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Au4(MHA)4 cluster was synthesized in an aqueous medium by adding excess mer-
captohexanoate (MHA, S-(CH2)5COO−) ligand to HAuCl4·3H2O solution. Then, 
Zn2+ ion is introduced to induce the assembly between monomeric Au4(MHA)4 
clusters without changing the original structure of the gold cluster. The mercap-
tohexanoic acid (MHA−H) acts as a protecting ligand as well as a mild reductant 
that reduces Au(III) to Au(I). The formation of GCA is induced by introducing 
metal ions into the solution of Au4(MHA)4 cluster because metal ions can guide the 
formation of the superstructure from monomeric building blocks. The Au4(MHA)4 
clusters are successfully assembled by the interaction between the anionic carboxy-
late group in the MHA ligand and Zn2+ ion in a cross-linking fashion.

The authors showed that unique aurophilic interaction between Au4 clusters is 
responsible for the radiative channel that is unprecedented for conventional gold 
NCs and nanoparticles. And the rigidified chemical environment, which was 
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Figure 1.11  (a, b) Crystal structure of the C-Au6Ag6(mdppz)6 nano-building block in 
different views. (c) Perspective view of Au6Ag6 cluster-based MOFs along the [0 0 1] 
direction. (d) Schematic illustration of the NbO topology in the twofold interpenetrated 
Au6Ag6 cluster-based MOFs. Colors: orange sphere, Au; green sphere, Ag; purple sphere,  
P; gray sphere, C; blue sphere, N. Source: Reproduced with permission from Ref. [52]. 
© 2014 John Wiley & Sons.
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induced by the coordination of Zn2+ ion with the carboxylate group in the ligand, to 
delay vibrational relaxation accounts for the bright greenish-blue fluorescence.

Recently, the Yam group constructed an unprecedented gold(I) cluster cage [Au24-
Cl]C with [(μ3-S)Au3]+ units as the nodes or vertices and V-shaped 1,3-bis 
(diphenylphosphino)benzene ligand with 2-phenyl substituent as the organic build-
ing block [54]. The complex cation of [Au24-Cl]C displays a cubic structure, where 
eight [(μ3-S)Au3]+ units occupy the vertices with the 12 diphosphine ligands span-
ning the edges of the cube. By virtue of the dynamic and reversible nature of the 
coordination bonds and aurophilic interactions, the gold(I) cluster cages exhibit 
interesting stimuli-responsive properties. A change of the counterions from Cl− to 
PF6

− or BF4
− resulted in a structural transformation from a cubic structure of [Au24-

PF6]C and [Au24-BF4]C to a rhombic prism structure of [Au24-PF6]RP and [Au24-
BF4]RP during the crystallization process, which could be recovered upon dissolution. 
The complex cations of [Au24-PF6]RP and [Au24-BF4]RP display rhombic prism 
structures with two rhomboidal and four square faces, and the bidentate phosphine 
ligands occupy the 12 edges and are linked by eight [(μ3-S)Au3]+ vertices. 
Furthermore, upon heating the CD3CN solution of [Au24-PF6]C at 353 K for around 
0.5 hour, [Au18-PF6]TP was afforded, which displayed a triangular prism structure 
with six [(μ3-S)Au3]+ units occupying the vertices and nine ligands spanning the 
edges (Figure 1.13). The reverse transformation from [Au18-PF6]TP to [Au24-PF6]C 
could be realized in DMSO-d6, CD3CN, and acetone-d6 solutions at room tempera-
ture. This work suggests a new perspective to construct GCAMs by predesigning the 
ligands and cluster nodes with the desired geometry and configuration.

1.4  Applications

Directional modification and functionalization of gold NCs through surface engi-
neering could expand the potential applications of this kind of materials. On the 
other hand, besides the inherent properties of the individual metal clusters, the 
aggregation form of the gold NCs in GCAMs usually facilitates novel light, electricity, 
and magnetic behaviors that benefit from the unobstructed intercluster electronic 
communication.
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Figure 1.12  Synthesis of GCA. Source: With permission from Ref. [53]. © 2021 American 
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1.4.1  Biomedical Application

The GCA based on Au4 clusters and Zn2+ can be disassembled and reassembled by the 
extraction and readdition of metal ions with the original structure of the Au4 cluster 
maintained during the disassembly process [53]. Both the controllability of the dis/
reassembly process and their structural similarity to metal–organic frameworks ena-
ble GCA to be applied as a biodegradable drug delivery system (DDS) that can be 
monitored by the distinct PL during its degradation and drug release. The representa-
tive anticancer drug, doxorubicin, was loaded into GCA to demonstrate its potential 
use as a trackable drug delivery vehicle. The hydrophobic doxorubicin can be success-
fully loaded inside GCA without changing the characteristic emission wavelength of 
GCA (Figure 1.14a). Gradual disassembly and drug release of drug-loaded GCA were 
confirmed by the decrease of PL and the increase of released drug in the solution 
(Figure 1.14a,b). Interestingly, the rate of drug release can be controlled by the rate of 
disassembly. The release rate of doxorubicin increases after 20 hours from the addition 
of the EDTA solution to the drug-loaded GCA. Cell viability analysis also confirms 
both the biocompatibility of GCA and its capability as a drug delivery vehicle, present-
ing efficient drug loading and release and sustaining the anticancer effect of doxoru-
bicin (Figure 1.14c). Finally, cell imaging by confocal fluorescence microscopy was 
conducted to evaluate the performance of doxorubicin-loaded GCA as the trackable 
and self-indicating DDS (Figure 1.14d,e). Time-dependent confocal microscopy shows 
the gradual release of doxorubicin in the HeLa cell (Figure 1.14d,e, red) simultane-
ously with the dimming fluorescence of GCA (Figure 1.14d,e, blue). These unique 
features of strong fluorescence, with narrow wavelength following the degradation/
disassembly status of the vehicle and release of the drug cargo, confirm the great 
potential of GCA as a trackable and degradable material, expanding theragnostic drug 
delivery in the future.
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Figure 1.13  The structure transformation between the cubic Au24 cage and the triangular 
prism Au18 cage. Source: With permission from Ref. [54]. © 2021 American Chemical Society. 
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1.4.2  Semiconductivity

(AuAg)34n comprises polymeric chains parallel to the c-axis of the single crystal, 
and these chains with direct metal–metal bonds connecting the clusters are sepa-
rated in a- and b-directions by the bulky A-Adm ligands. This structural anisot-
ropy promises a highly anisotropic (semi)conductivity. To prove this, FET devices 
were fabricated to measure the direction-dependent conductivity of the polymer 
crystals (Figure  1.15a). All the field-effect transistors showed an anisotropy of 
electrical conductivity (Figure 1.15b). The averaged electrical conductivity along 
the c-crystallographic axis of the crystal at room temperature and relative humid-
ity of 56% is 1.49 × 10−5 S m−1, which is 1800 times the electrical conductivity along 
the a-crystallographic axis.

The semiconductor properties of a single crystal along the c-crystallographic axis 
were studied with the transfer and output characteristic curves (Figure  1.15c,d). 
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Figure 1.15  Electrical transport properties of the cluster polymer crystals. (a) The 
structure of the polymer crystal FET. (b) I–V plot of the polymer crystal along the a-axis and 
c-axis, respectively, with the range of corresponding conductivity values shown in the inset. 
(c) Transistor transfer (VSD = 8 to −16 V in −4 V steps), and (d) output characteristics 
(VG = 16 to −16 V in −4 V steps) measured along the c-axis of the polymer crystal. Channel 
length, width = 80, 50 μm. Source: With permission from Ref. [47]. © 2019 Springer Nature 
Limited. 
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The transfer curves show that at negative gate voltage (VG), the source-drain cur-
rents increase with more negative VG, demonstrating the p-type field effect. This 
indicates a hole conduction mechanism. The ON/OFF current ratio is around 4000, 
and the charge carrier mobility reaches 2.46 × 10−2 cm2 V−1 s−1 at source-drain volt-
age (VSD) = −16 V. The exponential behavior in the output curves is attributed to the 
Schottky barrier between the electrode and the polymer crystal. As a comparison, 
the reported photoconductive two-dimensional (2D) films of phosphine-thiolate-
stabilized Au25 clusters [55], showed an ON/OFF ratio of about 50 000 for VSD = 6 V, 
charge carrier mobility approaching 10−5 cm2 V−1 s−1 at VSD = 20 V, and n-type field 
effect. The mobility of the polymeric crystal (AuAg)34n is in the range of traditional 
p-type single-crystal organic semiconductors and close to the mobility of supercrys-
tal of CdSe quantum dots [56–58]. The conductivity (1.49 × 10−5 S m−1) of (AuAu)34n 
crystals in the c-crystallographic axis is one to three orders of magnitude higher 
than the values reported for thiolate-stabilized 1D assemblies of Au21 clusters where 
1D “nanofibrils” of the clusters were formed by modulating the weak interactions 
between the ligand layers of the clusters [59]. These comparisons indicate that the 
conductivity and charge carrier mobility are increased by several orders of magni-
tude in the macroscopic cluster-based materials via direct linking of the clusters by 
the –Ag–Au–Ag– chains in the cluster polymer crystal.

1.4.3  Magnetism

Au25(SBu)18
0 is a paramagnetic monolayer-protected cluster that, in solution, dis-

plays the same molecule-like behavior of other Au25 clusters. In the solid state, how-
ever, a linear polymer [Au25(SBu)18

0]n composed of Au25(SBu)18
0 units interconnected 

by single Au−Au bonds is formed. The otherwise unpaired electrons of the 
Au25(SBu)18

0 clusters pair up, with the generation of a nonmagnetic ground state [46].
To explain this magnetic behavior, the authors conducted DFT calculations and 

compared the relative energies of the magnetic state and the nonmagnetic state of 
[Au25(SBu)18

0]n. They found that in the crystal, the cluster has a nonmagnetic 
ground state that is lower in energy than the magnetic state by 27 meV. A nonmag-
netic ground state implies that the otherwise unpaired electron in the isolated 
Au25(SBu)18

0 cluster is paired up in the ground state of the Au25(SBu)18
0 crystal, 

leading to a fully occupied valence band (VB) and an empty conduction band (CB). 
Further studies indicated that the energetics of nonmagnetic versus magnetic states 
are closely related to the intercluster distance or the closest Au–Au contact. When 
there is no close contact between two neighboring Au25 clusters, the magnetic state 
is preferred. On the other hand, when close contact occurs, the nonmagnetic state 
can be lower in energy than the magnetic state. The conclusion was supported by 
the reference research on two known clusters, Au25(SEt)18

0 and Au25(SC2H4Ph)18
0.

The authors also studied the cw-EPR behavior of the [Au25(SBu)18
0]n crystals in 

comparison with the spectrum obtained for a glassy toluene solution. The very dif-
ferent line width and the absence of a fine structure at 3000–4000 G for polymer 
[Au25(SBu)18

0]n show that the physical state in which Au25(SBu)18
0 is studied mark-

edly affects the EPR signal. More specifically, the clusters in frozen solution display 
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the spectrum of distribution of randomly oriented S = 1/2 spin-state molecules with 
anisotropic g-tensor components. The temperature-dependent cw-EPR spectra of 
[Au25(SBu)18

0]n crystals and the estimated coupling energy (J) with the Hall expres-
sion revealed the fact that the double integrated EPR signal is an increasing function 
of T, indicating that thermal activation makes a higher energy magnetic state more 
populated, thereby confirming the DFT prediction that the ground state of 
[Au25(SBu)18

0]n is nonmagnetic. The best fit to the experimental data yields a J value 
of 28(2)  meV, i.e. virtually identical to the DFT-calculated value of 27 meV. This 
outstanding agreement between EPR results and calculations thus provides compel-
ling evidence that the Au25(SBu)18

0 clusters self-organize into a linear S = 1/2 anti-
ferromagnetic polymer chain.

1.5  Conclusion

This chapter summarizes the surface engineering and hierarchical assembly of gold 
NCs with atom-precise composition and molecular structures. The surface modifi-
cation of gold NCs is sorted out in detail according to different strategies, while the 
GCAMs are categorized by types of intercluster interactions. We gave an outline of 
the crystal structures of some typical examples and analyzed the opportunities and 
challenges. Benefiting from the novel structure features of the individual/aggre-
gated metal cluster nodes, GCAMs show potential applications in many fields, 
including biomedicine, semiconductivity, and magnetism, to name a few. Several 
attractive representatives are introduced in the chapter.

In future work, new approaches to modify the ligand shell of gold NCs should be 
explored, which could conquer the shortcomings of gold NCs in specific applica-
tions. Controllable and designable GCAMs are desired in regard to the random 
assembly of hierarchical structures based on gold NCs. Also, the applications of 
gold-NC-based materials should be further pursued according to their functionality 
and advantages.
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