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Ligand-protected gold/silver superatoms: current
status and emerging trends

Haru Hirai, Shun Ito,? Shinjiro Takano, &2 Kiichirou Koyasu & 2°
and Tatsuya Tsukuda (2 *@P

Monolayer-protected gold/silver clusters have attracted much interest as nano-scale building units for
novel functional materials owing to their nonbulk-like structures and size-specific properties. They can
be viewed as ligand-protected superatoms because their magic stabilities and fundamental properties
are well explained in the framework of the jellium model. In the last decade, the number of ligand-
protected superatoms with atomically-defined structures has been increasing rapidly thanks to the well-
established synthesis and structural determination by X-ray crystallography. This perspective summarizes
the current status and emerging trends in synthesis and characterization of superatoms. The topics
related to synthesis include (1) development of targeted synthesis based on transformation, (2)
enhancement of robustness and synthetic yield for practical applications, and (3) development of
controlled fusion and assembly of well-defined superatoms to create new properties. New
characterization approaches are also introduced such as (1) mass spectrometry and laser spectroscopies
in the gas phase, (2) determination of static and dynamic structures, and (3) computational analysis by
machine learning. Finally, future challenges and prospects are discussed for further promotion and
development of materials science of superatoms.

considerable attention as promising building units of new
functional materials. Surface protection by organic ligands
enables these clusters to be treated as stable chemical entities.

Metal clusters, which are defined as assemblies of several to
hundreds of metal atoms, exhibit novel physicochemical prop-
erties due to size-specific structures such as nonbulk-like
atomic packing and quantized electronic structures.'”
Because of these unique features, metal clusters have attracted
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Historically, small gold clusters protected by phosphines (PR;)
and halides (X™) have been synthesized with atomic precision in
the last five decades.®” Their geometric structures have been
determined by single-crystal X-ray diffraction (SCXRD) and their
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stability has been theoretically explained in terms of electronic
structures. The preparation of thiolate (RS™)-protected Au
nanoparticles reported by Brust and Schiffrin in 1994 paved the
way for monolayer-protected Au clusters (MPCs) having higher
stability than phosphine-protected Au clusters.® This perspec-
tive summarizes the current understanding of the structural
properties of MPCs,** followed by recent efforts and new trends
in the development of atomically-precise nanochemistry.

1.1 Atomically precise synthesis and structural
determination

First, the history of the atomically-precise synthesis and struc-
tural determination of MPCs is reviewed by highlighting
selected benchmark works reported in the last couple of
decades. The existence of a series of magic sizes and size-
dependent evolution of the electronic structures in MPCs were
reported in early works by Whetten and Murray.**** Atomically-
precise synthesis of MPCs was established not later than 2010
based on the chemical reduction of precursor Au()SR
complexes followed by size-focusing treatment and
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fractionation. Mass spectrometric studies by Tsukuda and Jin
identified the currently well-known magic clusters
[Au,5(SR)15] ", Auzg(SR),4, and Auy44(SR)eo.* "7 At present, nearly
atomically-precise synthesis up to Au.,000(SCeH13)~200 has been
achieved by Dass.'® After important theoretical predictions of
structural features of MPCs by Landman,'?> Garzon,* and
Hiékkinen,* the ground-breaking paper by Kornberg in 2007
revealed the formation of Au(SR), and Au,(SR); staples on the
surface of the Auo core of Au,g,(SR)44.>* Kornberg's work also
highlighted the importance of the SCXRD method for estab-
lishing the correlation between structures and properties.
Murray and Jin elucidated that [Au,5(SR);5]” and Auszg(SR),4
have icosahedral Au,;; and bi-icosahedral Au,; cores, respec-
tively, protected by Au(SR), and Au,(SR); units.?*>* The ability of
theoretical calculations to predict structures has also been
demonstrated. Gronbeck and Aikens respectively predicted the
geometric structures of [Au,s(SR)1s]” and Auzg(SR),4 indepen-
dently of the SCXRD results.>?® The structure of Au;44(SR)eo
predicted by Hakkinen*” was, 10 years later, proved by SCXRD by
Wu.” In the last decade, the library of MPCs with atomically-
defined structures has been expanded remarkably. The
organic ligands include phosphines, thiolates, alkynyls
(RC=C"), and N-heterocyclic carbenes (NHC), and the metal
elements include Au, Ag, Cu and their alloys with Pd, Pt, Cd, Hg,
and Ir. Fig. 1 plots the number of MPCs whose structures have
been determined by SCXRD and clearly shows the rapid
expansion of the universe of MPCs.

1.2 Superatom concept

Since the pioneering works on Al clusters by Castleman,
Khanna, and Jena,” > the “superatom concept” has been
successfully applied to explain the magic stabilities, electronic
structures and chemical properties of simple metal clusters in
gas phase.*>*%¢ The jellium model*” qualitatively describes the
behavior of valence electrons confined within the clusters of
coinage metals (Cu, Ag, Au) having a single valence electron in
the ns atomic orbitals (n = 4, 5, 6).*® The spherical jellium model
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Fig.1 Annual numbers of crystals data of (a) coinage-metal MPCs, (b)
Au MPCs, and (c) Ag/Cu/alloy MPCs deposited in the Cambridge
Crystallographic Data Centre since 2007, with selected benchmark
studies.

assumes that individual metal atoms delocalize the valence
electrons over a uniformly charged spherical volume. Such
confinement of the electrons leads to the quantized supera-
tomic orbitals (SOs) labeled 1S, 1P, 1D, 28, 1F, 2P, 1G, .... The
electronic shells of coinage metal clusters are closed when the
total number of valence electrons is 2, 8, 18, 20, 34, 40, 58, ....
Spherical coinage metal clusters can be viewed as superatoms,
given that the electronic shell structures are formed as in the
case of conventional atoms. Hakkinen extended this concept to
MPCs by introducing a simple counting scheme for the formal
number of valence electrons (n*) in MPCs [M,L,[:**

n*=Ax+ By — z (1)

where A and B represent the number of valence electrons
supplied from an individual M atom and ligand L, respectively.

Fig. 2 Superatomic Au/Ag cores identified by SCXRD.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

Ais 2,1, 0, and —1 for Cd/Hg, Ag/Au, Pd/Pt, and Rh/Ir, respec-
tively. B takes 0 for phosphines and carbenes, whereas it takes
—1 for halides, thiolates, selenolates, and alkynyls because of
their electron-withdrawing nature. Fig. 2 shows the icosahedral
and decahedral (Au/Ag)X(n*e) cores found in representative Au/
Ag MPCs: Auy(2e), Auy;(8e), Auyz(8e), Agis(8e), Agsy(18e),
Ag,5(20€e), Agzg(20€), Auso(58¢€), and Agyo3(58€e).** The n* values
of these cores agree with those predicted for spherical supera-
toms. Therefore, these isolated Au/Ag MPCs with spherical
shapes can be viewed as chemically-modified Au/Ag superatoms
with closed electronic structures.

The huge impact of structural factors, such as size, shape,
and composition, on the electronic structures of superatomic
cores can be qualitatively explained within the framework of the
spherical and modified jellium model. The origin of important
phenomena, such as the closure of electronic shells, evolution
of an energy gap between the highest-occupied molecular
orbital (HOMO) and the lowest-unoccupied molecular orbital
(LUMO), and energy shift of the orbitals upon doping, was
qualitatively explained by considering how the volume, shape,
and depth of the jellium potential are affected by structural
factors. The reduction of the HOMO-LUMO gap with size can be
understood by the increase of the volume of the jellium
potential and the occupation of SOs in high-energy and dense
regions (Fig. 3). When the spherical jellium is deformed, the
SOs originally degenerated in energy are split due to the Jahn-
Teller effect.*” For example, the energy shift of the SOs upon
deformation into oblate and prolate shapes is schematically
shown in Fig. 3. Triply degenerated 1P SOs in the spherical
jellium are split into two subgroups in the oblate-shaped jel-
lium: 1P, along the short axis is destabilized compared to 1P,
and 1Py. As a result, the oblate superatoms with a closed sub-
shell configuration (1S)*(1P)* become stable, as can be found in
Aug(6e) and Aug(6¢) (Fig. 2). In contrast, the prolate superatoms
with closed subshell configurations such as (1S)*(1P)*> and
(1S)*(1P)°(1D)® become stable, as can be seen in Aug(4e),
Au,(4e), Auyg(14e), Auy;(14e), and Ag,3(14e) (Fig. 2). The effects
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Fig. 3 Schematic representation of effects of size, shape and doping
on jellium potentials.
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of doping on the electronic structures of superatoms can be
qualitatively predicted by a two-step spherical jellium
model,**** which is based on the idea that the host and dopant
atoms provide different but uniform background potential.
When the dopant atom has higher valency than the host atoms,
the SOs are stabilized because the effective potential become
more attractive, and vice versa (Fig. 3). The energy ordering of
SOs can be changed by doping. For example, if the higher-
valence dopant is introduced at the center of a spherical
superatom, the S and P SOs having density at the center are
stabilized more than the D and F SOs having several nodal
planes at the center. As a result, the energy ordering of the SOs
is changed to 1S, 1P, 2S, 1D, 2P, 1F, ... so that the shell closing
occurs at n* = 2, 8, 10, 20, 26, 40, .... Although such structural
simplification smears out the detailed structural information
obtained by SCXRD, these qualitative pictures provide a rational
design principle for the development of new functionalized
superatoms. However, there are a class of MPCs that fall outside
the scope of the superatom concept. For example, the n* values
of face-centered cubic (fcc) Au cores of Aug,,4(SR)4,+s cannot be
explained by the simple jellium model,** but by the grand
unified model (GUM).*” In the GUM, the Au cores are viewed as
assemblies of smaller superatomic units, such as triangular
Aus(2e) and tetrahedral Auy(2e). In this perspective, we will
focus only on the MPCs that can be viewed as chemically-
modified Au/Ag superatoms.

1.3 Aim of this perspective

The rapid growth of materials chemistry of chemically-modified
superatoms in the last decade has been made possible by the
establishment of atomically-precise synthesis and structural
determination by SCXRD. Thanks to reproducible synthesis,
a wide variety of fundamental properties such as optical and
photophysical properties, catalysis, and magnetic properties
has been studied by diverse researchers with different back-
grounds and interests.*® These studies have demonstrated that
chemically-modified superatoms are promising building units
of functional materials in the future. In addition, if we could
establish a periodic table of the superatoms as artificial
elements on a nanoscale, it would create a new paradigm of
nanoscience.

However, several problems must be overcome for the further
development of materials chemistry of superatoms. First, most
of the new superatoms have been obtained serendipitously
because the formation of superatoms is based on stochastic
processes of the aggregation of metal atoms and ligands, and
because there is no guarantee that single crystals will be ob-
tained. Thus the synthesis and crystallization of superatoms
rely on the carpet-bombing approach of screening the synthetic
conditions such as precursor materials, solvents, reducing
agents, and reaction temperature. It is necessary to increase the
chance of unexpected discoveries and ultimately to establish
the targeted synthesis of desired superatoms. Secondly, the
stability and scale of the synthesized quantity of superatoms
must be increased for future applications. Thirdly, a strategy for
creating new properties and functions by taking advantage of

12236 | Chem. Sci, 2020, 1, 12233-12248
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cooperative interaction between individual superatoms is
needed. In addition to these challenges related to synthesis,
new characterization methods which are supplementary to
SCXRD are required. For example, the characterization of
superatoms isolated in vacuum would provide information of
inherent structures and stabilities of the superatoms without
the interference from the solvents and counterions. Experi-
mental tools to probe the dynamic aspects of superatoms are
also required. This perspective summarizes recent progress
toward overcoming the challenges for synthesis and developing
new characterization methods.

2 Emerging trends in synthesis
2.1 Targeted synthesis by transformation

This section explains the transformations of a preformed
atomically-precise superatom into another superatom with
different size, composition, and structure. Synthesis through
such transformation has advantages in terms of selectivity and
targetability over the conventional methods based on stochastic
aggregation of metal atoms and ligands. In addition, such
transformations may produce novel products that cannot be
obtained by conventional methods. In the following, the
transformation processes are categorized into two types: addi-
tion and exchange reactions.

2.1.1 Addition reactions. Takano and Tsukuda recently
developed an efficient bottom-up method using [MAug(TPP)g]""
(TPP = PPhs; n = 3 for M = Au; n = 2 for M = Pd, Pt) as starting
materials.*** The growth and doping reactions were initiated
by doping a hydride (H™) to the central, unligated M atom of the
M@Aug(6e) core by the reaction with NaBH, (Fig. 4a). The
resulting hydride-doped HM@Aug(8e) superatom has a closed
electronic structure with eight electrons, but is reactive toward
nucleophilic attack to AuCI(TPP) because a high-lying, occupied
1P superatomic orbital is sterically exposed. The HAu@Aug(8e)
superatom underwent selective growth to the well-known
Au@Au,(8e) superatom via stepwise incorporation of two
Au(1)Cl units and release of a proton (Fig. 4b).* The number of
Au atoms introduced is determined by the steric hinderance
exerted on incoming Au(i)Cl caused by the pre-existing TPP
ligands. In contrast, novel, hydrogen-containing bi- and tri-
metallic superatoms HPd@Z,Aug(8e) (Z = Cu, Ag, or Au) were
synthesized via regioselective doping of two Z(1)Cl units to
HPd@Aug(8e) (Fig. 4¢).>>* The reaction of HM@Aug(8e) (M =
Pd, Pt) with Au(1)-SR (SR = primary thiolate) oligomers yielded
the previously known clusters [MAu,,(SR)s]° (Fig. 4d) with
a high efficiency (yield > 50%, 50-200 mg), whereas a new
cluster, [PdAu,3(SR’);,]° having an unprecedented, hexagonal
close-packed Pd@Au,,(6€) core, was obtained when SR’ was
a secondary thiolate.®* The HM@Aug(8e) clusters (M = Pd, Pt)
were efficiently transformed into [MAu,,(C=CR)5]>~ upon the
addition of a stoichiometric amount of Au(i))-C=CR oligomers
(Fig. 4d).>

Larger superatoms can be obtained by the controlled growth
of “seed” superatoms. Xie achieved selective growth of [Au,s(p-
MBA);5]” (p-MBA = 4-SCcH,COOH) to Ausg(p-MBA),, and
further to [Aug(p-MBA),6]>~ by kinetically controlled reduction

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Hydride doping to M@Aug(6e) (M = Au, Pd, Pt) to form
HM@Aug(8e). (b) Growth, (c) doping, (d) chemical modification of
HM@Aug(8e). Color code: yellow = Au; wine red = Pd or Pt; cyan = Cu,
Ag, or Au; pink = H; red = S; green = Cl; blue = P; gray = C. Organic
residues are depicted as sticks.
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Fig. 5 Controlled growth of thiolate-protected Au superatoms. Color
code: yellow = Au; green = S. Organic residues are omitted for
simplicity.

of Au(i)-p-MBA oligomers by carbon monoxide (CO) in the
presence of [Au,s(p-MBA),g]” (Fig. 5).* Two growth mecha-
nisms operate in slow reduction with CO; (1) the LaMer-like
growth pathway, in which particles monotonically get larger
with the addition of newly reduced Au(i)-p-MBA oligomers and
(2) the aggregative growth pathway, in which two particle
agglomerate to form a larger particle.

2.1.2 Exchange reactions. Doping of heteroatoms to Au/Ag
superatoms has been conventionally conducted by co-reduction

This journal is © The Royal Society of Chemistry 2020
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of dopant ions with Au/Ag(1) precursors. Recently, more efficient
and controllable routes based on galvanic/antigalvanic reac-
tions have been developed.***® Coinage metals (Cu, Ag, Au) and
group 12 metals (Cd and Hg) from the complexes have been
successfully introduced into pre-synthesized Au/Ag superatoms
by replacing the constituent atoms. NMR spectroscopy showed
that the Cd or Hg dopant is introduced to the surface of the Au;;
core,* while SCXRD demonstrated that the Au dopant prefers
the center of the Ag core.®®®* These results suggested that the
location of the dopant is not determined by the metal exchange
process, but by the intrinsic stability of the bimetallic clusters.
Surprisingly, Pradeep discovered that the metal exchange takes
place between [Au,s(PET)3]” (PET = PhC,H,S) and [Ag,5(2,4-
DMBT);5]” (2,4-DMBT = 2,4-(CHj3),CeH3S) in their physical
mixture.” The Au/Ag composition was controlled over a wide
range simply by the mixing ratio of the clusters. It was proposed
that this intercluster metal exchange may proceed via a dimer-
ized intermediate, [AU,5Ag,5(PET);5(2,4-DMBT);5]* . Tsukuda
found that [PtAu,4(PET);5]” with an open-shell Pt@Au,,(7¢)
core was obtained stoichiometrically by electron transfer from
[PtAu,4(PET) 5]~ to [PtAu,,(PET),s]° in their physical mixture.**

Ligand exchange of preformed superatoms is a versatile
strategy to tune their properties while retaining the core struc-
tures. For example, the thermal stabilities of Au,4(8e) and
Au,3(8e) are enhanced by replacing phosphine with NHC® and
thiolate with selenolate,**®” respectively. In contrast, when
introducing thiolates having significantly different steric hin-
derance, the size and/or atomic packing of the superatomic
cores can be modulated. Table 1 shows examples of the ligand-
exchange-induced size/structure transformation (LEIST)***
observed for thiolate-protected Au/Ag superatoms. The fact that
the products depend on the thiolates used indicates that
interligand interaction due to steric hinderance of the tail
groups of the ligands plays a crucial role. Reversible LEIST was
observed as listed in Table 2. Au,y(8e) superatomic cores of
AU,5(TBBT), (TBBT = 4-(CH;);CC6H,S) and Au,g(c-HT),, (c-HT
= ¢-C¢H;;S) exhibit different catalysis for CO oxidation due to
differences in geometric structures.”” ESI-MS analysis by Bakr
demonstrated that conversion from [Ag,s(2,4-DMBT);g]” to
[Ag44(4-FTP)50]*~ (4-FTP = 4-FC¢H,S) proceeded via dimeriza-
tion, while reverse conversion proceeded by dissociative
disproportionation to form [Ag,s(2,4-DMBT);g]” and smaller
Ag(1)-SR fragments.”® These examples illustrated that LEIST
allows us to access new clusters that cannot be synthesized by
the direct reduction method, although it is difficult to predict
what type of transformation will be induced by ligand exchange.

2.2 Improving robustness

In principle, superatoms are stabilized against aggregation by
protection with the organic ligands. However, in practice, most
of the superatoms lack long-term stability under ambient
conditions and decompose under harsh conditions. Therefore,
improvement of the robustness is an essential requirement for
practical applications.

One of the promising methods for protecting Au superatoms
recently found is to use N-heterocyclic carbenes (NHCs) which

Chem. Sci., 2020, 1, 12233-12248 | 12237
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Table 1 Examples of irreversible LEIST
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Precursors Products

Composition® Core Composition® Core Ref.

[Auys(PET) 8] Au,;(8e) Au,o(TBBT);6 Au,(4e) 70
AU,g(TBBT),, Auy,(8e) 71

Aug(PET),, Au,;(14e) Au6(TBBT),, Au,g(12¢) 72
Auzo(StBu)sg Au,,(12¢) 73

Au;,44(PET)g Au,;4(84e) Au,33(TBBT)s, Au,,(81e) 74 and 75
Augo(SPh)4, b 76

[Agso(2,5-DCBT)3,)>~ —b [Ag25(2,4-DMBT) ]~ Agy;5(8¢€) 77
[Ag26(1,3-BDT);,(PPhy), >~ Agi5(8e) 77
[Ag44(SR)30]*7, SR = 2,4-DCBT/4-FTP/4-CTP Ags,(18e) 77

@ PET = PhC,H,S; TBBT = 4-(CH,);CCgH,S; 2,5-DCBT = 2,5-Cl,C¢H;S; 2,4-DMBT = 2,4-(CH,),C6H;S; 1,3-BDT = 1,3-CgH,S,; 2,4-DCBT = 2,4-

Cl,CgH3S; 4-FTP = 4-FCgH,S; 4-CTP = 4-CICgH,S. 5 Unknown.

Table 2 Examples of reversible LEIST

Composition” Core Composition” Core Ref.
Augo(StBu)yg Auy(12€) AU;6(SR),4, SR = SPh/TBBT Au,y(126€) 78
Au,g(TBBT)y0 Au,(8e Au,g(cHT),o Au,(8e) 79
[Ag»5(2,4-DMBT); 5] Agy3(8e) [Ag44(4-FTP)3O]47 Ags,(18e) 80
[PtAg,s(SAdm), (PPhy) J** PtAg;,(8e) [PtAg,s(cHT),4(PPh,),]** PtAg;,(8¢) 81

@ TBBT = 4-(CH;);CC¢H,S; cHT = ¢-C¢H,;S; 2,4-DMBT = 2,4-(CH,),C¢H;S; 4-FTP = 4-FC¢H,S; SAdm = C,oH,S.

are known to form highly robust self-assembled monolayers on
Au(111) surfaces.®>®* The first NHC-protected Au superatom
reported was Auy,(8e) in [Auy,(NHC™)(TPP),Cl,]" (NHC*" =
C,H,N,(CH(CH3),),) synthesized by exchanging a phosphine
ligand of [Au,;(TPP)sCl,]" with NHC'".%* A single NHC'*" ligand
selectively replaced the TPP ligand located between two Cl
ligands to yield [Au;,(NHC™)(TPP),Cl,]" (Fig. 6a). [Auy(-
NHC*")(TPP),Cl,]" showed much higher thermal stability than
[Auy;(TPP)sCl,]" and acted as an electrocatalyst for CO, reduc-
tion. The high stability was ascribed to a strong Au-C bonding
based on the collision-induced dissociation (CID) MS and
theoretical calculation.®*® Following the above report, Au
superatoms protected only by other NHCs and halogens have
been reported.®*#® For example, [Au3(NHC®"),Cl;]*" (NHC®" =
C,H,N,(CH,Ph),) (Fig. 6b)** and [Au,;(di-NHC);Br,]** (di-NHC

Fig. 6 Structures of ultrarobust Au superatoms protected by N-
heterocyclic carbenes. (a) [Aup(NHCP)TPP),CLIY, (b) [Augs(-
NHCB4Cls]2*, (c) [Augs(di-NHC)sBr,]**. Color code: yellow = Au; gray
= C; sky blue = N; blue = P; light green = Cl; dark red = Br. Organic
residues are depicted as sticks.
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= PhCH,-C,H,N,-(CH,);-C,H,N,-CH,Ph) (Fig. 6¢)** with an
icosahedral Au,3(8e) core were synthesized. The latter was
robust at temperatures (—70 °C and 100 °C) and under various
redox and pH conditions (pH = 1-11) and survived for <6 min
even when treated with aqua regia. SCXRD analysis suggested
that the ligand layers of NHCs rigidified the Au,3(8e) core by the
CH-7 and - interaction between the adjacent NHC ligands.
As a result, [Au;3(NHC P),CL;]** (NHC™P = C,H,N,(CH,(2-
C1oH,)),) and [Auy;(di-NHC)sBr,]** exhibit visible photo-
luminescence with quantum yields as high as 16 and 15%,
respectively.®%®

2.3 Scaling up yields

Another challenge for synthesis is to scale up the yield. Typical
yields of lab-scale synthesis are on the order of a few milligrams
owing to the stochastic nature of the cluster formation and to
the loss during rigorous purification. Such low yield limits the
characterization methods that can be applied and the scope of
practical applications.

The most impressive examples are >100 g synthesis of
[Agss(p-MBA)30]*~ (Fig. 7a) and >10 g synthesis of [Agsu(3,4-
DFBT);0]*” (3,4-DFBT = 3,4-F,C¢H;S) having a common
Ag3,(18e) superatomic core.®”* The reason for the large-scale
synthesis of [Ag44(SR);0]*” is the high yield (>95%) due to
extraordinarily high stability: the HOMO-LUMO gap is as large
as 0.78 eV and the coordinating solvents as well as the ligands
are involved in the protection. Paste-base synthesis in the solid
state was also reported as a greener (less wasteful) method.**
Hitherto-known bimetallic clusters [MAug(TPP)s](NO3), (M =

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Structures of clusters synthesized on a large scale: (a) [Aga4(p-
MBA)sol*™, (b) [PdAug(TPP)gl®*, (c) [Ag2gCuss(2,4-DCBT)24l*", (d)
[CuasH2,(4-FPP)1,l*. Color code: yellow = Au; light gray = Ag; brown
= Cu; dark blue = Pd; green = S; orange = P; gray = C; red = O; light
green = Cl; light yellow = F. Organic residues are depicted as sticks.

Pd, Pt) were selectively synthesized on a large scale (0.2-1 g) by
co-reduction of Au(NO;)(TPP) and M(TPP), in a one-pot reaction
(Fig. 7b).**** Tsukuda successfully obtained MAu,4(SR);5 on
a large scale (50-200 mg) by using [MAug(TPP)g](NO;), as
starting materials of conversion (see Section 2.1.1).** Zheng re-
ported gram-scale synthesis of [Ag,sCuy,(2,4-DCBT)y]* " (2,4-
DCBT = 2,4-Cl,C¢H;3S) with the Ag,s(20e) superatomic core
(Fig. 7¢).*> Zhu synthesized [Cu,sH,,(4-FPP),,]" (4-FPP = P(4-
FCe¢H,);) in gram-scale via a high-yield (83%) route under
aerobic conditions (Fig. 7d).”® The yield is much higher than
that of [Cu,sH,,(TPP)y,]" under inert conditions (ca. 150 mg,
23%) because 4-FPP is more electron-withdrawing than TPP.
The large-scale syntheses outlined above are based on high
selectivity due to the intrinsic stability of the products and
careful control of the reaction kinetics. However, it is not trivial
to scale up the yield while retaining the selectivity by simply
increasing the concentration and/or volume of the precursor
solutions in the batch synthesis. A possible solution is to use
fluidic systems as demonstrated in the synthesis of organic,
inorganic,” and nano-materials.®® In contrast to the conven-
tional batch mixing, microfluidic system allows to scale up the
quantity of the MPCs while retaining their quality (size distri-
bution) because it provides efficient and homogeneous mixing
conditions of solutions regardless of the total volumes of the
solutions. Microfluidic synthesis of superatoms will be one of
the interesting challenges for synthesis in the future.

2.4 Bonding and assembly of superatoms

An increasing number of new molecules and materials have
been created on the basis of systematic understanding of
fundamental properties and bonding interaction of individual
elements. Thus, it is an interesting challenge to create a hier-
archical world on a nanoscale using superatoms as artificial
elements, similar to conventional molecular chemistry. This

This journal is © The Royal Society of Chemistry 2020
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section examines recent progress in the development of quasi-
molecules of superatoms (superatomic molecules) and higher
assemblies of superatoms.

2.4.1 Superatomic molecules. According to the super
valence bond theory developed by Yang and Cheng,” some
prolate superatoms can be viewed as superatomic molecules in
terms of electronic structures (Fig. 8a). For example, the prolate
superatoms Au,g(14e) and Au,z(14e) can be viewed as dimers of
open-shell Auy;(7¢) and Au,;(7e) superatoms linked by sharing
an edge (Au'), or facet (Au‘);, respectively.”” Density functional
theory (DFT) calculations on Au,g(14e) and Au,z(14e) show that
their electron configuration is expressed as
(165)2(1(5:)Z(ITCvapy)Al(1GPZ)2(17T;7P‘V)4,97 indicating that the
formal bond order between the Au;; and Au;; units is one.
Namely, the bonding scheme in Au,g(14e) and Au,z(14e) is
similar to that of the F, molecule. Similarly, bi-icosahedral
Ag,3(14e) and Auy,s(14e) cores correspond to the facet-shared
dimer of Ag,3(7e) and vertex-shared dimer of Au,3(7e), respec-
tively.®*® Bi-, tri-, and penta-icosahedral superatoms Au,s(16e),
Aug,(24e), and Augy(40e) are constructed by closed-shell
Au,;(8e) and correspond to a dimer, trimer, and pentamer of
the rare gas atoms, respectively.®”*°'% Bimetallic superatomic
molecules Pt,Ags;(16e) and Pt;Ag,4(22e) contain icosahedral
units of PtAg;,(8e): their bonding schemes are analogues to
those of dimers of rare gas atoms and tri-halogen anions,
respectively.’® The Au,,(22€) core in [Auy,(Ph,P(CH,)sPPhy)e]°
corresponds to a homodimer of Au,4(11€)'” which are bonded
by a 1D=1D triple bond, similarly to transition metal binuclear
complexes.'®

These examples imply that a class of quasi-molecules can be
developed by bonding various superatomic units through

(a)
Aux(14e)  Auzs(14e)

Agzs(14e) Auzs(14e)

HMAug(8e)

MM’Auz1(12e)
M’Auqz(7e)

Fig. 8 (a) Examples of homo-superatomic molecules. Color code:
yellow = Au; light gray = Ag; light blue = Pt. (b) Targeted synthesis of
superatomic molecules by fusion. Color code: yellow = Au; wine red =
Pd or Pt; blue = P; red = S; white = H. Au-S oligomers and organic
residues are omitted for simplicity.
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various bonding schemes. However, their synthesis relies on
serendipity; targeted synthesis using well-defined superatoms
as precursors is highly demanded for a deeper understanding of
the bonding theory of superatoms. Recently, Maran reported
the formation of Auss(SR),4 by dimerization of [Au,5(SR)1]” (R
= C3H;, C4Ho, CgH,;;, C,H,Ph). This reaction is formally
described as:'*

Auy(7e) + Augz(7e) — Augs(14e) + (Au™); (2)

The faster reaction with smaller thiolates suggests that the
overlap of superatomic orbitals is crucial. Takano and Tsukuda
synthesized MM'Au,,(12¢) (M, M’ = Pd, Pt) by the reaction
between hydride-doped [HMAug(TPP)]" and monoanionic
[M'Au,4(PET)5]”  (Fig. 8b).'® SCXRD revealed that
MM'Au,,(12€) corresponds to homo- and hetero-dimers of
M@Au,,(6€) and M'@Auy,(6€). This is the first example of tar-
geted synthesis of hetero-dimers of superatoms via fusion
reactions of the corresponding precursors. A rare example of
hetero-superatomic molecules can be found in [Au,e(H)s(-
TPP).,]*"; the Auyg(14e) core corresponds to a heterodimer of
Aug(6€) and Au,4(8e) connected via two triangular faces.**

2.4.2 Superatomic assemblies. The creation of one-, two-,
and three-dimensional (1-3D) assemblies of superatomic units
has been extensively studied.”> The methods include direct
connection of superatoms via metal-metal bonds, bridging the
superatoms by ligands, and assembling the superatoms via
interligand interactions, such as hydrogen bonding, w-m
interaction, and CH-CI interaction. The assemblies of supera-
toms often show unique and superior properties depending on
the nature of the interaction and structures of the assembled
structures such as distance and symmetry.

1D assemblies have attracted interest as nanoscale electrical
conductors. Maran reported the formation of linear polymers of
[Au,5(S,Bu)ys]° in the crystal connected by intercluster auro-
philic interaction (Fig. 9a)."** The polymer of the paramagnetic
Au,;3(7e) units was silent in electron paramagnetic resonance
(EPR) measurement because unpaired electrons of neighboring
clusters coupled with each other. This electron pairing indicates
that the conduction band is fully occupied while the valence
band is empty. Theoretical calculation predicted that the

112

Fig. 9 SCXRD structures of polymers of (a) [Au,s(S,Bu)igl® and (b)
(AUAQ)34(C=CAdm),q. Color code: yellow = Au; light gray = Ag; red =
S; gray = C. Au-S oligomers and organic residues are depicted as
sticks.
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polymer of [Au,5(S,Bu);5]° has a band gap of ~0.12 eV at 0 K and
shows semiconducting behavior at room temperature.
(AuAg)3,(C=CAdm),, (Adm = C;oH;¢) also formed a 1D poly-
mer linked via Ag-Au-Ag bonds (Fig. 9b).*** The conductivity
along the polymer chain (1.49 x 107> S m~") was 1800 times
higher than that along the interchain direction. The conduc-
tivity of the (AuAg)s, polymer is 1-3 orders of magnitude higher
than that of a 1D polymer of Auy5(8e) linked by weak inter-
ligand interactions.”® The comparison suggests that direct
connection by metal-metal bonds promotes the electron
transfer.

A super-structure of Ag superatoms with higher dimension
has been reported. Zang assembled Ag;4(DT-0-C)s (DT-0-C =
B10H10C,S,) having Age(2e) superatomic cores using bidentate
pyridyl ligands: the assembly forms 1-3D structures depending
on the length of linkers (Fig. 10).**® The 3D assembly showed
extraordinarily high thermal stability and temperature-
dependent photoluminescence, which is different from that of
monomer. Recently, a 3D assembly of [AuAg,,(SAdm),]** was
produced via Ag-F-Ag bonds with SbFs~ anions.'” The
assembly was enantiopure because of the chiral arrangement of
the ligand layer and exhibited circularly polarized lumines-
cence. Red emission was observed in the presence of protic
solvents such as methanol, ethanol, and water, but turned off
after evaporation of the solvents. There is great scope for
developing new functionalized materials by controlling the
assembling behaviors of superatoms (e.g., the distance,
symmetry, dimensionality and degree of electronic coupling) by
appropriately designing the surface modification.

3 Emerging trends in characterization

Ligand-protected Au/Ag superatoms have been characterized by
various experimental methods conventionally used in chemical
analysis. The methods include SCXRD, mass spectrometry (MS),
X-ray photoelectron spectroscopy (XPS), nuclear magnetic
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Fig. 10 (a) 1D, (b) 2D, and (c) 3D assembly of Agg(2e) superatoms.
Color code: light gray = Ag; red = S; blue = N; gray = C. Organic
residues are depicted as sticks.
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resonance (NMR), pulse voltammetry, X-ray absorption spec-
troscopy (XAS), aberration-corrected (scanning) transmission
electron microscopy (AC(S)TEM), ultraviolet-visible (UV-visible)
optical spectroscopy, Fourier-transform infrared spectroscopy
(FT IR), photoluminescence (PL) spectroscopy, and circular-
dichroism (CD) spectroscopy. In this section, we focus on
emerging trends in experimental characterization and theoret-
ical approach for structural prediction.

3.1 Gas phase methods

Characterization of ligand-protected superatoms isolated in the
gas phase provides intrinsic information of superatoms by
eliminating perturbations from the surrounding environments
(e.g. solvent, counterion). Especially when SCXRD is available,
correlations between electronic and geometric structures can be
established. Electrospray ionization (ESI) is a typical interface to
introduce the chemically synthesized superatoms in vacuum in
the intact form. After mass selection, the superatoms can be
characterized by a variety of gas-phase methods such as
collision-induced dissociation (CID) MS, ion mobility (IM) MS,
photoelectron spectroscopy (PES), photodissociation (PD) MS,
and surface-induced dissociation (SID) MS. We herein limit
ourselves to MS, CID MS, and laser spectroscopy. The operating
principles of other methods and their application to ligand-
protected Au/Ag superatoms can be found in recent
publications.**#**?

3.1.1 Mass spectrometry. The most fundamental applica-
tion of mass spectrometry is the determination of chemical
compositions and net charge of chemically synthesized
superatoms. The reaction mechanism for complex processes in
solution can be monitored at the molecular level by mass
spectrometric detection of the short-lived species involved.
Tsukuda detected [HAuo(TPP)s]*>" and [HPdAug(TPP)]" having
hydrogen-containing superatomic cores HAug(8e) and
HPdAug(8e) in the reaction of [Aug(TPP)s]*" and [PdAug(TPP)s]**
with NaBH,, respectively.**** Time-resolved ESI MS showed the
sequential growth of [HAue(TPP)s]*" to the well-known unde-
cagold cluster [Auy;(TPP)sCl,]" by reaction with Au(i)CI-TPP
while releasing the proton.* In contrast, hydrogen remained
throughout the corresponding growth of [HPdAug(TPP)s]" to
unprecedented [HPdAu,o(TPP)sCl,]" (Fig. 11a).%° In situ ESI MS
has been applied to a variety of solution processes including
reductive synthesis,"***** seed-mediated growth,* and alloying
processes of Au/Ag superatoms.®>* Xie probed the formation
processes of [Au,s(p-MBA)g]~ (Fig. 11b) to establish total
synthesis in the field of nanoscience (i.e. synthesis of nano-
materials with atomic precision and by known step-by-step
reactions).” They detected [Au(p-MBA),]™ as a by-product and
achieved selective synthesis of [Au,s(p-MBA);5]™ using the stoi-
chiometric amount of NaBH, Pradeep conducted in situ ESI MS
of metal-exchange reactions between superatoms.®® The
formation of dimeric species [Ag;sAu,5(2,4-DMBT);5(PET)5]*~
was observed at the initial stage of alloying reactions between
[Au,5(PET) 5] and [Ag,5(2,4-DMBT);5]~ (Fig. 11c).

3.1.2 Collision-induced dissociation mass spectrometry.
Collision-induced dissociation is one of the techniques coupled

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 (a) Time-resolved ESI mass spectra of sequential growth of
[HPdAuUg(TPP)gl* to [HPdAuU1o(TPP)gClI*. (b) Time-dependent ESI MS
intensity of Au-SR complexes (SR = p-MBA) (1-4) and clusters (5-8)
during the synthesis of Au,s(SR)1g: (1) [Au(SR)2I7, (2) Aua(SR)4, (3)
Aug(SR)g, (4) Auio(SR)10, (5) [Auxz(SR)1el™, (6) Aupz(SR)17.  (7)
[Au,s(SR)1g] 7, (8) Auzg(SR)24. (c) ESI mass spectrum of the mixture of
[Au,s(PET)1g]l ™ and [Agos(2,4-DMBT)1g] ™ and DFT-optimized structure
of [AgzsAu25(2,4—DMBT)lg(PET)m]Z*. Color code: red = Au; green =
Ag; yellow = S; blue = C. Adapted with permission from ref. 50, 124
and 63. Copyright 2018 American Chemistry Society, copyright 2018
American Chemistry Society, and copyright 2016 Nature Publishing
Group.

with mass spectrometry, where the ligand-protected supera-
toms are vibrationally and rotationally activated by the collision
with gas molecules and led to the dissociation. CID MS of
ligand-protected Auy,(8e) and Au,;(8e) superatoms detected the
fragment ions with 8 electrons, indicating the dissociation is
governed by the electronic stability of the products.'® In
contrast, it was found that the CID of ligand-protected

[MAu,4(C=CR)g*
(8e)(2e)s

[MAu,4(C=CR)1g]*-
)

il e
;r %000 c;; '1 H TOWEVRE

- (C=CR),

[MAu,(C=CR)y6]*
(8e)(2e)

Fig.12 Scheme of the formation of superatomic assemblies via CID of
1,3-diyne from [MAU,4(C=CR)g]?>~. Color code: yellow = Au; gray =
C; light blue = F.
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superatoms can induce reductive elimination of ligands. Pra-
deep found that CID of [Ag;s(TPP);oHy6]*" resulted in the
reductive elimination of H, and the formation of Ag,,H;4"(2¢€)
and Ag;,'(16€).*® Tsukuda showed that the CID of [MAu,,(-
C=CR);5]*" (M = Pd, Pt; R = 3,5-(CF;),C¢H3) having an icosa-
hedral M@Au,,(8e) superatomic core mainly afforded
[MAU,4(C=CR);5_,,]*~ (n = 1-6) having (8 + 2n) electrons via
sequential reductive elimination of 1,3-diynes RC=C-C=CR
(Fig. 12).”® Theoretical calculations on a model system
[MAu,4(C=CCF;);¢]*~ predicted that the increased electrons
are not accommodated in a 1D superatomic orbital distributed
over the cluster, but are localized at the Au,(C=CCF;3), sites
formed from the original Au,(C=CCF;); motif by desorption of
CF;C=C-C=CCF;. Thus, [MAU,4(C=CR);5_,,]>~ can be viewed
as novel assemblies of superatoms with 8e and 2e (Fig. 12). The
desorption step of 1,3-diynes continued to n = 6, leading to the
formation of M@Au;,[Au,(C=CR),]s. These results demon-
strate the ability of CID MS to explore novel superatoms that
cannot be synthesized by the conventional thermal processes.
These partially naked Au superatoms produced via hyper-
thermal CID processes can be tested as new catalysts if they are
collected by a proper method such as deposition on solid or
powder surface.

3.1.3 Laser-based spectroscopies. Since the first report by
Tsukuda in 2017, the adiabatic electron affinities (AEAs) of
[Au,s5(SCeH1a)1s]’y [AUns(PET)1g]°, and [Ag,s(2,4-DMBT);]° were
determined by PES to be 2.2, 2.36 £ 0.01, and 2.02 £ 0.01 €V,
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Fig. 13 (a) PE spectra of (A) [Agx5(2,4-DMBT)1gl™, (B) [PtAgo4(2,4-
DMBT)16]?”, (C) [PdAg24(2,4-DMBT).5]2~ recorded at 355 nm. Insets in
panels (B) and (C) are PE spectra recorded at 532 nm. Gray shaded
areas in panels (B) and (C) are spectral cutoff regions due to an RCB. (b)
Schematic illustration of potentials of (X@Ag12)°*(L)s (X = Ag, Au) and
(Y@Ag)*"(L7)e (Y = Pd, Pt), where L denotes the Ag,(2,4-DMBT)z
staple unit. d is the distance from an electron and superatoms. (c) PE
spectra of [Ag44(3,4-DFBT)z0]*~ recorded at 355 nm (top) and 266 nm
(bottom). (d) Potential energy surfaces of [Ag4(3,4-DFBT)s0l*~ and
[AQ44(3,4-DFBT)30]°>~ explaining the peak A in panel (c). The yellow
hatch indicates the Franck—Condon region. The dotted curve is ob-
tained by upshifting the [Ag44(3,4—DFBT)3O]3’ curve by Ercg. Adapted
with permission from ref. 129 and 130. Copyright 2019 Wiley-VCH and
copyright 2020 American Chemistry Society.
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respectively.””® These results suggest that the electronic structure of
the M,3(8e) superatom is not seriously affected by the thiolates
and M (M = Ag, Au). In contrast, PES on [Ag,5(2,4-DMBT);g]  and
[MAg,4(2,4-DMBT),s]>~ (M = Pd, Pt) revealed a remarkable doping
effect: the electron binding energy of the Ag;; core is significantly
reduced by replacing the central Ag" atom with a Pt or Pd atom
(Fig. 13a).” The higher-energy shift of the SOs was ascribed to the
weaker binding of valence electrons in M@(Ag');, (M = Pd, Pt)
compared to that in Ag'@(Ag");, due to the reduction in formal
charge of the core potential (Fig. 3) and the upward shift of the
apparent vacuum level by the presence of a repulsive Coulomb
barrier (RCB) for M@(Ag ")y, (Fig. 13b). PES and theoretical calcu-
lation on [Ag,4(3,4-DFBT);0]"~ (3,4-DFBT = 3,4-F,C¢H,S) by Tsu-
kuda and Hikkinen revealed that AEA of [Ag44(3,4-DFBT);0]>~ was
negative (Fig. 13c),” indicating that electron detachment from
[Ag44(3,4-DFBT)3]* " to form [Ag,4(3,4-DFBT)s[*~ is energetically
feasible. However, the tetra-anion is observed to be stable in the
gas phase against electron autodetachment even under CID
conditions. This observation was explained by the energy barrier
associated with the electron detachment due mainly to the RCB
being much larger than that for fragmentation (Fig. 13d). Veenstra
demonstrated by pump-probe PES on [Ag,o(1,3-BDT),>~ (1,3-
BDT = 1,3-C¢H,S,) using femtosecond lasers that the long-lived
triplet state is populated via ultrafast intersystem crossing from
ligand-to-Ag;; core charge transfer state.”*' Unexpectedly, PES on
[M,5(PET)15]” (M = Ag, Au) revealed that thermionic emission (TE)
of a slow electron dominates over direct photodetachment upon
photoirradiation at 266 nm."*® It was proposed that electronically-
excited [M,5(PET);] *, which is embedded in the photodetach-
ment continuum, quickly undergoes internal conversion to form
vibrationally excited [M,5(PET);g]~ followed by TE leaving internal
energy in the remaining neutral [M,5(PET)y]°. Protection of the
M, ; core by stiff M,(PET); units may contribute to promoting the
IC process of [M,5(PET);5] * by retarding the dissociation.

Johnson established high-resolution UV-visible absorption
spectroscopy at cryogenic temperature in the gas phase.®>™"*
Condensation of inert gases (He, N,) as a tag can freeze the
internal motion of the superatoms without noticeable influence
on the stable structures. Absorption of UV-visible laser by the
tagged superatoms inevitably (with 100% quantum yield) leads
to the release of the tags. As a result, the action spectrum of the
depletion of the intensity of tagged superatoms corresponds to
optical absorption spectra of the ligand-protected superatoms
at extremely low temperature. The UV-visible spectrum of
[Auo(TPP)]*" exhibits much sharper profiles than that in solu-
tion phase thanks to the suppression of thermal broadening
(Fig. 14a)."*>'** The spectra at cryogenic temperature can be
compared directly with the theoretical spectra (Fig. 14b).*** It
was suggested that hydride and halide affect the electronic
structure of [Auo(TPP)g]*" in similar ways.**

3.2 Condensed phase methods

SCXRD analysis provides the most straightforward and precise
structural information of ligand-protected superatoms in the
solid state. However, several challenges in structural charac-
terization remain, such as identification of the position of

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (a) UV-visible absorption spectra of He-tagged [Aug(TPP)gl**

(blue), [Aug(TPP)gl**(NOs)s in methanol (red). The black trace is
a numerically broadened spectrum of the blue trace. (b) Simulated
absorption spectrum of [Aug(TPP)gl**. Adapted with permission from
ref. 133 and 135. Copyright 2020 American Chemistry Society and
copyright 2016 American Chemistry Society.

doped metal atoms with similar electron densities, structural
determination of superatoms that cannot be crystallized, and
monitoring the fluctuating system. This section summarizes
new approaches to obtain structure information complemen-
tary to SCXRD by advanced use of techniques such as XAS, AC(S)
TEM, NMR, and PL spectroscopy.

3.2.1 Static structure. Identification of the position of doped
metal atoms is sometimes difficult only by SCXRD because it cannot
distinguish atoms with similar electron densities. XAS provides
detailed structure information such as coordination number and
bond length. By taking advantage of element specificity, the loca-
tions of the dopants within the bimetallic clusters in a dispersion or
in an amorphous solid have been successfully determined."®
Recently, Maran conducted NMR spectroscopy on isotopically
enriched CdAu,,(PET);s and concluded by coupling analysis that
the Cd dopant is located at the surface of the icosahedral MAu,,
core regardless of the synthesis methods.** The atomic structure of
the superatomic cores can be solved by AC(S)TEM on a single
superatom, as demonstrated by Palmer, José-Yacaman and Whet-
ten.””**® Kornberg successfully constructed the atomic structures of
AUgg(m-MBA)3 3, (m-MBA = 3-SCsH,COOH) and Au, 44(m-MBA),, by
ACTEM with the use of a minimal electron dose."****

3.2.2 Dynamic structure. Ligand-protected superatoms
undergo thermal fluctuation under ambient temperature and
may be in equilibrium between fully-adsorbed and partially-
desorbed states of the ligand layer in solution. An under-
standing of these dynamic aspects of structural features is
essential to establish the correlation between structures and
properties. Fluxionality results in polydispersity in atomic
structures, making the structural characterization difficult.

Ackerson and Billinge demonstrated by high-energy XRD
that Auy.4(SR)o (R = C4Hso, CeHy3, C15H,s, 4-C¢H,COOH) has
a distinct isomer with an fcc core,"** in addition to that with an
icosahedral core identified by SCXRD.*® However, it was not
clear whether they are interconverted with each other or coexist
independently. Tsukuda monitored the spatiotemporal change
of individual particles of Au,44(PET)s, by ACTEM and found
reversible isomerization between icosahedral and fcc cores
without decomposition.*** Tsukuda and Yamazoe revealed the
hierarchy of bond stiffness of Au-Au bonds in Au,s(PET);s,
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Fig. 15 (a) Scheme of interaction between Nay[Ags4(p-MBA)=o] and
DMSO examined by XAS and QM/MM calculation. (b) Plots of relative
abundance of Ag,9(BDT)12(TPP), (x = 0—4) in DMF solution as a func-
tion of the concentration of TPP. Color code: gray = Ag; red = S; blue
= O; green = C, pink = H. Adapted with permission from ref. 145 and
146. Copyright 2020 American Chemistry Society.

Ausg(PET),,, and Auqyu(PET)s, by temperature-dependent
extended X-ray absorption fine structure (EXAFS) analysis.*** It
was shown that surface Au-Au bonds of the Au cores are more
flexible than those in bulk metals while those distributed along
the radial direction are stiffer.

Zhang examined the interaction of solvent and supera-
toms,"***** which is often overlooked due to the difficulty of
characterization in solution. A slight change of geometric and
electronic structure of [Ags(p-MBA);]*” in solution was
monitored by XAS.'* The contraction of the Ags, core and the
reduced electron densities of the S atoms suggested that
dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF)
directly interact with the Ags,(18e) core (Fig. 15a). These results
were supported by quantum mechanics/molecular mechanics
(QM/MM) calculations.** Mitsui conducted quantitative anal-
ysis of the association-dissociation equilibria of TPP in [Ag,e(-
BDT),(TPP),]>~ based on PL measurement.*® The relative
abundance of [Ag,o(BDT),,(TPP),]>~ (x = 0-4) as a function of
the concentration of TPP added in solution ([TPP]) was deter-
mined (Fig. 15b). This optical approach provides a nondestruc-
tive method for evaluating the concentrations of superatoms
under dynamic equilibrium such as ligand-exchange and metal-
exchange reactions.

3.3 Computational methods

Initial geometries for structure prediction by DFT calculation
are usually constructed based on the intuition of individual
researchers; this approach lacks the completeness, efficiency,
and subjectivity. Recently, Karkkainen and Hakkinen developed
an algorithm based on machine learning to predict the struc-
tures of ligand-protected superatoms.™” After setting the coor-
dinates of metal atoms, a list of possible positions of interface
atoms (P or S) is constructed based on the training set con-
sisting of SCXRD data and computational model structures.
Then, complete interfacial structures (~10 000 models) are
created under a restriction based on simple rules of chemistry
related to coordination, atomic distances, and local conforma-
tions. Finally, model structures are ranked by a criterion called
a combined structural error and optimized to the best model
structure after adding the organic part of the ligand layer using
molecular mechanics or molecular dynamics. In all studied
cases, the best-ranked structures reproduced the metal-ligand
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Fig. 16 (a) Comparison of the predicted ligand—metal interface
structures (green) and those resolved by SCXRD (yellow). (b) The effect
of the size of ligands on the structures. Color code: orange = Au; gray
= Ag, green and yellow = S; light blue = C; white = H. Adapted from
ref. 147 with permission from Nature Publishing Group, copyright
2019.

interfaces of the crystal structures of a variety of Au/Ag supera-
toms (Fig. 16a). This method also reproduced the steric effect of
ligands in Au,,(TBBT),s and Auyy(2,4-DMBT), (Fig. 16b).
Optimal conditions for the synthesis and crystallization have
also been researched based on the experience of individual
researchers. Wang demonstrated that deep learning can accel-
erate the search for synthesis conditions:*** the conditions for
synthesizing Au,s(SR);s reported in the
successfully predicted from a database containing only 54
results. Application of this approach to other issues requires the
establishment of a reliable database which includes both
successful and unsuccessful results. Since published papers
include only successful cases, joint research between theoretical
and experimental chemists is indispensable to expand this area.

literature were

4. Summary and prospects

As briefly summarized in the introduction, atomically-precise
synthesis and structural determination by X-ray crystallog-
raphy have deepened our understanding of the correlation
between structures and properties of ligand-protected Au/Ag
superatoms. The superatom concept provides a unified
picture of how the electronic structures are modified or affected
by the size, shape and doping. In spite of great progress in the
last two decades, there still remain challenges in the synthesis
and characterization of the ligand-protected superatoms. Major
issues and possible solutions of the synthesis and character-
ization of Au/Ag superatoms are summarized below.

4.1 Synthesis

Major challenges in the conventional synthesis of superatoms
are poor predictability and low yield of the products arising
from the stochastic nature of the formation processes. A
promising approach includes efficient and selective
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transformations of well-defined superatoms, such as hydride-
mediated growth and doping, seed-mediated growth, and
ligand exchange. These transformations will not only achieve
the synthesis of desired superatoms on a large (>gram) scale,
but also increase the chance of serendipitous discoveries of new
superatoms. Another challenge is improvement of robustness
for practical application. Recent examples show that N-
heterocyclic carbenes are promising candidates for the pro-
tecting reagent of Au/Ag superatoms. Large scale synthesis of
robust Au/Ag superatoms is a key for the progress of materials
science of superatoms as in the case of the development of
carbon materials after large-scale production of Cg, which was
originally discovered as magic species by MS.*** Synthesis of
superatomic molecules and ordered assemblies of superatoms
will continue to be a challenge for the creation of novel prop-
erties and functions by taking advantage of controlled interac-
tion between individual superatoms.

4.2 Characterization

Ligand-protected Au/Ag superatoms have been characterized in
depth by various methods conventionally used in chemical
analysis. X-ray crystallography is without doubt the most direct
and powerful method for determining the atomic structures.
However, other experimental methods need to be developed to
detect transient species that plays an important role in trans-
formation reactions and to gain intrinsic structural information
of the superatoms in an isolated environment. ESI MS makes it
possible to detect key species in solution. Laser photoelectron
spectroscopy probes the superatomic electronic structures and
elucidates the effect of doping and total charge on the electronic
structures. Information about the stability and structural motifs
will be obtained by applying other gas-phase methods such as
collision-induced dissociation MS, ion mobility MS, photodis-
sociation MS and surface-induced dissociation MS. Aberration
corrected transmission electron microscopy and X-ray absorp-
tion spectroscopy give both static and dynamic structural
information of superatoms complementary to SCXRD. Theo-
retical prediction based on machine learning will not only
become a powerful tool for the structural exploration of
superatoms, but also release scientists from the tedious
screening of synthesis conditions.

As shown in Fig. 3, superatoms are attractive and promising
elements having multi-parameters (size, shape, composition)
for the control and tuning of their properties. Some future
prospects to maximize the potentials of superatoms are
described below.

(1) Chemical modifications. Surface modification signifi-
cantly affects robustness, geometric structures, and properties
of superatoms such as HOMO-LUMO gaps, redox properties,
circular dichroism, photoluminescence properties, and catal-
ysis. Concerning catalysis of superatoms, the biggest benefit of
ligand protection is a possibility that atomically-defined cata-
Iytic sites can be realized on superatoms. By protecting with
properly designed bulky ligands, there appears a possibility that
one can synthesize atomically precise superatoms having an
exposed surface owing to inter-ligand steric hinderance and can

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Proposed structures of superatoms generated in the gas
phase: (a) Auyg, (b) Alyjz~, and (c) (TM);@Siye. Color code: yellow = Au;
pink = Al light blue = Si; red = TM.

solve the structures by SCXRD. A promising example can be
found in CO oxidation catalyzed by [Au,,(Ph,P(CH,)sPPh,)s]°
(ref. 150) which has 10 unligated Au atoms of the Au,,(22e)
core.'” Theoretical study also demonstrated that the exposed
sites of Au,y(22e) are potentially effective for electrocatalytic
hydrogen evolution reaction. This approach will provide
molecular-level understanding on the correlation between
catalytic performance (activity and selectivity) and structures of
the active sites.

Chemical synthesis of Au,(20e) with a tetrahedral pyramid
structure (Fig. 17a), which has been the representative magic Au
cluster since its discovery,*** is a long-pursued target. Wang and
Wang independently synthesized Au,,(16€) using a tetradentate
phosphine ligand (P(C,H4PPh,);).****** However, SCXRD anal-
ysis showed that the Au,,(16e) core does not have a pyramidal
motif, but is composed of an icosahedral Au,; and a helical Au,
motif. Formation of an Au,; with a twisted pyramid structure
using bulky arenethiols'*® suggests that bulky ligands are
possible candidates to stabilize a tetrahedral Au,,(20e).

(2) Expansion to other elements. It is known that supera-
tomic concepts can be applicable to cluster systems composed
of other than Au and Ag. Schnockel have synthesized CsMes-
protected Al superatoms such as Aly(8e), Si@Al4(40e), and
Al;5(138e) by disproportionation of Al(1) produced by vapor
deposition and resolved their structures by SCXRD.* Magic
clusters Al;;~ and (TM),@Si¢ (TM = Sc™, Ti’, V', Y™, Zr° Nb',
Lu~, Tb Ho", Hf°, Ta") are like holy grails discovered in the
history of research on naked metal and inorganic clusters.*>**”
Their electronic shells are closed with the n* values of 40 and
68, respectively, by setting the A value of eqn (1) to 3, 4 and 4 for
Al, TM and Si atoms, respectively. It was proposed that
Aly;7(40e) and (TM),@Si;6(68¢) has an icosahedral structure®
and a caged structure,” respectively (Fig. 17b, c). Recently,
Yamamoto reported synthesis of Al;;7(40e) encapsulated within
dendric poly-phenylazomethine (DPA)'*®* by reducing Al(m)
coordinated within DPA by benzophenone ketyl radicals. The
identification of Al,;~ was based on MALDI MS and HAADF
STEM observation. High stability of Al;;~ in DPA against
oxidation agrees with the poor reactivity to O, observed in the
gas phase.?*? Nakajima achieved large-scale synthesis (100 mg) of
polymer-stabilized Ta'@8Si;¢(68¢) and Ti@Siy6(68¢) using
a high-power impulse magnetron sputtering source.'* Tetra-
hedral Si cage with Frank-Kasper structure was proposed based
on the characterization by NMR, MS, XPS, and Raman spec-
troscopy. However, their structural determination is still
a challenge because they are unstable under aerobic conditions
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and SCXRD may not be applied. Expansion of the scope to other
elements than Au and Ag will open up a new avenue of materials
science of superatoms.

The ultimate goal, from our perspective, is to create a new
paradigm on a nanoscale based on superatoms, which is
located in a different hierarchy from that based on atoms and
molecules. The efforts described herein will help to establish
the fundamentals of superatoms, such as a periodic table,
bonding theories, chemical reaction theories of superatoms,
and eventually, the materials chemistry of superatoms.
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