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|. Introduction

Perspectives on the energy landscape of Au—Cl
binary systems from the structural phase diagram
of Au,Cl, (x + y = 20)F

Zhimei Tian® and Longjiu Cheng*?

Ligand-protected gold (Au-L) nanoclusters have attracted much attention, where the reported electronic
and geometric structures show great diversity. To give a direct and overall view of the energy landscape
of Au-L binary systems, the Au,Cl, (x + y = 20) system is taken as a test case. By intensive global search
of the potential energy surface at the level of density functional theory, a diverse set of global minima
and low-lying isomers are found at each composition, and the structural phase diagram is obtained. The
unbiased global search is carried out using the method combining the genetic algorithm with the TPSS
functional. At x = 10 with the stoichiometric ratio of Au and Cl (1:1), the cluster presents a catenane
structure. When x is in the range of 11-20, the clusters are Au-rich, and the Au-Cl system can be
viewed as Cl-protected gold nanoclusters, where the gold cores consist of superatoms, superatom
networks, or superatomic molecules in electronic structures. At x = 11-15, the gold cores consist of
Aus, Auys and Aus 2e-superatoms protected by staple motifs. At x = 16-20, the clusters are pyramidal
superatomic molecules with one Ause superatom core bonding with the four vertical atoms (Au or Cl).
When x is in the scope of 9-5, the clusters are Cl-rich, and the 5d electrons of Au participate in bonding,
resulting in high multiplicities. The Au—Cl binary system shows great diversity and flexibility in electronic
and geometric structures, and there are corresponding structures to most of the experimentally produced
Au-L nanoclusters in our structural phase diagram. We believe that the structural phase diagram gives an
overall perspective on the universe of Au-L nanoclusters.

different optimized cluster geometries. Bare gold clusters in the
size range n = 2-24 have been well-studied, which undergo a

Gold nanoparticles of 2-3 nm bridge the “material gap”, which
display a distinct electronic transition in optical absorption,
intrinsic magnetism, enhanced photoluminescence, and dis-
continuous charge transport and redox properties."™ Due to
the strong relativistic effects, gold atoms and clusters display
many unique properties in chemical bonding. The interaction
between gold and thiolate (SR), phosphine (PR,), and halogen
(Cl) is of considerable importance in wide areas of modern
science from both fundamental and practical viewpoints.>®
The ligand-protected gold Au-SR nanoclusters are of consider-
able importance for understanding the structural evolution of
clusters from small-to-medium sizes and the relative stability of
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series of structural transitions from a planar, flat shell to a cage,
pyramid and to a tubular motif.”* For medium-sized gold
clusters, the compact core-shell structures are likely a prevalent
structural form.*®™*° Ever since 2003, the Au,, cluster, which was
first revealed by photoelectron spectroscopy, has received much
attention.”®>* The determination of the atomic structure at the
nanoscale is a challenge. Experimentally, significant progress
has been made in the chemical synthesis of ultrasmall ligand-
protected Au nanoclusters. The first major breakthrough in total
structure determination was achieved in 2007 by the Kornberg
group, who determined the crystal structure of Au,,(SR)44.> Later,
several clusters such as [Au,s(SR);s],>* AUsg(SR)4,>> AU,4(SR)s0,>°
[AU,(PR2)14CL,]Cl,,%” and Auge(SR),4 (ref. 28) were experimentally
determined. Structures of the experimentally synthesized ligand-
protected gold (Au-L) nanoclusters can be well predicted by
density functional theory (DFT) calculations and the success of
DFT method in understanding and predicting the structures of
Au-SR clusters is truly inspiring.>*~"

The reported Au-L nanoclusters present various forms of
electronic structures, including superatoms, superatom networks,
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superatomic molecules, etc. To understand the intrinsic stability
of Au-SR nanoclusters, Hékkinen and co-workers proposed the
superatom complex concept based on the jellium model.*?
According to the concept, one determines the valence-electron
count (V) of the Au,,(SR)} cluster (where g is the charge of the
cluster) using V=m — n — g. Each gold atom contributes one
valence electron and each SR localizes one electron; if there are
halogen groups in the cluster, each halogen also localizes one
electron.®® The appropriate Aufbau rule of super shells for spherical
Au clusters is [18*|1P°|1D"*|2S*1F"*|2P°1G"¥|. .. (S-P-D-F-G-H-
denote angular-momentum characters), associated with magic
numbers 2, 8, 18, 34, 58,...>> Superatom theory has achieved
great success in prediction of the stability of thiolate-protected
gold nanoparticles, which can be understood by the magic numbers.
Jiang et al. recently proposed [Au,,(SR)o]", Aug(SR)g, Au,o(SR)s and
Auys5(SR); clusters for the magic number 2.3*2> [Au,5(SR).g] ™ is
associated with the magic number 8.>* [Auy4(SR),s]>~ corresponds
to the magic number 18.*® Au;o,(SR)44 is associated with the
magic number 58.%7%

The superatom model can treat only those clusters with
a spherical core, however, the stability of clusters with non-
spherical cores cannot be understood. In addition, not all the
Au-SR clusters exhibit magic numbers of free valence electrons
as described by the spherical jellium model. According to the
superatom model, Auzg(SR),, has 14 valence electrons, and
Au;5(SR)14, AU,o(SR);6 and Auys(SR),0 has 4 valence electrons
each, all of which disagree with the count in the superatom
model. Recently, Cheng and Yang proposed the superatom-
network (SAN) model to explain the electronic stability of non-
spherical shells of metal clusters.** The electronic stability of
the 4e thiolate-protected nanoparticles Au,g(SR)14, Au,0(SR);6 and
Au,,4(SR),, follows the SAN model and the Aug** core of the three
clusters should be viewed as two non-conjugate 4-center 2-electron
(4c-2e) tetrahedral Au, superatoms.® The structure of Auy,(SR),s
is theoretically predicted via DFT calculations and the Au,e"?
core can be viewed as a network of eight tetrahedral Au, super-
atoms according to the SAN model.*°

The super valence bond (SVB) model is another model proposed
to explain the electronic stability of non-spherical shells of metal
clusters.** The electronic shell of Auzg(SR),4 has been studied, and
the 23c-14e bi-icosahedral Au23(+9) core is proved to be a superatomic
molecule.”” A very recent study is carried out on a pyramidal Au,,
following the SVB model, and its superatomic 16c-16e core
is bonded to four vertical Au atoms.*> The Au,,™® core of the
[Au,o(PPhys,)10Cl,*" nanocluster can be taken as a superatomic
molecule bonded to two 11c-7e superatoms.** For the homoleptic
[Au(SR)], clusters with an Au/SR ratio of 1:1, there is no stacked
Au core but exhibits only chain, ring, and catenane structures.”’

As mentioned above, there have been a great number of studies
on Au-L nanoclusters, which show a great diversity in geometric
and electronic properties resulting from the unique energy land-
scape (EL) of Au-L systems.>***¢* However, still there has been
no direct and overall study on the EL of Au-L systems. Using the
Au,Cl,, binary system as a test case, we try to have a look at the
EL of Au-L systems. Here we choose Cl representing L due to
practical reasons. Moreover, we select the size n = x +y = 20,
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where the two magic number clusters Au,(SR);o and Au,, are
present.’*® In previous reports, the EL of binary nanoalloy clusters
of the same cluster size is studied.”* The low-lying isomers
of the Au-Cl nanoclusters and the structural phase diagram
(SPD) are obtained, showing great diversity and flexibility of
electronic structures.

ll. Computational details

The global minimum search for the isomers of the Au-Cl system
is performed using a genetic algorithm (GA) coupled with DFT,
which has been successfully applied in the structural prediction
of a number of systems.”>>® A GA is a search heuristic that
mimics the process of natural selection.” This heuristic is routinely
used to generate useful solutions to optimization and search
problems. GAs belong to a larger class of evolutionary algorithms,
which generate solutions to optimization problems using
techniques inspired by natural evolution, such as inheritance,
mutation, selection, and crossover.®”®* DFT based GAs are very
time-consuming, and for each cluster, more than 1000 samplings
are optimized using DFT. The quantum chemical calculations
are carried out on the GAUSSIAN 09 suite of programs.®® In the
optimization procedure, the Def2-TZVP basis set is used for Au
which is obtained from the basis set exchange®®* that accounts
for scalar relativistic effects, and the 6-311G* basis set is used
for Cl using a generalized gradient approximation method
using Tao-Perdew-Staroverov-Scuseria (GGA-TPSS)*®> without
any symmetry constraint. The normal mode frequencies are
also computed at the same level to ensure that they belong to
real minima. The energies of the structures reported herein
include the contribution of zero point energy (ZPE) corrections.
For Au-Cl systems at x < 9, the multiplicities are setto 1, 3, 5, 7
and 9 to find the most stable isomers. The natural bond orbital
(NBO)®® analyses are calculated using the TPSS functional with
a Lanl2dz basis set for Au and a 6-31G* basis set for Cl. To
elucidate the nature of the chemical bonding, the adaptive
natural density partitioning (AANDP) is used to analyse the
chemical bonding.®” The AANDP is based on the concept of the
electron pair as the main element of chemical bonding models,
which recovers both Lewis bonding elements (1c-2e and 2c—2e
objects) and delocalized bonding elements (rnc-2e). Molecular
visualization is performed using MOLEKEL 5.4.°

I1l. Results and discussion

The lowest-lying equilibrium geometries and their symmetries
of Au-Cl clusters are shown in Fig. 1, and the multiplicities of
the Cl-rich clusters are also shown. It is worth noting that the
structures of the Au-Cl clusters are broken up into pieces when
x < 4, which are meaningless for the experiments in Au-L systems
and are excluded in this work. We locate the global minimum
structures and some relative stable isomers indexed in Roman
numerals (such as I, II, I1I,. . . for Au,, according to energy from
low to high) in Fig. S1 and S2, ESL ¥
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Fig. 1 Lowest-energy structures of Au,Cl, (x + y = 20) clusters optimized
at the TPSS/Def2-TZVP (Au) and 6-311G* (Cl) levels of theory. Au, yellow
and Cl, green. At x < 9, enclosed are multiplicities of the molecules.

1. Structural phase diagram

To give a direct view of the structural evolution of the Au-Cl
systems, Fig. 2 plots the structural phase diagram (SPD), a
function of stability versus composition. The stability of the
Au,Cl, cluster is defined as the relative energy (E.) taking Au,,
and Cl, as references. The calculated binding energy of Cl, at the
computational level in this work (2.23 eV) is in good agreement
with the experimental value (2.52 eV), indicating high reliability
of the computational method.®°
E. is calculated according to the formula:

Erel = E(Au,Cl)) — XE(Au,)/20 — yE(CL,)/2,

wherein E(Au,Cl)), E(Au,) and E(Cl,) are the energies of Au,Cl,,
Au,, and Cl,, respectively, including ZPE corrections. The
magnitude of the absolute value of E.. represents the relative
stability of the cluster. The more negative E,. is, the more
stable is a cluster. As shown in the figure, it is obvious that E,,
decreases as x varies from 5 to 10, and increases as x changes
from 10 to 20. At x = 10 with the stoichiometric ratio (1:1),
Ee is the most negative (—12.32 eV), indicating the highest
stability. There is a sudden increase of E., when x changes
from 10 to 9, where the clusters become Cl-rich. This indicates
that it is difficult to obtain Cl-rich clusters in contrast to the 1: 1
Au-Cl cluster. There is another sudden increase at x = 5, which
is perhaps due to the instability of AusCl;s that contains a
separate Cl, molecule. Interestingly, the SPD curve at x = 10-20
is very smooth which indicates that the energy landscape of
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gold-rich Au-Cl clusters is very smooth and any ratio of Au and
Cl is possible under certain experimental conditions.

2. Geometric and electronic structures

When x = 10, the stoichiometric ratio of Auand Clis 1:1, and it
presents a catenane structure. The canonical Cl-Au-Cl units
emerge in the structure. Au,,Cly, is in D, symmetry, with inter-
locked pentamer rings. This catenane-like structure is a unique
feature of homoleptic [Au(1)-SR], (n = 10-12) complexes,”*> and
low ratio Au-SR clusters, such as Auy,(SR)y0.>%7%""

When x is in the range of 11-20, the clusters are Au-rich,
and the Au-Cl clusters can be viewed as Cl-protected gold
nanoclusters. When x is in the scope of 9-5, the clusters are
Cl-rich and the 5d electrons of Au atoms participate in bonding,
resulting in high multiplicities.

2.1 Au,;Cly-Au,sCls

Au;;Cly. Auy4Cly is a 2e compound according to the super-
atom model.>” The lowest-lying isomer (11I) contains one Aus
rectangular pyramidal core protected by three -Cl-(AuCl),-
staple motifs. Chemical bonding analysis by AANDP reveals a
5c-2e bond with occupancy number (ON) = 1.84 |e| (Fig. 3a). Such
an Aus 2e-superatom has not been viewed in the experimentally
produced Au-SR clusters. Moreover, there is one overprotected Au
atom (labeled in purple and linked by two Cl atoms) in the Aus
core, which is also not viewed in experiments.

Note that the tetrahedral Au, core has been theoretically
predicted for small nanoparticles, such as in Au;((SR)s and
Aug(SR)e.>*?> The corresponding Au-Cl isomer is 111V (0.29 eV
higher in energy than 11I), which also has an Au, core protected
by one -Cl-(AuCl);- and one -Cl-(AuCl),- motifs. AANDP analysis
confirms the 4c-2e bond with ON = 1.77 |e| (Fig. 3b).

The trigonal bipyramidal Aus superatom is also viewed in
11V protected by three -Cl-(AuCl),- motifs, which is 0.37 eV
higher in energy than 11I. ANDP chemical bonding analysis
confirms the 5c-2e bond with ON = 1.87 |e| (Fig. 3c).

Au;,Clg. Au,,Clg is a 4e compound. The low-lying isomers
follow the SAN (2 x 2e) model in the electronic structure. Here
we discuss the first four isomers 121-IV with different SAN styles.
Both 121 and 12II consist of a network of two non-conjugated
tetrahedral Au, superatoms. AANDP analysis reveals two 4c-2e
bonds in 12I with ON = 1.76 |e| and 1.84 |e|, and both the ONs
in 121II are 1.77 |e|. This binding pattern is in accordance with
the experimentally synthesized 4e compounds Au,;g(SR)i4,
AU,0(SR)16, AU,4(SR)5 and Auy,(SeR),, clusters.®’>7>

12111 also consists of a network of two non-conjugated Au,
cores protected by four -Cl-Au-Cl- motifs. AANDP analysis
reveals two 4c-2e bonds with ON = 1.61|e|. However, there
are two overprotected Au atoms (labeled in purple) and two
naked Au atoms (marked in magenta) in the two Au, cores
(Fig. 4c).

12IV has a unique vertex-sharing bitetrahedral Au, core
which is composed of two conjugated Au, cores, ON =
1.83 |e| (Fig. 4d). Such a vertex-sharing Au; kernel is consistent
with the experimentally determined structure of the Au,o(SR)s6
cluster.”
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Fig. 2 Structural phase diagram (SPD) of Au,Cl, (x + y = 20) clusters. E is the energy of the molecule relative to Au,o and Cl; including zero point
energies. The global minimum structures are also labeled, and the polyhedral models are used for Au;1Clg—AuysCls clusters.
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Fig. 3 Structures, superatom models and AANDP localized natural bond-
ing orbitals of the three isomers of Auy;Clg: (a) 111, (b) 111V and (c) 11V. Au,
yellow and Cl, green.

Au,3Cl5. 131 is a 6e compound, and their cores can be viewed
as a SAN (3 x 2e) of three conjugated vertex-sharing tetrahedral
Au, superatoms. Chemical bonding analysis by AANDP reveals
three conjugated 4c-2e bonds with ON = 1.77-1.82 |e| (Fig. 5a).
There is one naked Au atom (marked with magenta) in one
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Fig. 4 Structures, superatom-network models and AANDP localized natural
bonding orbitals of the four isomers of Au;,Clg: (a) 121, (b) 12lI, (c) 121l and
(d) 12IV. Au, yellow and Cl, green.

Au, superatom. The Au, vertex-sharing conformation has been
revealed in the 12e Auzg(SR),4 cluster.”®
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Fig. 6 Structures, superatom models and AdNDP localized natural
bonding orbitals of the three isomers of Aui4Cle: (a) 141, (b) 141l and (c) 14V.
Au, yellow and Cl, green.

Au,4Cls. Auy,Clg cluster is an 8e compound according to the
superatom model. As shown in Fig. 6a, 141 can be viewed
as a 4 x 2e SAN of one Au; superatom and three Au, super-
atoms stapled by two -Cl units and two —Cl-Au-Cl- units.
In addition, the superatoms are vertex-sharing. The ON of
the 3c-2e bond is 1.65 |e|, and those of the 4c-2e bonds are
1.79-1.81 |e|. Such a 3c-2e superatom is not viewed in experi-
mentally produced Au-SR clusters. 14II is also a 4 x 2e SAN,
which consists of three Au; superatoms and one Au, superatom
stapled by three -Cl-Au-Cl- units and lies 0.49 eV higher
in energy than 14I. The experimentally produced Au,g(SR)s
cluster is a 4 x 2e SAN with four tetrahedral Au, 2e-superatoms
in the electronic structure.””””®
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14V is an 8e-superatom, which consists of one tetrahedral
Au,, core stapled by two -Cl-(AuCl),- units. AANDP analysis
reveals 1S*1P°® superatom orbitals in the tetrahedron (Fig. 6c).
It is worth noting that 14V lies 0.97 eV higher in energy than
141, indicating that the 4 x 2e SAN is favoured more than the
8e-superatom for Au-Cl systems.

Au;5Cls. 151 is a 10e compound, which can be viewed as a
SAN of three Au, superatoms and two Au; superatoms stapled
by three —Cl units and one -Cl-Au-Cl- unit (Fig. 5b). AANDP
reveals two 3c-2e bonds and three 4c-2e bonds. There are three
naked Au atoms (marked with magenta) and one overprotected
Au atom (labeled in purple) in 15I. The Au cores in 15I are not
well protected by the staple motifs due to the lack of Cl, and it is
not stable as shown in the SPD curve.

2.2 Au;6ClL-Auy. It is well known that the global minimum
structure of Au,, is a pyramid.”®’®®° The calculated HOMO-
LUMO gap is 1.91 eV, in agreement with the experimental value
(1.77 eV).*° According to our extensive global search, the global
minimum structures of Au;Cl,, Au,,Cl;, Au,5Cl, and Au,4Cl are
all based on the Au,, pyramid.

161 is a vertex-replaced Au,, pyramid, where the four Au
atoms on the vertices are replaced by Cl. Similarly, 171, 18I and
191 can be regarded as the three, two and one Au atoms on the
vertices substituted by Cl, respectively.

The fully-filled 5d electrons in Au (5d'°6s") atoms of 161, 171,
18I, 191 and 20I clusters are mainly localized as LPs and 6s" are
free valence electrons. Recently, our group has investigated the
chemical bonding in pyramidal Au,, using the SVB model.*?
Au,, can be viewed as a superatomic molecule, in which the
superatomic 16c-16e core (T) is in D*S hybridization bonded
with four vertical Au atoms for a molecule-like (TAu,) electronic
shell-closure. Fig. 7 plots the AUNDP chemical bonding of 16I.
As shown in the figure, there are six 16c-2e super LPs of
T (super 1S, 1P and 1D,_y2 ,2) and four 17c-2e T-Cl superc-
bonds in 161. Thus, similar to Au,,, 161 can also be viewed as a
superatomic molecule with four T-Cl superatom-atom bonds.

A

A
<5

i
LR ST

Au,Cl,, 161

3 X 16¢-2e super LPs (1P)
ON =2.00 |¢|

1 X 16¢-2e super LP (1S)
ON =2.00 [e|

2 X 16¢-2e super LPs (1D, y, ,5)
ON =2.00 e|

4 X 17¢-2e super- 0 bonds
ON =2.00 |e|

Fig. 7 Structure, superatomic molecular model and AdNDP localized
natural bonding orbitals of Au;eCly, 161. Au, yellow and Cl, green.
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Similarly, 171, 181 and 19I are also superatomic molecules
(see Fig. S3-S5, ESIT). Moreover, the linearity of the SPD curve
at x = 16-20 indicates that the five global minimum structures
are equally competitive based on the composition.

2.3 AuyCly;-Au;Cly5. When x ranges from 9 to 5, the clusters
are Clrich, and the 5d electrons of Au atoms participate in
bonding, resulting in high multiplicities (Fig. 1).

AuyCl;;. 91 is in C, symmetry with a pentamer ring inserted
into a hexamer ring, and the multiplicity is 3. The oxidation
state of the two Au atoms on the two crossing points is +2.

AugCl;,. 81 is a rather open structure in a singlet state with
two crossing points. 8IV is a helix isomer (triplet state), in
which the oxidation state of the four Au atoms on the four
crossover points is +2.

Au,Cl;5. 711is a triplet C, structure, which has four intersection
points. 711, 7III and 7IV are in high multiplicities (3, 5 and 7),
lying much higher in energy than 71.

AusCly,. 61 is a triplet C; structure and has six crossover
points. 6IV and 6V are in high multiplicities (7 and 5), each
consisting of a quasi-cube unit and a Cl, molecule.

AusClys 511is a triplet C, structure, which has two intersection
points and one separate Cl, molecule.

3. Discussion

In this work, we replace —SR, —SeR, and —PR, with —Cl to
investigate the energy landscape of the Au-L system. Jiang et al.
performed a DFT study on Au,5X;5~ (Wherein X =F, Cl, Brand I)
and found that the electronic structure of Au,5Cl;s~ is almost
identical to that of Au,s(SR);s .>> Moreover, there is high
similarity between the frameworks of Au-S and Au-X systems.
The structural patterns of Au-SR and Au-Cl systems are similar,
indicating that the replacement of L by -Cl in Au-L systems
is reasonable. This points to a way to predict the structures of
Au-SR clusters by exploring Au-X clusters. Computationally,
this greatly simplifies the process since the optimization of the
Au-Cl system is much easier than that of the Au-SR system as
the former contains less elements.

Pei et al. reviewed the structural evolution of Au-SR clusters.®!
The tetrahedral Au,-units in Au,,(SR),, as well as the Aug and
Aug cores in Au;,(SR)," and Au,g(SR),4 support the existence of a
major structural transition for Au-SR clusters with relatively small
sizes. Moreover, the Au,;-core in Au;o(SR);3 and the Au,s-core
in Auzg(SR),, clusters can be viewed as a manifestation of the
structural evolution of Au cores from small-to-medium sizes. It
is worth noting that the cluster sizes in the review are relatively
big with respect to our study system.

There are corresponding structures to most of the experi-
mentally synthesized and theoretically predicted Au-L nanoclusters
in our SPD. The Au,;Cl, cluster, which has an Au, core protected
by staple motifs, corresponds to Au,;o(SR)s and Aug(SR)s.>**> The
Au,,Clg cluster corresponds to the experimentally synthesized
AU, 5(SR) 14, AU,0(SR)16, AU,4(SR), and Au,4(SeR),, clusters.>”>7>
Au,;Cl; follows the SAN (3 x 2e) model in the electronic
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structure, and their cores favour the vertex-sharing conforma-
tion revealed in the 12e compound Auz6(SR),4.”® Auy4Clg follows
a 4 x 2e SAN, which is associated with the experimentally
synthesized Au,g(SR),, cluster in the electronic structure.”””®
Au,;5Cl; follows a 5 x 2e SAN. At x = 16-20, the global minimum
structures of the Au-Cl system are all pyramidal structures.
There are also differences between the electronic structures of
Au-SR and Au-Cl systems. The Au; and Au; superatoms found
in the Au-Cl system are not experimentally viewed in the Au-SR
system. Of note, several structures of the Au-Cl system are
not reasonable, for example, AusCl;5 and Au;sCls, which are
Cl-rich and Au-rich clusters, respectively. This may be due
to the restriction of x + y = 20, which results in the lack of
Au atoms and Cl atoms in AusCl;s and Au;5Cl5 clusters,
respectively. There are naked Au atoms in gold cores of Au,;5Cls
due to the lack of Cl atoms in the structure. Our investigation
gives all the possible chemical bonding patterns for the studied
Au-Cl system.

From our work, we can see that when we substitute -SR,
-SeR, and -PR, ligands with -Cl in the Au-L system, the Au-Cl
clusters still maintain the magic number series, and present
gold cores and similar staple motifs. The great diversity of Au-L
systems indicates that gold nanoparticles have their own
universe in chemistry, and our work gives an overall perspective
on this universe.

IV. Conclusions

In present work, the Au-Cl binary system is taken as a test case
to investigate the EL of Au-L systems using the method combin-
ing GA with DFT. The sum of Au and Cl atoms is set to 20, in
which the two magic number clusters Au,(SR),o and Au,, are
contained. We find a diverse set of global minimum structures
and low-lying isomers for the system. The SAN and SVB models
are used to characterize the bonding patterns. The Au-Cl binary
system shows a great diversity and flexibility in electronic and
geometric structures. This work gives a direct and overall view
of the structural evolution of the Au-Cl system at relatively
small size. The electronic structures of the Au-Cl clusters evolve
from structures with high multiplicities to catenane conforma-
tion, structures containing superatoms, superatom networks
and finally to superatomic molecules. There are corresponding
structures to most of the experimentally synthesized and theoreti-
cally predicted Au-L nanoclusters in our SPD. This work indicates
that the Au-L systems are of great diversity.

These insights are expected to offer some new perspectives in
terms of structural evolution in Au-L nanoclusters. We believe
that our work gives an overall and direct view of the universe of
Au-L systems.
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