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Introduction

Decisive progresses in polymerization techniques have recently allowed the emergence of smart stimuli-responsive polymers towards a wide range of applications. [1][2][3][4][5][6][7][8][9] Among metal-containing polymers, redox-active ones deserve a special attention, because the redox switch involves an easily available stimuli using electrons or photons. 3,4 The most common redox active polymers are ferrocene-containing polymers 5,[10][11][12][13] that are being increasingly used for energy-related, 14,15 electrochemical, [16][START_REF] Casado | Redox-active polymers and dendrimers as electrochemical sensors[END_REF][START_REF] Li | [END_REF] optical, 19 biochemical 20,21 and other materials applications. 4,11,[22][23][24] Ferrocene is chemically and electrochemically oxidized to the ferricenium cation at E° = 0.475 V vs. saturated calomel electrode (SCE) or 0.545 V vs. [FeCp* 2 ] +/0 , Cp* = η 5 -C 5 Me 5 , in CH 2 Cl 2 with 0.1 M [n-Bu 4 N][PF 6 ] as the supporting electrolyte, but the value vs. SCE undergoes some variations depending on the medium, whereas [FeCp* 2 ] +/0 is a more reliable, electrochemical reference that is independent from the medium. 25 The electrochemical and other properties of ferrocenes have recently been reviewed. 24 Unlike pentamethyl-and decamethylferricenium salts, ferricenium salts and mono or disubstituted derivatives are often fragile in solution. 24 We have therefore designed and engineered "Electron Reservoirs", i.e. redox systems for which both the neutral and cationic forms are robust and easily isolable. They include a family of late-transitionmetal sandwich complexes spanning a very large range of redox potentials including a series of ferricenium-ferrocene systems (17e /18e), 24 cobalticenium/cobaltocene (18e/19e) 25,26 and [FeCp(C 6 Me 6 )] +/0 (18e /19e ; Cp = η 5 -C 5 H 5 ), 27 all of which have been incorporated in the main polymer chain or as side chains of monoand poly-block polymers, including some dendronized polymers. Following our interest in Electron Reservoir-containing dendrimers in the 2000's, 28,29 in this feature article we discuss nanomaterials applications of Electron Reservoir-containing polymers disclosed in our group during the last six years. Polymers containing Electron Reservoir sandwich systems in the main chain or in the side chain have shown applications for electrochromes, polyelectrolytes, electrode modifiers, molecular recognition, nanoparticle stabilization, catalysts, hydrogels, and/or drug carriers (Fig. 1). Polymers are more likely than dendrimers to offer possibilities of these applications, because they are much more easily and quickly synthesized than the latter. Fig. 1 The multiple applications of polymers containing electron-reservoir metal-sandwich complexes.

Polymers containing biferrocene in the main chain and multiple functions as polyelectrolyte, sensor, electrode modifier, nanoparticle stabilizer and catalyst

The most well-known polymers containing ferrocene in the main chain are Manners's poly(ferrocenylsilanes). 4,11 This research group has shown that these polymers have a high refractive index and form fibres, films and nanoporous membranes; they are redoxactive gels and serve as precursors to magnetic ceramics. They also find other applications in nanotemplating and nanolithography. Moreover, they take part in metalloblock copolymers that form core-shell nanoparticles in specific solvents. These rich families of functional ferrocene-containing polymers have been reviewed. 4,11 Polymers containing an Electron Reservoir stabilizing Fe III /Fe II redox system in the main chain have been fabricated in our group 30,31 by "click" polycondensation of diethynylbiferrocene 1 32,33 with bisazido poly(ethylene glycol) 34 (PEG) monomers 2 (400 g mol -1 ) or 3 (1000 g mol -1 ) or catalysed by a mixture of CuSO 4 .H 2 O and sodium ascorbate in THF/H 2 O at 40°C for 2 days (Fig. 2). 35 robust blue-green mixed-valent biferrocenium polyelectrolytes soluble in MeCN are obtained. In these latter polymers, the stereoelectronic influence of the ferrocenyl group greatly stabilizes the ferricenium neighbour. With these BF 4 -salts, both the ferrocenyl (Fc) and ferricenium (Fc + ) band are observed at 818 cm -1 (v Fc ) and 832 cm -1 (v Fc+ ) respectively in the FTIR spectrum indicating localized mixed valency at the IR time scale (10 -13 s). Mössbauer spectroscopy at zero field and 78 K verifies this localized mixed valency at the Mössbauer time scale (10 -7 s) by the appearance of both the classical ferrocene quadrupole doublet and the ferricenium broad band. 30 Cyclic voltammetry (CV) using a Pt anode in CH 2 Cl 2 with [n-Bu 4 N][PF 6 ] as electrolyte shows two wellseparated chemically and electrochemically reversible waves near 0.4 V and 0.8 V vs. [Cp* 2 Fe] +/0 , Cp* = η 5 -C 5 Me 5 (Fig. 3a), this large separation between these two waves due to electrostatic and electronic effects between the two nearby ferrocenyl units of biferrocene allowing the straightforward and selective synthesis of the mixed-valent Fe II -Fe III polyelectrolytes indicated above. On the other hand, the different biferrocenyl groups are far, thus independent, from one another, which avoids mutual influence on the CV. The number of monomer units in the polymers was determined using Bard-Anson's method 36 and was found to be 62 ± 1 for 4 and 131 ± 20 for 5. For the less soluble polymer 4, scanning potentials around these two CV waves allows adsorption leading to the progressive formation of a polymer-derivatized electrode as witnessed by the increase of the wave intensities after each scan (Fig. 2b,c). In the presence of one equiv. Pd(OAc) 2 per biferrocene unit, the second CV ferrocenyl wave of this modified electrode splits by 70 mV showing recognition of Pd(OAc) 2 due to 1,3-triazole ligand binding to Pd(II) in synergy with Fe(III)-acetate interaction (Fig. 3d). This recognition is also reflected in 1 H NMR using a CDCl 3 -MeOD solvent mixture by a shift of the acetate signal maximized at a 1/1 stoichiometry between the biferrocene polymer unit and Pd(OAc) 2 . This type of redox recognition using electrochemistry and 1 H NMR has been pioneered and developed with a variety of ferrocenecontaining endo-receptors by Beers' group. [37][38][39] Monitoring the coordination of the click polymer triazole ligands to metal ions by CV and 1 H NMR is very useful in catalysis. This was exemplified by both coordination of Pd(II) in Pd(OAc) 2 and Au(III) in HAuCl 4 (Fig. 2). Following coordination upon mixing the metal derivative and the polymer with this stoichiometry for triazole complexation, reduction to small metal (0) nanoparticles (MNPs) is possible either in the presence or absence of NaBH 4 because of synergistic stabilization of these NPs by triazole binding onto the MNP surface combined with steric polymer bulk. These small palladium nanoparticles (PdNPs) (diameter size measured by TEM: 2.3 ± 0.6 nm) are catalytically very active. For instance, with the polymer containing long PEG linkages, Suzuki-Myaura cross coupling reactions between deactivated bromoarenes and phenylboronic acid were conducted quantitatively in the green solvent EtOH-H 2 O: 1-1 at 80 °C with only 20 ppm of these PdNPs. With 4-bromoacetophenones, the amount of catalyst was even decreased down to 2 ppm Pd from PdNPs with 82% yield. In the presence of the same polymer, addition of HAuCl 4 (stoichiometry: polymer-HAuCl 4 : 1-3) leads to the formation of purple gold nanoparticles (AuNPs), while the polymer is oxidized to the mixedvalent Fe II Fe III polymer stabilizing these AuNPs (plasmon band: 534 nm; diameter size measured by TEM: 12 ± 2 nm) together with the chloride ligands. These AuNPs (1.2%) catalyse the reduction by NaBH 4 of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP), the reaction being complete with pseudo-first order kinetics in less than 6 min (k app = 6 × 10 -3 s -1 ). Smaller AuNPs and even faster catalysis are obtained if HAuCl 3 is added to the polymer/ NaBH 4 mixture (vide infra). Related properties are also observed with the biferrocene Electron Reservoir anchored by a similar "click" reaction between mono ethynyl biferrocene and a polymerizable fragment terminated by an azido group leading to a polymer with biferrocenyl in the polymer side chain (vide infra). 32 Manners' group has also pioneered AgNPs encapsulated on ferrocene-containing block copolymers, 40 and biferrocene systems have recently also been used in single-molecule electronics. 41

Polymers containing Electron-Reservoir metalsandwich systems in the side chain

Polymers containing ferrocene in the side-chain have long been reported and studied for their properties. 4,5,[10][11][12][13] Our initial studies on polymers containing ferrocene in the side chain concerned the dendronization of polymers and the polymerization of dendrons. In both cases the tripodal dendrons contained three ferroceneterminated branches, and the polymers were synthesized by AIBNinitiated radical polymerization of para-substituted styrenes yielding the first ferrocene-containing dendronized polymers. 42 In these examples of dendronized polymers, 43 the polymerization reactions were not controlled, however. Therefore, we turned to classic ring-opening-metathesis polymerization (ROMP) of norbornene derivatives using Grubbs'3rd generation metathesis catalyst A (Fig. 4) that has been shown to be stable in air and water and to present wide applicability. 3 The norbornene derivative was first functionalized with a linker that was then attached to an 

Electrochromes

The ferrocene-ferricenium couple has long presented an excellent example of electrochrome, as illustrated by Manners' ferrocenylsilane polymers, 4,11 and this system continues to attract interest. 44 The variety of Electron-Reservoir redox potentials on the electrochemical scale and the possibility of well-controlled access to multiple blocks of copolymers offer a unique possibility to extend the number of accessible colours of the visible spectrum providing rich electrochromes. 45 For this purpose, tetrablock copolymers of the type 13 and 16 were synthesized as shown in Fig. 4, and exergonic electron transfer with each redox system using appropriate redox reagents was designed and achieved. CV analysis showed that tetrablock copolymers 13 and 16 showed chemically and electrochemically reversible waves that were well matched with the CV waves observed in the corresponding monomers and polymer intermediates, and the cathodic waves of the cationic sandwich groups were slightly broadened owing to the electrostatic effects (Fig. 5). Benefiting from the multiple redox behaviour, the tetrablock copolymer 13 showed selective colour variations after adding these redox reagents as shown in Fig. 6. After the addition of mostly colourless NO + PF 6 -(E 1/2 = 1.54 V), the solution of 13 varied from yellow to olive-green because of the oxidation of PFM (E 1/2 = 0.36 V) block to pentamethylferricenium (PMFium) one. Upon continuing to add NO + PF 6 -to the solution, Fc groups (E 1/2 = 0.62 V) were oxidized to ferricenium units, leading to a greener solution.

Selective reductions also triggered twice to colour change. By adding light-brown pentamethylcobaltocene (E 1/2 = -1.10 V) to the solution of 13, the cobalticinium groups were reduced to give an orange solution. Subsequent addition of 1% Na/Hg (E 1/2 = -1.61 V) reduced the cationic [FeCp(η 6 -C 6 Me 6 )] + centres (E 1/2 = -1.49 V) to generate the deep-green solution. In addition, the use of HAuCl 4 to oxidize polymer 13 also could generate a distinct olive-green colour that was gradually changed to light purple. The olive-green colour was due to the formation of an Au(I) intermediate; however, the light-purple colour was due to the conversion of the Au(I) intermediate to AuNPs with a 130 nm core.

Molecular recognition and sensing of ATP using simple ferrocene-containing polymers.

Ferrocene-containing endo [39][40][41]46 -and macromolecular exoreceptors [START_REF] Casado | Redox-active polymers and dendrimers as electrochemical sensors[END_REF]29,47 have frequently been used as sensors to detect anions due to rapid heterogeneous electron transfer, [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF][START_REF] Abruña | [END_REF] easily accessible oxidation potential, and high stability at the electrochemical time scale of both the reduced and oxidized forms. 50 The advantage of well-controlled polymers is that the number of ferrocene units is designed at will, and a second solubilizing block containing for instance tri-(ethylene glycol)

ChemComm Accepted Manuscript

Published on 11 August 2020. Downloaded by University of Wollongong on 8/14/2020 9:18:33 PM. termini allows to control the solubility of the nanomaterials that is crucial for electrode adsorption and derivatization.

With the ferrocene-containing polymer 17 (Fig. 7a), a functionalized Pt electrode was used to quantitatively detect adenosine triphosphate anion (ATP 2-), a DNA fragment. When [n-Bu 4 N] 2 [ATP] was added into the electrochemical cell equipped with the polymer 17 functionalized electrode, a new wave was observed at a potential less positive than that for the original one (Fig. 7b). Then, the intensity of the original wave was reduced, whereas that of the new wave was enhanced. The sensing is based on the Hbonding interactions between ATP 2-and 17 (Fig. 7d). Interestingly, the potential difference between the original wave and the new one with the amphiphilic diblock copolymer 18 (Fig. 7a) functionalized Pt electrode is 20 mV higher than that acquired with the polymer 17 functionalized electrode (Fig. 7c). Compared to the polymer 17 modified Pt electrode, the copolymer 18 modified Pt electrode exhibited a better effect in the recognition of ATP 2- anions. This better function of copolymer 18 modified electrode is probably due to the encapsulation effect of the triethylene glycol block at the location of the H-bonding interactions. 51 

Formation of Gold and Silver Nanoparticles, Nanosnakes, and Catalysis

There are essentially two ways to produce gold and silver nanoparticles (NPs) from macromolecules containing ferrocene or biferrocene polymers: (i) mixing the polymer with HAuCl 4 or AgNO 3 and (ii) adding HAuCl 4 or AgNO 3 to the mixture of the polymer and a strong reduction agent such as NaBH 4 . 40,[51][52][53][54] In the first case, the NPs are large (10-30 nm) and may be of interest in nanomedicine, for instance for theranostics; whereas, in the second case the NPs are small (2-5 nm) and may be of interest for nanocatalysis. 55,56 Whereas polymers with ferrocene-triazolyl groups on the side chain reacted with HAuCl 4 leading to AuNP aggregation, with biferrocene triazolyl groups on the side chain, stabilization was much more efficient yielding the 35e-biferrocenium polymer-stabilized AuNPs. This reaction of biferrocene triazolyl-containing polymers 19 or 20 (Fig. 8a) with HAuCl 4 led to the formation of polymer nanosnakes after incubation for one week (Fig. 8b). 31,53 The isolated nanosnakes obtained from polymer 19 had a thickness of approximately 8.7 nm, a length of around 210 nm, and encapsulated eleven spherical AuNPs of about 13.5 nm with inter-AuNP distances of approximately 5.2 nm (Fig. 8c). The use of polymer 20 as a reducing agent and stabilizer gave nanosnakes with a thickness of around 8.5 nm, a length of about 269 nm. Fourteen AuNPs are loaded with an approximate width of 14.5 nm and inter-AuNP distances of around 5.2 nm (Fig. 8d). The generation of AuNP nanosnakes is attributable to the electrostatic repulsions between biferrocenium groups. It is remarkable that when the same bis(triazolylferrocene) fragment was in the main chain (vide supra, Fig. 2), the nanosnakes were not observed, pointing the essential need of the flexibility of the biferrocene groups in the bimetallocene-containing branches of the polymers. 31,53 The pentamethylcyclopentadienyl ligand strongly stabilizes PMFium, and by oxidation of polymer 21 using Ag(I) or Au(III) salts, PMFium-based polymer-stabilized silver nanoparticles (AgNPs) or AuNPs were obtained as shown in Fig. 9. 52 Polymer 21 was oxidized with AgPF 6 in two routes (Fig. 9a). In this first route, Ag(I) was instantaneously reduced to Ag(0) accompanied by a colour variation from light yellow to light-purple, and the resulting AgNPs had the size of 3 ± 1 nm. However, this process was slowed down in the presence of I 2 , and then it took 2 h to observe the colour variation from light yellow to light brown. AgINPs and AgNPs were found in this system. Oxidation addition of NaBH 4 was necessary, resulting in formation of AuNPs (11 ± 2 nm). 52 Even smaller stable AuNPs were obtained upon stabilization by the "click" triazole ligand in monomeric or polymeric structures containing ferrocene groups. 57 This triazole ligand presents remarkable properties in catalysis 58 that are still much enhanced with triazolyl-containing tripodal dendrons presenting encapsulation properties. 59 Thus, by reaction of HAuCl 4 with the polymers 23, 24 and 25 containing tri-or nonaferrocene dendrons, a range of small AuNPs (approximately 2.0 nm) formed in CH 2 Cl 2 solution (Fig. 10). 60 Subsequently, these resulting polymerencapsulated AuNPs were used as efficient catalysts in biphasic (CH 2 Cl 2 /H 2 O) systems for the reduction of 4-NP to 4-AP. 61 The catalytic results indicated that polymer 24 was the optimal stabilizer of AuNPs for the 4-NP reduction in this heterogeneous system compared to polymers 23 or 25. AuNPs stabilized by 24 were recyclable and reused at least twenty times. In addition, it was also found that amphiphilic block copolymer 26 and random copolymer 27 (Fig. 11) self-assembled into spherical micelles in aqueous solution, which provided an advantage to stabilize noble metal NPs. 62,63 The amphiphilic copolymers 26 and 27 stabilized AuNPs (approximately 2.0 nm) to form efficient homogeneous catalysts for the 4-NP reduction in aqueous solution. The dendronized polymerencapsulated AuNPs had turnover numbers (TONs) up to 25 000 and turnover frequencies (TOFs) of 26 400 h -1 in the reduction of 4-NP, and were stable and highly efficiency for at least two months. 63 

Biomedical Applications: Hydrogels, Antibacterial Nanoparticles, and Drug Carriers

Metal-sandwich complex-containing hydrogels are becoming increasingly used in the fabrication of biomedical, shape-memory and self-healing materials. 64 Recently, a ferrocene-and aldehydecontaining tetrablock copolymer 28 (Fig. 12) was synthesized by ROMP. It was used to cross-link gelatine through the Schiff-base interaction between the aldehyde moieties of 28 and the side-chain amino groups of gelatine, resulting in the generation of a Fccontaining gelatine hydrogel (HG). 65 Due to the reducing properties of THE ferrocene units and the mild stabilization of NPs by triazole, 28 was adopted to reduce Ag(I) and stabilize the AgNPs formed. Based on these properties, two strategies were further successfully adopted to fabricate hybrid composite AgNP hydrogels (Fig. 12). In the blending method, gelatine, 28 and AgNO 3 were mixed to prepare the composite AgNPs hydrogel (AgNPs-HG-1), and both the formation of AgNPs via Fc-based reduction and hydrogel networks cross-linked via Schiff-base reaction proceeded at the same time. In the soaking route, the composite AgNPs hydrogel (AgNPs-HG-2) was synthesized through simple immersion of the HG into an AgNO 3 aqueous solution leading to the in-situ generation of AgNPs in the hydrogel matrix. Besides, the AgNPs-HG-3 hydrogel was also fabricated via immersing HG into the AgNPs solution. Antibacterial tests indicated that the resulting AgNPs-containing hydrogels showed good antibacterial abilities towards E. coli and S. aureus. 65 Ferrocene-based polymers have recently aroused widespread concern for the construction of redox-responsive drug carriers because of the characteristic redox chemistry of the ferrocenyl groups. 21,24,66 Primarily inspired by the host-guest combination between β-cyclodextrin (β-CD) and adamantane or ferrocene units, the ferrocene-and adamantane-bearing diblock copolymer 29 (Fig. 13a) was prepared by ROMP and formed an amphiphilic supramolecular polymer upon simple mixing β-CD with an equimolar quantity to side-chain adamantane groups. 67 The resulting amphiphilic supramolecular polymer showed a redoxresponsive self-assembly behaviour and formed redox-responsive micellar carriers for the drug benzocaine. Moreover, the amphiphilic dendronized polymer 30 (Fig. 13a Please do not adjust margins Please do not adjust margins generate spherical micelles that showed reversibly redoxresponsive behaviour using FeCl 3 as an oxidant and glutathione as a reductant. 52 Thereafter, the resulting micelles were successfully employed as redox-controlled carriers for the load and release of the model molecule Rhodamine B. More importantly, an amphiphilic diblock copolymer 31 (Fig. 13a) encapsulated the anticancer drug doxorubicin (DOX) to generate DOX-loaded micelles that showed oxidation-triggered drug release behaviour (Fig. 13b). 68 Cytotoxicity test and model organism (zebra fish embryo) studies verified the excellent biocompatibility and safety of copolymer 31. Therefore, amphiphilic copolymer 31 shows potential applications toward targeted drug delivery for cancer therapy.
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Conclusion and outlook

This Feature Article has discussed the engineering and multiple applications of metallopolymers containing Electron-Reservoir complexes, that is metal-sandwich complexes that are robust in at least two redox states including their reduced neutral and oxidized cationic forms. In a large majority of cases, ferrocenes were involved, but in many useful examples the ferricenium form is stabilized in a mixed-valence biferrocenium cation, in a pentamethylcyclopentadienyl derivative or by a heteroatom as a ferricenium substituent. Both families of polymers containing the Electron-Reservoir system either in the main polymer chain or located on the side branch of the polymer have provided a large number of applications, but the family involving 14 redox systems and other groups on the side arm synthesized by ROMP gives precise and well-controlled polymers allowing the controlled introduction of several blocks. This latter strategy is more sophisticated and favourable toward the design, for instance, of electrochromic systems with up to five distinct colours or to control the solubility by the introduction of a specific solubilizing group or cross-linking toward hydrogels. Goodenough pioneered the application of ferrocene-containing polymers in battery application, 14 but more robust ferrocene-type redox system should soon prove more promising.

Electron-Reservoir complexes were well known for their applications as stoichiometric and catalytic redox reagents, 24,27 in particular their use as redox catalysts, electrocatalysts and electrochemical references. Their incorporation in polymers with controlled solubility and processability now allows extension of their application to polymeric materials. These Electron-Reservoir complexes were also incorporated in dendrimers that are rather sophisticated, [START_REF] Casado | Redox-active polymers and dendrimers as electrochemical sensors[END_REF]28,29 but applications in both categories of macromolecules are quite distinct due to differences of topology and accessibility. Polycationic metallocenium polymers are also potentially useful polyelectrolytes. [69][70][71] Continued progress in such metallopolymer engineering should, in the future, bring about new applications for electric conductors and semi-conductors, battery nanocomponents, electrocatalysts, polyelectrolytes, plasmonic properties, spin cross-over-based memories, 72 fullerenes, drug carriers, sensors, actuators, and multiproperty nanomaterials. 
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  These easily synthesized orange-red biferrocene polymers of low polydispersity of 1.2 to 1.3 (determined by size exclusion chromatography, SEC) are soluble in CH 2 Cl 2 , and their solubility in water and other aqueous solvents depends on the length of the solubilizing PEG chain. Upon oxidation by one equiv. [FeCp 2 ][BF 4 ] or [FeCp 2 ][PF 6 ] in CH 2 Cl 2 ,

Fig. 2

 2 Fig. 2 Synthetic route of polymers 4 and 5 and preparation of PdNPs and AuNPs with TEM images. Reproduced with permission from ref 30. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 3 .

 3 Fig. 3. a) CV of 4. b) CVs indicating the progressive adsorption of 4 on the electrode. c) CVs of the polymer 4 modified electrode at different scan rates. d) CV of 4 after adding Pd(OAc) 2 . Reproduced with permission from ref 30. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 4

 4 Fig.4 Synthetic routes of metallocene-containing tetra-block copolymers.

Fig. 5

 5 Fig. 5 CVs of polymers 6, 7, 8, 9, 12, 13, 15 and 16. Reproduced with permission from ref 45. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 6

 6 Fig. 6 Selective colour changes and the electron transfers of 13 after addition of different stoichiometric redox reagents. Reproduced with permission from ref 45. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 7

 7 Fig. 7 (a) Molecular structures of 17 and 18. (b,c) CVs of the functionalized Pt electrodes with 17 and 18, respectively, before (A), during (B) and after (C) the addition of [n-Bu 4 N] 2 [ATP]. (c) Hbonding interactions between ATP 2-and 17. Reproduced with permission from ref 51. Copyright 2014 American Chemical Society.

Fig. 8

 8 Fig. 8 (a) Molecular structure of 19 and 20. (b) Preparation of AuNPs using 19 or 20 as a reducing agent and stabilizer. TEM images of AuNPs obtained from 19 (c) and 20 (d). Reproduced with permission from ref 31. Copyright 2014 American Chemical Society.

Fig. 9 Fig. 10 .

 910 Fig.9 (a) Preparation of various metal NPs. (b) Preparation of AuNPs in the presence of the triazole ligand 22.

Fig. 11 .

 11 Fig. 11. Molecular structures of 26 and 27.

Fig. 12

 12 Fig. 12 Fabrication routes of various gelatine hydrogels cross-linked by 28 and their photographs and SEM images. Reproduced with permission from ref 65. Copyright 2019 Elsevier.

Published on 11 31 Fig. 13

 113113 Fig. 13 (a) Molecular structures of ferrocene-based polymers 29, 30 and 31. (b) Schematic illustration of the redox-controlled micelles of 31 as drug carriers; the SEM images of the corresponding micelles are inserted (scale bar: 100 nm). Reproduced with permission from ref 68. Copyright 2019 Royal Society of Chemistry.
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Thus, the method allowed the facile synthesis of block co-polymers upon
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Polymers containing redox-robust first-row late-transition-metal complexes, essentially of ironsandwich type, are shown to provide a variety of engineered properties and nanomaterials applications illustrated in the graph. 
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