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ARTICLE INFO ABSTRACT

Article history: During the last decade, the scientific community has become interested in hybrid nanomaterials, espe-
Received 20 July 2022 cially the ones that combine gold nanoparticles with a second functional component. In this context,

Accepted 8 January 2023 coordination polymers are materials that possess potential advantages over conventional inorganic nano-

materials and organic compounds such as chemical versatility, easy processability, high specific area, low
toxicity, biodegradability and electronic and magnetic functionalities to name a few. In this manner, the
wise integration of Au nanoparticles with coordination polymers in different types of nanostructures has
allowed extending the scope of properties and applications of these systems, allowing also overcoming
Coordination chemistry some of the limitations of Au nanoparticles for certain applications. Therefore, in this review, we discuss
Prussian Blue the different reported hybrid nanostructures based on the integration of colloidal Au nanoparticles with
Spin crossover coordination polymers exhibiting either physical properties of interest (e.g. ferromagnetism, photo-
Metal-organic framework magnetism, spin switching, etc.) or chemical properties (e.g. electrocatalysis). We have paid particular
attention to the enhanced properties and the synergistic effects that can emerge from this association.
Along this front, thanks to their improved and/or novel properties, these hybrid materials have become
promising nanostructures for several applications, especially in biomedicine, catalysis, magnetism and

sensing.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

An appealing possibility in materials chemistry is to design
nanoparticles (NPs) of hybrid nature by combining a metallic NP,
in particular gold ones, with other types that bring an additional
physical or chemical function. The mutual interaction (electronic,
structural, etc) between the two components of the nanostructure
may lead to the emergence of novel functions stemming from syn-
ergetic effects beyond the mere combination of the physico-
chemical properties of the two components.

In this context, colloidal chemistry is a powerful approach that
offers advantages over other methods for the development of
hybrid nanostructures such as high particle stability, a large
exposed surface area and a precise chemical control of the particle
size, shape, composition, structure, and crystallinity [1,2]. The
combination of colloidal NPs with other functional nanomaterials
into advanced materials with targeted physical and/or chemical
properties may create novel functions at the nanoscale and can
extend the scope of the utilization of these hybrid nanomaterials
[3]. In this sense, most of the research effort has been focused on
the combination of Au NPs with metal oxides or with organic com-
pounds [4-7]. Yet, the utilization of coordination polymers (CPs) as
a functional material for these hybrid nanostructures is a burgeon-
ing research field in inorganic chemistry and materials science
[8-11].

The current interest of the scientific community in hybrid NPs is
reflected in the number of publications per year, which has
increased up to 5000 in 2021 (Fig. 1). A significant part (ca. 15 %
of the total number of publications in the last 5 years) involves
hybrid materials containing Au NPs, from which 30 % contain CPs
as a functional molecular component. Hence, the design of multi-
functional hybrid NPs formed by combining Au with CPs repre-
sents the most active focus of interest in this area.

Therefore, this review aims to cover the new advances per-
formed on Au NPs-CPs hybrid nanostructures exhibiting either
physical properties of interest (ferromagnetism, photo-
magnetism, spin switching, etc.) or chemical properties (electro-
catalysis). Particular attention will be paid to the synergistic effects
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that can appear due to this association. The choice of CPs in these
hybrid nanostructures is based on their structural and chemical
versatility, easy processability, high specific area, good solubility,
low toxicity and biodegradability [12]. Here we will focus on three
types of coordination polymers, namely Prussian Blue Analogues
(PBAs), Spin Crossover materials (SCOs) and Metal-Organic Frame-
works (MOFs). The former two provide examples of magnetic and
electroactive materials of major interest in magnetism and electro-
catalysis, while the last one provides the opportunity to add poros-
ity to the hybrid nanostructure.

2. Gold nanoparticles

In 1857, Michael Faraday investigated a “beautiful ruby fluid”
obtained from the formation of a deep red-colored colloidal Au
by the reduction of an aqueous solution of gold chloride (AuCly)
[13]. Faraday realized that the color was necessarily caused by
the small size of the Au particles. He correctly supposed that the
metallic particles in the colloids should be very small because they
could not be observed with the best available microscopes. He also
noted that their colors ranged from ruby, green, violet and blue
depending on the composition of the metallic particle. Approxi-
mately a century later, the shorter wavelengths generated in elec-
tron microscopes evidenced that Faraday’s Au colloids had
diameters from 3 to 30 nm [14]. Then, Gustav Mie, using Maxwell’s
electromagnetic theory, provided at the beginning of the twentieth
century a general theory for scattering and absorption of light by
spherical metallic particles [15]. In 1912, Richard Gans generalized
Mie’s result to ellipsoidal particles of any aspect ratio in the small
particle approximation [16]. Furthermore, the advancement in
transmission electron microscopy imaging led to a renaissance in
the investigation of the structure and morphology of metal colloids
allowing the investigation and exploitation of their properties.

The above observations emphasized how physical properties at
the nanoscale are notably different from those observed in the bulk
(macroscopic). In fact, the drastic changes observed in the optical
behavior, by reducing the size of metallic particles —hardly
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Fig. 1. a) Number of publications containing the terms “gold nanoparticles”, “hybrid gold nanoparticles”, “hybrid nanoparticles” and “gold coordination polymers
nanoparticles” since 1990. b) Zoom of Fig. 1a. c) Percentage of publications of Au-hybrid NPs/Au NPs and Au-CP NPs/Au Hybrid NPs since 1990. Source: Scopus, as assessed in

April 2022.
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achievable in other optical materials— are due to the surface plas-
mon resonance. A plasmon is defined as a quantum oscillation of
the free electron cloud with respect to the fixed positive ions in a
metal and those that are confined on surfaces and strongly inter-
acting with light are called surface plasmons. In this context, local-
ized surface plasmon resonance (LSPR) is a phenomenon that takes
place in Au NPs. In general, when the electromagnetic radiation
interacts with a spherical metallic nanostructure much smaller
than the wavelength of the light used to excite the plasmon, the
electrons near a metal-dielectric interface are excited (Fig. 2). Then,
these electrons undergo collective oscillations relative to the fixed
positive nuclei, with the frequency of the incoming light. A local
electric field is generated on the surface of the NP as a result of
these oscillations. This effect can be extended into the dielectric
over nanometer lengths and generates an enhancement of the inci-
dent field of several orders of magnitude. Note that the resonant
frequency for these oscillations in spherical noble metallic NPs cor-
responds typically to UV-Vis light, and hence the LSPR produces
absorption bands in this region of the spectrum. In this regard,
the resonant frequency is influenced by various factors such as
the metallic composition, the size, the shape and the surroundings
of the NPs [17-20]. For example, the LSPR of 20 nm Au NPs can be
experimentally observed in water at a wavelength of 520 nm and
red shifts to 600 nm as the NP diameter increases to 100 nm
[21]. On the other hand, anisotropic NPs can display different res-
onant frequency modes. In the case of nanorods (NRs), their spec-
tra exhibit two plasmon bands associated with LSPRs along their
length and across their diameter (longitudinal and transversal res-
onances, respectively). These frequency resonances related to ani-
sotropic NPs (e.g. the longitudinal mode for the NRs) are much
more sensitive than the LSPR from spherical NPs and have been
extensively applied for sensing [22,23].

Among other applications, plasmons can be used to enhance the
local electric field (for example, for Surface Enhancement Raman
Spectroscopy (SERS) detection), to produce a local heat (photo-
thermal effect), or even to detect color (plasmon sensibility). Con-
sidering the unique features of Au (such as the amenable surface
functionalization, the low cytotoxicity, the high stability, and the
electrical and thermal conductivity), Au NPs exhibit numerous
exciting properties that have permitted the development of suc-
cessful new applications in materials science, electrochemistry or
biomedicine, to mention a few [6,14,25-28]. For example, Au NPs
are widely used in catalysis, and Au catalysis represents a paradig-
matic example of those properties exclusively observed in NPs
because they can completely disappear when the particle size
grows into the microscale [29,30]. Au NPs are commonly chosen
because of their good biological compatibility, excellent conduct-
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ing capability, and high reactivity due to the high surface-to-
volume ratio. Applications of Au NPs in electrochemistry can be
found including Au NPs-based sensors and their use as an enhanc-
ing platform for electrocatalysis [31]. Concerning their usage in
biomedicine, small NPs are highly desirable because they can be
depurated much more easily. However, for photo-therapy, Au
nanospheres have poor near-infrared (NIR) absorption, which is
necessary to avoid damaging cell tissues. Hence, the development
of anisotropic Au NPs with suitable optical properties and shapes is
crucial [32,33].

The exploitation of the unique properties of Au NPs relies on the
development of chemical methods permitting a control over the
size, shape and morphology of the nanostructures. In general
terms, this involves the use of colloidal methods in which the Au
NPs are made by assembling Au atoms generated from ions in solu-
tion. Typically, Au NP obtained by using this approach comprises
three parts, namely inner Au atoms (central atoms), atoms exposed
to the surface (surface atoms) and surface-protecting organic
ligands or surfactants. The central Au atoms determine the crys-
tallinity of the nanostructure, whereas the structure of the surface
atoms form surface facets and edges that will dictate their reactiv-
ity, including the catalytic activity. The surfactant is anchored on
the surface atoms, stabilizing them and providing surface function-
ality [25].

The first achievement in this context was the preparation of
spherical Au NPs and later on, of NPs of various anisotropic shapes
including nanorods, nanoshells, and nanocages [26,34-38]. Thus,
in 1951 Turkevich and coworkers established a synthetic method
for creating spherical Au NPs by treating hydrogen tetrachloroau-
rate (HAuCl,) with citric acid in boiling water (Fig. 3a); here the
citrate act as both reducing and stabilizing agent [39]. In a further
step, Frens in 1973 extended this protocol by changing the Au:ci-
trate ratio to control the NP size from 10 to 20 nm [40], and then
up to 100 nm [6]. Interest in the shape-controlled synthesis of
Au nanostructures started in the early 1990s when Masuda et al.
and Martin prepared AuNRs by electrochemical reduction. These
methods produced relatively monodisperse nanostructures, but
due to the low yield and large diameter (in the 100 nm range),
the optical response was difficult to discern [25,41,42]. A decade
after, a colloidal growth route based on a seeded growth method
led to high yield monodisperse AuNRs (Fig. 3b). This seed-
mediated growth involved two consecutive steps: i) the production
of single-crystal spherical seed particles and ii) the controlled and
guided growth of these seeds into anisotropic particles. By control-
ling these growth conditions in aqueous surfactant media, it
was possible to synthesize AuNRs with a tunable aspect ratio
(length/width). Thus, by modifying the NR length, the longitudinal

Fig. 2. Schematic illustration of a plasmon oscillation in a metallic sphere, showing the oscillations of the conduction electron cloud relative to the positive nuclei. Adapted

from [24].
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Fig. 3. a) Schematic illustration of Au NP preparation using a reducing agent. Adapted from [47]. b) Seed-mediated, surfactant-assisted AuNR synthesis. NR aspect ratio can be

modified by adjusting the Ag concentration. Adapted from [48].

resonance can be modulated in part of the visible spectrum and in
the NIR region, which is suitable for their usage in biomedicine
[25,43,44].

Thanks to the high control over the particle synthesis, the seed-
mediated growth has become the most widely used strategy in the
preparation of anisotropic NPs of different shapes and sizes [45].
For instance, in 2008, Huang and coworkers used this method for
the synthesis of gold nanostars (AuNSs) [46]. These nanostructures
have plasmon bands that are tunable into the NIR region, with the

NP containing multiple sharp branches that act as “hot spots” and
greatly enhance the local electromagnetic field [35,46].

3. Functional coordination polymers
Even if the term “coordination polymer” started to appear at the

end of the 20th century, the current extensive interest in CPs was
triggered after the reports of Robson, Hoskins and coworkers in the
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Fig. 4. a) Classification of coordination polymers depending on the dimensionality. b) Scheme showing the most relevant properties and applications of coordination

polymers.

early 1990s [49,50]. A CP is a material that has a polymeric struc-
ture built from the association of metal ions and bridging organic
linkers (ligands) forming coordination bonds that extend in one,
two or three directions of space leading to networks with different
dimensionalities. The wide variety of metal cations and ligands
affords a vast number of possible combinations and, therefore,
structures and topologies (Fig. 4a). The judicious choice of metals
and ligands is crucial for obtaining a targeted structure [51-53].

The metal ions are usually d-transition metals and/or lan-
thanides. Generally, d-transition metals have been more popular
due in part to the relatively predictable nature of their coordina-
tion geometries. For d-transition metals, the field is dominated
by the first-row elements (plus Zn, Cd, Hg, Ag and, to a less extent,
Au, Pd, Pt). Their low cost, earth abundance, kinetic lability and sta-
bility explain why the research on these d-transition metal-
containing CPs is predominant compared to the rest [53]. When
transition metal ions of the first row are used, magnetic and opti-
cal, in addition to catalytic properties, can be present, leading to a
wide range of applications (Fig. 4b). Finally, nanostructures of
these CPs can be prepared by using several synthetic protocols,
including colloidal chemistry [52].

3.1. Prussian Blue analogues
Prussian Blue (PB) is an early example of functional CP. Its struc-

ture has a face-centered cubic (fcc) unit cell with alternating octa-
hedral Fe' and Fe! bridged by the cyanide ligands and with the

formula Fe'"[Fe''(CN)g]-nH,O0. Its intense blue color is due to an
intervalence charge transfer band associated with the Fe'-CN-Fe!"
mixed-valence unit [53-55]. Replacing Fe'! or Fe' with other tran-
sition metal ions gives rise to Prussian Blue Analogues (PBAs) of
general formula A,Bx[D(CN)s]y:nH,O (A = alkali cation, B and
D = transition metal ions), which possess the same cubic structure
(Fig. 5a). These networks are usually prepared by mixing a hexa-
cyanometalate ([D(CN)g]™) that plays the role of the ligand with
[B(H,0)s]™" affording bimetallic networks whose magnetic and
optical behavior can be tuned by the nature of the metal ions.
The tetrahedral sites of the fcc structure may be filled by alkali ions
(such as Cs, Rb) that compensate for the negative charge of the net-
work. The absence of such alkali ions leads to vacancies in hexa-
cyanometalate species and therefore to remaining water
molecules in the coordination sphere of the B metal ions. Vacancies
lead to the presence of channels within the 3D network that are
usually filled with a network of H-bonded water molecules
[53,56,57]. The concentration of vacancies and alkali ions highly
impacts the magnetic and the optical properties of PBA analogues
and can be used to finely tune them [58-61]. Indeed, most PBAs
behave as molecular magnets thanks to their bimetallic nature that
promotes tunable magnetic exchange coupling between the differ-
ent spin carriers mediated by the cyanide bridge [62,63]. These fea-
tures have allowed to push up the magnetic ordering temperatures
from 5 K in PB to room temperature in a VCr containing PBA [55].
Photomagnetic properties were also discovered in the CoFe con-
taining PBA where a conversion from a diamagnetic to a magnetic
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Fe2*
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LS environment HS

Diamagnetic
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Fig. 5. Details of the three reviewed CPs. a) lllustrations of the cubic structure of the PBA (left) and the PBA with random site defects (right). The appearance of defects leads to

a lower amount of alkali metals due to charge balance. The PB structure is identical but Fe" centers are connected to C atoms while Fe

I centers are connected to N atoms. b)

Pore sizes of a MOF depending on the ligand used. The large yellow spheres represent the largest van der Waals spheres that would fit in the cavities without touching the
frameworks. c) Example of the SCO phenomenon for a Fe" compound in an octahedral environment. The spin transition involves switching from a diamagnetic (LS) state to a
paramagnetic (HS) state. Fig. 5b was adapted from [121]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

state could be triggered by light excitation [57]. Thanks to the open
framework structure induced by the hexacyanometalate vacancies,
the large specific surface area, the adjustable metal active sites, the
uniform catalytic centers and the high chemical and electrochem-
ically stability, these compounds are also very promising materials
for different catalytic reactions [64,65].

All these physical and chemical properties can be exploited at
the nanoscale thanks to the preparation of nanoparticles of PB
and its PBA. These objects can be prepared as colloids that are
stable in water for several years, and, depending on the synthetic
conditions, their size can be tuned over a large range i.e. from 2
to 200 nm [54,66]. This versatility has allowed the production of
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PBAs in various shapes and sizes, including individual NPs [54],
hollow nanostructures [67], films [68], wires [69] and even core@-
shell particles formed by combining two or three different PBAs
[66], or a PBA with another different material [70]. It is important
to remark that there is an increasing interest in combining PBAs
with other inorganic materials in order to form multifunctional
nanosystems exhibiting synergistic chemical and physical proper-
ties that lead to the emergence of new functions [71,72]. For exam-
ple, PBAs have a strong charge-transfer absorption that can be used
to undergo thermal relaxation and can be exploited to generate
local hyperthermia by light irradiation. In addition, these CPs are
colloidally stable, fully biocompatible (PB use has already been
approved by the FDA), biodegradable and easy to be functionalized,
making them ideal candidates for biomedical applications [73-75].

3.2. Metal-Organic Frameworks

Porous CPs, also known as Metal-Organic Frameworks (MOFs),
are a promising class of coordination materials where the
combination of the metal centers and the organic ligands gives rise
to reticular networks with high crystallinity, ultrahigh pore
volumes (up to 90 % free volume) and extremely large specific
surface areas (extending beyond 6000 m?/g) [76]. From a chemical
point of view, it is important mentioning that many different
possible synthetic routes, which include room temperature
synthesis, conventional electric heating, microwave heating,
electrochemistry, mechanochemistry and ultrasonic methods,
have been established [77]. Thanks to the exceptional chemical
control over the structure, the tunability of the properties is
possible. Thus, MOFs have emerged as a significant class of
nanoporous materials with potential applications in gas storage,
separation, catalysis, and chemical sensing [78-81].

In the present context, nanoscale MOFs combine small dimen-
sions with the possibility to design highly porous architectures
with well-defined and uniform sizes and morphologies in order
to, for example, disperse them in aqueous media or other solvents,
and to efficiently coat them for improving their biocompatibility or
recognition capabilities. Still, porosity is not the only property that
can be exploited. The possibility of introducing functional proper-
ties in the MOF, such as electrical conductivity, optical properties
(e.g. plasmonic properties) or magnetism, is also very promising
to expand the range of applications of these materials [82]. In this
line, a hybrid approach in which a functional nanostructure is
mixed with the MOF can be a valuable way to improve the proper-
ties of the MOF. For example, the encapsulation of active guest
compounds inside MOFs is very promising to reach properties
beyond those of the bare MOFs and/or guest species [83]. With this
aim, a wide range of functional inorganic materials, including
metallic NPs [84], coordination complexes [85], quantum dots
[86], polyoxometalates [87] and even other MOFs [88], have been
combined with MOFs to enhance their properties.

Coordination Chemistry Reviews 480 (2023) 215025
3.3. Spin crossover compounds

The SCO compounds provide the most spectacular example of
molecular bistability [89]. This arises from the ability of a metal
ion with a d* to d” electronic configuration to be switched between
two electronic states, the high spin (HS) and the low spin (LS), in a
readily detectable and reversible way (Fig. 5c). The transition
between these two states may be typically induced by means of
a variation of temperature, pressure, or light irradiation. This phe-
nomenon induces changes in metal-ligand bond distances due to
the population or depopulation of the e,* orbitals that have a slight
antibonding character [90-92]. Therefore, the spin transition
involves a compression/expansion of the coordination site. Rev-
ersible changes in their optical, magnetic, mechanical, and electri-
cal properties also occur, making these compounds promising as
molecular switches [93], optoelectronic devices [94], actuators
[95], and sensors [96]. The archetypical transition metal com-
pounds that may present SCO are octahedrally coordinated Fe?*
complexes. Some of them are CPs comprising 1D chains [97], 2D
[98] and 3D networks [99], which may exhibit abrupt and/or hys-
teretic thermal spin transitions [92]. A key example of SCO CP was
provided by the triazole chain compounds [Fe(Htrz),(trz)](BF,)
first reported by Haasnoot et al. [100] and then studied by Kahn
et al. [90]. These systems exhibit large and abrupt thermal hystere-
sis near room temperature, while allowing to obtain very small NPs
that maintain the cooperative behavior [101,102]. The works
reported in 2008 [103-106] on the synthesis of small SCO NPs
motivated intense research in this area giving rise to the develop-
ment of diverse protocols for the production of this kind of nano-
materials and their integration in hybrid nanostructures [107], as
well as for the measurement at the nanoscale of the properties.
In Table 1 we summarize the different achievements reported for
the SCO triazole chains: 1) Synthesis of SCO NPs with sizes in the
range below 100 nm by using the inverse micelle technique; 2)
Synthesis of ca. 90 and 140 nm NPs covered with a thin layer of sil-
ica which enables their further surface functionalization and their
integration on electronic devices; 3) Electrical spin switching mea-
sured in a single SCO NP; 4) Electrical spin switching sensed in a
layered array of NPs using gold or graphene electrodes; 5) Electri-
cal spin switching sensed in a hybrid heterostructure formed by
SCO NPs deposited on a graphene layer; 6) Sensing of the spin tran-
sition in SCO@SiO, NPs by means of micromechanical resonators;
7) Synthesis of Au@SCO core@shell NPs with enhanced electrical
sensing of the spin switching; 8) Fabrication of SCO@polymers
nanocomposites for mechanical actuators upon electrical stimulus;
9) Optical spin switching sensed in a hybrid heterostructure
formed by SCO NPs anchored on MoS, layers.

At this point, it is worth noting that other CPs exhibiting net-
work structures such as Fe(Il) Hofmann clathrates are also of inter-
est in this context since they display SCO along with the
outstanding chemical robustness and, in some cases, selective

Table 1

Main achievements reported for the iron triazole based SCO NPs.
Compound Achievement Year Reference
[Fe(Htrz),(trz)](BF,) Synthesis of SCO NPs 2008 [103,105]
[Fe(Htrz),(trz)](BF4)@SiO, Synthesis of NPs covered with a thin SiO, layer 2011 [108]
[Fe(Htrz),(trz)](BF4) Electrical spin switching measured in a single NP 2011 [93]
[Fe(Htrz),(trz)](BF,) Electrical spin switching sensed in a layered array of NPs using gold or graphene electrodes 2015- [109,110]

2016
[Fe(Htrz),(trz)](BF4) Electrical spin switching recorded in SCO NPs deposited on a graphene layer 2017 [111]
[Fe(Htrz),(trz)](BF4)@SiO> Sensing of the spin transition by means of micromechanical resonators 2019 [112]
Au@|Fe(Htrz),(trz)](BF4) Synthesis of Au@SCO core@shell NPs and electrical sensing of the spin switching 2019 [113]
[Fe(Htrz), g(trz)(NH,trz)o2](BF4)@PVDF- Integration of SCO NPs in polymers for mechanical actuators 2021 [114]
TrFE

[Fe(Htrz),(trz)](BF,)@SiO,/MoS, Optical spin switching sensed in SCO@SiO, NPs anchored on MoS, layers. 2021 [115]
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response to different molecules. The general formula of this family
is {Fe(L)IM"(CN),4]}-G (L = bismonodentate pyridine-like ligand;
M" = Ni, Pd, Pt; G = guest) and {Fe(L)]M(CN),],}-G (M = Cu, Ag,
Au). In both cases, the polycyanide linkers afford reticular 2D net-
works connected by a pillar ligand to give a 3D network. The
square-planar [M"(CN)4]>~ units generate 2D networks with small
meshes preventing the interpenetration of the 3D networks and
thus, favoring the formation of voids/pores between bridging pillar
ligands, accessible for guest molecules. In this way, their SCO
behavior is remarkably dependent on guest molecules, stabilizing
in many cases the HS or the LS state depending on the absorbed
molecules. Therefore, these materials have potential applications
in molecular sensing [116,117]. Nanoscale architectures of these
materials have been reported [118] and, taking advantage of their
layered structure, they have been combined with other 2D materi-
als, such as graphene and 2D semiconductors (WSe;), to afford
hybrid heterostructures exhibiting spin sensing [119]. However,
very few combinations with plasmonic NPs have been reported
so far [120].

4. Hybrid gold nanoparticles/coordination polymer
nanostructures

4.1. Different structures

The design of hybrid nanostructures combining gold NPs with
functional coordination polymers is a promising way toward mul-
tifunctional nanomaterials. Thus, as already mentioned, these
nanostructures can feature a simple combination of physical or
chemical properties, or display novel properties due to the mutual
interactions between the two components. In addition to this, the
functional components can lead to unique synergy-induced prop-
erties in the resulting hybrid material [122,123]. Several hybrid
systems that combine inorganic materials with CPs have been
investigated because of their enhanced catalytic activity [124], or
because of the association of magnetic or optical properties coming
from the inorganic NPs, with the porosity [23,125], electrical [115],
electrochemical [65] or magnetic properties [126,127] coming
from the CPs. Therefore, the controllable integration of metallic
NPs and CPs into advanced hybrid materials with targeted func-
tions can extend the scope of the utilization of these materials.

| ‘ | 0 m)’

Gold coated

Core@shell

i) v @ @ vi @ @
@ ® @ &
QQQ 0..
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Gold-decorated
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The combination of Au and other nanomaterials gives rise to
different nanostructures (core@shell, Au-coated, yolk@shell, NP
decoration, dumbbell/Janus, etc.) with some peculiarities. To have
a better scope of the typical hybrid Au nanostructures, a classifica-
tion of these nanoobjects is presented in Fig. 6. Depending on the
targeted properties, a given hybrid nanostructure will be the most
suitable. Besides, the corresponding synthetic strategy must focus
on the development of these nanomaterials in a simple, efficient
and sustainable way. Colloidal chemistry has advantages over
other methods because it relies on the preparation and/or the
use of isolated particles, which allows access to the whole particle.
Furthermore, the particles are surrounded by a layer of organic
ligand molecules and their hybrid nature greatly broadens the pos-
sibilities for tailoring their properties because both components
can be manipulated independently [128]. In this way, colloidal
chemistry has become a reliable approach for obtaining high qual-
ity hybrid NPs with precise control over their size, shape, composi-
tion and properties. The most common hybrid nanostructures
formed by Au NPs and a functional material are displayed in Fig. 6:

(i) Core@shell nanostructures: These are highly functional
nanomaterials whose properties, arising either from the core
or from the shell, can be modified by modulating the core/
shell size ratio. Thus, different synthetic approaches have
been developed using a plethora of different procedures
such as precipitation, grafted polymerization, micro-
emulsion, reverse micelle, sol-gel condensation, layer-by-
layer adsorption technique and so on. However, it is still dif-
ficult to control the thickness and homogeneity of the coat-
ing. The shell formation requires highly controlled and
sensitive synthetic protocols to ensure complete coverage
of the core. Thus, if this reaction is not properly controlled,
it may lead to the aggregation of core particles, the forma-
tion of separate particles, or to an incomplete coverage
[129]. Interestingly, some synthetic routes permit to achieve
core@shell NPs using anisotropic Au NPs (rods, stars, cages,
etc) [130,131] and multishell heterostructures [126,132]
(i.e. core having several shells around them), thereby, allow-
ing the chemists to modulate the LSPR of the system. Due to
the close contact between these two nanosystems, the
core@shell structure presents the largest interface area, thus
facilitating the interaction between the two components. In

Yolk@shell

Decorated gold

Fig. 6. The most common hybrid nanostructures formed by Au NPs and a functional material.
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addition, it is important to point out that the Au core is
entirely covered by the shell, thus protecting the Au core
from the environment.

(ii) Gold-coated nanostructures: in contrast to the previous one,
in this case, Au is used for covering NPs of different nature.
Au confers plasmon properties, high chemical and colloidal
stability and amenable surface functionalization that results
in particular interest in biomedicine. Nevertheless, for such
heterostructures, the core NP stands chemically inert and
only the Au shell is able to interact with the environment.
For this reason, these heterostructures are not appropriate
when using CPs as the core NP, since they often require to
interact with the environment. In fact, to the best of our
knowledge, this type of heterostructure has not been
obtained with CPs.

(iii) Yolk@shell NPs: These particles are a mixture of core@shell
and hollow ones, where a core particle is encapsulated
inside the hollow shell and may move freely inside the shell,
generally represented as a core/void/shell. The yolk@shell
nanostructures are also termed as movable core/shell or
rattle-type nanostructures [133]. Since they are intermedi-
ate between hollow and core@shell NPs, they have the
advantages of both structures together. Indeed, their charac-
teristic features include low density, large surface area, ease
of interior core functionalization, a good molecular loading
capacity in the void space, high tunability of the interstitial
void space, and the presence of this hollow outer shell.
Due to that, the yolk@shell NPs can therefore display
enhanced properties over simple core/shell or hollow NPs
in various applications [134-136]. Nonetheless, the main
disadvantage comes from the difficulty to set a reproducible
synthetic approach because of the complexity of their
structure.

(iv) Dumbbell/Janus nanostructures: in such structures, a single
NP is attached to another NP offering two functional sur-
faces. In this manner, the hybrid NP integrates two or more
functionalities in an individual entity. Depending on the
interactions at the interface, the physical and chemical prop-
erties of each component can be retained, enhanced or even
weakened. Besides, the break of mirror symmetry can lead
to novel effects. The successful synthesis relies on promoting
heterogeneous over homogeneous nucleation processes (i.e.
the formation of separate NPs of the second component)
[137]. When Au NPs are used, these NPs can also display
LSPR in a wide range of the visible spectrum [138,139]. How-
ever, the principal disadvantages are related to the lack of
simple synthetic procedures and difficulties in characteriz-
ing and unambiguously verifying their formation. Moreover,
the contact area between the two components is smaller
than that of core@shell heterostructures precluding in most
cases synergistic effects.

(v) Gold-decorated nanostructures: this structure is the result of
linking a large number of small Au NPs to the surface of
another NP. Frequently, negatively (or positively) charged
satellite Au NPs are immobilized on a positively (or nega-
tively) charged NP via electrostatic interactions or by using
a bridging polymer anchored to both NPs [140,141]. Then,
this route relies on surface functionalization. In this way,
the distance and consequently the interaction between the
two NPs can, thus, be adjusted [142]. Another strategy to
obtain these heterostructures involves the in situ formation
of Au NP seeds on the surface of NPs via the reduction of
HAuCl, in a way that the total specific area is enhanced
[143,144]. However, such heterostructure exhibits a lower
contact between the NPs compared to the above mentioned
ones.

Coordination Chemistry Reviews 480 (2023) 215025

(vi) Decorated gold NPs: they represent the complementary case
of the previous one. Here, large Au NPs are decorated with
smaller ones of different nature. In this approach, the small
NPs are usually linked via electrostatic interactions to a pre-
viously prepared bigger Au NP. Therefore, the Au NP decora-
tion permits to work with big Au NPs such as rods, triangles
and stars. As in the core@sell nanostructure, this one also
exhibits a high total specific area but a less intense contact
between both NPs.

4.2. Synthesis and properties

In this section, we will review the most relevant Au-CP
heterostructures, how they are synthesized and the novel or
enhanced properties they exhibit, as well as the synergistic effects
arising from such combinations. Additionally, the resulting proper-
ties and applications will also be discussed.

4.2.1. Au-PBA

Regarding the heterostructures formed by Au and PB/PBA, the
first combinations were achieved through electrochemical deposi-
tion of PB on Au [145-148]. Nevertheless, the achieved hybrid
material is deposited on an electrode as a film, limiting their appli-
cations. The first example of PB coating Au NPs was reported by Xia
using colloidal chemistry [149]. In this method, the key step is the
reduction of ferric ions catalyzed by Au NPs, which controlled the
formation rate of PB. Later on, PB NPs decorated with Au NPs were
prepared using albumina as a linker between the two components
via the conjunction of thiolate linkages and alkylamines [150].
However, this protein coverage avoided a close contact between
both systems. A similar approach was developed to prepare PB@Au
core-satellite NPs, using different organic polymers as linkers and
different surface functionalizations [151].

More recently, very small core@shell NPs were obtained by
growing a PB shell onto a citrate-stabilized Au core [152]. Similarly,
a well-rounded PB shell over Au was obtained through the initial
etching of the Au core by CN~, which provided an anchoring of these
ligands around the Au surface, and the subsequent formation of the
PB shell. In all these systems, the general protocol consisted of first
stabilizing Au NPs with citrate and then treating these functional-
ized NPs with CN~ ligands (coming from the ferricyanide precursor)
in order to replace the citrates with CN~ [153-155]. However, the
CN~ etching complicates the use of anisotropic Au NPs because
these NPs are too reactive towards cyanide [156]. Note that these
protocols have been optimized to obtain Au-PB nanostructures for
biomedical applications since PB is an excellent candidate as ther-
agnostic nanomaterial [75]. In these nanostructures, Au NPs serve
as practical platforms for therapeutic agents and cell imaging [6].
Thus, the Au-PB combination has resulted in the development of
nanomaterials with improved biological properties such as in vivo
computing tomography and photo-thermal therapy showing pre-
cise diagnostic guidance, significant therapeutic efficiency and high
biological stability (Fig. 7a) [151,152,154,157]. A review on this
topic has been recently published [54].

Moreover, recent works have integrated other PBA compounds
apart from PB in the core@shell heterostructure. Thus, Marin-
Pasturel et al. developed heterostructures consisting of a double
shell of PBA surrounding an Au spherical core, where the core
and the shell size can be modulated, therefore exhibiting different
magnetic and plasmonic properties. Furthermore, they synthesized
for the first time different Au@PBA@PBA’' using an elegant
approach based on the synthesis of cyanide-stabilized Au NPs in
water through reduction of the precursor [Au(CN),]~ with sodium
borohydride followed by the sequential growth of one or more PBA
shells (Fig. 8a-8d) [126,158,159]. These new hybrid NPs have also
been used for biomedical applications and electrocatalysis.
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Fig. 7. Examples of Au-PB NPs used for biomedical applications. a) Development of multifunctional nanotheranostic Au decorated PB NPs. Au and PB NPs are two kinds of
intrinsic theranostic nanomaterials for magnetic resonance (MR) - computed tomography (CT) imaging and synergistic photothermal and radiosensitive therapy (PTT-RT). PB
as core enables T1- and T2-weighted MR contrast and strong photo-thermal effect, while Au as decorated NPs offers CT enhancement and radiosensitization. Adapted from
[151]. b) Preparation of the antibody-modified Au@PB SERRS probe by coating PLL on Au@PB NPs to provide free amine moieties, which were coated with the negatively
charged antibodies subsequently. Brightfield and Raman mapping (2156 cm™!) of the single core@shell NPs for probing various amounts of antigen ranging from 0.01 to
100 pg/mL. All Raman mapping results were yielded under the same conditions. Adapted from [153].

Note that the synthetic routes so far developed to prepare Au- few PBA shells. To overcome this limitation, we have proposed a
PBA nanostructures are restricted in most cases to PB and the syn- general and versatile synthetic approach to prepare hybrid Au-
thesis of AU@PBA@PBA’ is also limited to Au spherical cores and PBA magneto-plasmonic nanostructures formed by any PBA cubic
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and EDAX mapping of the resulting heterostructure. Adapted from [160].

NP decorated by Au NPs of different shapes and connected to the
PBA surface through a bridging molecule (Fig. 8e). Thanks to the
possibility of using different plasmonic NPs, the developed proto-
col allows tuning the plasmon band position in the whole range
of the visible spectrum which permits studying the enhancement
of the magneto-optical activity coming from the PBA NP thanks
to the coupling with the plasmonic properties of the Au NP
[140].  Simultaneously, = magneto-plasmonic  core@satellite
PBA@Au-Ag nanoheterostructures were also obtained by Mamon-
tova et al. [161] by means of a post-synthetic adsorption of a
bimetallic [Aul,Agl,(CsFs)4(OEt,),], complex with ferromagnetic
PBA NPs. The authors observed that the integrity of the PBA NPs
was preserved during the formation of the heterostructures, but
a dramatic change in the magnetic properties occurs due to the
presence of ultra-small Au-Ag nanosatellite NPs. In particular,
the modification of the PBA ferromagnetic properties leads to a
complex spin-glass behavior. Furthermore, an improvement of
the catalytic performance towards the reduction of 4-nitrophenol
was reported for the same hybrid heterostructures thanks to the
ability of both components of the hybrid nanostructure to effec-
tively catalyze the reaction. Following a similar Au reduction
method, PBRAuNPs@MnO, core@satellite NPs were recently pre-
pared and applied for magnetic resonance imaging and enhanced
antitumor therapy. In this heterostructure, PBs were decorated
with ultra-small Au NPs to enhance the catalytic OH- generation
for chemodynamic therapy [162].

It is worth noting that not only Au-PB/PBA core@shell and Au-
decorated NPs have been designed. PB@polyacrylic acid/Au Janus
NPs were prepared by a facile and mild method using a polyacrylic
acid (domain as a template to grow Au NPs preferentially (Fig. 8f)
[160]. The main advantages of this structure over the common
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core@shell rely on the exposed surfaces of PB and Au, which guar-
antee the maximum absorptivity of NIR light, and an appropriate
space that is reserved for drug loading. Regarding the formation
of more complex heterostructures, a novel strategy was reported
to prepare a therapeutic agent of Au@PB yolk@shell nanocubes
by the templates of Au@Ag nanocubes under mild conditions. In
this case, the PB shells were obtained through the reaction of the
PB precursors ([Fe(CN)g]>~ and Fe(Ill)) with the Ag shell acting as
a sacrificial template to form the resulting yolk@shell Au@PB
[163]. Thanks to the high surface area of these yolk@shell NPs, dox-
orubicin molecules are encapsulated and, by means of chemody-
namic therapy, these NPs can effectively suppress tumor growth.
On the other hand, the combination of Au NP with PB/PBA can
also improve the catalytic performance of pristine PB/PBA materi-
als. For instance, core@satellite Au-PBA nanoarchitectures behave
as an excellent catalyst for the reduction of 4-nitrophenol thanks
to the ability of both components of the hybrid nanostructure to
effectively catalyze the reaction [161]. Moreover, the conductivity
increment of the resulting hybrid material can also be beneficial for
some electrocatalytic reactions such as the Oxygen Evolution Reac-
tion (OER). Indeed, recently we showed that the catalytic activities
of different Au-PBA nanostructures were sharply improved thanks
to the introduction of Au NPs inside a core@shell structure (Fig. 9).
It was observed that the high contact between both materials gives
rise to a strong synergistic effect where the Au core increases the
electrochemical activity and the electrochemical stability of the
PBA, while the PBA shell protects Au from its electrochemical oxi-
dation [164]. Such improvement has similarly been reported for
other electrochemical processes. Indeed, an enhancement of the
electrocatalytic activity was also detected by introducing Au NPs
in various PB and PBAs toward the reduction of hydrogen peroxide
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Fig. 9. Improvements in the PB/PBA electrochemical activity thanks to the introduction of Au NPs. a) Application of Au@PBA (of NiFe and CoFe) NPs for the electrochemical
production of oxygen. Compared to the PBA without Au, it was found that the introduction of small amounts of Au (5-10% in weight) in the core@-shell structure gives rise to
an important enhancement of the PBA activity and the overall electrochemical stability. Adapted from [164]. b) Schematic diagram of the fabrication process of Au-BSA-PB
NPs and the stepwise procedure of the immunoreaction; the electron transfer pathway of the immunosensor before (step 1) and after (step 2) the immuno-interaction.
Adapted from [150]. ¢) Electrochemical and catalytic performance as a function of Au NPs core size, Au@PB NPs size and PB thickness. Adapted from [165]. d) Application of
Au-CuCoPBA nanostructures for the detection of ochratoxin a toxin by electrochemical impedance spectroscopy. Adapted from [166].

[148,149,165], toxins [166] and protein molecules such as o-1- the most colloidally stable heterostructure thanks to the negatively
Fetoprotein [150]. Indeed, the presence of Au increases the charged surface of naked PB/PBA NPs. This property is crucial for
recorded current, which facilitates the detection of a given mole- their use in biomedical applications but it is not critical for electro-
cule. This leads to the improvement in the electrochemical detec- catalysis or electrosensing. Still, it is important to remark that good

tion/recognition of different molecules and thus to the colloidal stability of Au and PB/PBA NPs is needed when they are
preparation of very sensitive electrochemical sensors based on combined to form a hybrid nanostructure.
PB/PBA (Fig. 9). Interestingly, thanks to the biocompatibility of
these hybrids, biosensors can be also developed [154]. 4.2.2. Au-MOF

In Table 2, the most relevant Au-PB/PBA heterostructures are Au-MOF core@shell nanocomposites have been prepared fol-
summarized. It can be noted that the core@shell (Au@PB/PBA) is lowing two main methods: (i) by encapsulation (attachment) of

Table 2
Structure, synthesis, colloidal properties and applications of known Au-PB/PBA heterostructures.

Material Synthetic approach Colloidal stability ~ Application Reference

(structure) (size)

Au@PB Reduction of ferric ions around Au NPs Colloids Electrocatalysis of H,0, [149]
(core@shell) (30-60 nm)

PB-Au Albumina as a linker between the two components Suspension Electrosensing of o-1-Fetoprotein Based [150]
(Au decorated on PB) (70-100 nm)

Au@PB Au etching by CN~ and subsequent PB formation Colloids MR/SERS bimodal agents 155]
(core@shell) (80 nm)

Au@PBA@PBA’ Controlled growth around stabilized Au@CN~ NPs Colloids Single-photon [157,158]
(core@shell@shell) (35-135, tunable)  emission computed tomography imaging

Au-PBA HS-PEG-NH, as a linker between the two components Suspension Enhancement of the MOKE effect [140]
(Au decorated on PB) (150 nm)

PB@PAA/Au-A Polyacrylic acid as a template to preferentially grow Au  Colloids Chemotherapy and photo-thermal therapy [160]
(Janus NPs) (210 nm)

Au@PBA Controlled growth around stabilized Au@CN~ NPs Colloids Electrocatalysis of O, [164]
(core@shell) (80-90 nm)

Au-CuCoPBA Reduction of Au salt around PBA NPs Composite Electrosensing of ochratoxin a toxin [165]
(Au decorated on PBA) (700 nm-1 pm)
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Fig. 10. Representative TEM images of different plasmonic NPs encapsulated in ZIF-8 MOF crystals: a) AuNRs, b) AuNRs@Ag core@shell, c) AuNSs, and d) spherical Au NPs.
Scale bars represent 200 nm. The inset in (a) shows a detailed surface morphology of the ZIF-8 coating. Scale bar represents 100 nm. Adapted from [131].

pre-synthetized Au NPs into the pores (on the surface) of the MOF,
and (ii) by direct growth of the MOF on the Au NP surface.

The first Au loading into the pores of a MOF was reported in
2005 for MOF-5 with the aim of using it in CO oxidation catalysis
[167]. Further investigations reported encapsulated Au NPs in
ZIF-8 [168] and MIL-101 [169]. For ZIF-8, an improvement of the
catalytic activity was observed with increasing Au loadings, and
the highest catalytic activity was obtained for a gold loading of
5.0 wt%. For MIL-101, Au-Pd clusters were adsorbed inside this
activated MOF using a simple liquid impregnation method. How-
ever, despite the increasing endeavors to control the size, compo-
sition, dispersed nature, spatial distribution and confinement of
the incorporated NPs within MOF matrices [84,170,171], the
preparation of a single Au NP core coated with a uniform MOF shell
remained challenging. Indeed, although the aforementioned
nanocomposites exhibit a core@shell structure, they are actually
composed of several Au NPs embedded in a MOF matrix rather
than a single NP surrounded by a MOF shell. In fact, core@shell par-
ticles with individual cores are more difficult to synthesize because
they require correct concentrations of Au and MOF precursors as
well as a precise control of the reaction kinetics to avoid MOF
self-nucleation [172]. In 2013, a one-pot method for the prepara-
tion of single Au NP cores coated with a uniform MOF shell of
MOF-5, ZIF-8 and IRMOF-3 was established [173]. Simultaneously,
Khaletskaya et al. also obtained a core@shell of Au@AI(OH)(1,4-
ndc) (1,4-ndc = naphthalenedicarboxylate) composed of individual
AuNR cores surrounded by a MOF shell [174]. To ensure the accu-
rate MOF crystal nucleation onto Au rods, the Au was first coated
with a hydrated amorphous alumina layer. These Al-modified rods
were then used as reactive seeds in such a way that the dissolution
of the alumina coating by microwave treatment in the presence of
1,4-ndc promoted the MOF nucleation specifically on the surface of
the rods. Besides, in this system, a high synergistic effect between
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both materials was found. Just after, Hu et al. proposed a surfactant
mediated method for coating single Au octahedral NPs with ZIF-8
[175]. In this work, instead of using a metal layer, cethylammo-
nium bromide (CTAB) was added to align the overgrowth of the
MOF. This turned out to be essential to induce ZIF-8 nucleation
(and/or adsorption) and its further overgrowth even on anisotropic
metal surfaces (Fig. 10) [131]. This new methodology (i.e. using
other quaternary ammonium ions as surfactants, or polymers such
as poly(ethylene glycol) (PEG)), allowed researchers to successfully
obtain single anisotropic Au NPs coated with a uniform MOF shell.
In this line, AuNRs coated by a NU-901 shell were obtained by
functionalizing the Au surface with PEG to avoid the aggregation
of the Au NPs prior to the MOF shell growth [23]. Other capping
agents such as polyvinylpyrrolidone (PVP) have also been used to
coat AuNRs, as well as for the MOF nucleation and growth [176].
As shown in these different examples, the pre-functionalization
of the Au surface is crucial to colloidally stabilize the Au NPs and
to permit the formation of uniform MOF shells around them. It is
important to mention that in core@shell NPs, there are Au capping
agent molecules between the core and the shell that lowers the
physical contact and therefore the electronic interaction between
the two components. This effect can be aggravated when using lar-
ger spacer molecules like PEG or PVP. In this line, Dai et al.
removed by chemical treatment the PVP capping agent in an
Au@MOF-808 system while maintaining the integrity of the MOF
shell [177]. In particular, the removal of the capping agent was
achieved following a method relying on the use of a mixture of a
good solvent with a poor one, in an appropriate ratio under acidic
conditions.

The synthesis of the aforementioned heterostructures reveals
the importance of the fine synthetic control required for Au surface
functionalization prior to the MOF growth (Fig. 11a). Furthermore,
it is worth mentioning that the majority of the reported synthetic
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methods for overgrowing MOF shells on metallic NPs do not permit
a precise control for the shell thickness under 10 nm. In order to
overcome this limitation, layer-by-layer methods have recently
been used. For instance, Hinman and coworkers developed a proto-
col to accurately control the thickness of an HKUST-1 shell on
AuNRs [178]. Nonetheless, this protocol requires consecutive cen-
trifugation of the colloidal dispersion that may favor some aggre-
gation. Therefore, the development of systematic, reproducible
and controlled protocols to easily cover Au NPs of different mor-
phologies with different MOFs still remains challenging.

In sharp contrast to what happens in core@shell structures,
few Au@MOF yolk@shell NPs have been reported. Still, these
nanostructures are more efficient as nanocarriers for loading
drugs. Indeed, the design of yolk@shells provides a large hollow
cavity structure with more loading space, while the shell main-
tains its protective character. In the meantime, the porous shell
allows the guest molecules to diffuse in and out. Therefore,
designing the yolk@shell nanostructures in biological research is
very attractive. With this aim, yolk@shell NPs of Au@MOF have
been designed for tumor diagnosis and therapy. For example,
AuNSs@MOF yolk@shell that exhibit synergistic anticancer effects
based on their photo-thermal and promoted cargo release proper-
ties were obtained. These particles were prepared after synthesiz-
ing the core@shell and the selective MOF etching by means of
tannic acid [179]. The employed protocol is simple and might
be extended to other plasmonic NPs since it involves the MOF
etching and the usage of PVP as Au capping agent. Furthermore,
PtAu@HKUST-1 petalous yolk@shells were successfully prepared
by conversion of the corresponding PtAu@M,0, core@shell self-
template through the oxidative dissolution of the oxide shell in
a mildly acidic solution [180]. The most recently reported nanos-
tructure is an Au@Zn/Ni-MOF-2 yolk@shell nanostructure pre-
pared by adding all the precursors in a mixture of
dimethyacetamide, dimethylformamide, ethanol, and PVP
together [181]. Firstly, Au tiny particles were formed. Then, the
solid Au@Zn/Ni-MOF-5 core@shell was obtained through the
growth of the Zn/Ni-MOF-5 shell on PVP-functionalized Au NPs.
Finally, unique hollow nanostructures were achieved by a rare
crystal structure transformation from the initial solid to the
Au@Zn/Ni-MOF-2 yolk@shell. It is important to remark that,
although MOFs already have a remarkable free space, their prepa-
ration as heterostructures may bring an added value to enhance
some targeted properties (drug delivery, catalysis, etc).

As we have reported before, most of the resulting Au-MOF com-
posites are core@shell materials in which the metallic NP is
embedded within the MOF. However, a few Janus particles formed
by a single MOF and Au NPs have also been described [182-184].
For example, Janus Au- ZIF-8 nanostructures were prepared by
means of a ligand-controlled approach (Fig. 11b). The selective
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growth is driven by the surface functionalization of Au NPs by
means of competitive ligand adsorption. Hydrophilic and
hydrophobic ligands are used to adsorb and assemble on Au NPs,
resulting in an anisotropic surface which has different affinities
to ZIF-8 precursors. In this way, it was possible to induce a break
of the symmetric MOF growth around the Au NP surface. Interest-
ingly, the ligand ratio is a key factor for manipulating the coverage
of ZIF-8 on Au NPs. In addition, this synthetic protocol permits to
work using anisotropic plasmonic NPs, enabling the manipulation
of the resulting optical properties [184].

At the end of this section, we want to emphasize some of the
benefits provided by Au in the hybrid Au-MOF nanostructure. First,
Au can catalyze many different reactions and, thus, allows per-
forming versatile coupling reactions (i.e. tandem reactions). Pursu-
ing this goal, Au NPs were deposited on the surface of NH,-UiO-66
nanocrystals in order to produce in a first step unsaturated alco-
hols that will then react with methylene compounds to form
extended conjugated systems. In this sense, Au decorated CP mate-
rials are very promising heterostructures toward catalysis involv-
ing cascade processes [185,186]. However, as pointed out by Dai
and coworkers, capping agents often lower the reactivity of the
Au after being surrounded by a CP shell [177]. Therefore, attention
must be paid to the capping agent removal in order to activate the
catalytic reaction. In addition, the catalytic performance of plas-
monic systems can be further enhanced upon light irradiation
thanks to a plasmon-assisted catalytic effect [161]. This effect
has been exploited to enhance the catalytic activity of different
MOF shells [187-190]. In these cases, the MOF ensures the disper-
sity and stability of Au NPs and facilitates the mass transfer of a
given molecule, while the Au generates hot electrons after plasmon
excitation (Fig. 12a). In this context, Au@UiO-66 nanostructures,
formed by multi-Au cores surrounded by a MOF matrix, have been
used for direct photocatalytic nitrogen fixation reaction mediated
by the Au NPs. In the case of yolk@shell structures, the cavity has
a strong influence on the catalysis; thus, its control is crucial in
order to prepare efficient “nanoreactors”. In this way, this unique
morphology offers several advantages in heterogeneous catalysis.
For example, different activation energies for cyclohexene hydro-
genation were obtained for nanostructures with and without the
cavity in between the core and the shell [136]. In this regard, a
PtAu@HKUST-1 nanostructure was used as a catalyst for the
liquid-phase hydrogenation of olefins showing high stability and
catalytic activity [180]. As aforementioned, the increment of the
electrocatalytic activity thanks to the introduction of Au NPs can
be used to develop electrochemical sensors of different molecules.
Some hybrid Au-MOF nanomaterials have, therefore, been pro-
posed as an electrochemical sensor of nitrobenzene [191], nitrites
[192], hydroxylamine [193], gallic acid [194], and isoproturon
[195].
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Fig. 12. Examples of the application of the plasmonic properties in catalysis and sensing. a) Schematic illustration for direct photocatalytic nitrogen fixation reaction on Au
NPs encapsulated in UiO-66 matrix. The interconnected pores in the MOFs matrix facilitate the diffusion of N, molecules and further promote the reaction. Upon visible
irradiation, the hot electrons generated on the Au NPs can be directly injected into the N, molecules adsorbed on Au surfaces. Such N, molecules can be additionally activated
by the strong but evanescently localized surface plasmon resonance field, resulting in a lower apparent activation energy. Adapted from [189]. b) SERS effect on Au@MOF-5. ¢)
SERS spectra of single Au NPs (trace 1), single MOF-5 spheres (trace 2), and Au@MOF-5 NPs with different shell thicknesses toward CO, in a CO,/N; gas mixture. The thinnest
shell (under 4 nm) is the only one active (trace 5). d) SERS spectra of single Au@MOF-5 NPs with a thinner shell toward N,, CO, and O,. The arrows point to the characteristic

SERS peak positions of N5, CO, and O,. Adapted from [173].

The second example uses the photo-thermal effect of Au to con-
trol the adsorption or desorption of molecules carried by MOFs in
these nanostructures [196]. Thus, the loading properties of the
MOF can be used for drug delivery [174,197-199], while the use
of NIR light coupled to the plasmonic absorption of the Au NP pro-
vides a molecule-release mechanism, creating local temperature
gradients and, thus, the thermodiffusion of the molecule
[174,199]. In this context, Au@MOFs have been proven as excellent
multifunctional theragnostic nanoplatforms [200]. In addition to
this, the high adsorption capability of MOFs makes the Au-MOF
heterostructures highly sensitive SERS materials that can be used,
for instance, for tumor marker alpha-fetoprotein in human serum
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[201]. Furthermore, by selecting an appropriate MOF shell, it is
possible to combine the photo-induced singlet oxygen generation
behavior characterized by the MOF shell with the efficient conver-
sion of light into heat of the Au cores. Interestingly, these plas-
monic properties provided by the Au NPs could also be applied
for catalysis [202].

A third benefit provided by Au NPs comes from the SERS effect,
which can be of interest for sensing applications. Indeed, a hybrid
material can be designed for chemical sensing of high SERS signal
molecules by combining the selectivity and easy adsorption of
MOFs with the plasmonic effect provided by the Au NPs
[201,203]. To name a few, thanks to the SERS effect, Au@MOF-5
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Table 3
Structure, synthesis, colloidal properties and applications of reported Au-MOF heterostructures.

Material Synthetic approach Colloidal stability Application Reference

(structure) (size)

Au@MOF-5 Thermal metal-organic chemical vapor deposition loading  Suspension CO oxidation catalysis [167]
(Au encapsulated in (200 nm)
MOF)

Au@MOF-5 Direct mixing of Au and MOF precursors Colloids Sensing of N, CO, and O, [173]
(core@shell) (36 nm)

AuNRs@AI(OH)(1,4-ndc) Al deposition on AuNRs and Al dissolution by microwave Suspension Light-induced molecular release [174]
(core@shell) treatment (100-300 nm)

AuNRs@HKUST-1 Layer-by-Layer coating of AuNRs Colloids / [178]
(core@shell) (20 x 80 nm)

Au-ZIF-8 MOF growth on Au NPs using competitive ligands /(200 nm) Catalysis of 4-nitrophenol [184]
(Janus NPs)

Au/NH,-UiO-66 Direct mixture of the two compounds Suspension (80 nm) Tandem catalysis [185]
(Au decorated on of cinnamyl alcohol
MOF)

Au@UiO-66 Impregnation and Suspension (150 nm) Photocatalytic nitrogen fixation [189]
(Au encapsulated in Reduction of an Au salt on the MOF surface reaction
MOF)

Au/NH,-MIL-125(Ti) Reduction of an Au salt on the MOF surface Composite (200 nm — Electrosensing of gallic acid 193]

(Au decorated on
MOF)

1 pum)

nanohybrids were applied for the detection of CO, in gas mixtures
(Fig. 12b) [173]. Also, Uio-66 and Uio-67 compounds with rela-
tively large surface area and permanent high porosity were used
to load and prevent the precipitation of Au NPs and thus, to permit
the acquisition of excellent Raman signals of the pesticide acetami-
prid [204].

Table 3 summarizes the most significant Au-MOF heterostruc-
tures. These hybrid nanomaterials can be applied in numerous
fields and their colloidal stability is not always crucial. Yet, colloids
are required to benefit from the plasmonic properties in SERS
detection or biomedicine, and thus, colloidal chemistry emerges
as a reliable method to prepare functional hybrid NPs based on
Au and MOF.

4.2.3. Au-SCO

Coupling spin crossover phenomenon and plasmonic properties
into a hybrid nanostructure is attracting great interest in molecular
magnetism. In this regard, plasmonic properties have been mainly
used for taking advantage of i) the photo-thermal plasmonic effect
of Au to heat the hybrid material and induce the spin transition
and ii) to detect the spin transition thanks to the high sensitivity
of the plasmon.

Combinations of SCO complexes and Au NPs in hybrid
heterostructures were initiated following a decoration protocol.
In this context, attachment of Au NPs on the surface of [Fe(NH,-
trz)s](Br) was first reported in 2008 with the purpose of evidencing
the presence of the amino groups on the SCO surface [103]. Later
on, the first attempt to study the synergy between both systems
was described by preparing the well-known [Fe(Htrz),(trz)](BF,4)
polymeric complex (Htrz = 1H-1,2,4-triazole and trz = deprotonated
triazolato(—) ligand) covered by Au using thermal evaporation
deposition [205]. The resulting film was analyzed and the authors
confirmed the persistence of the SCO properties of the Au coated
particles. In 2014, Suleimanov and coworkers obtained a hybrid
to induce the SCO transition, reducing the energy needed through
the photo-thermal effect arising from the LSPR [144]. In this case,
[Fe(Htrz),(trz)](BF4) was decorated with ultra-small Au NPs of
~2 nm. These Au NPs were attached to SCO NPs covered with a
thin layer of silica shell that were firstly synthesized using the
reverse micelle technique (Fig. 13). By exciting the nanocomposite
at different laser wavelengths, a full switching was carried out and
a notable photo-thermal effect was noticed. Indeed, the laser
power required to complete the spin transition was reduced by
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around 70 % in presence of the Au NPs. The size of the Au NPs
was increased to ~15 nm in order to improve this performance,
but Raman spectra could not be recorded possibly because of the
SERS effect associated with the larger particles. In the same year,
a similar Au decoration was also used by Qiu et al., obtaining anal-
ogous nanohybrid material displaying a photo-thermal effect
[143]. In this case, the Raman measurements indicated that Au
NPs caused an efficient photo-thermal heating in the hybrid
nanocomposites, leading to about 100 times reduction of laser
energy needed for spin state switching compared with the particles
without Au. Later on, in 2016, Moulet et al. went one step further
and reported direct Au decoration of the [Fe(Htrz),(trz)](BF,) with-
out any silica shell [141]. They developed a simple protocol to
anchor Au over the SCO particles by taking advantage of the Au
affinity to nitrogen atoms present in the triazole ligands. Besides,
they were able to tune the Au NPs size (from 4 to 45 nm) and
ensure good coverage, but no photo-thermal effect was observed,
maybe because of the relatively weak laser power that was
applied. Then, other plasmonic metals such as Ag were also used.
Thus, Li et al. decorated Ag nanowires with two NPs exhibiting spin
transition: the well-known [Fe(Htrz),(trz)](BF,) and the Hofmann
clathrate [Fe(pz){Pt(CN)4}] [120]. Although the nanocomposites
retained their SCO properties, the electrical conductivity was unaf-
fected by the spin transition.

Following this overview, one can conclude that even if some
metal nanocomposite materials have been successfully designed,
the impact coming from the metallic decoration on the physical
properties does not show effective synergistic properties
[120,141,143,144,205]. This limitation is very likely due to an inef-
ficient interaction between the metal and the SCO material. To
overcome this limitation, a core@shell heterostructure has shown
to be more appropriate to ensure an intimate interaction between
both nanosystems.

On this basis, in 2019, a simple chemical protocol was devel-
oped to prepare for the first time Au@SCO NPs based on the [Fe
(Htrz)y(trz)](BF4) SCO [113]. The synthesis relies on a two-step
approach consisting of a partial surface ligand substitution of the
citrate-stabilized Au NPs followed by the controlled growth of a
very thin layer of the SCO polymer (around 4 nm thickness) which
maintains its cooperative spin transition (Fig. 14). Indeed, a large
change in conductance upon spin-state switching was detected
thanks to the presence of the Au core [113]. These results showed
a huge improvement in the sensitivity of the device to the spin
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transition, with values for the ON/OFF ratio, which are an order of
magnitude better than the best ones obtained in previous SCO
devices (Fig. 14e). In this way, the increase in the conductivity
(as a consequence of the introduction of Au NP) can be used to
improve the electrical detection of the spin transition.

Later on, the coverage of AuNRs by a thick [Fe(Htrz),(trz)](BF,)
layer shell (about 65 nm along the long axis and about 40 nm
along the short axis) was also undertaken by Palluel et al., leading
to well-defined heterostructures [22]. The resulting nanohybrid
displayed a high synergistic effect between the Au core and the
SCO shell. The benefits of chemically preparing these hybrids
are reflected by a strong modulation of the LSPR upon the spin
transition of the SCO shell (Fig. 15) [22]. Such modulation is con-
siderably higher than the one recorded in lithographically pat-
terned Au nanorod arrays spin-coated by thin films of the same
SCO complex [206]. In addition, the same authors investigated
the effect of plasmonic heating induced by AuNRs at the single
NP level [207].
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Interestingly, the photo-thermal effects are enhanced in Au NPs
containing hot spots as such created in the branches of AuNSs. This
feature has been recently exploited in core@shell NPs formed by a
metallic AuNS core and a SCO shell (Fig. 15) [130]. In this hybrid
nanostructure, a photo-thermal spin transition has been observed
by differential scanning calorimetry after irradiating with a very
low intensity laser (much lower than the one used for the AuNRs).
These synergistic effects are due to the interaction between both
nanosystems, revealing the importance of the chemical design for
engineering the most appropriate hybrid nanostructures.

The most important Au-SCO heterostructures are summarized
in Table 4. Although the final heterostructures are not always col-
loidally stable, the Au or SCO particles must be well dispersed in
solution during the preparation of the hybrid material, especially
for the formation of core@shells. Only in this way the plasmonic
properties can be properly preserved and used to switch the spin
state. Then, colloidal stability is an important property to consider
when synthesizing Au-SCO hybrid nanomaterials.
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Table 4
Structure, synthesis, colloidal properties and applications of reported Au-SCO heterostructures.
Material Synthetic approach Colloidal stability Application Reference
(structure) (size)
Au-[Fe(NH;,trz);](Br) Electrostatic interaction between both compounds Suspension Sensing of NH, groups [103]
(Au decorated on SCO) (80 nm)
Au-[Fe(Htrz),(trz)](BF,) Au seeds grafting and growth around SCO@SiO, NPs Suspension Photo-switching of the SCO [144]
(Au decorated on SCO@SiO,) (110 x 180 nm) state
Au-[Fe(Htrz),(trz)](BFs) Surface modification of Au NPs and direct mixing with SCO  Colloids Photo-switching of the SCO [141]
(Au decorated on SCO) NPs (80 x 150 nm) state
Ag-|Fe(Htrz),(trz)](BF4) Controlled growth around Ag nanowires Composite Electrical sensing [120]
(SCO decorated on Ag (400 nm in width)
nanowires)
Au@|Fe(Htrz),(trz)](BF4) Controlled growth around functionalized Au NPs Colloids Electrical sensing [113]
(core@shell) (20 nm)
AuNRs@|[Fe(Htrz),(trz)](BF4) Direct addition of SCO precursor to AuNRs solution Suspension Photo-switching of the SCO [21]
(core@shell) (100 x 220 nm) state
AuNSs@|[Fe(Htrz),(trz)]|(BFs4) Controlled growth around functionalized Au NPs Suspension Photo-switching of the SCO [130]
(core@shell) (100 nm) state
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5. Conclusions and perspectives

This review has focused on hybrid nanostructures integrating
gold nanoparticles with functional coordination polymers. Gold
nanoparticles have been used especially because of their unique
physical properties (plasmonic properties responsible for SERS
detection, photo-thermal effect and/or plasmon sensibility, and
electrical conductivity, which can facilitate the conducting proper-
ties in the hybrid nanomaterial) and the possibility to use colloidal
chemistry routes for designing the appropriate hybrid nanostruc-
tures targeting given functions. In their turn, coordination poly-
mers are materials that can possess potential advantages over
conventional inorganic nanomaterials and organic compounds
such as structural and chemical versatility, easy processability,
high specific area, good solubility, low toxicity, biodegradability
and electronic and magnetic functionalities. Thus, a wise integra-
tion of Au NPs in CPs in different types of nanostructures has
allowed to extend the scope of properties and applications of these
CPs, overcoming some of the limitations of Au NPs for specific
applications. In this regard, these hybrid materials have become
promising nanostructures for applications in biomedicine, cataly-
sis, magnetism and sensing.

In biomedical applications, the poor NIR photo-thermal therapy
performance of spherical small Au NPs (that are reported as the
most biocompatible plasmonic NPs) is significantly improved
when combined with CPs (that may exhibit tunable optical proper-
ties). On the other hand, the photo-thermal effect of Au NPs can
facilitate the adsorption or desorption of molecules carried by
these hybrid nanostructures. Thanks to that, their combination
with the high surface area of CPs can result in interesting usages
for drug delivery.

In catalysis, the elaboration of Au-CP nanostructures paves the
way for the catalysis of cascade processes and tandem reactions.
Moreover, Au can also improve the catalytic performance of pris-
tine CP materials thanks to its high electrical conductivity (for elec-
trocatalysis), or thanks to the plasmon (for photocatalysis).

In molecular magnetism, Au plasmons have been proven as an
excellent tool for inducing the spin transition in spin crossover
complexes by photo-thermal effects and for electrically detecting
and manipulating the spin state switching, thus facilitating its inte-
gration in molecular electronic and spintronic devices. On the
other hand, a promising perspective, which merits to be further
investigated, is that of combining in a single structure Au NPs with
magnets based on CPs (PBA networks, for example) in order to get
magneto-plasmonic effects, or even more complex phenomena
arising from the photo-magnetic properties exhibited by some of
these magnets.

For sensing applications, the combination of the high surface
area of CPs with the plasmonic effect of Au NPs has shown to be
useful for SERS sensing. In addition, the enhancement of the CP
electrocatalytic activity, obtained by incorporating Au NPs, can
improve the electrochemical detection/recognition of different
molecules. In this line, the increase in the conductivity of the CP
can also be used to improve the electrical detection of the spin
transition.

Along this review, particular attention has been paid to the
core@shell nanostructure made of an Au core and a functional CP
shell since it maximizes the interaction between the two nanosys-
tems, thus favoring the appearance of synergistic effects. Deco-
rated NPs are also quite common nanostructures due to their
simplicity, versatility and easy preparation. For the other possible
nanostructures, the field is much less explored. Thus, few Janus
and elaborated core@shell nanostructures, as the yolk@shell ones,
have been reported so far, despite their recent considerable inter-
est [133]. Moreover, the choice of CP has also been limited to very
well-known CPs, as for example bimetallic cyanide complexes of
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the Prussian Blue family, some archetypical MOFs, or spin-
crossover complexes. Indeed, there is still plenty of room available
to develop new synthetic protocols, to incorporate other less-
common CPs to produce novel hybrid nanomaterials and to explore
different physico-chemical properties coexisting or emerging in
these smart and multifunctional nanostructures.
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