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A B S T R A C T   

This review covers various aspects of recent developments on the design, the synthesis, the characterization of 
gels that: (i) are formed in the presence of metal ions (metallogels); (ii) are based on coordination complexes as 
gelators. Particular attention is devoted to systems that show recognition and sensing properties towards 
different analytes.   

1. Introduction 

Gels are ubiquitous soft materials widely used in everyday life. 
Probably, gelatin which is a natural product made of hydrolysed 
collagen that forms a transparent, elastic thermoreversible gel when 
cooled below about 35 ◦C, represents the most familiar gel in Nature. 
Fundamentally, we can define a gel when in a system characterized by 
the presence of two (or more) components, a fibrous or colloidal solid- 
like phase is able to immobilize a large fluid volume, causing the for
mation of a continuous structure of macroscopic dimension [1]. A gel is 
commonly (although not always reliably) identified by performing the 
inversion tube test, that assess whether or not the material resists to 
gravitational force when the tube is flipped upside down. However, it is 
the rheological behaviour that defines the solid-like properties of the 
material. The protein scientist Dorothy Jordan Lloyd was particularly 
interested in the properties of gels, and she described them as materials 
that are “easier to recognize than to define” [2]. Gelatin in particular 
involves a physically entangled network structure with disordered re
gions and crystalline triple helical cross-links [3,4]. Generally, it is by 
means of a sol–gel transition process that an artificial gel is obtained. 
Indeed, in the case of metal oxide polymeric materials (maybe the most 
well-known artificial gels), a mixture of colloidal particles dispersed in a 

solvent (a sol), due to the hydrolysis and the polycondensation of 
monomeric metal salts, swells up, giving a continuous inorganic 
network containing the liquid phase (gel) [3]. Materials obtained via 
sol–gel processes find application in a wide range of fields, such as optics 
[5], energy space [6], sensing and biosensing [7–9], controlled drug 
delivery and release [10], and chromatography [11,12]. 

Amongst the strategies for the preparation of gel phase materials, the 
supramolecular bottom-up approach can be used to form highly ordered 
nanostructures from small molecules, namely Low Molecular Weight 
Gelators, through non-covalent interactions, such as hydrophobic in
teractions, hydrogen bonds (HBs) and π-π interactions. Low Molecular 
Weight Gels (LMWGs), or supramolecular gels, represent a class of 
emerging materials based on the fibrous self-assembly of small mole
cules, such as bis-ureas [13,14], amides [15,16], nucleobase derivatives 
[17–19], fatty acids, steroids [20], amino acids derivatives [15], den
drites [21,22], and porphyrins [23], into long, anisotropic structures, 
most commonly fibres [24]. At a specific concentration termed the 
critical gelation concentration (CGC), these fibres entangle or otherwise 
form cross-links, leading to a network capable of immobilizing the sol
vent through surface tension or capillary forces. These gels differ from 
the cross-linked polymer gels based on covalent interactions since the 
presence of non-covalent interactions, as well as their balance in the 
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formation of the nanostructure, allows the control of important features, 
such as morphologies and the mechanical/rheological properties, of the 
materials. Particularly, these properties can be reversed by the appli
cation of an external stimulus, such as an input of energy, or a chemical 
input. LMWGs can be identified by their melting point (Tgel), a tem
perature above which the gel phase turns to a sol phase. Hence, supra
molecular gels are typically/usually prepared by dissolving the gelator 
in a warm solution, and allowing it to cool below the Tgel [3]. There are 
also sonogels formed by sonication [25,26] and light-responsive gels 
which can change their morphology upon irradiation with a light of 
specific wavelength [27–29]. When the solvent in which the gel fibres 
grow is water, the gel is a hydrogel, whereas in a typical organogel the 
liquid component is an organic solvent. Over the last two decades, the 
scientific community has constantly increased its interest in the devel
opment of new synthetic gel systems, such as ionogels [30–33] and 
eutectogels [34–36], which are formed in non-conventional solvents, 
such as ionic liquids and deep eutectic solvents, respectively. When a 
metal, in the form of a coordination compound or as metal nanoparticle 
is part of the gel network [37], the gel is called metallogel and the first 
example of this type of material was reported in 1841 as a lithium urate 
hydrogel [38]. Metallogels can find applications in different fields such 
as catalysis [39], nanoparticle templating, magnetism, proton conduc
tion, and sensing [40,41] and for this reason they have been widely 
studied [42]. 

When a metallogel is formed by a discrete coordination complex, it 
can be considered a supramolecular gel as the gel network can be formed 
through supramolecular interactions such as ligand/co-ligand, metal/ 
solvent, metal/counteranion, bulk solvent interactions [37]. The func
tionalization of the gelator could have a crucial role in the control of the 
metal/gelator intermolecular interactions to form the metallogel. Met
allogels [43] of this type are particularly interesting because, by 
changing the nature of the metal centre, the coordination geometry, and 
the ligands, it is possible to impart different and intriguing spectro
scopic, catalytic and redox properties to the materials that cannot be 
achieved in metal-free gels [44–47]. Compel demonstrated how the 
variation of poly-ethylene glycol dimethoxy ethers (glyme) chain length 
and water content can affect the extent of polymer interaction and the 
mechanical and optical properties of the metallogel [48]. Although the 
design of new synthetic systems able to gel remains challenging, there 
have been some attempts to adopt rational approaches towards 
designing metallogelators [49]. For example, an improvement of the 
stability of supramolecular gels can be achieved by the presence of metal 
ions, and the change of the nature of metal ions allows for a wide control 
over the mechanical strength of gel [50–52] as a consequence of nano
particles formation [53]. Furthermore, metallogels could also be used to 
form a porous imprint on organic polymers [54]. In this review article, 
the highlights of the recent research on supramolecular metallogels will 

Fig. 1. Simplified scheme of the supramolecular assembly of 1 via the forma
tion of HB between the indole and amide NHs and the C––O. Copyright Wiley 
2017. Reproduced with permission from ref. [61]. 

Fig. 2. A) TEM image recorded at room temperature of the gel of 1 obtained in 
dichlorobenzene (2.7% w/v, scale bar = 1 μm; B) gel at minimum gelation 
concentration turning into a solution after treatment with iron(III) perchlorate 
and formation of spheres as measured by TEM (scale bar = 1 μm). Copyright 
Wiley 2017. Reproduced with permission from ref. [61]. 

Fig. 3. Alternating strain rheology for: A) the organogel of 2; B) the organogel of 2 in the presence of [Fe(μ-S)2Cl4]2− in MeCN/toluene (1:2 v/v). Copyright Springer 
2019. Reproduced with permission from ref. [62]. 
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be reported, focusing on their applications in catalysis, pollutant 
remediation, gas absorption, and molecular sensing. Although this topic 
will not be covered in this review, it is interesting to note that various 
supramolecular polymers containing metal ions, based on hierarchical 
self-assembly (HSA) have been recently reported [11–13]. 

2. Organometallic gels 

In the quest for stimuli responsive materials and in particular 
supramolecular-polymers and gels, the use of an organometallic scaffold 
has also been considered. In particular, ferrocene(Fc)-containing amino 
acids and peptides can easily self-assemble and gelate due to the for
mation of non-covalent interactions such as HBs, forming a wide range 
of nanostructures including nanofibres, nanotubes and nanovesicles 
[55–60]. Indeed, amino acids are well known for their ability to form 
HBs and binds metal ions. On the other hand, the distance of the two 
cyclopentadiene rings, ideal for the formation of HBs between attached 
functionalities such as amino acids/peptide strands, makes ferrocene 
useful for the design of LMWGs. Moreover, Fc redox responsiveness can 
be transferred to supramolecular self-assembled gels. 

Given that among the 20 common amino acids, tryptophan (TrP) has 
the largest nonpolar surface, the greatest electrostatic potential for 
cation-π interactions and the indole NH group is capable of hydrogen- 

bonding donation, Kraatz and co-workers have recently considered the 
Fc bio-conjugate 1 as possible gelator, featuring two Trp-Trp dipeptides 
linked to the organometallic Fc scaffold [61]. 

Fig. 4. A) TEM; B) SEM and C) AFM images of 3 (7 mM) in water at room temperature. Copyright RSC 2017. Reproduced with permission form ref. [63].  

Fig. 5. (A–C) SEM images at increasing magnification levels of the gel of 3 at room temperature; D) dynamic oscillatory stress sweep of the gel. Copyright RSC 2017. 
Reproduced with permission form ref. [63]. 

Fig. 6. Stimuli-responsiveness images of the gel formed by 3. Copyright RSC 
2017. Reproduced with permission from ref. [63]. 
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The X-ray crystal structure of 1 shows that both proximal and one 
distal (with respect to the Fc moiety) NH indolic functions are involved 
in the HB formation with solvent molecules, either Et2O or THF. On the 
other hand, the HB interactions between the remaining distal NH 
function and a carbonyl group of a neighboring molecule of 1, forms a 
linear ordering of discrete molecules in the crystal. Furthermore, also 
the amide NH, located between two Trp side chains, and the other 
carbonyl group adjacent the Fc moiety on a neighboring Fc bio- 
conjugate molecule, as well as the amide NH closest to the Fc moiety 
on one dipeptide chain and the central carbonyl group on the second 
dipeptide unit (and vice versa), are involved in the formation of addi
tional HB to thickens the supramolecular architecture. A simplified 
scheme of the intermolecular HBs between neighboring units of 1, which 
is responsible for the formation of a nanofibrillar network structure, is 
shown in Fig. 1. 

Compound 1 forms a gel in nitrobenzene (after sonication) and 
dichlorobenzene (on cooling a hot solution) at 3.4% and 2.7% w/v, 
respectively, with melting points at these concentrations of 54 and 
56 ◦C, respectively. Frequency sweep rheology evidenced the soft nature 

of the material (G′ was found to be higher than G\prime\prime , with a 
G′/G\prime\prime ratio of 0.279 as index of its elasticity). Interestingly, 
self-healing experiments evidenced the capability of the gel of 1 to 
spontaneously self-heal after being broken and to recover the mechan
ical properties over cycles of strain addition and lifting, not observed/ 
noticed for the Fc-dicarboxylic acid derivative of the single amino acid 
Trp [55]. 

TEM images of a dried gel solution of 1 show the presence of nano
fibres as the main morphology (Fig. 2A). However, the addition of iron 
(III) perchlorate to the gel of 1 cause a gel-sol transition. This was 
confirmed by the TEM image reported in Fig. 2B, in which it is possible 
to notice/observe the disappearance of the entangle fibres and the for
mation of nanospheres. In dichlorobenzene the gel of 1 expressed su
pramolecular chirality, as demonstrated by concentration-dependent 
circular dichroism (CD), with a strong positive Cotton effect at around 
500 nm. This signal disappeared upon the addition of a oxidizing agent, 
due to the disruption of the supramolecular helicity. 

Intra- and intermolecular weak interactions in Fc-peptide conjugates 
can be tuned passing from systems featuring two adjacent peptide chains 
linked to the Fc organometallic core, to systems featuring only one 
pedant peptide chain with dramatic consequence on the gelation 
behaviour [59]. 

In particular, the bio-conjugate 2 was studied by Kraatz and co- 
workers for supramolecular gelation and stimuli responsive behaviour 
[62]. Gelator 2 was dissolved in hot toluene and chlorobenzene, forming 
an organogel when cooled at 25 ◦C (minimum gelation concentration 
(MGC) 6 mM and 8 mM for the two solvents, respectively). Interestingly, 
reversible sol–gel transformations were obtain over several cycles of 
heat-cool processes (Tgel = 45 ◦C and 55 ◦C for toluene and chloroben
zene, respectively). The obtained gel is opaque and metastable as a 
precipitate is formed after 1–2 h after gelation. However, a transparent 
organogel as nanofibres of 28 (±7) nm (from TEM measurements) can be 
obtained from MeCN/toluene (1:2 v/v) which is stable for several 
months in ambient conditions (MGC 8 mM, Tgel 52 ◦C at MGC). Despite 
the presence of the imidazole moiety in 2, no gel was formed in the 
mixed solvent system MeCN/toluene (1:2 v/v) in the presence of Co2+, 
Ni2+, Cu2+ and Zn2+. However, the presence of the binuclear cluster [Fe 
(μ-S)2Cl4]2− favored gelation with nanotubular morphology (average 
diameter of nanotubes 24 (±6) nm from TEM measurements), thus 
representing the first example of prebiotic self-assembly. 

Fig. 7. A) Chemical structure of gelator 5 and inversion tube test of the organogel of 5 in benzene under the UV light; B) and C) SEM and TEM images, respectively, of 
the xerogel of 5 obtained in benzene. Copyright ACS 2022. Reproduced with permission from ref. [64]. 
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Sweep frequency rheology (from 0.1 to 100 rad s− 1) evidenced a 
significant dependence of the ratio between G′ and G\prime\prime from 
the medium. Indeed, an increase of G′/G\prime\prime was observed on 
passing from the organogel prepared from toluene to the organogels 
prepared in MeCN/toluene (1:2 v/v) both in the absence and in the 
presence of the binuclear cluster [Fe(μ-S)2Cl4]2− , thus supporting the 
high elastic character of gels obtained from the mixed solvent system. 
Furthermore, the organogels obtained from 2 in MeCN/toluene (1:2 v/v) 
showed a thixotropic behaviour. 

Indeed, as shown in Fig. 3A, the organogel of 2 immediately recov
ered its initial mechanical properties after removal of the high strain. 
However, the presence of [Fe(μ-S)2Cl4]2− caused an uncomplete recover 
of the G′ modulus after removal of the high strain in each cycle (Fig. 3B). 
Interestingly, the addition of equimolar Fe(ClO4)3 to the organogel ob
tained from 2 in MeCN/toluene (1:2 v/v) caused a gel-sol transition 
accompanied by a colour change of the solution from yellow to deep 
blue, suggesting the oxidation of the Fc moiety. However, the solution 
turned back to yellow upon the addition of ascorbic acid, with the 
reformation of the original organogel after the neutralization of the 
solution with ammonia. These findings suggested that the organogel 
formation depends on the protonation state of the imidazole ring of the 
histidine residue in 2. 

Fc has been used to modify β-Cyclodextrins (CDs) by Aiyou Hao and 
co-workers [63]. They studied two new CD derivatives, 3 (BA-Fc-CD) 
and 4 (HA-Fc-CD) linked with ferrocene, as supramolecular gelators.  

Fig. 8. A) SEM and B) fluorescence microscopy images of Pt2+-6 metallogel (1.0 wt%) in DMSO/H2O (3:7 v/v); C) energy Dispersive Spectroscopy (EDX) mapping of 
the Pt2+-6 metallogel, (a) bright-field image, (b) platinum, (c) carbon, (d) oxygen, and (e) nitrogen components. Copyright ACS 2014. Reproduced with permission 
from ref. [65]. 
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Gelator 3 aggregates at a concentration of 7.0 mM in water in the 
form of micron-scale flexible fibres, as demonstrated by the transmission 
electron spectroscopy (TEM), scanning electron spectroscopy (SEM) and 
atomic force microscopy (AFM) images reported in Fig. 4A-C, 

respectively. It has been observed that also 4 aggregates in a similar 
fashion. 

When 3 was mixed with N-methyl pyrrolidone (NMP) and acetone a 
new organogel formed. The SEM images reported in Fig. 5A–C evidence 
a three-dimensional network structures of spherical aggregates. The 
material expressed a solid-like behaviour, with a G′/G\prime\prime 
>10 and a crossover point close to 103 Pa (Fig. 5D for the dynamic 
oscillatory sweep stress rheology). 

Interestingly, upon the addition of oxidant species, such as H2O2 or 
copper(II) ions, a gel sol transition was observed, accompanied by a 
dramatic colour change from yellow to deep blue (Fig. 6), demonstrating 
the stimuli-responsive behaviour of this gel. 

Collavini, Sánchez, Delgado and co-workers reported the gelation 
behaviour of a new organostanoxane drum 5 [64]. Gelator 5 formed 
fluorescent stable organogels in aromatic solvents, such as benzene and 
toluene (Fig. 7). 

The formation of the gel was found to be extremely concentration 
dependent. SEM and TEM analysis demonstrated that the morphology of 
the material is characterized by a thick fibrous network. The authors 
suggested that the gel formation is triggered by C–H⋯π interactions, as 
supported by the 1H NMR experiments conducted at variable 
temperature. 

3. Luminescent metallogels 

By combining metal centers and different ligands via coordination 
interactions, supramolecular gels with fascinating properties such as 
photoluminescence, can be obtained. Jung and co-workers reported a 
calix[4]arene derivative containing terpyridine (6) able to form metal
logel in DMSO/H2O (3:7 v/v) in the presence of Pt2+ (added as its 
chloride salt) [65]. The SEM, image of the Pt2+-6 metallogel obtained 
displayed spherical structures with diameters of 1.8–2.1 μm (Fig. 8A). 

The Pt2+-6 metallogel showed a strong red colour emission upon 
excitation at 420 nm (Fig. 9A). The intensity and the wavelength emis
sion depends on the DMSO/H2O ratio in the solvent mixture, which 
affects the formation of Pt-Pt and π-π stacking interactions. 

Although the presence of the Pt2+, along with a different DMSO/H2O 
ratio, influenced the optical properties of the Pt2+-6 metallogel, the 
concentration of the metal ion did not affect the rheological properties of 
the material. Indeed, the Pt2+-6 metallogel formed upon the addition of 
4 equivs. of Pt2+, remains stable for further addition of platinum salt. 

M. Haukka and co-workers described the self-healing properties of 
luminescent metallogels formed by platinum(II) complexes of terpyr
idine based gelators 7 and 8 bearing perfluoroalkyl and alkyl side chains 
[66]. 

The rapid gelation of the complex {[Pt(7)Cl]Cl}, that occurred both 
in DMSO and in DMF, is due to the simultaneous presence of Pt-Pt and F- 
F interactions (Fig. 10), which are also responsible for the construction 
of hierarchical superstructures. These interactions are also responsible 
for the self-assembly-induced luminescence with an emission band at 
about 650 nm (Fig. 11B), and self-healing. As show in Fig. 11B the 
fluorescence intensity emission decreases as the temperature increases 
and a blue shift, from 640 nm to 600 nm, occurs by varying the tem
perature from 25 ◦C to 80 ◦C. Temperature sweep rheology experiments 
revealed that the gel formed by {[Pt(7)Cl]Cl} did not change its rheo
logical properties in this range of temperature. 

K.C. Chang and co-workers reported the study of a series of platinum 
(II) complexes with the gelator 9 [67].  

Fig. 9. A) Photograph of the Pt2+-6 metallogel at 1.0 wt% under UV light at 
various H2O/DMSO volume ratios (from 1:9 to 9:1 v/v); B) emission spectra of 
the Pt2+-6 metallogel at 1.0 wt% under UV light at various H2O/DMSO volume 
ratios (from 1:9 to 9:1 v/v) at 25 ◦C. Copyright ACS 2014. Reproduced with 
permission from ref. [65]. 
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In the formation of these complexes several type of non-covalent 
interactions, such as HB, π-π, and Van der Waals, are combined to 
form an entangle network able to entrap organic solvents and to form 
the luminescent metallogel Pt2+-9. The increase of the temperature 
caused the gel-sol transition of Pt2+-9, with an enhancement of the 
emission of Pt2+-9, due to the formation of the low-energy excimer as
semblies in the excited state. Indeed, as shown in Fig. 12A, Pt2+-9 
exploited the higher degree of freedom at the molecular level as a 
consequence of the increase of the temperature and the break of the 
metallogel, to self-assemble/rearrange in molecular aggregates and to 
form the excimer. 

Yam and co-workers report a luminescent gold(III) complexes ob
tained with a chlorogold(III) precursor and gelator 10 [68].  

These bis-cyclometalated alkynylgold(III) complexes exhibit gela
tion properties due to hydrophobic-hydrophobic interactions and π–π 
stacking. In particular, metallogel of 10d is highly stable and show an 
appreciable change in absorption and emission spectra during the sol
–gel transition observable upon an increase of the temperature from 10 
to 40 ◦C (Fig. 13). This system can be used as a probe to detect micro- 
environmental changes. 

Lanthanide ions, especially Tb3+ and Eu3+, have interesting photo
luminescence properties including their high quantum yield, narrow 
band emission, high photochemical stability, long luminescence lifetime 
(μs–ms range), and low long-term toxicity and have recently been used 
to synthesize metallogels with interesting properties [69–71]. In this 
context, the pyridine-2,6-dicarboxylic acid derivative 11, was found to 
form 3D self-assembly units when reacting in different stoichiometry 
ratios (1:2 and 1:3 Ln3+/11) with Tb3+ and Eu3+ as their tri
fluoromethanesulfonate salts (Fig. 14) [72]. Supramolecular polymers 
formed under microwave conditions in 1:3 stoichiometry, when further 
treated with acetate salts of Eu3+ or Tb3+ in methanol, formed lumi
nescent gels emitting with a characteristic red (Tb3+) or green (Eu3+) 
lanthanide based emission (Fig. 15). 

Fig. 10. A) {[Pt(7)Cl]Cl} and {[Pt(8)Cl]Cl} complexes; B) and C) SCXRD of {[Pt(7)Cl]Cl} and {[Pt(8)Cl]Cl} respectively, with Pt⋯Pt interaction; D) and E) crystal 
packing of {[Pt(7)Cl]Cl} and {[Pt(8)Cl]Cl}, respectively. Copyright RSC 2020. Reproduced with permission from ref. [66]. 
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The authors prepared a new gel by adding various stoichiometry 
ratios of Ln3+ as their acetate salts, to a solution of the Ln3+ complex of 
11 (Ln(11)3) in MeOH, with Ln = Tb, Eu. The most stable soft gel was 
obtained as a opaque gel with a Ln(11)3/Ln(CH3COO)3 molar ratio of 

1:0.5. The Eu3+ and Tb3+ gels exhibited self-healing properties as show 
in Fig. 15F–I. Indeed, the reassemble of the gel spontaneously by self- 
healing process was noticed after cutting the gel in two. 

To take advantage of the optical properties of the two gels obtained 
with each rare earth, a new soft material was obtained by mixing equal 
volumes of the two lanthanide gels previously described. A new lumi
nescent gel was obtained featuring characteristic emission bands 
attributable to the Tb3+ emission at 545 nm, and to the Eu3+ emission at 
616 nm (Fig. 15E). 

More recently, H. Niu and co-workers described another example of 
gelator capable to form luminescent lanthanide-based metallogels. 
Gelator 12 formed a gel in the presence of Eu3+ (Eu3+-12), Tb3+ (Tb3+- 
12), and both Eu3+ and Tb3+ (Eu3+/Tb3+-12) (Fig. 16) [73]. Among 
them, Eu3+/Tb3+-12 xerogel was found to selectively recognize meth
anol over a variety of solvents (Fig. 16A). For this reason, Eu3+/Tb3+-12 

Fig. 11. A) Pictures of the gel formed by {[Pt(7)Cl]Cl} in DMSO in the presence and in the absence of UV-light radiation; B) UV–Vis (solid lines) and fluorescence 
(dashed lines) spectra of the gel formed by {[Pt(7)Cl]Cl} (0.6%) in DMSO at different temperatures (λex = 550 and 530 nm for T = 25–60 ◦C and T = 70–80 ◦C, 
respectively). Copyright RSC 2020. Reproduced with permission from ref. [66]. 

Fig. 12. A) Scheme of excimer formation in the excited state at high temperatures for Pt2+-9; B) Pt2+-9 in toluene in the viscous form at 328 K (right), in the gel form 
at 278 K (middle), and at 298 K under the UV–Vis lamp (λex = 365 nm). Copyright Wiley 2012. Reproduced with permission from ref. [67]. 
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xerogel was used to prepare a self-calibrated fluorescent sensor for the 
recognition of methanol with excellent detection reproducibility and 
fast response. The sensor was prepared by using a cellulose filter paper 
soaked into an ethanol suspension of Eu3+/Tb3+-12 xerogel, and after 
drying in air, it was exposed to methanol vapour. Furthermore, the 
prepared Eu3+/Tb3+-12 paper-based sensor has demonstrated good 
response and recyclability to methanol vapour when placed in a nitro
gen atmosphere. 

Holten-Andersen and co-workers reported a luminescent metallogels 
obtained with lanthanide (Eu3+, Tb3+) and a terpyridyl-end-capped four 
arm poly(ethylene glycol) gelator 13 (Fig. 17) [74]. 

In particular, by adding increasing amount of Tb3+ (as its perchlorate 
salt) to a solution of 13 in DMF/MeCN (1:1 v/v) up to a gelator/ 
lanthanide stoichiometry ratio of 2:1, a green emissive gel Tb3+-13 was 
obtained. The same procedure by using the perchlorate salt of Eu3+

allowed to obtain a red emissive gel Eu3+-13. Curiously, with the aim to 

Fig. 13. Gel of 10d obtained in A) hexane; and B) cyclohexane; on the left the sol obtained at elevated temperature ([Au] = 4.6 mg/mL). Copyright ACS 2013. 
Reproduced with permission from ref. [68]. 

Fig. 14. A) Self-Assembly formation of Ln3+-11; B) the metallo-supramolecular polymers obtained. Copyright ACS 2015. Reproduced with permission from ref. [72].  
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Fig. 15. Eu3+ and Tb3+ gels of 11 A) in day light; and B) under UV light; C) luminescence of Eu3+, Tb3+, and Eu3+/Tb3+ gels of gelator 11 on quartz plates; D) Eu3+, 
Tb3+; and E) Eu3+/Tb3+-11 mixed gel luminescence spectra at 25 ◦C (λex = 275 nm); F − I) healing experiment of Eu3+-11 gel with F) Eu3+ gel under day light, G) 
under UV light, H) gel after being cut in half, and I) self-healing properties of the gel (scale bars, 1 cm). Copyright ACS 2015. Reproduced with permission from 
ref. [72]. 

Fig. 16. Molecular structure of 12 and representation of its gels (Eu3+-12), (Tb3+-12), and (Eu3+/Tb3+-12) under the UV lamp at 302 nm. A) Luminescence spectra 
of the Eu3+/Tb3+-12 xerogel dispersed in different solvents; B) Histogram of the intensity ratios of Tb3+ (546 nm) to Eu3+ (618 nm), inset: different emission visible 
by naked eye of a dispersed solution in MeOH (right) and EtOH (left) of Eu3+/Tb3+-12; C) fluorescence spectra of the Eu3+/Tb3+-12 paper-based sensor before and 
after exposing to MeOH vapour, inset: effect of the exposition of the Eu3+/Tb3+-12 paper-based sensor to MeOH vapour (right). Copyright ACS 2021. Reproduced 
with permission from ref. [73]. 
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modulate the emission of the material obtained, the authors reported the 
emission spectra of the red emissive gel upon the addition of increasing 
amount of the green emissive gel. As a result, a white light gel was ob
tained with a ratio between Eu3+ and Tb3+ of 4:96 (Fig. 17A). These 
findings offered an enormous potential regarding the possibility to 
exploit these stimuli-responsive properties. Indeed, a reversible gel-sol 
transition accompanied with a significant change of the emission spec
trum was observed by treating the white light emitting Eu3+/Tb3+-13 
gel with vapours of trifluoroacetic acid and triethylamine (Fig. 17B). 

Das and co-workers developed a novel family of gel containing lan
thanides (Eu3+, Tb3+, and mixed Eu3+/Tb3+ or Eu3+/Ir3+) using the 
terpyridine derivative 14-X (X = F, Cl) (Fig. 18) [75]. 

The Eu3+-14-X and Tb3+-14-X metallogels expressed an intense red 
and greed emission, respectively, under the UV light at 365 nm. Inter
estingly, also in this case a white light emitting gel Eu3+-14-F/Tb3+-14-F 
was obtained by mixing the Eu3+ and Tb3+ perchlorate salts with 14-F in 
a 1:1:1 molar ratio in DMF. Furthermore, the luminescence of the ma
terial could be modified/modulated by changing the ratio of the three 
components of the system (See Fig. 18). 

These metallogels can be used to fabricate a luminescent agarose gel 
by a simple drop casting procedure and also transparent luminescent 
poly(methyl methacrylate) (PMMA) films by embedding the gel into a 
PMMA polymer matrix without affecting the optical properties of the 
metallogels. 

Another example of lanthanide based metallogels were reported by 
H. Wang and co-workers [76]. Indeed, gelator 15 was found to be able to 
form the Tb3+-15 metallogel through HB and π-π stacking interactions 
(Fig. 19). 

Tb3+-15 was characterised by a stable luminescent behaviour, 
attributable to the thermal stability of the gels. In addition, under 
alkaline and acidic conditions, Tb3+-15 exhibited an “on–off” lumines
cence behaviour, which depends upon the external acidic/alkaline 
stimuli (Fig. 20). 

M. Xue and co-workers obtained photoluminescent lanthanide met
allogels by mixing the aromatic carboxylic ligands 16a–c with Tb3+ or 
Eu3+ nitrate salts [77]. As shown in Fig. 21, the metallogels expressed an 
intense green and red luminescence, due to the presence of the Tb3+ and 
Eu3+ respectively, under the UV lamp at 365 nm. 

Tb3+-16c metallogel obtained in a mixture of DMF/H2O (1:1 v/v) 
was found to be the most stable of the series, as indicated by the sweep 
stress rheology measurements. Furthermore, Tb3+-16c exhibited 
remarkable self-healing, self-supporting, and film-forming properties 
(Fig. 22). 

Wang and co-workers reported another example of lanthanide based 
metallogel by using the triazine derivative 17 [78]. Upon heating, 17 
was able to gelate in the presence of Tb3+(as its chloride hydrate salt). 
The Tb3+-17 metallogel obtained exhibited an excellent mechanical 
stability, as well as a retained luminescence, over a wide range of tem
perature (0–100 ◦C). Furthermore, Tb3+-17 xerogel expressed an intense 
green luminescence when dispersed in aqueous solution (Fig. 23), 
conferring it a great potential as biomolecules sensor. 

Dubey and co-workers obtained a fluorescence metallogel by mixing 
two non-fluorescent components, the phenyl-succinic acid derived 
ligand 18 and LiOH in DMF [79]. In this gel, Li+ ion plays a crucial role 
in the gelation process because it causes the aggregation of single ligand 
molecules and also contributes to generate a fluorescent emission by 
imposing a restriction on intra-molecular proton transfer to the excited 
state (ESIPT), thus causing the chelation-enhanced fluorescence (CHEF) 
phenomenon (Fig. 24). 

Liu and co-workers prepared a quinolinol-functionalized L-gluta
mide fluorescent gelator 19 able to form chiral metallogels in the 
presence of Li+, Zn2+, and Al3+ (Fig. 25A) [80]. Among them the Zn2+- 
19 metallogel was able to recognize the (R,R)- and (S,S)-1,2-dia
minocyclohexane enantiomers, with fluorescence emission changes 
appreciable by naked eye under a UV lamp. Indeed, when Zn2+-19 
metallogel interacted with the (S,S) enantiomer, the emission of the 
metallogel under irradiation at 365 nm turned from cyan to yellow. On 
the other hand, the addition of the (R,R) enantiomer caused a gel-sol 
transition of the Zn2+-19 metallogel, with no significant changes in 
the fluorescence emission (Fig. 25B). 

4. Metallogels for sensing 

The development of metallogels as smart materials for sensing ap
plications is a hot topic within supramolecular chemistry. It is possible to 
design different gelators able to form metallogels behaving like sensors 

Fig. 17. Chemical structure of gelator 13. A) Schematic preparation of Ln3+ coordination-based luminescent metallogels under UV light (λex = 365 nm, 3.5 wt% 
gelator 13, DMF/MeCN 1:1 v/v); B) stimuli-responsive emission colour changes and phase transitions of white-light metallogel (WLGel): pH-triggered vapo
chromism. Copyright ACS 2015. Reproduced with permission from ref. [74]. 
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Fig. 18. Molecular structure of 14-X (X = F and Cl); Inversion tube test of metallogels A) under ambient light; and B) and C) under UV lamp (λex = 365 nm). I: Eu3+- 
14-F, II: Tb3+-14-F, III: Eu3+-14-F/Tb3+-14-F, IV: Eu3+-14-F/2(Tb3+-14-F), V: Ir3+-14-F, VI: Eu3+-14-F-Ir3+, and VII: Eu3+-14-Cl-Ir3+. Copyright RSC 2018. 
Reproduced with permission from ref. [75]. 

Fig. 19. Scheme of the Tb3+-15 gel formation. Copyright Elsevier 2019. Reproduced with permission from ref. [76].  
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for small neutral molecules and for charged species such as anions and 
cations. Anion sensing is one of the most studied applications for met
allogels. Weitao Gong, Guiling Ning and collaborators reported an 
amide-based metallogel for fluoride sensing based on gelator 20 [81]. 
When 20 dissolves in DMF it self-assemble forming a strong organogel at 
0.5% w/v with a Tgel of 58 ◦C. Gelator 20 emits fluorescence in the blue 
region both in solution and in the gel phase due to its twisted and rigid 
molecular structure. 

Authors evaluated the effect of the diffusion of various transition 
metal ions such as Cu2+, Zn2+, Hg2+ Cd2+, Pb2+ Cr3+, Ni2+, Fe3+ Co2+, 
Ag+, lanthanide ion Ce2+, and alkaline earth metal ions such as Mg2+

and Ca2+ into the supramolecular organic gel of 20. Interestingly, the 
presence of Zn2+ caused a gel-gel transition with a change in the fluo
rescence emission from blue to light blue with a bathochromic shift of 
20 nm and a partial quenching of the fluorescence. The supramolecular 
organogel formed by 20 emitted a blue fluorescence while the supra
molecular metallogel Zn2+-20 emitted a light blue fluorescence with a 
quenching effect under the UV lamp at 365 nm and a red shift of the 
emission wavelength of 20 nm. Fig. 26A shows the effect on the emission 
properties of the organogel of 20 upon the addition of the metal ions 
investigated. 

The anion recognition properties of the organogel formed by 20 and 
the metallogel Zn2+-20 have been investigated by adding stoichiometric 
amounts of a series of anions such as AcO− , NO3

− , H2PO4
− , F− , Br− , I− , 

CN− , and OH− (in the form of tetrabutylammonium salts). When F−

diffused into the metallogel Zn2+-20 at room temperature, an intense 
blue-green emission was observed under the UV lamp as shown in 
Fig. 26 D. This change in the fluorescence emission was attributed to the 
formation of the new metallogel Zn2+-20-F. As reported in Fig. 26 C 

upon addition F− into the metallogel solution in DMF an increase of the 
intensity of the emission band at 465 nm was observed accompanied by 
a bathochromic shift of 35 nm. 

Sebastian and Prasad reported about the ability of gelator 21 to form 
a cyanide-selective metallogel with Cu2+ [82]. The molecular skeleton 
of gelator 21 contains a terpyridine moiety that can facilitate the for
mation of the metallogel due to its chelating properties, and an acyl 
hydrazone linkage that can promote the gelation process via the for
mation of HBs. Gelator 21 formed organogels in various solvents and 
solvent mixtures like DMSO/H2O, DMF/H2O, dioxane/H2O, and MeCN/ 
H2O (all in ratio 1:1 v/v) with a critical gelation concentration (CGC) 
value of 1 mg/mL. The organogel formed in DMSO/H2O (1:1 v/v) was 
used for further studies and showed a strong emission probably due to an 
aggregation induced emission (AIE) process. 

Upon the addition and diffusion of Cu2+ ions into the organogel of 
gelator 21 a green nonluminescent copper metallogel was obtained. 
Gelation studies proved that gelation is hampered when the concen
tration of metal was more than 0.8 equivs. [further studies have been 
carried out with 0.5 equivs. of copper(II)]. SEM has been used to analyze 
the gel morphology, Fig. 27A reports the SEM image of the Cu2+-21 
metallogel that shows a fibrous nature, common in supramolecular gels. 
Rheological studies were performed to investigate the mechanical 
properties of the gel (Fig. 27B). The values of G′ and G\prime\prime are 
higher for the organogel than the metallogel and this is probably 
because the coordination of the metal ion causes a conformational 
change of the gelator with the terpyridine rings becoming planar and 
weakening the self-assembling process and hence the resulting gel. 

The CN− responsive behaviour of metallogel Cu2+-21 has been 
investigated. Upon addition of various anions to the metallogel a se
lective enhancement of the fluorescent emission was detected only upon 
addition of CN− , due to the well-known affinity of Cu2+ for this anion. 
With all the other anion tested (F− , Cl− , Br− , I− , AcO− , H2PO4

− , N3
− , 

SCN− , S2− , ClO4
− ) no relevant changes were observed. Sensing studies 

were carried out by adding 100 μL (1 M) solutions of various anions to 
the metallogel. In Fig. 28 it is possible to observe the differences in the 
fluoresce emission of the free gelator, the metallogel Cu2+-21, and the 
metallogel Cu2+-21 in the presence of cyanide. The observed behaviour 
was explained considering a decomplexation of Cu2+ from gelator 21 
with the formation of stable [Cu(CN)x]2− x species as confirmed by 
UV–Vis absorption spectroscopy and PXRD. 

Another example of metallogel for cyanide sensing was reported by 
Ghosh, Deepa and Damodaran [83]. The two gelators mono-N-oxide 
pyridyl amides 22 and 23 were synthetized and the possible formation 
of metallogels was investigated. 

Fig. 20. Luminescence response of Tb3+-15 upon the addition of HCl (black 
line) and NaOH (red line). Copyright Elsevier 2019. Reproduced with permis
sion from ref. [76]. 
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Fig. 21. Molecular structures of 16a–c; Tb3+-16c and Eu3+-16c metallogels under day and UV light. Copyright Springer 2020. Reproduced with permission from 
ref. [77]. 

Fig. 22. Self-supporting and self-healing behaviour of Tb3+-16c metallogel in DMF/H2O (1:1 v/v) under day UV light. Copyright Springer 2020. Reproduced with 
permission from ref. [77]. 

Fig. 23. Chemical structure of 17; cartoon describing the preparation of Tb3+-17 metallogel. Copyright RSC 2020. Reproduced with permission from ref. [78].  

G. Picci et al.                                                                                                                                                                                                                                    



Coordination Chemistry Reviews 492 (2023) 215225

15

The gel formation was analysed by adding Zn2+ and Cd2+ salts dis
solved in H2O to a solution containing 22 and 23 in H2O or DMF. Metal- 
induced gelation process and the gel formation was observed in water 
for zinc(II) chloride and cadmium(II) chloride complexes, while in 
presence of acetate and nitrate salts, metallogels were not obtained. The 
complex Zn2+–23 formed weaker metallogel than Zn2+–22. In Fig. 29A 
and 29B SEM images on the Cd2+-22 and Zn2+-22 xerogels, respectively, 
are reported showing fibrous needle/block type networks, typical of 
supramolecular gels. The anion responsive behaviour of the metallogels 
was studied. Anions such as CN− , F− , and I− caused a collapse of the 3D 
networks of metallogels Zn2+–22 and Zn2+–23, while Cl− and Br− did 
not have any effect on the materials. As per Cd2+–22 and Cd2+–23, the 
disruption of the gels was caused only by the addition of CN− , while the 
presence of halides did not cause any changes. These findings suggest 

that the gel-sol transition of metallogels Cd2+–22 and Cd2+–23 could be 
exploit to sense cyanide in aqueous solution. 

Qi Lin, You-Ming Zhang and co-workers described the anion sensing 
ability of metallogels based on gelator 24 (Fig. 30). The mechanism of 
sensing is based on a novel approach named “competitive coordination 
control AIE mode” whose action is schematically shown in Fig. 30 [40]. 

Gelator 24 formed a stable supramolecular organogel in DMF that 
showed a strong fluorescent blue AIE. The formation of metalloges ob
tained by adding or diffusing different metal ions as their perchlorate 
salts in the organogel of 24 in DMF was investigated. Certain metals such 
as Cu2+, Hg2+, Fe3+ or Cr3+ formed non-emitting metallogels (Cu2+-24, 
Hg2+-24, Fe3+-24, and Cr3+-24). Interestingly, a strong yellow fluores
cence was observed during the formation of metallogel Zn2+-24 (the 
fluorescence emission of the metallogel was bathocromically shifted of 

Fig. 24. Schematic pathway for the formation of the Li+-18 metallogel with the associate emission changes. Copyright Wiley 2020. Reproduced with permission 
from ref. [79]. 

Fig. 25. Structure of gelator 19; A) SEM images of (a) Li+-19, (b) Zn2+-19 and (c) Al3+-19 xerogels obtained by the corresponding metallogels obtained in THF; B) 
fluorescence spectra of (a) the Zn2+-19 metallogel and (b) upon the addition of 1 equiv. of (b) (R,R)- and (c) (S,S)-1,2-diaminocyclohexane in THF (λexc = 340 nm). 
Copyright ACS 2013. Reproduced with permission from ref. [80]. 
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ca. 40 nm with respect to the organogel). Upon the addition of various 
anions (CN− , ClO4

− , N3
− , S2− , SCN− , AcO− , H2PO4

− , and halides F− , Cl− , 
Br− , I− ) to the metallogels different responses were obtained. Predict
ably, in DMF various changes in the metallogels fluorescence were ob
tained in line with the stimuli of the different anions: in particular, a 
“turn-on” fluorescence was observed for the metallogels Fe3+-24 and 
Cu2+-24 in presence of CN− . A similar response was observed for the 
metallogels Hg2+-24 and Cr3+-24 in the presence of SCN− and S2− . 

Metallogel Zn2+-24 was able to sense I− selectively by a “turn-off” 
fluorescence change. A metallogel-based sensor array was also prepared 
to understand the response of the system when various analytes were 
present simultaneously. Distinctively, all metallogels could selectively 
sense CN− , SCN− , S2− and I− in water when implemented in an array. 

Mukhopadhyay and co-workers developed organogelators 25 and 26 
containing a carboxamide group, which expressed the tendency to form 
gels in DMSO and DMF in the presence of little H2O quantities [84]. 

Fig. 26. A) Effect on the fluorescence emission of the organogel of 20 upon the addition of 1 equiv. of the metal ions considered; B) pictures showing the fluorescence 
of the organogel of 20 and of the metallogel Zn2+-20; C) fluorescence titration of the metallogel Zn2+-20 with F− in DMF; D) picture of the metallogel Zn2+-20 (in 
DMF) in the presence of various anions under a UV lamp at at 365 nm. Copyright RSC 2016. Reproduced with permission from ref. [81]. 

Fig. 27. A) SEM image of the metallogel Cu2+-21; B) dynamic strain sweep rheology measurements. Copyright ACS 2020. Reproduced with permission from 
ref. [82]. 
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Also in this case, the gel formation, and thus the self-assemby pro
cess, causes aggregation-induced emission enhancement (AIEE) phe
nomena for both gelators 25 and 26. The possibility to form metallogels 
upon the addition to various metal ions such as Ag+, Cd2+, Co2+, Cu2+, 
Fe2+, Fe3+, Ni2+, and Zn2+ (as their perchlorate salts) was investigated. 
The gelator 25 formed supramolecular metallogels in the DMF/H2O 
mixture upon the addition of metal ion in a 2:1 molar ratio with respect 
to the gelator. Metal ions Ag+, Fe2+, and Fe3+, caused a complete “turn- 
off” of the fluorescence, while with the other metal ions only a partial 
switching off of the emission was observed. The gelator 26, on the other 
hand, did not show the tendency to form metallogels in a 2:1 molar ratio, 
and only turbid solutions were obtained. In the presence of Zn2+ and 
Cd2+ a switching on of the fluorescence was observed in solution, with a 
maximum in the emission at around 440 nm. Metallogels formation was 
only observed when the gelator 26 and the metal ions were in 2:0.5 
gelator/metal molar ratio. All metallogels showed a quenching of the 
emission, but only for the Fe2+-26 metallogel the fluorescence was 
completely switched off. The effect of the presence of a series of anion 
guests (CN− , SCN− , Br− , Cl− , I− , N3

− , AcO− , ClO4
− , and S2− ) to the met

allogels was investigated using fluorescence spectroscopy. In particular, 
metallogels Ni2+-25 and Co2+-25 could selectively sense sulfide ion, 

Fig. 28. Comparison of emission spectra of metallogel Cu2+-21 + CN− with 
those of metallogel Cu2+-21 and the organogel of 21. Copyright ACS 2020. 
Reproduced with permission from ref. [82]. 

Fig. 29. SEM images of A) xerogels of Cd2+-22 in H2O at 3.7 wt%; and B) xerogels of Zn2+-22 in DMF/H2O (1:1 v/v) at 2.8 wt%. Copyright Taylor and Francis 2020. 
Reproduced with permission from ref [83]. 
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while Cu2+-25 could sense iodide. Fig. 31 shows the fluorescence spectra 
of metallogels treated with anions. In all cases a “turn-off” fluorescence 
was observed. 

Interestingly, the Cu2+-25 gel showed also catalytic activity in the 
oxidation reaction of catechol to quinone in aerobic conditions. 

Chen, Yin and co-workers studied the anion sensing properties of a 
new gelator (27) derived from glutamic acid that contains o-hydrox
ynaphthaldehyde as a coordinating and fluorogenic moiety [85]. The 
formation of organogels with gelator 27 was hampered by the presence 
of intramolecular HB interactions; however, in the presence of one or 
two metal ions in a solution of 27 in DMSO (or DMF), the formation via 
in situ coordination of stable metallogels was observed. Interestingly, the 
metallogels formed in DMSO were more stable than those formed in 
DMF.  

Fig. 30. Gelator 24 and its mechanism of action. Copyright RSC 2015. Adapted from ref. [40].  

Fig. 31. Fluorescence spectra of metallogels of 25 in DMF with different anions (λexc = 355 nm). A) Ni2+-25 and Ni2+-25 in the presence of S2− ; B) Co2+-25 and Co2+- 
25 in the presence of S2− ; C) Cu2+-25 and Cu2+-25 in the presence of I− . Copyright ACS 2018. Adapted with permission form ref [84]. 
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The gelation process was favoured by the addition of 1 equiv. of 
sodium acetate into the solution of 27 in the presence of Fe3+, Fe2+, 
Zn2+, Hg2+, Cu2+, Ni2+, Ag+, and Al3+, while K+, Ba2+, Cd2+, Co2+, and 
Pb2+, were not able to form metallogels suggesting the cation depen
dence in the gelation process. Upon the addition of 2 equivs. of various 
anions [NO2

− , F− , Cl− , Br− , I− , CN− , HSO4
− , H2PO4

− , SO4
2− , SO3

2− , HSO3
− , 

S2− , and Cys (cysteine)] to the metallogels, it was found that a selective 
enhancement of the fluorescence emission of gel Zn2+/Cu2+-27 
occurred with a specific selectivity over S2− and Cys. (Fig. 32). 

The urea moiety is often used for the design of gelators for the for
mation of supramolecular gels. The gelator 28 is able to bind both anions 
and metal ions, and preferentially gelates in MeOH in the presence of 
CuBr2 while other copper(II) salts such as CuCl2, Cu(AcO)2, Cu(NO3)2 
and Cu(BF4)2 inhibit the process [86]. Upon shaking the gel strength
ened and a morphological change was observed via cryoSEM (Fig. 33B). 
This work highlights the importance of morphology and connectivity in 
gel formation. The initial fibres are “too perfect” and lack cross links. It is 
only when the fibres are sheared and recombine in a more entangled 
way that a self-supporting gel network results. A reversible anion- 
dependent gel-sol transition was observed in the presence of TBAAcO 
and Cu(BF4)2 (Fig. 33A). 

The family of pyridinylmethyl ureas 29a–e were reported by Steed 
and co-workers [87]. Gelators 29b and 29c form stable gels in aromatic 
solvents such as toluene, nitrobenzene and 1,3-dichlorobenzene and 
metallogels in the presence of 0.5 equivs. of chloride salts of Cu2+ and 
Co2+ and the tetrafluroborate salt of Ag+ in the same solvents. Upon the 
addition of the nitrate salts of Zn2+ and Co2+ the gels are destroyed. 
However, in the presence of TBABr a gel-sol–gel transition was 
observed. In particular, after 5 min of sonication, the addition of 0.3 
equivs. or more of TBABr promoted the formation of the two metallogels 
Zn2+-29b and Co2+-29c. and in the latter case the gel turned from pink 
to blue upon the addition of the anion (Fig. 34). Interestingly, when an 
excess of bromide was added the metallogel remained stable. 

More recently also squaramides have attracted the attention of su
pramolecular chemists [88–92]. Wu, You and collaborators reported 

two new compounds (30 and 31) with a squaramide or an urea motif 
featuring two imidazole functionalized pendant arms [93]. These li
gands have been studied as possible gelator in various solvents, also in 
the presence of different metals. The green opaque metallogel Cu2+-30- 
Cl was obtained by shaking gelator 30 in the presence of various amount 
(between 1:0.6–1.4 molar ratio) of CuCl2⋅2H2O in MeOH. In the same 
experimental conditions urea 31 formed a precipitate probably because 
of the lack of π-π interactions that can be established in the squaramide 
derivative. 

The possibility to form metallogels was tested by using different 
copper(II) salts. These tests demonstrated that also CuBr2 formed a dark 
purple gel (Cu2+-30-Br), while in the presence of other copper(II) salts 
no metallogels were obtained. Gelation tests have been carried out in 
H2O/MeOH with a maximum ratio of H2O/MeOH of 1:10 (v/v). SEM 
and TEM images of Cu2+-30-Cl gel are reported in Fig. 35. 

The authors tested the ability of gel Cu2+-30-Cl to sense anions. Upon 
the addition of aqueous solutions of various sodium salts to metallogel 
Cu2+-30-Cl a pale purple colour was observed only in the presence of 
NaBr solution, while other anions gave a blue colour (Fig. 36). The same 
colour change was observed when different bromide salts were used. 
When bromide salts were added as powders into Cu2+-30-Cl gel the 
colour change was even more intense than in solution (Fig. 36). 

5. Metallogels for neutral species sensing 

In addition to charged species, in literature it is possible to find 
interesting examples of metallogel for neutral species sensing. Lin and 
co-workers reported a novel supramolecular polymer metallogel based 
on the complex of Al3+ with the pillar[5]arene 31 functionalised with 
bis-8-hydroxyquinoline (Fig. 37) [94]. In DMSO/H2O mixture (at 20% 
H2O) metallogel Al3+-31 showed a light blue emission due to AIE and a 
multi stimuli-responsive behaviour (temperature changing, addition of 
acids, bases or guest compounds). 

The metallogel Al3+-31 could be used to detect acids such as tri
fluoroacetic acid (TFA). A fluorescence quenching was observed by 

Fig. 32. A) Fluorescence spectra of Zn2+-27, Cu2+-27 and Zn2+/Cu2+-27 in the presence of various anions (0.1 M in DMSO); B) fluorescence titrations of Zn2+/Cu2+- 
27 with CN− (0–30 mM). Copyright RSC 2016. Reproduced with permission form ref [85]. 
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adding increasing concentrations of TFA (Fig. 38A). However, when a 
base, in this case triethylamine (TEA) was added, the blue emission of 
metallogel was restored (Fig. 38B). 

As already described above, lanthanide complexes can be success
fully used to form luminescent metallogels. In some case this class of 
materials can be used for the detection of neutral species. As an example, 
Maitra and co-workers described a class of lanthanide cholate hydrogels, 
characterised by a fibrillar network deriving from the self-assembling of 
the two components [95]. These materials have been successfully used 
as white-light-emitting gels and for sensing enzymes [96–98]. On the 
basis of these results, the same group developed the hydrogel Tb3+–32 
(using the nitrate salt of Tb3+) for the detection of naphthalene- 
containing drugs such as naproxen and propranolol [99]. 

Indeed, upon the addition of naproxen and propranolol, an 
enhancement of the emission band at about 550 nm (corresponding to 
the excitation at 332 nm and 296 nm in the presence of naproxen and 
propranolol, respectively) was observed. The dramatic changes could be 
appreciated also at naked eye (Fig. 39A). 

Ghosh and collaborators presented some symmetrical, neutral and 
charged pyridyl bisamides 33–36 gelators able to sense different species, 
including metals and aminoacids [100]. These molecules behaved also 
as drug delivery. Compounds 33 and 34 present metal coordinating 
pyridyl nitrogen while structures 35 and 36 presented a quaternization 
of nitrogen atoms with a cholesteryl unit. 

Fig. 33. A) Behaviour of the metallogel Cu2+-28 formed by CuBr2 (0.3 equivs.) in MeOH (from left to right) before shaking, after shaking, 5 min. after the addition of 
1 equiv. of TBAAcO, 30 min. after the addition of TBAAcO, and 5 min after the addition of 1 equiv. of Cu(BF4)2; B) cryo-SEM pictures of the metallogel Cu2+-28 
formed by CuBr2 (left) before shaking, (middle) after shaking, and (right) after 1 week resting. Copyright RSC 2010. Reproduced with permission form ref [86]. 

Fig. 34. Picture of the Co2+-29c metallogel in nitrobenzene and colour changed triggered by the addition of TBABr [(a) 0.2, (b) 0.3, (c) 0.4, (d) 0.5, (e) 1, (f) 2, (g) 4 
equivs.]. Copyright RSC 2017. Reproduced with permission form ref [87]. 
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The ability of these ligands to form metallogels was evaluated. As 
shown in Fig. 40 (left) when 2 equivs. of various metal ions were added 
to a solution of 33 in DMSO/H2O (1:1 v/v), metallogels were formed 
only in the case of Ag+ (pale yellow gel) and Cu2+ (green gel). Gelator 34 
formed a metallogel only in the presence of Ag+ ions. The morphology of 
the metallogels were studied by SEM. In Fig. 40 (right) SEM images of 
the metallogels are reported from which it is clear that the morphologies 
of the metallogels depend both on the nature of the gelators and the 
metal ions. The Ag+-33 metallogel showed non-twisted rod like net
works while the Cu2+-33 metallogel revealed flower like matrices. 

Closely spaced globular microstructures were observed for Ag+-34 
metallogel. 

The three metallogels were tested as possible sensors for amino acid 
and carbohydrate recognition. When an aqueous solution of L-cysteine 
was added for Cu2+–33 metallogel a gel-sol transition was observed, 
probably because of the affinity of L-cysteine to Cu2+ ion (Fig. 41). All 

the other amino acids tested did not cause any appreciable changes to 
the material. To better understand the interaction between metallogel 
and amino acids, UV–Vis measurements were performed: only in pres
ence of L-cysteine, DL-homocysteine and L-glutathione an increase of 
the absorption in the region of 290–300 nm was observed. Other amino 
acids weakly decreased the absorption. Cu2+–33 metallogel was also 
able to discriminates D-glucose from D-mannose by a gel-sol transition 
(Fig. 41). 

An example of metallogel prepared by mixing gelator 37 with the 
iridium complex 38 and EuCl3⋅6H2O has been described by Cao, Wu and 
co-workers with the idea to couple the intriguing photophysical prop
erties of Ir3+ with those of the lanthanide ion [101]. 

As shown in Fig. 42 the photophysical properties of the hybrid 
metallogel Eu3+-37–38 could be modulated in the presence of acids or 
bases. Indeed, in the presence of NaOH aqueous solution the metallogel 
Eu3+-37–38 was able to emit red light, but if a certain amount of tri
fluoroacetic acid, formic acid, acetic acid, propionic acid and organic 
amine vapours such as Et3N, ammonium hydroxide, tripropylamine and 

Fig. 35. A) TEM image of Cu2+-30-Cl; B) SEM image; and C) PXRD pattern of the xerogel of Cu2+-30-Cl. Copyright RSC 2016. Reproduced with permission from 
ref. [93]. 

Fig. 36. Samples of gel Cu2+-30-Cl upon addition of aqueous sodium salts, aqueous bromide salts and bromide salts as powders. Copyright RSC 2016. Adapted with 
permission from ref. [93]. 
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Fig. 38. A) Fluorescence titration of metallogel Al3+-31 with TFA (λex = 380 nm) and pictures of Al3+-31 and Al3+-31 + TFA under 365 nm UV light; B) fluorescence 
titration of the gelator 31 + TFA with TEA (λex = 380 nm) and pictures of Al3+-31 + TFA and Al3+-31 + TFA + TEA under 365 nm UV light. Copyright Elsevier 2019. 
Reproduced with permission from ref [94]. 

Fig. 39. A) Naked eye (under UV light) switching on of the fluorescence emission of Tb3+-32 metallogel in the presence of naproxen or propranolol; B) emission 
spectra of Tb3+-32 metallogel in the presence (black and red lines) or in the absence (blue and green lines) of naproxen or propranolol. Copyright Wiley 2017. 
Adapted with permission from ref. [99]. 

Fig. 37. Cartoon showing the formation of supramolecular metallogel Al3+-31. Copyright Elsevier 2019. Adapted with permission from ref [94].  
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ethylenediamine, were added to a mixture of the metallogel Eu3+-35–36 
and NaOH a cyan light was observed. No changes in the absorption 
properties of the system were observed. The xerogel film of Eu3+- 
37–38 +NaOH can be used as a fast dual sensor for volatile gaseous 
amines and acid vapours recognition. The xerogel could respond to the 
presence of vapours of TFA and Et3N for several cycles, with a decrease 
in the fluorescence emission, while the position of the emission band 
was unaffected. 

An interesting system able to recognise chiral phosphine species such 
as binap (2,2′-Bis(diphenylphosphino)-1,1′-binaphthyl) was obtained 
from metallogel Pt2+-39a-Cl in which the gelator is characterised by the 
presence of a steroidal skeleton connected to a nitrogen-containing 
pincer to coordinate the metal ion [102]. In particular, a gel-sol tran
sition was observed only when metallogel Pt2+-39a-Cl was in contact 
with 0.1 equivs. of (R)-binap (Fig. 43c), while in the presence of (S)- 
binap the material remained stable (Fig. 43b). 

6. Metallogels for remediation, gas and dye absorption 

Supramolecular metallogels have been successfully used as materials 
for environmental remediation. Indeed, their solid-like nature combined 

with the high degree of solvation facilitate the decontamination of 
polluted liquid phases from dyes, neutral molecules or toxic metal ions 
and anions due to an efficient contact with the contaminated samples 
[103]. 

An example of metallogel able to efficiently remove mercury ions 
from water was proposed by Lin, Wei, and co-workers. Their interest in 
the design of pillarenes led to the design of a thioacetohydrazide func
tionalized pillar[5]arene (40) which, in the presence of Zn(ClO4)2 
formed a linear metal–organic polymer (Fig. 44) [104]. 

By dissolving 40 (150 mM) and Zn(ClO4)2 in 1:1 ratio in cyclo
hexanol at 75 ◦C and cooling down the resulting gluey solution a 
transparent gel was formed. The gel-sol transition could be achieved by 
several cooling-heating cycles as well as by addition of TBAOH (which 
formed Zn(OH)2, destroying the coordination) to the gel. SEM images on 
the xerogel revealed a micro-sized cubic framework confirming the 
formation of the metal–organic framework (Phase B in Fig. 44). The 
metallogel Zn2+-40 showed a fluorescence emission band at 464 nm 
which disappeared in the presence of Hg2+ ions, suggesting that Hg2+

replace Zn2+ in the coordination to the thioacetohydrazide moieties due 
to its higher affinity towards S atoms. The xerogel was successfully used 
to capture Hg2+ ions from water. The xerogel was suspended in an 

Fig. 40. Left: pictures showing the gel-sol transition of A) 33; and B) 34 in DMSO/H2O (1:1 v/v) upon the addition of 2 equivs. of various metal ions after 1 h; Right: 
SEM images of xerogels of Ag+-33 (a and b), Cu2+-33 (c and d) and Ag+-34 (e and f). Copyright RSC 2018. Reproduced with permission from ref. [100]. 

Fig. 41. Pictures of the Cu2+-33 metallogel in DMSO/H2O (1:1 v/v) in the presence of 2 equivs. of different amino acids and D-glucose and D-mannose (0.03 M) [(a): 
glycine,(b): L-valine, (c): L-alanine, (d): L-phenylalanine, (e): L-proline, (f): L-cysteine, (g): L-lysine, (h): L-threonine, (i): L-histidine, (j): L-methionine, (k): L-glutamic 
acid]. Copyright RSC 2018. Reproduced with permission form ref [100]. 
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aqueous solution of Hg(ClO4)2 for 1 h and then the supernatant solution 
was analysed by ICP to determine the concentration of the residual Hg2+

in water. ICP results showed that more than 90% of Hg2+ ions were 
removed by the xerogel. 

Another example of metallogel for the removal of Hg2+ ions from 
water was proposed by Ballabh and Yadav [105]. In this case Hg2+ was 
the metal forming the metallogel when coordinating with 2-amino-4- 
methylthiazole (41). When an aqueous solution of Hg(CH3COO)2 was 
added to a solution of 41 in chloroform at 2.18% (w/v) concentration 
the aqueous layer gelled without any external stimulus. The gel showed 
an interesting thixotropic behaviour. The formation of the gel strongly 
depends on the nature of the metal ion (other metal ions such as Co2+, 
Ni2+, Cd2+, Cu2+, Zn2+, Pb2+, and Ag+ did not promote the formation of 
the gel) as well as the counter-anion (in the presence of HgCl2 the gel did 
not form suggesting that the coordination of the oxygen atoms of the 
acetate on the metal centre has an important role in the formation of the 
coordination polymer). Rheological studies evidenced that the storage 
modulus (G′) was one order of magnitude higher than the loss modulus 
(G\prime\prime) demonstrating the viscoelastic properties of the new 

material. SEM images of the xerogel showed the formation of a contin
uous three-dimensional network (Fig. 45). The formation of a robust 
metallogel was proposed for the mercury removal from water. Indeed, as 
the gel formed at the interphase H2O/CHCl3, it could be easily skimmed 
off from polluted water. The experiment showed that when a water 
sample containing 1000 ppm of Hg2+ was treated with a chloroform 
solution of 41, after the removal of the gel by filtration, water contained 
only 1.0–0.5 ppm of Hg2+ as demonstrated by AAS analysis. 

Multi-stimuli responsive metallogels formed with the complexation 
of Ni(CH3COO)2 by 3,5-diamino-1,2,4-triazole (42) were reported by 
Mitra and Saha [106]. Gels were formed in DMF or in a DMF/H2O (1:1, 
2:1, 3:1 v/v) mixture and UV–Vis solution studies suggested the pres
ence of hexacoordinated high-spin Ni2+ with a distorted octahedral 
geometry, while PXRD studies on the xerogels and the gels suggested the 
presence of metal–metal interactions. Interestingly, these gels showed 
impressive self-healing, self-sustainable and modulable properties 
attributed to a strong network of HBs between the constituents of the gel 
within the network. The gels also exhibited a chemo-responsive 
behaviour in terms of sol–gel transformation in the presence of 

Fig. 42. Pictures of: (a) gel Eu3+-37–38 in DMSO; (b) gel Eu3+-37–38 in DMSO in the presence of NaOH solution; (c) b in the presence of TFA solution; and (d) c in 
the presence of NaOH solution. In the first row pictures were taken under daylight, in the second row pictures were taken under 365 nm light. Copyright RSC 2017. 
Adapted with permission form ref [101]. 

Fig. 43. Visual chiral recognition of (R)- and (S)-binap by metallogel Pt2+-39a-Cl/CHCl3 (1 wt%) SEM images of A) metallogel Pt2+-39a-Cl; B) metallogel Pt2+-39a- 
Cl + 0.1 equivs. of (S)-binap; C) metallogel Pt2+-39a-Cl + 0.1 equivs. of (R)-binap. Copyright Wiley 2011. Reproduced with permission form ref [102]. 

G. Picci et al.                                                                                                                                                                                                                                    



Coordination Chemistry Reviews 492 (2023) 215225

25

tetrabutylammonium bromide (the bulky cation and the anion disrupt 
the HB network of the gel), PPh3 (the great affinity of phosphine for 
nickel(II) caused the sequestration of the metal, and thus the collapse of 
the gel structure), pH (both acid and basic), EDTA and dimethylglyox
ime (both chelating the metal). Finally, a rare gel-to-gel transformation 
with detectable colour change was obtained from Ni2+-42 Gel 1 (ob
tained from DMF) and Ni2+-42 Gel 2 [obtained from DMF/H2O (1:1 v/ 
v)] (Fig. 46) upon the uptake of metal ions (Na+, Mg2+, Cr3+, Mn2+, 
Fe2+, Co2+, Cu2+, Zn2+, and Pd2+) from solution. In the presence of a 
solution of the metal ions the upper layer of the gels changed colour 
during time for the percolation of the metal ion solutions in the gel 
(Fig. 46A and B). A similar behaviour was observed with the xerogels. 
The metal solutions were then analysed to evaluate the residual con
centration of the metal ions and the best results were obtained for both 
gels in the case of Pd2+. The authors demonstrated that Pd2+ was 
adsorbed into the fibres of the gels and no release of Ni2+ was observed 
(Fig. 46C, D). 

An interesting example of copper-based metallogel for the removal of 
Sb3+ and Sb5+ from contaminated water samples using 1,3-dicarboxy
methyl-2-methyl benzimidazole (43) as a gelator was proposed by Luo 
and collaborators [107]. The metallogel was prepared by reacting 
gelator 43 in the presence of 2 equivs. of CuCl2 in EtOH/H2O (1:1 v/v) at 
pH = 5. 3.2% ethyleneglycol dimethacrylate (EGDMA) was added to 
reinforce the metallogel network. The metallogel Cu2+-43 showed 
excellent adsorption capacity for aqueous antimony with a preference 
for Sb5+ over Sb3+. This major drawback was overcome by the in situ 
oxidation of Sb3+ to Sb5+. The adsorption showed to be fast and efficient 
with 90% Sb removal in 30 min. Competitive adsorption experiments 
showed that the adsorption capacity followed the order Sb5+ > P5+ >

As5+ > As3+. DFT calculations demonstrated that the copper valence 
electron orbitals were the adsorption sites for Sb3+ and Sb5+.  

Fig. 44. Representation of the formation of the metal–organic gel of Zn2+-40. Copyright RSC 2018. Reproduced with permission from ref. [104].  
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As mentioned above metallogels could also be used as efficient 
decontaminants for neutral molecules. An example was reported by 
Gosh and Panja who developed an efficient Fe3+-based metallogel using 
44 as LMWG [108]. 

Compound 44 contains cholesterol to enhance self-aggregation via 
hydrophobic interactions and a diazine bridge as the metal coordination 
site. An orange metallogel Fe3+-44 with an interlinked porous fibrillar 
network (as shown by SEM, Fig. 47A) was formed by mixing 44 with 1 
equiv. of Fe(ClO4)3 or Fe(NO3)3 in a mixture of CHCl3/MeOH (3:1 v/v). 
The metallogel was used as adsorbent of picric acid (PA), a strong 
explosive used as a constituent of landmines, which, due to its high 
solubility in water could cause serious damages to the environment. 
After assessing the stability of the metallogel in the presence of PA, 
authors carried out adsorption experiments by exposing the metallogel 
to an aqueous solution of the acid (Fig. 47B) and monitored the PA 
absorbance during time (Fig. 47C). After one hour a removal of PA of 
83% was observed while negligible adsorption was found for similar 
analytes 2,4-dinitrotoluene and m-dinitrobenzene. 

Metallogels can also be useful for the adsorption of toxic dyes. This is 

a serious problem as this class of compounds are largely used in industry 
and disposed. Mondal and Sengupta described a system that in one shot 
is able to gel toxic metal ions such as cadmium and lead, but it can also 
adsorb methyl orange, a toxic dye from water [109]. The LMWG used in 
this case was N2,N6-bis(3-(pyridin-2-yl)-1H-pyrazol-5-yl)-pyridine-2,6- 

dicarboxamide (45). Immediate formation of metallogels was observed 
upon addition of Cd(NO3)2 (1.5 equivs.) or Pb(CH3COO)2 (from 1 to 4 
equivs.) in a mixture of DMF/H2O (1:1 v/v) at 1 wt% concentration. 
Both gels showed a thixotropic behaviour and thermoreversibility. From 
a structural point of view SEM images revealed a presence of highly 
entangled cross-linked fibrous networks with an average fibres’ diam
eter of 20 nm. IR spectroscopy results suggested the participation of the 
amide groups into the formation of HBs that led to the self-assembly of 
the gels, while UV–Vis titrations with both Cd2+ and Pb2+ confirmed the 
formation of the metal complexes. The chemical responsiveness of the 
metallogels to EDTA was tested by adding an equimolar amount (with 
respect to the metal ion) of the chelator to the vial containing the gel. 
After a few days, once the EDTA penetrated into the lead metallogel, a 
transformation into solution was observed. In the case of cadmium(II), 
instead no transformation was observed due to the lower formation 

Fig. 45. 2-amino-4-methylthiazole (41) structure and SEM image of the xerogels formed from a mixture of 41 and Hg(CH3COO)2 in 1:1 molar ratio. Copyright RSC 
2014. Reproduced with permission from ref. [105]. 

G. Picci et al.                                                                                                                                                                                                                                    



Coordination Chemistry Reviews 492 (2023) 215225

27

constant of the Cd2+-EDTA complex. The metallogels were also used to 
adsorb methyl orange due to the formation of additional HBs between 
the ligand and the dye. 

More recently the same authors developed a similar ligand (46) 
containing the pyridine-pyrazole core with a phenyl spacer able to form 
a strong metallogel with copper triflate in DMSO in the presence of 3 

equivs. of metal ion with a concentration as low as 0.3 wt% [110]. The 
formation of the metallogel Cu2+-46 was attributed to the coordination 
of the metal ion to the pyridine and pyrazole nitrogens in a square planar 

geometry and to the formation of intermolecular HBs and π-π in
teractions with the other portions of the ligand molecule. Also in this 
case methyl orange was adsorbed by the system in the form of xerogel 

Fig. 46. Synthetic pathway for the formation of Ni2+-42 Gel 1 and Ni2+-42 Gel 2; colour changes for Ni2+-42 Gel 1 in A); and for Ni2+-42 Gel 2 in B) upon metal ion 
uptake and corresponding graphical representations C) and D), respectively, after 6 h. The green bars at the foreground correspond to the amount of Ni2+ released in 
the supernatant solution, the green textured bars at the background indicate the amount of Ni2+ remaining. Copyright ACS 2019. Adapted with permission from 
ref. [106]. 
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with a dye adsorption capacity of about 5 mg/g over a period of 8 h. The 
dye adsorption was found to be reversible as after washing the xerogel 
with HCl, NaOH and then neutralising the pH, several cycles of 
adsorption/desorption could be performed. The copper metallogel of 46 
was reported to be the first example of a metallogel able to calorimet
rically sense vapours of amines. When the metallogel was exposed to 
ammonia, diethylamine, triethyl amine and pyridine vapours a colour 
change (attributed to a change in the coordination sphere of the copper 
(II) ion) from green to red was observed. As shown in Fig. 48 in the 
presence of HCl vapour the gel reverted back to its original state. 

The pyridine-pyrazole motif have also been used by the same group 
to design a tripodal system that forms a gel in the presence of various 
silver(I) salts in H2O/DMF (4:1 v/v). Interestingly this platform was used 
to grow silver nanoparticles which were able to improve the mechanic 
properties of the material and its stability [111]. 

A coordination polymer able to form a gel was obtained by the self- 
assembling of two tripodal receptors 47 and 48 and Fe3+ (as its 
perchlorate salt) in DMSO/H2O (66:34 v/v) [112]. Authors had previ
ously shown that in the same experimental conditions 47 and 48 are 
able to form a AIE supramolecular polymer with a rod-like structure 
[113]. In the presence of Fe3+, the polymer folds, forming a coordination 
polymer with a micro-acanthosphere structure as revealed by SEM 
(Fig. 49A). FT-IR spectrum suggested that cation-π interactions and co
ordination with the nitrogen atom of the pyridine moieties are involved 
in the coordination process of the metal ion (Fig. 49B). The xerogel was 
then used to adsorb methylene blue (MB) form aqueous solution and it 
showed an absorption rate of 96% while with other dyes [crystal violet 
(CV), rhodamine (Rh), sudan I (Su I), and methyl orange (MO)] the 
adsorption rate was less than 30% (Fig. 49c). 

A very interesting class of materials is represented by MOGs (metal 
organic gels) which are MOF (metal organic framework)-like materials, 
containing organic solvents with sponge-like gel matrixes [114]. MOGs 
formed by the reaction of carboxymethyl-(3,5-di-tert-butyl-2-hydroxy- 
benzyl)-amino sodium acetate (49) and CdX2 (X = Cl, Br, I) and ZnCl2 in 
MeOH were described by Bhattacharjee and Karan [115]. The idea 
behind the design of the receptor is that carboxylate groups as well as 

phenolic oxygens and the nitrogen should be able to coordinate the 
metal centre and at the same time the same functional groups should be 
able to form HBs with protic solvents and form a gel. A white opaque 
Cd2+-49 MOG (Fig. 50A) with very interesting features was obtained 
upon the reaction of 49 with CdCl2 in 1:0.7 molar ratio in MeOH after 
60 s standing at room temperature with minimum gelation concentra
tion of 0.89% (w/v). The Cd2+-49 MOG showed excellent thixotropic 
response, stable in the pH range 6–8 and chemoresponsive properties as 
addition of NH3 caused the disruption of the gel and trifluoroacetic acid 
restored the material. When Cd2+-49 was treated with Na2S a yellow 
precipitate of CdS was formed. Moreover, it exhibited good self- 
sustainability as the gel formed in a vial and then taken out retained 

Fig. 48. Reversible colorimetric change of the metallogel Cu2+-46 in presence 
of ammonia and HCl vapour. Copyright RSC 2016. Reproduced with permission 
from ref. [110]. 

Fig. 47. A) SEM image of the Fe3+-44 xerogel; B) photographs showing the adsorption experiment of the metallogel Fe3+-44 in the presence of PA; C) changes in the 
absorbance of the PA solution after gel exposure. Copyright RSC 2018. Adapted with permission from ref. [108]. 
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its initial shape. The xerogel dyes adsorption and dyes separation 
properties were also tested using aqueous solutions of cationic dyes MB, 
CV, Rh, anionic dyes MO, fluorescein (Fl), and a neutral dye, neutral red 
(NR). The system selectively adsorbed cationic dyes over anionic and 

neutral ones as shown in Fig. 50B. Indeed, UV–Vis spectroscopy revealed 
that when the xerogel was exposed to an aqueous mixture of Rh and MO, 
the absorption band of Rh at 554 nm decreased with time, while the 
absorption band of MO at 464 nm remains unchanged. 

Fig. 49. A) SEM image of the xerogel formed by the coordination polymer generated by the self-assemble of 47, 48 and Fe3+ and picture of the gel; B) proposed 
coordination sphere for Fe3+ in the coordination polymer; C) adsorption rate comparison for the xerogel in the presence of different dyes (MB =methylene blue, 
CV = crystal violet, Rh = rhodamine, Su I = sudan I, MO = methyl orange). Copyright Elsevier 2020. Adapted with permission from ref. [112]. 

Fig. 50. A) Synthetic pathway for obtaining the MOG based on 49 and CdCl2; B) absorption spectra of an aqueous solution mixture of Rh and MO in the presence of 
the Cd2+-49 xerogel, inset before (left) and after dye adsorption (right). Copyright ACS 2016. Reproduced with permission from ref. [115]. 
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Another example of MOG able to adsorb organic dyes was reported 
by Dong and co-workers [116]. The components were the catechol de
rivative 50, nickel acetate, and DMF. TEM and SEM images revealed that 
the material has an irregular wormhole-like network consisting of 
agglomerated nanoparticles (Fig. 51). Its amorphous nature was deter
mined by PXRD, while XPS allowed to identify the C––O and OH groups 
as the donors for the formation of the metal complex. In contrast to the 
previous example, when exposed to an aqueous solution of cationic or 
anionic organic dyes, the xerogel did not show any preference on the 
base of the ionic nature of the dye. 

By reacting 5-(1,2,4-triazoleyl)isophthalic acid (51) and calcium 
acetate in DMF in equimolar ratio, Banerjee, Diaz and co-workers were 
able to obtain the first example of Ca2+-based LMW metallogel 
(Fig. 52A) [117]. The gel showed a phenyl ring absorption peak at 
298 nm (Fig. 52B) and an emission band at 356 nm less intense of that of 
51 (Fig. 52C). Interestingly, in the presence of water, the system formed 
a stable MOF and the comparison of the CO2 adsorption isotherms 
(Fig. 52D) of the xerogel of Ca2+-51 and the crystalline MOF showed a 
20% increase in the CO2 adsorption ability of the xerogel (1.45 and 
1.12 mmol g− 1 of CO2 at 298 K and 1 atm pressure for the xerogel and 
the MOF, respectively). 

A systematic study on the ability to form metallogels with iron(III) by 

a family of carboxylates containing single pyridyl or phenyl rings was 
carried out by Bourne and co-workers [118]. After a detailed charac
terization of the gels and the study of the influence of different factors 
(such as temperature, metal ion employed, solvent and type of gelator) 
the authors demonstrated that these systems are able to respond to 
external stimuli such as gas (N2, CO2, and H2O vapours) and dyes 
(bromocresol green and methyl orange) adsorption. 

7. Metallogels for catalysis 

Metallogels could have wide application in various aspects, such as 
redox sensor, self-healing properties, and in particular, in catalysis 
[74,115,119–123]. Jin Yong Lee, Jong Hwa Jung, and co-workers re
ported a tetrazole-based gelator 52 that formed a metallogel upon the 
addition of Ag+ ions [124].  

Fig. 51. Structure of gelator 50, A) TEM; and B) SEM images of the Ni2+-containing MOG. Copyright ACS 2018. Adapted with permission from ref. [116].  

Fig. 52. A) Synthetic pathway for obtaining the Ca2+-51 gel; B) UV–Vis spectra for 51 (black) and Ca2+-51 gel (red); C) fluorescence emission spectra for 51 (black) 
and Ca2+-51 gel (red, inset: picture of Ca2+-51 gel under UV irradiation); D) CO2 adsorption (filled circles), and desorption (open cyrcles) data for Ca2+-51 xerogel 
(blue) and Ca2+-51 MOF (red) at 298 K. Copyright RSC 2012. Adapted with permission from ref. [117]. 
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Indeed, upon the addition of more than 2 equivs. of Ag+ as its 
perchlorate salt, compound 52 was found to gel in a basic aqueous so
lution. After its formation, the white metallogel Ag+-52 changed colour 
over time turning to brown due to reduction by NaOH and formation of 
metallic Ag nanoparticles (AgNPs). 

Rheological studies highlighted how the metallogel is stable upon 
the addition of 5 equivs. of Ag+, due to the complete coordination of the 
system. Furthermore, strain sweep studies demonstrated that the met
allogel is stable in the presence of external forces, as suggested by the 
constant values of the two moduli G′ and G\prime\prime by increasing 
the frequency of the stress applied from 0.1 to 100 rad s− 1. The 
morphology of metallogel Ag+-52 in the presence of 2 equivs. of AgClO4 
in aqueous solution with basic conditions showed a fibre structure of 

20–50 nm diameter and several mm in length (Fig. 53A). The presence of 
the nanoparticles was pointed out by means of TEM analysis; Indeed, 
TEM images (Fig. 53B) show a spherical particle exclusively formed in 
the gel fibres. 

Interestingly, AgNPs present in the inner structure of the gel was 

found to be capable to catalyse in high conversion the reduction of 4- 
nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4. Indeed, a con
version higher than 95% was achieved when a solution of 4-NP and 
NaBH4 flushed into a column packed with the AgNPs/Ag+-52 gel fibre 
composite at a rate 0.60 mL cm− 2 s− 1. The catalytic process was highly 
reproducible, and the catalytic reaction did not result in undesired 
system alterations and/or detachment of AgNPs. 

Another effective catalyst for nitro-arene reduction in presence of 
NaBH4 was reported by Bania and collaborators [125]. Indeed, the Fe3+- 
metallogel based on trans-1,2-cyclohexanedicarboxylic acid 53 was used 
to grown cubical shape silver particles that were found to have high 
efficiency in catalysing the reduction of 4-NP to 4-AP in the presence of 
NaBH4. 

Dastidar and co-workers reported the novel C3-symmetric based 

bowl-shaped tris(pyridylamide) 54 and 55, containing potential HB sites 
suitable for the formation of metallogels [126]. 

Compounds 54 and 55 formed gels in DMSO/H2O (2:3 v/v), DMF/ 
H2O (2:3 v/v), and nitrobenzene. They were able to form metallogels 
with all the silver(I) salts considered (PF6

− , BF4
− , and NO3

− ), except 

Fig. 53. A) SEM image of metallogel Ag+-52 in H2O; B) TEM images of Ag+-52 upon the addition (a) 2, (b) 3, (c) 4, and (d) 5 equivs. of AgClO4. Copyright RSC 2012. 
Adapted with permission from ref. [124]. 
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AgCF3CO2, suggesting the important role of the counter ion in the 
gelation process. Interestingly, also in this case the metallogels were 
capable to produce AgNPs, at 298 K upon light exposition, as the result 
of the reduction of Ag+ to Ag0 without any reducing agent like NaBH4. 
After the characterization of AgNPs, their catalytic behaviour was 
investigated. The AgNPs present within the inner structure of metallogel 
were capable to catalyse the reaction 4-NP to 4-AP without the use of 
any other reducing agent like NaBH4. It is worth to evidence how the 
same procedure in the presence of separately prepared AgNPs, did not 
provide the same conversion indicating the fundamental activity of the 
ligand-AgNPs cooperativity in the metallogel in catalysing the reaction. 
The catalytic process could be also appreciate by naked eyes, with a 
dramatic chromatic change: the well-known yellow colour of 4-nitro
phenolate turned to colourless within a few seconds, due to the 
adsorption of the 4-nitrophenolate over the metallogel at room 
temperature. 

Kurbah and co-workers presented the VO2
+-56 metallogel derived 

from a hydrazone gelator 56 able to catalyse the oxidative bromination 
of some organic substrates in presence of hydrogen peroxide [127].  

The reaction between 56 and vanadium pentoxide in a 2:1 molar 
ratio in methanol led to the formation of VO2

+-56, enable to gelate in a 
MeOH/H2O mixture (9:1 v/v) by sonicating for 5 min, obtaining a 
thermo-reversible gel. Rheological measurements evidenced a high 
mechanical strength of the material (yield stress was found around 
312 Pa). VO2

+-56 metallogel was found to catalyse the oxidative 
bromination of some organic substrate. Indeed, by using the phenol red 
as a model substrate, the model reaction allowed to identify the best 
conditions to obtain the optimum yield for the reaction. It was found 
that a 1:10 molar ratio of VO2

+-56 metallogel/substrate, VO2
+-56 met

allogel/substrate/KBr in a 1:10:40 molar ratio, 1:10:40:40 molar ratio of 
VO2

+-56 metallogel/substrate/KBr/H2O2 gave the maximum yield, and 

Scheme 1. Possible mechanism for the oxidative bromination catalysed by VO2
+-56 metallogel. Copyright RSC 2020. Reproduced with permission from ref. [127] 

(Scheme 2). 

G. Picci et al.                                                                                                                                                                                                                                    



Coordination Chemistry Reviews 492 (2023) 215225

33

was also demonstrated that the effect of HClO4 improved the perfor
mance of the reaction when presence at the concentration of 4 M. VO2

+- 
56 metallogel was tested on different substrates, achieving high yield 
(85–93%) and reaction times onto a range of 25′− 40′. Moreover, the 
present catalytic approach provided efficient and simple access to a- 
bromoketones. Based on the results obtained, authors proposed a cata
lytic mechanism considering acetophenone as substrate (Scheme 1). The 
dissolution of the VO2

+-56 metallogel on 15% of H2O2 caused the for
mation of peroxo species. Thus, the bromine is oxidized forming HOBr, 
Br3

− , Br2
− or “V–OBr” species under acid conditions, followed by the 

oxidation of bromide by hydrogen peroxide in aqueous solution. In the 
final step, the oxidized bromide species is then trapped by organic 
substrates releasing the brominated products. 

Ray, Dey and co-workers reported the triethylenetetramine Fe3+-57 

metallogel prepared by mixing of 57 and iron(III) salt in water [128]. 

The rheology demonstrated the viscoelastic solid-like nature of Fe3+- 
57 metallogel in water (Fig. 54 A and 54B), whereas FESEM structural 
analysis evidenced cashew-shaped microstructure of the metallogel 
(Fig. 54 C and 54 D). Particularly, the iron(III) acts as a cross-linker and 
strengthening agent into the gel network, increasing the stability of the 

Fig. 54. A) Oscillatory stress rheology; and B) oscillatory frequency sweeps of the Fe3+-57; C) and D) FESEM microstructural images of Fe3+-57. Copyright © 2020 
American Chemical Society. Adapted from ref. [128]. 

Fig. 55. A) STEM analysis of the metallogel Cu+-58, and B) EDS analysis without staining. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Adapted with 
the permission from ref. [129]. 
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metallogel. 
Fe3+-57 metallogel was capable to economically catalyse the aryl − S 

coupling reaction. In particular, the possibility to use this metallogel as a 
solvent-free catalyst toward C–S cross-coupling reactions was investi
gated. Fe3+-57 metallogel was found to be able to catalyse the coupling 
reaction within 12 h at 80 ◦C, providing a solvent-free synthetic strategy 
of aryl thioethers through a C–S coupling reaction. The possible recycle 
of the metallogel was also examined, the recovery rate gradually 
decreased from the second, third, to fourth runs. 

Escuder and collaborators presented a dynamic catalytic system 
based on the amphiphilic gelator functionalized with an azidocoumarine 
triazole fragment 58, able to catalyse model “click” reactions [129].   

Gelator 58 formed gels in 1:1 H2O/t-BuOH (v/v) at a concentration 
of 10.7 mM, but the addition of copper(I) caused a decrease in the 
minimum gelation concentration to 7.1 mM, suggesting some coopera
tivity from the metal centre on the gelation process. The presence of 
copper(I) in the metallogel Cu+-58 has been observed by means of STEM 
picture and supported by EDS analysis, with a good distribution of the 
copper(I) along the fibres, resulting in the formation of an extended 
organometallic network (Fig. 55A and B). 

The STEM image reported in Fig. 55A highlighted the bright contrast 
due to the presence of copper(I), whereas the EDS analysis reported in 
Fig. 55B confirmed the distribution of the copper(I) along the fibres, 
facilitating/aiding the formation of organometallic networks. 

The metallogel Cu+-58 was found to be a heterogeneous gel catalyst 
for the model “click” reaction between benzylazide and phenylacetylene 
represented in Scheme 2, with the 92% conversion after 8 h reaction 
conducted in a 1:1 H2O/t-BuOH mixture. Upon the addition of the two 
reactants, Cu+-58 disassembled and moved to the solution. Once the 
reaction ended, the product obtained as a crystal precipitate switched 
on/prompted the reformation of the metallogel. Furthermore, Cu+-58 
could be recycled for three runs, maintaining its catalytic activity. In 
addition, during the whole disassembly/assembly process the gelator 
molecule was not subjected to any chemical transformation. 

8. Conclusions 

We have shown here that in the last decade supramolecular metallogels 
have hold the promise to be versatile, smart, innovative materials that can 
find application in various fields. In particular, the possibility to modulate 
the properties of the materials by the right combination of metal ion/ 
gelator opens infinite combinations. Clearly the field has not been fully 
explored yet and still much work on the fine control of the properties of 
these materials in which strong and weak interactions concur in the for
mation of complex supramolecular architectures. We hope this review will 
be of inspiration for the researchers in the field and these materials will 
move from lab bench to real life application in the near future. 
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