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Copper nanoclusters: designed synthesis, structural
diversity, and multiplatform applications

Ani Baghdasaryan @ and Thomas Burgi @ *

Atomically precise metal nanoclusters (MNCs) have gained tremendous research interest in recent years
due to their extraordinary properties. The molecular-like properties that originate from the quantized
electronic states provide novel opportunities for the construction of unique nanomaterials possessing rich
molecular-like absorption, luminescence, and magnetic properties. The field of monolayer-protected
metal nanoclusters, especially copper, with well-defined molecular structures and compositions, is rela-
tively new, about two to three decades old. Nevertheless, the massive progress in the field illustrates the
importance of such nanoobjects as promising materials for various applications. In this respect, nano-
cluster-based catalysts have become very popular, showing high efficiencies and activities for the catalytic
conversion of chemical compounds. Biomedical applications of clusters are an active research field
aimed at finding better fluorescent contrast agents, therapeutic pharmaceuticals for the treatment and
prevention of diseases, the early diagnosis of cancers and other potent diseases, especially at early stages.
A huge library of structures and the compositions of copper nanoclusters (CuNCs) with atomic precisions
have already been discovered during last few decades; however, there are many concerns to be
addressed and questions to be answered. Hopefully, in future, with the combined efforts of material
scientists, inorganic chemists, and computational scientists, a thorough understanding of the unique
molecular-like properties of metal nanoclusters will be achieved. This, on the other hand, will allow the
interdisciplinary researchers to design novel catalysts, biosensors, or therapeutic agents using highly
structured, atomically precise, and stable CuNCs. Thus, we hope this review will guide the reader through
the field of CuNCs, while discussing the main achievements and improvements, along with challenges
and drawbacks that one needs to face and overcome.

1. Introduction

Metal nanoclusters with sizes comparable to the Fermi wave-
length of electrons, i.e., smaller than 2 nm, show pronounced
molecular-like and size-dependent optical and luminescence
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properties, intrinsic magnetism, strong chiral responses, etc.
The ultrasmall size regime breaks down the continuum of
energy bands into discrete energy levels and the collective
oscillations of conduction band electrons typical for plasmonic
particles upon interacting with an electromagnetic field are no
longer dominant. Quantized and discrete states result in rich
molecular-like features in their optical absorption spectrum.
Besides the above-mentioned properties, noble metal clusters
are also highly stable nanoobjects. The stability, however, for
atomically precise copper nanoclusters (CuNCs) is of major
concern due to the high susceptibility of the metal towards oxi-
dation. Over last few decades, by designing synthetic protocols
and applying mild and inert conditions, choosing appropriate
ligands with unique structures and high metal binding
affinities, the stability issue is resolved to an extent, leading to
the (selective) formation, crystallization and finally the deter-
mination of tens of fascinating structures and geometries.'™
Some structures turned out to be extraordinary not only due to
the unique binding block configurations and construction
moieties but also for geometries they pick up that were initially
considered impossible. As for noble metals, their extraordinary
stability has been investigated using several models such as
the “superatom theory”*” and “jellium model”.® According to
the “superatom theory” and “jellium model”, valence electrons
are delocalized and can be subjected to an external potential.
Thus, clusters are considered superatoms and their angular
momentum subshells can be filled according to the Aufbau
principle.” The superatom theory gives a series of electron
shell closing numbers® known as “magic” numbers. The elec-
tron count for any cluster with a formula of M,(R)}, can be
determined according to the following equation:

ne=n—m-—gq (1)

where n is the number of metal atoms (Au, Ag or Cu) in the
cluster, m is the number of ligands (with one localized elec-
tron) and g is the net charge of the cluster.

This rule has been widely used for spherical gold clusters,
such as the very-well known Au,5(SR);s,” (negatively charged
cluster, 8e~ system: 18> 1P®) and Auy,(SR)44,"° (neutral cluster,
58e” system: 18> 1P® 1D'° 28 1F'* 2P° 1G'®), and also applies
to CuNCs. Particularly stable atomically precise spherical
CuNCs are therefore expected with electron counts of 2, 8, 18,
etc., according to eqn (1) (to be discussed in section 2.2.4). For
atomically precise gold nanoclusters, all magic numbers have
been discovered, whereas for CuNCs only smallest 2e™ systems
are known and higher systems are yet to be discovered.

Keeping in mind the differences and common properties of
atomically precise gold nanoclusters (AuNCs), we tried to sum-
marize the main achievements in the field of CuNCs and illus-
trate the challenges that material scientists and inorganic che-
mists face on a daily basis. Thus, the purpose of this review is
to explore the ever-growing field of copper nanoclusters,
including chalcogenide, hydrido and pure thiolate-protected
clusters. The review article focuses on the following topics: (i)
the synthesis (top-down/bottom-up) of hydrophilic and hydro-

6284 | Nanoscale, 2021,13, 6283-6340

View Article Online

Nanoscale

phobic clusters, and the differences and challenges when con-
sidering suitable ligands; (ii) size-dependent optical and
luminescence properties of clusters by paying close attention
to the effect of the core size and the nature of the protective
ligand. In this sense, a special discussion will be dedicated to
a novel aggregation-induced emission enhancement (AIE)
phenomenon; (iii) structural analyses of atomically precise
clusters by focusing mainly on the geometry of the metallic
core and the arrangements of the ligands around the core; and
(iv) exploration of the many possibilities for the application of
CuNCs in biomedical, catalytic and optoelectronic fields. A key
goal of this review is to present the great expansion of water-
soluble CuNCs from the early 2000s and organic phase soluble
and atomically precise CuNCs from 2012 until August 2020.

2. Synthesis of CuNCs

The synthetic procedures are of utmost importance in order to
obtain high-quality nanomaterials. The great interest in
synthesizing nanomaterials comes from their unique and
extraordinary applications in the different areas of modern
science. Therefore, various chemical and physical methods
have been developed and applied for the large-scale synthesis
of metal nanoclusters with precise atomic compositions. The
breakthrough in the field of nanomaterials science, starting in
the early 90s, made possible the synthesis of particles down to
sub-nanometre sizes. Over the last few decades, tremendous
progress has been made for mainly noble metals Au and Ag
protected by organic and water-soluble ligands."""?> Structure
determination helped the understanding of the formation
mechanisms and the development of new, efficient, and
effective synthetic protocols for the synthesis of unique func-
tional building blocks. However, despite the extensive research
progress in the field of gold and silver nanoclusters, the
studies focusing on the preparation and functionalization of
other metals like earth-abundant copper are still in their
infancy.”> The problem lies in the difficulty of preparing tiny
and stable copper nanoparticles and nanoclusters. Copper,
being in the same group as gold and silver, shares similar pro-
perties and can be taken as a viable alternative to expensive
and rare metals. Therefore, the synthetic procedures applied
for the preparation of gold and silver clusters were
directly applied for the synthesis of copper nanoclusters.
Modifications and slight changes made in the synthetic
methods and reaction conditions helped to successfully over-
come the difficulty of preparing atomically precise and stable
CuNCs. '™

2.1. Synthesis of water-soluble CuNCs

2.1.1. Top-down synthesis. In the top-down synthesis of
nanomaterials, the macroscopic structures (bulk matter, aggre-
gates, particles, etc.) are broken up and scaled-down into small
nanosized fragments that are later back-transformed into
thermodynamically stable species with distinct structures,
compositions, and morphologies. Apart from physical

This journal is © The Royal Society of Chemistry 2021
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methods (mechanical milling, laser ablation and arc discharge
synthesis) the wet chemical synthesis of CuNCs involves the
etching or digestive ripening of larger nanoparticles'” or nano-
crystals'® into clusters in the presence of excess ligand, by con-
trolling the pH, temperature, and initial concentrations of
reacting materials. Governed by the natural selection principle
of the survival of the fittest/strongest, the most robust and
thermodynamically stable clusters will be predominantly
formed and dominate in the reaction mixture. An excellent
example of such a selection rule in CuNCs synthesis has been
reported by Amitava Patra and co-workers.'” Starting with
CuNPs, the etching of the sample in excess GSH led to the
selective formation of Cuj, 3,(SG)16-13 Nanoclusters at room
temperature (Fig. 1A), whereas etching at relatively high temp-
erature (70 °C) resulted in the formation of monodisperse
Cu,5(SG),o nanoclusters. Note that the chemical composition
has been established based on mass spectrometric analysis,
and no single-crystal structure information is available for the
above-mentioned clusters (Fig. 1B and C).

Interestingly, the bigger clusters were weakly emitting in
the red, whereas the smaller ones were highly emissive in the
blue spectral range. On the other hand, this showed the size-
dependence of the photoluminescence properties of CuNCs
(to be discussed later).

Another reported example of the top-down method involves
the utilization of ammonia as an etchant to convert non-fluo-
rescent CuNPs into small, green, fluorescent CuNCs.'® The
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Fig. 1 (A) Schematic illustration of the top-down synthesis of lumines-
cent CuNCs. (B) (a) UV-vis absorption spectrum and (b) photoexcitation
and photoluminescence spectra of red-emitting CuNCs in aqueous
solution. (c) ESI-MS spectrum of CuNCs. (d) Isotopic patterns fitting to
the formulas [Cuz4(SG)is + 2Na* + 4H*1%* and [Cus4(SG)iz + 2Na* +
4H*1%*, respectively. (C) (a) UV-vis absorption spectrum and (b) photo-
excitation and photoluminescence spectra of blue-emitting CuNCs in
aqueous solution. (c) ESI-MS spectrum of CuNCs obtained at 70 °C. (d)
Isotopic pattern fitting to the formulas [Cups(SG)e + 6H'I®* and
[Cuss5(SG)ao + Na™ + 7H'I®*, respectively. Reprinted with permission
from ref. 17. Copyright 2019 American Chemical Society.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

ammonia-assisted etching of the CuNCs with an average size
of 3.7 nm resulted in the formation of smaller (1.2 nm) and
spherical CuNCs with an absolute quantum yield of 6.6%.

2.1.2. Bottom-up synthesis

2.1.2.1. Template-mediated synthesis. The template-based
method became a cutting-edge technology for the effective syn-
thesis of various nanomaterials with designed structures,
sizes, morphologies and properties.>*>* The main concept of
this technique is the formation of uniform nanomaterials
within the pores, channels, or cavities of a nano-matrix. Thus,
the target’s morphology and size can be tailored by simply
changing the shape of the matrix, i.e. cylinder, rod, sphere. In
general, any porous material, including naturally occurring
minerals and biological substrates, can be considered as a
template. Polymer networks, hydrogels, supramolecular assem-
blies, biomolecules such as DNA, proteins, viruses, and other
microorganisms can be used as templates. Biological sub-
stances are extensively used for nanostructure synthesis owing
to their naturally occurring complex structures.

Polymers: Several polymers with various structures were
used as templates for the synthesis of CuNCs. However, the
first report dates back almost two decades when Zhao et al.
used fourth-generation (G4) poly(amidoamine) (PAMAM) den-
drimers with an ethylenediamine core (G4-OH) as templates to
prepare a mixture of CuNCs consisting of 4 to 64 atoms in
their compositions with an average diameter of less than
1.8 nm.>® Highly stable and fluorescent (QY of 3.8% in
ethanol) CuNCs were synthesized from the reduction of
aqueous solutions of CuSO, and polyethyleneimine (PEI) with
hydrazine hydrate upon heating at 95 °C for 19 h (Fig. 2A).>67°
When functionalized lipoic acid (LA) attached to a tunable
length of polyethylene glycol (PEG) segment was used as a tem-
plate, the reduction with NaBH, resulted in the formation of
good-quality and highly fluorescent CuNCs (QY of 3.6% in
water) with an average size of 2.5 nm.?" The formed clusters
showed long-term stability when exposed to daylight and UV
irradiation. However, when a similar reaction was carried out
using both dihydrolipoic acid (DHLA) and poly(vinylpyrroli-
done) (PVP)*? or just PVP alone**** (Fig. 2B) as capping agents
and ascorbic acid as a reductant, the synthesis resulted in the
formation of CuNCs with an average size of 2 nm. Polystyrene
sulfonate (PSS)* (Fig. 2C) and other multidentate polymers>®
as templating scaffolds were also applied in the synthesis of
CuNGCs.

In 2012 Hui Zhang et al. reported the photoreductive syn-
thesis of highly fluorescent metal nanoclusters of Cu, Ag, and
Au (QYs of 2.2, 6.8, and 5.3%, respectively) in the presence of
poly(methacrylic acid) functionalized with pentaerythritol tet-
rakis 3-mercaptopropionate (PMAA-PTMP) polymer upon UV-
irradiation.”” It was found that AuNCs were relatively stable as
compared to copper and silver in the presence of foreign metal
ions.

Proteins: Proteins as structural biomolecules were widely
used for the synthesis of versatile and biocompatible CuNCs
(Fig. 3).**°° Among a huge number of accessible proteins,
bovine serum albumin (BSA) gained considerable attention
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Fig. 2 (A) Synthesis strategy for the BPEI-CuNCs, their stability under
varying pH and the mechanism of the branched polyethyleneimine
(BPEI)-CuNCs probe for Fe** sensing. Reprinted with permission from
ref. 30. Copyright 2015 Elsevier. (B) Schematic diagram of PVP-capped
CuNCs (on the left) and UV-vis absorption, emission, and excitation flu-
orescence spectra of the probe CuNCs at pH = 6.2 in 50 mM phosphate
buffer (PB) (on the right). Inset: Photograph of CuNCs probe in buffer
under daylight (left) and UV-light (1 = 365 nm, right), respectively.
Reprinted with permission from ref. 34. Copyright 2020 American
Chemical Society. (C) A scheme depicting a plausible mechanism for the
synthesis of PSS-stabilized penicillamine (PA)-CuNCs and the photo-
graphs of the PSS-PA-CuNCs synthesized under different concen-
trations of PSS, from 0.005 to 0.5 wt%. Adapted with permission from
ref. 35. Copyright 2016 Springer Nature.
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Fig. 3 (A) Illustration of the synthesis and application of the CuNCs.

Republished with permission from ref. 39. Copyright 2014 Royal Society
of Chemistry. (B) Schematic representation of reaction methods
employed for the synthesis of CuNCs in cellulase solution. Republished
with permission from ref. 55. Copyright 2016 Royal Society of
Chemistry. (C) Diagrammatic illustration of the detection of dopamine
using BSA CuNC synthesized in presence of H,O,. Reprinted with per-
mission from ref. 62. Copyright 2019 Elsevier.

due to its availability, high-water solubility, and ability to bind
various organic and inorganic substances in a noncovalent
fashion. Due to the well-defined structure, containing charged
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amino acids and 35 thiol groups from Cys residues, BSA offers
perfect albumin-binding sites for nanocluster formation.®*®!
The synthesis of CuNCs involves three steps till completion.*®
In the first step, upon mixing the reactants, at neutral pH,
—COOH carboxylate groups of the protein partially dissociate
and immediately form a complex with Cu®*. The coordination
complex resulted in the formation of a viscous paste. To
enhance the solubility and further reduction with BSA, in the
second reaction step, the pH of the medium needed to be
increased to 12 by adding 1 M NaOH under heating at 55 °C.

However, as a reducing agent, BSA is relatively weak, and to
completely reduce Cu** to metallic copper, different reducing
agents such as hydrogen peroxide*®*®°* and hydrazine hydrate
(N,H4-2H,0)*"*>*> have been proposed to facilitate the last
step of the reduction process. For example, the addition of a
trace amount of hydrogen peroxide not only reduces the
a-helix of the protein and increases the number of random
and &-structures, but also produces "OH radicals, which can
break peptide bonds in BSA and reduce the ordered a-helix
structures. Altogether, this enhances the reduction of Cu®*" by
the protein and leads to faster cluster formation.’® On the
other hand, while using hydrazine hydrate, with decreasing
the pH, the a-helix can be transformed to &-sheets and
random coil structures, thus increasing the availability of func-
tional groups (-OH, -NH and -COOH) that can interact with
the cluster.*” Other proteins such as trypsin,*® human serum
albumin (HSA),>® transferrin,” papain,”* cellulase®® and
lysozyme*>** were also reported as effective capping agents for
the preparation of fluorescent copper nanoclusters.

DNA: DNA as a naturally occurring biostructure with vari-
able lengths and sequences has been used for the synthesis of
CuNCs (Fig. 4A).°*77 Double-stranded DNA (dsDNA) with
adjustable sequences and lengths has been considered as a
template for the synthesis of fluorescent copper nanoparticles/
nanoclusters.”®*®? Moreover, it has been shown that at lower
concentrations of metal precursor Cu”" first binds to the back-
bone phosphate groups of DNA via a nonspecific interaction.
However, with increasing the concentration, the metallization
of high-affinity bases is favoured. Consequently, the reduction
of the pre-formed complex with ascorbic acid leads to the for-
mation of fluorescent CuNCs.”* The order of mixing reagents
was found to be crucial for the synthesis. In general, the reac-
tion involves the mixing of copper salt with the ligand/tem-
plate in the first step followed by reduction using the reducing
agent. However, in the case of dsDNA, the yield is much
higher when the first copper salt is reduced with ascorbic acid
and then templated inside of DNA.** The oxygen atoms (as
hard Lewis bases) of phosphodiester groups and nitrogen
atoms (relatively strong Lewis bases) of the nucleobases bind
to Cu®" and therefore, the stabilization of a metal cation inhi-
bits the metallization of the template. However, when the salt
is first reduced to Cu’, it can undergo disproportionation and
the formed Cu® can occupy and cluster inside the grooves of
dsDNA. Consequently, the size of the nanoparticle/nanocluster
can be tuned by changing the number of DNA base pairs, ie.,
much longer DNA templates resulted in the formation of nano-

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (A) Synthesis of the DNA-templated CuNCs. Reprinted with per-
mission from ref. 67. Copyright 2017 Elsevier. (B) Schematic representa-
tion of detection strategy (Y: Single nucleotide polymorphism (SNP)
site). (C) Representative TEM image and size distribution and (D) repre-
sentative AFM image of Cu nanoclusters using the FULL (sequence: 5'-
CCA GAT ACT CAC CGG-3'/3'-GGT CTA TGA GTG GCC-5') duplexes as
the synthetic scaffold. (E) Representative TEM image and the size distri-
bution and (F) representative AFM image of Cu nanoclusters using the
AC-mismatched (AC-MIS) duplexes (sequence: 5-CCA GAT ACT CAC
CGG-3'/3'-GGT CTA TAA GTG GCC-5) as the synthetic scaffold.
Reprinted with permission from ref. 71. Copyright 2012 American
Chemical Society.

particles rather than clusters. However, shorter DNA templates
led to the formation of CuNCs with very low fluorescence
intensity. In contrast, the PL properties can be improved by
increasing the length of DNA strands to some extent.”>”’
Initially it was shown that the mismatches in nucleotides in
duplex do not lead to nanocluster formation, whereas com-
plete matches resulted in the formation of fluorescent nano-
clusters.®* However, it was found that DNA sequences with
certain mutations can successfully template CuNCs and can
be used as labels for mutation detection”" (Fig. 4B-F).
Furthermore, even the deletion of entire coding regions
(exons) in some genes was observed.”” Qing et al.®*> and Song
et al® demonstrated the sequence-dependent formation of
CuNCs and the changes in PL properties by varying the
sequence of the dsDNA template. The reader is referred to
recent reviews by Yi Lv and co-workers® and Kevin C.-W. Wu
and co-workers®® on DNA-templated CuNCs and applications
in label-free bioassaying.

The absence of grooves and base pairs in single-stranded
DNA (ssDNA) excluded the formation of stable CuNCs;
however, the extensive research in the field showed that highly
thymine-dependent sequences of ssDNA can lead to the for-
mation of CuNCs and the red-emissive PL properties can be
improved by increasing the number of repeating thymine
bases in the sequence.”>®”* Moreover, specific selections of
single-stranded DNA (ssDNA), including random ssDNA, poly
(adenine) (polyA), poly(thymine) (polyT), poly(cytosine)
(polyC) and poly(guanine) (polyG) have been used for the syn-
thesis of fluorescent copper nanoparticles (CuNPs).”°

This journal is © The Royal Society of Chemistry 2021
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2.1.2.2. Electrochemical synthesis. This method is based on
the electrochemical reduction of copper salt and the depo-
sition on the cathode in a typical electrochemical cell. The
size, structure, and morphologies of the nanoparticles can be
controlled by changing the applied currents®’™®* and using
different templates within electrolyte solutions.”* For instance,
copper nanorods with mean diameter and length of 30 nm
and 400 nm, respectively, can be synthesized in a two-electrode
cell with a copper plate as the anode and a platinum cathode
using a CTAB/CT,ABr/acetone/cyclohexane/water five-com-
ponent system (where cyclohexane serves as a stabilizer).”

The synthesis of copper nanoclusters using the electro-
chemical method was first reported in 2010.°* The synthesis of
very small CuNCs (Cu, with n < 14) in tetrabutylammonium
nitrate (TBAN) as an electrolyte and protecting agent against
aggregation and oxidation was done in a three-electrode con-
ventional electrochemical cell, with a copper plate as the
anode, a platinum sheet as the cathode and Ag/AgCl as the
reference electrode. Cu ions produced from the soluble copper
anode were reduced and spontaneously formed clusters.
Recently, Vilar-vidal et al. reported a selective formation of
Cuyq; clusters in a thermostated three-electrode electrochemical
cel.”” In 2016 M. Arturo Lopez-Quintela and co-workers
reported the electrochemical synthesis of bare Cus clusters
that showed excellent stability against UV irradiation, heating
and pH variations.’® In a similar study Avelino Corma and co-
workers showed that the reactivity of electrochemically pre-
pared Cu,, Cug and Cus clusters towards O,, and thus the oxi-
dation of the clusters, decreased with decreasing the size of
the bare clusters.”” Unlike the Cus cluster, bigger clusters are
easily oxidized and relatively less reducible in oxygen and
nitrogen environments, respectively. These studies showed
that very small clusters can be prepared using electrochemical
synthesis methods.

2.1.2.3. Water-in-oil (w/o) microemulsion. In 1993 Lisiecki
et al. reported the first synthesis of CuNPs in w/o micro-
emulsion using NaBH, or hydrazine as reducing agents.”® The
effect of the surfactant type and content inside the
microemulsion,’®®® and the effect of the amount of reducing
agent'®”'%" on the size evolution of CuNCs was studied in
terms of the a parameter, which is defined by the number of
reducing agent moles used for the reaction with respect to the
stoichiometric amount needed for the reduction of copper
cations (Fig. 5).'*!

It was shown that with an increase in the NaBH, concen-
tration, bigger clusters and particles were obtained, whereas
small and strongly fluorescent Cu,, clusters with n < 13 atoms,
were formed at lower a values.

2.1.2.4. Microwave-assisted  synthesis. ~The microwave-
assisted method is based on the use of microwaves as an
energy source for the synthesis of copper nanomaterials.'*>%*
The first preparation of CuNPs with an average size of 10 nm
in ethylene glycol and NaH,PO,-H,0O as a reducing agent
under microwave irradiation, was described in 2004 by H.-t.
Zhu et al.'® A few years later, fluorescent CuNCs with an
average size of 2 nm (containing Cu, species) were successfully

Nanoscale, 2021,13, 6283-6340 | 6287
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Fig. 5 Schematic representation of copper nanocluster size evolution
with increasing the molar percentage (a) of NaBH,4. The clusters with
n < 13 are fluorescent, whereas big particles with n > 309 show charac-
teristic plasmon resonance band. Reprinted with permission from ref.
101. Copyright 2009 American Chemical Society.

prepared when NaOH was introduced into the reaction
mixture upon heating at high temperatures.'®® Under harsh
heating conditions, ethylene glycol undergoes dehydration
and results in the formation of the aldehyde, which can
reduce copper ions at high temperatures. It undergoes spon-
taneous ethoxylation and forms poly(ethylene)glycol (PEG),
which later adsorbs on the surface of CuNCs. The surface pas-
sivation restricts the further agglomeration and oxidation of
formed clusters. Recently, tannic acid'®* and BSA®* were
reported as both reducing agents and protective ligands for
the preparation of clusters under MW radiation.

2.1.2.5. Modified Brust-Schiffrin technique. The Brust-
Schiffrin method is a largely applied strategy to prepare atom-
ically precise metal nanoclusters in large quantities and
narrow size distributions."®>'°® The method relies on the sim-
ultaneous growth of metal nanoclusters and the protection of
their core with a thiol monolayer. The details of extensive
mechanistic studies of the reduction process of the metal solu-
tion, in this case AuNCs containing protective ligand, as well
as the structure and composition of intermediate species, can
be found in the ref. 107 and 108. Similar to gold, the
[TOA][CuBr2] complex was formed as an intermediate in the
synthesis of copper nanoclusters (eqn (2) and (3)), the
reduction of which in the presence of 2-mercapto-5-n-propyl-
pyrimidine (MMP) resulted in the formation of
CuNCS:14,107,109

1
[TOA],[CuBr,] + RSH — 3 RSSR + [TOA][CuBr,]| + TOABr
+ HBr (2)
[TOAJ[CuBr,] + BHs~ + RSH + RSSR — Cux(SR), +... ~ (3)

Li et al. showed that the choice of reducing agent is of great
importance."'® Cu® species are highly susceptible to oxidation
in aqueous solution and thus NaBH, as a strong reducing
agent (E° = —1.24 V) decomposes rapidly and consequently
does not inhibit the oxidation of the metal. On the other
hand, hydrazine (N,H,) being a weaker reducing agent than
NaBH, decomposes slowly but does not significantly improve
the stability of the clusters. However, the authors showed that

6288 | Nanoscale, 2021,13, 6283-6340

View Article Online

Nanoscale

while using tetrakis(hydroxymethyl)phosphonium chloride
(THPC) as a reducing agent, not only did the stability of the
dihydrolipoic acid (DHLA)-stabilized cluster increase due to
additional interaction with the copper core, but also the PL
can be tuned from red"'’ to bright orange emission''" depend-
ing on the applied reaction conditions. Other ligands such as
(3-mercaptopropyl )trimethoxysilane,"** p-penicillamine,"****
cysteine,*®*** mercaptobenzoic acid,'**'** peptides (in par-
ticular glutathione (GSH))""'®'**'*” and small organic
molecules™*®** were successfully applied as capping agents
for the synthesis of luminescent clusters in a typical Brust-
Schiffrin method (Fig. 6).

An alternative approach to the Brust-Shiffrin method has
been proposed for the synthesis of CuNCs using hydrophilic
ligands other than thiols such as tannic acid,'***** bile acid
derivatives,'*® histidine,"*” dopamine'*® and proline.'*°

2.2. Synthesis of organic-phase soluble clusters

For the synthesis of atomically precise copper clusters, research-
ers followed similar procedures to those for Au clusters, which
are well documented. However, considering the high suscepti-
bility of copper towards oxidation, the reaction requires an inert
atmosphere in most cases by employing Schlenk-line tech-
niques connected to vacuum and inert gas lines. Moreover, the
choice of the protecting ligand as well as its chemical structure
and functionalities, the precursor of chalcogens plays a crucial
role in the formation of certain cluster sizes. Although most of
the reported structures had copper atoms in the +1 oxidation
state or even in a mixed-valence state due to the presence of
non-stoichiometric phases and electron deficiency, recently, a
few “metallic” copper clusters have been reported (to be dis-
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Fig. 6 (A) Schematic illustration of the CuNCs/reduced graphene oxide
(RGO) nanocomposite sensing platform for Hep sensing. Reprinted with
permission from ref. 126. Copyright 2020 Elsevier. (B) Schematic repre-
sentation of cysteamine (CA)-CuNCs synthesis and its sensor responses
to Fe** and I~ ions. Reprinted with permission from ref. 138. Copyright
2020 Elsevier.
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cussed later). A recent review by Didier Astruc summarized the
synthesis of atomically precise CuNCs, the structures and their
applications in galvanic reactions, hydrogen evolution, etc.">
Table 1 summarizes all the reported atomically precise CuNCs
published starting from 2010.

2.2.1. Chalcogen-bridged CuNCs. In general, the synthesis
of chalcogen-bridged, phosphine ligand-stabilized clusters
involves the complexation of phosphine ligand derivatives with
copper salts, which leads to the formation of reactive species.
The intermediate reactive species are etched into the air- and
moisture-stable copper clusters in the presence of silylated
derivatives of chalcogenides (Scheme 1). Note that in the fol-
lowing Schemes the reaction equations are not balanced
(except for a few) and the equations are written in terms of the
final product and the equivalent amounts of reagents used in
the synthesis.

The reaction conditions and initial concentrations of start-
ing materials greatly influence the size distribution, compo-
sition, and crystallographic structures of the obtained clusters.

2.2.1.1. Sulphur-bridged CuNCs. The pioneering work of
Prof. Fenske in the field of semiconducting chalcogenide-
bridged and ligand-shielded copper nanoclusters illustrated
that the cluster size influences the structure. For the majority
of the reported small phosphine-protected copper clusters, a
[Cu,,S,] core can be distinguished. A grand library of reported
structures following the general core composition can be
found in various reviews reported during the last few
decades.””” However, this review covers the structures of
CuNCs published since 2010.

John F. Corrigan and co-workers reported the synthesis
(Scheme 1b) and structures of a series of small copper(i)-chal-
cogenide clusters [CuyMy(ji3-E)4(CAAC™),] (M = Cu, Au, Ag; E =
S, Se) stabilized by cyclic (alkyl)(amino)carbene ligands."®
Regardless of the heteroatom or the chalcogen present in the
cluster, they were isostructural and isomorphous, crystalizing
in the monoclinic C2/c space group. The copper atoms in the
Cu, core have a nearly planar arrangement and form a square.
Furthermore, the bridging of chalcogenide ligands with Cu,
core atoms results in the formation of an eight-membered ring
resembling a “hinged” or “butterfly” geometry. Andreas
Eichhofer and co-workers synthesized [Cu;,Se] clusters pro-
tected with bidentate phosphine ligands (Scheme 1d): bis
(diphenylphosphino)pentane (dpppt = Ph,P(CH,)sPPh,) or bis
(diphenylphosphino)octane (dppo = Ph,P(CH,)sPPh,)."**

In general, the synthetic procedure involves the reaction of
copper acetate with S(SiMes), in toluene in the presence of
bidentate phosphine ligands. The [Cu;,S¢(dpppt)4] cluster con-
sists of a Cu;,SePg core and crystalizes in the tetragonal space
group P4,/ncm. The structure can be viewed as an octahedron
of nonbonding sulphur atoms, where the twelve edges are
occupied by copper atoms. The bidentate phosphine ligands
bridge copper atoms at the upper and lower square planar
faces (Fig. 7A). A similar structure has been observed for the
[Cu;,S6(dppo),] cluster. The only difference is that bidentate
dppo ligands bridge one copper atom of the upper and one of
the lower square planar face, giving rise to a helical arrange-
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ment around the Cu,,Se cluster core (Fig. 7B). Interestingly,
both clusters in the solid state show bright red emission (from
triplet states, phosphorescence) with quantum yields as high
as 48% and 67% for dpppt and dppo protected clusters,
respectively (Fig. 7C).

The same group extended the synthesis of a series of
copper chalcogenide clusters with varying core sizes and
ligand functionalities (Scheme 1e and Fig. 8)."® The list
included structures such as [Cu;,S¢(dpppt)s], [CuizSes(dppo)a],
[Cuy,S6(dppf)a],"®®  [CuinSe(PPh,Et)g],"®”  [Cuy,Se(PEL;)s], "
[Cu,4S15(PEt,Ph);,], [CuzeS10(PPhs)s]'®” and [Cu,oS;0(PBus)s],
where dppf = Ph,PCpFeCpPPh,. Note that some of the struc-
tures from the list in ref. 165 were reported earlier. The first six
compounds on the list share a similar Cuy,E¢ (E = S, Se) core
composition (building block) and tetragonal antiprism core
geometries. The [Cuy,S12(PEt,Ph);,] cluster can be formally
represented as a dimer of Cuy,Ss, whereas [Cu,oS;0(P‘Bus)s]
has a core with the composition of Cu,,S;,. The overall struc-
ture has an oblate shape. For the same composition with the
PPh; ligand, the cluster adopts a prolate shape. Thus,
[Cu,S10(PPh3)s] and [Cu,S10(P‘Bus)s] clusters can be con-
sidered as structural isomers. The crystallographic analyses of
Cu-S (2.13-2.49 A), Cu--Cu (2.55-3.14 A) and S-S
(3.64-4.62 A) bond lengths and distances are similar in all
sulphur-bridged clusters, whereas an increase was observed in
the case of the selenide-bridged [Cu;,Ses(dppo),] cluster.

Several groups reported the formation of non-stoichio-
metric clusters that display small variations in the total Cu/S
ratio. The formation of such mixed valence states of the metal
in the cluster has also been observed previously for selenide-
bridged copper and silver nanoclusters."”®'® Andreas
Eichhofer’s group reported the synthesis of ternary copper-
tin-chalcogenide clusters [CugE¢(SnPh),(PPh,Et)s] (E = S, Se,
Te, Scheme 1a)"* and [Cu;0S,5(SnPh);,(PELPh)]X (X =
[Li(THF),] or [NBuy], Scheme 2b)"’® through the reactions
of CuO(O)CCH; or CuCl and PhSnCl; with E(SiMe;), in the
presence of an excess PPh,Et. In the report,"”* the
Cu : chalcogenide ratio in a series is 1: 1 regardless of the chal-
cogenide type. Herein, three clusters share a similar cage con-
struction of an Eg4 octahedron, where two trigonal faces are
capped by PhSn units. The remaining six R;PCu units bridge
the free edges in p, and p; fashion for sulphide- and selenide/
telluride-bridged CuNCs, respectively. In the case of
[Cu;0S,5(SnPh);,(PEtL,Ph);]X clusters, regardless of the counter
ion, the structure is composed of an inner core and an outer
cluster sphere.””® The inner core is constructed from a sulphur
atom coordinated with six copper atoms in a distorted trigonal
prism fashion. The rest of the copper and sulphur atoms
together with the remaining ligands form the outer sphere.

Another example of such a phenomenon in the ternary
systems with tin has been reported by the group of Stefanie
Dehnen by the reaction of the binary organotin sulphide
cluster [(PhSn);Se] with [Cu(PPh;);Cl] (Scheme 1c).'®® The
resulting [(CuPPh;),(PhSn),sCusS;,] cluster is a pseudo dimer
having a [Sn;gCu,S34] core, which is separated in two identical
parts connected by a single sulphur atom (Fig. 9A).

Nanoscale, 2021,13, 6283-6340 | 6289
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