Calculated circular dichroism spectrum for left-handed [Aui(SMe)s]* (above)

and [Auss(SMe),4] (below). Note the change in scale for rotator strength.
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4. Conclusions

In summary, here we propose the existence of a stable minimal isoelectronic
counterparts to the prototypical [Au,s(SR)1g] cluster, in order to further explore the size-
property relationship in nanoclusters. The proposed [Aui(SMe)s]® cluster 1, exhibits a
core mass of 2.3 kDa, half of that of its Auys counterpart (5.0 kDa). The 8-ce count
fulfills the closed-shell 1S? 1P® electronic configuration according to the superatom
approach. 1 can be further viewed as an SP3-hybridized superatom. The optical
properties reveal a characteristic pattern, showing a blue-shift for the first relevant
IP—1D transition, in comparison to [Aups(SR)1g]. The resulting ligand shell
distribution protecting the Aug, infers intrinsic chiroptical properties. The circular
dichroism spectra for the left-handed enantiomer indicates intrinsic core chirality, which
is sizable but lower than the rotator strength observed for the strongly chiral
[Auss(SR)24] cluster. We expect that our results will serve as guidelines for further

experimental exploration of minimal or ultrasmall nanoclusters.
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Table 1. Selected averaged geometrical parameters and HOMO-LUMO gap for
[Au12(SMe)s]* and [Auzs(SMe)1s]”

[AU12(SMG)5] z [AU25(SM9)18]_
Au-Au? 2.805 2.861
Au-Au® 2.851 3.071
Au-S 2.479 2.446
HOMO- 1.50 1.20
LUMO

®Distances within the core cage.

®Distances between core and Au in the protecting layer.
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